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The effect of sintering temperature on the densification mechanisms, microstructural evolution and mechanical
properties of spark plasma sintered (SPS) compacts of a gas atomized Al-4.5 wt.%Cu alloy was investigated.
The powder particles whose size varied between 10 to 500 µm was subjected to SPS at 400, 450 and 500 ◦ C
at a pressure of 30 MPa. The compact sintered at 500 ◦ C exhibited fully dense microstructure which was
characterized by a uniform distribution of the secondary phase, free of dendrites and micro-porosity. Microscopy
and the SPS data reveal that the events such as particle rearrangement, localized deformation and bulk
deformation appear to be the sequence of sintering mechanisms depending on the size range of powder particles
used for consolidation. The compact sintered at 500 ◦ C exhibited the highest hardness and compression
strength since the microstructure was characterized by fine distribution of precipitates, large fraction of submicron grains and complete metallurgical bonding.
KEY WORDS: Spark plasma sintering; Sintering mechanisms; Precipitation;
Compression strength

1. Introduction
Al-4.5 wt.%Cu alloys are high strength, light
weight, precipitation-hardening structural materials
potentially relevant for automotive and aerospace
industries[1−5] . The mechanical properties of the alloy produced via casting route are generally inferior
due to slow cooling rates[6−9] . While, other processing techniques such as spray atomization needs careful optimization of process parameters in order to reduce the porosity and the conventional powder metallurgy route can be very tedious with several processing steps[10,11] .
Spark plasma sintering (SPS), on the contrary is
one of the promising techniques employed in powder
metallurgy route to overcome these difficulties. SPS
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is a rapid and efficient sintering technique to obtain
fully dense material without affecting the grain morphology/specific microstructure of the initial powder particles used for the consolidation[12] . In this
process, it is believed that momentarily a strong heat
flux is generated between the powder particles by
applying high electric current and pulse DC voltage under the recommended pressure. Albeit, limited grain growth has been observed in SPS processed
materials in contrast to vacuum hot pressing, the
final microstructure of the compact relatively remains unaffected[13] . The electrical field involved
in the process, enhances the sintering kinetics and
promotes full densification at relatively much lower
temperatures in a short time producing invariant
microstructures[14,15] .
The effect of pulsed current sintering on the microstructure and mechanical properties has been studied in the case of pure and alloyed aluminum powder and the process has promoted fine microstructures with enhanced mechanical properties[16−21] . For
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instance, the microhardness, fracture toughness and
Young0 s modulus of Al-Cu-Fe SPS compacts have
been found to be superior and the sintered compact
is free of pores coupled with high density and limited
grain growth[22] . In an another study, Al-Si powder
was sintered at a temperature of 450 ◦ C under a pressure of 170 MPa with a holding time of 10 min[23] .
The properties of the SPS compacts were compared
with a hot extruded material. The results showed that
the hot extruded material exhibited superior tensile
properties than the SPS processed compact. This was
attributed to the healing of residual porosity present
in SPS compacts at the peripheral region. It is believed that during SPS process a large direct current
and high mechanical pressure promotes the increase in
temperature and thus high densification rates in contrast to the constant electric current and higher mechanical pressure[24] . However, the exact mechanism
of SPS process is still not established. Several studies
reported in the literature were based on the generation
of plasma during SPS process. For instance, Tokita
reported that the neck formation is due to spark
plasma generated during the process[25] . Ishiyama
et al.[26] showed that the grain size of beryllium sintered by plasma activated sintering was smaller than
the grain size sintered by hot pressing. Frei et al.[27]
reported the enhancement of neck growth under the
influence of electromigration. Padmavathi et al.[28]
showed that the density and mechanical properties of
the aluminum alloys significantly improved by increasing the sintering temperature and subsequent aging.
However, one of the recent studies reported complete
absence of “plasma” during the SPS[29] . Apart from
the disagreements in literature on the existence of the
plasma during the SPS, there is no concerted acceptance of the sintering mechanisms involved. One of
such reported mechanisms during SPS process of alloy
powders with narrow particle size range involves the
following stages namely; particle rearrangement, localized deformation and gross deformation[30] . However, a comprehensive understanding of the sintering
mechanism during SPS is still lacking. In the present
study, Al-4.5 wt.%Cu powder with a wide particle size
range has been subjected to spark plasma sintering
at three different temperatures keeping the applied
pressure, holding time and heating rate constant. An
attempt is made to arrive at possible mechanisms involved during spark plasma sintering based on the
data of punch displacement against the time and the
temperature. The effect of sintering temperature on
the microstructure evolution and mechanical properties of the SPS compacts is also reported.
2. Experimental
2.1 Particle size distribution and spark plasma sintering
The Microtrac (S3500/3000-WET-0.0215 to
1408 µm) laser particle analyzer (USA) was employed

to obtain the size distribution of the atomized powder
particles. The powder particles were ultrasonicated
for 1 min prior to particle size measurement. The
SPS machine, Dr. Sinter 1050 (Japan) was employed
to prepare sintered compacts. A graphite die with
the dimensions of 30 mm (inner diameter) × 60 mm
(height) and two graphite punches with dimensions of
30 mm in diameter and 30 mm height were used for
the compaction. The die and punches act as heating
elements for the powder particles and are expected to
facilitate in spreading the heat uniformly. The sintering was performed under vacuum at three different
temperatures of 400, 450 and 500 ◦ C at a heating
rate of 50 ◦ C/min, at a pressure of 30 MPa and holding time of 5 min. The temperature of the die was
measured with the help of a thermocouple which was
inserted into the slot provided on the outer surface
of the die. The displacement versus time or temperature of the punches during sintering was measured
through the data acquisition system. The sintering
time in seconds was calculated from the heating rate
of the SPS compacts. The samples sintered at different temperatures are hereafter referred to as S-400,
S-450 and S-500 throughout the manuscript.
2.2 Microscopy and X-ray diffraction
The microstructures of powder particles and SPS
compacts were characterized employing optical microscopy (Leitz laborex 12 ME, Germany), scanning
electron microscopy (FEI Quanta 200, USA) and
transmission electron microscopy (Philips CM12, The
Netherlands) operating at 120 kV. For metallographic
studies, samples of SPS compacts were polished according to standard metallographic procedure and
etched with Keller0 s reagent. After etching, the samples were rinsed with water and dried in an electric
drier. In order to perform TEM analyses, thin slice
less than 100 µm was prepared using emery polishing. Small pieces of 3 mm diameter were punched
out from the thin foil and they were polished with a
twin-jet electropolishing machine using a solution of
10% nitric acid in methanol. The X-ray diffraction
studies were carried out using X’Pert PRO PANalytical instrument (The Netherlands) to identify the
constituent phases in the powder particles and SPS
compacts.
2.3 Physical and mechanical properties
The density of the SPS compacts was measured
using a digital balance (CP 124S Sartorius instrument, USA) by Archimides0 principle. The hardness
was measured using WOLPERT 402 MVD Vickers
microhardness tester (USA). The ageing studies of
S-400, S-450 and S-500 were carried at a temperature of 190 ◦ C. The cylindrical compression specimens
with dimensions of 5 mm diameter and 10 mm height
were machined from the SPS compacts as per ASTM
C170/C170M-09 standards. The quasi-static uniaxial
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compression tests at room temperature on the sintered samples were conducted using INSTRON 3367
(USA) at an initial strain rate of 0.8×10−4 s−1 .
3. Results and Discussion
3.1 Microstructural characterization
3.1.1 Powder particles
The size and morphology of the gas atomized powder particles used for the consolidation are shown in
Fig. 1(a). The powder particles are produced during
the spray atomization process. A wide range in the
shape and size of the powder particles are generated
after solidification of the droplets during spray atomization by the disintegration of molten metal into a
fine spray of different sizes of droplets by transferring
the kinetic energy of the gas to the molten metal. The
powder particles used for compaction are a conglomeration of spherical, elongated and irregularly shaped
particles. Spherical powder particles obviously experience very high cooling rates during the atomization in
contrast to elongated and irregular shaped particles.
The rapid solidification (high cooling rate) of spherical droplets result in cellular microstructures, while
elongated and irregular droplets exhibit dendritic solidification structures (Fig. 1(b) and Fig. 1(c)). The
secondary dendritic arm shown in Fig. 1(c) depends
on the size of the powder particles and the size increases with increase in the size of the powder particles. The particle distribution plot obtained from
laser particle analyser is shown in Fig. 2. The majority of the powder particles are in the size range of
90 to 225 µm, while a small percentage of the particles are found to be in the range of 20 to 50 µm
and 400 to 500 µm. The aforementioned microstructural variations are understood in the light of thermal
conditions of the droplets arriving at the peripheral
region of the substrate. The droplets generated during spray atomization are subjected to high cooling
rates in the order of 103 –105 ◦ C/s[31] . The smaller
atomized droplets experience extensive undercooling
and the extent of the undercooling experienced by the
droplets depends on their sizes. The droplets with
size approximately between 10 and 25 µm are subjected to heterogeneous nucleation, thereby, increasing the number of nucleation sites leading to cellular
growth morphology[32,33] . As the growth rate of the
droplets increases, the solidification changes from cellular to dendritic morphology[34−36] . Trivedi et al.[37]
reported the variation of the microstructures within
the droplets of different sizes and observed both dendritic and cellular morphology. Further, they showed
that the droplet diameter less than 27 µm exhibited
microcellular morphology since the smaller droplets
undergo higher undercooling[37] . Hence, the variation
in the microstructures observed in different powder
particles can be attributed to the nucleation, growth
and undercooling of the atomized droplets.

Fig. 1 Scanning electron microscopy micrographs:
(a) different sizes and shapes of Al-4.5 wt.%Cu
powder particles, (b) spherical powder particle
containing cellular morphology, (c) elongated
powder particle containing dendritic morphology

3.1.2 Microstructure of SPS compacts
The Al-4.5 wt.%Cu powder was subjected to SPS
process and the sintered compacts of size 30 mm in diameter and approximately 10 mm in height were produced. The relative densities of the SPS compacts,
S-400, S-450 and S-500 are 95%, 98% and 99%, respectively. There is an obvious increase in the density of the compacts with increase in sintering tem-
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Fig. 2 The powder particle size distribution as obtained
from laser particle analyser

perature. The light micrographs of S-400, S-450 and
S-500 exhibiting microstructural variations within the
compacts are shown in Fig. 3. While some regions of
the SPS compacts show cellular morphology, the other
regions exhibit dendritic morphology (Fig. 3(a) and
Fig. 3(b)). The compacts retain the same morphology as that of the powder particles even after sintering. This suggests that during SPS process local melting takes place only at the surface of the individual
particles which come in contact and the metallurgical
bonding occurs[22] . It appears that the sintering temperature and pressure do not affect the morphology
of the powder completely because of very short time
scales during sintering. Fig. 3(c) indicates that the
microstructure of the compact sintered at 500 ◦ C is
free from the dendritic structures. At a temperature
of 500 ◦ C the dendritic arms are disintegrated into a
number of individual particles and they no longer are
interconnected. In contrast, the compacts sintered at
the temperatures of 400 and 450 ◦ C retain the dendritic structures due to insufficient driving force for
the disintegration. The observed microstructural variations within the same compact strongly depend on
the size of the powder particles used for compaction.
It may be noted that the compacts S-400 and S-450
almost retain the similar microstructural features as
observed in the powder particles with small fraction
of partially deformed particles, whereas, in the case
of compact sintered at 500 ◦ C (S-500) the secondary
phase is completely dispersed in the matrix.
The XRD shown in Fig. 4(a) and Fig. 4(b) confirm the presence of Al and Al2 Cu phases in powder
particles as well as in the SPS compacts. The absence
of oxide peaks in the diffractogram indicates that
the atomization in nitrogen atmosphere protected the
droplets from oxidation.
The SEM micrographs of SPS compacts reveal the
distribution of second phase along the grain boundaries in concomitant to interparticle boundaries as observed in Fig. 5. However, the compact sintered at
500 ◦ C confirms the second phase particles not only

Fig. 3 Optical micrographs of SPS compacts: (a) and
(b) sintered at 400 and 450 ◦ C containing dendritic structure, (c) sintered at 500 ◦ C containing
the disintegrated Al2 Cu phase

exists along the boundaries but also well dispersed in
the interior of the grains (Fig. 5(c)). This is possibly
due to sintering at that particular temperature promoting dissolution of the metastable precipitates and
transforming remaining copper from the solid solution
to equilibrium phases. However, a detailed study is
necessary to understand the effect of SPS process parameters on the precipitation behavior. Fig. 5d shows
a high magnification SEM image of the distribution of
the second phases along the grain boundaries and the
inserts are the energy dispersive X-ray spectroscopy
(EDS) results obtained from the second phase distributed along the grain boundaries and the matrix.
The bright field TEM micrographs of SPS compact
processed at 500 ◦ C are presented in Fig. 6(a). It can
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Fig. 4 X-ray diffractograms of Al-4.5 wt.%Cu powder (a) and SPS compacts confirming the presence of Al2 Cu
phase in Al matrix (b)

Fig. 5 Scanning electron micrographs of the sintered compacts exhibiting dispersion of the second phase particles
as the function of sintering temperatures 400, 450 and 500 ◦ C: (a, b) primarily on the grain boundaries,
(c) on grain boundaries as well as in the interior of the grains, (d) high magnification image exhibiting
the distribution of second phase particles on the grain boundaries, and the insert shows the EDS analysis
confirming the copper rich particles appear primarily on the grain boundaries as compared to the grain
interior

be noted that the microstructure is typical and appears to consist of coarse grains surrounded by very
fine recrystallized sub-micron grains (100–300 nm).
This is possibly due to two primary reasons: (a) large
particle size difference in the powder particles and (b)

local melting around the particles in very short duration, would have promoted localized recrystalization
of fine grains around the coarse particles. However,
majority of the microstructure is characterized by the
coarse grained structure with uniform dispersion of
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Fig. 6 Bright field TEM images of S-500: (a) presence of the sub grains and insert showing the corresponding
diffraction pattern, (b) the sub-grains with Al2 Cu precipitates

Fig. 7 Bright field TEM micrographs of the compact (500 ◦ C) showing the presence of Al2 Cu precipitate phase:
(a) coarse and fine needle like precipitates within the grain and the grain boundaries, (b) coarse precipitates
on the grain boundary, (c) plate like precipitates, (d) different kind of the coarse precipitates

Al2 Cu precipitates as shown in Fig. 6(b). The bright
field TEM micrographs of the precipitates of different
morphology present in the SPS compact sintered at
500 ◦ C are exemplified in Fig. 7(a)–Fig. 7(d). In gen-

eral, three types of morphologies are identified namely
needle-like precipitates (Fig. 7(a)), coarse irregular
precipitates along the grain boundary and in matrix (Fig. 7(b) and Fig. 7(d)), and irregular plate-like
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The mechanism of sintering during the SPS
process when the powder particles with a wide range
of particle size distribution used for consolidation is
of considerable interest. During the SPS process, the
powder particles were subjected to compression between top and bottom punches and the die wall. It is
possible to obtain the displacement or displacement
rate data of punch as a function of time or temperature during sintering. The typical displacement and
displacement rate versus temperature plots obtained
during sintering of the three compacts are presented
in Fig. 9(a)—Fig. 9(c)). The characteristic plot obtained for each compact pertaining to particular sintering temperature can be related to the mechanisms
of densification of the powder particles. Such analysis
was reported in literature for identifying the densification mechanisms of the powder particles during
SPS process[30] . It can be seen from Fig. 9 that
the maximum displacement of the powder particles
that takes place is 10 mm (Fig. 9(a)) at 400 ◦ C.
When the sintering temperature is increased to 450
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Fig. 8 Ageing curves showing the variation in hardness
for different SPS compacts

(Fig. 7(c)) precipitates. In general, the equilibrium
Al2 Cu precipitates (θ phase) are coarse and they are
a few microns and sub-micron in size. In Al-Cu system, the other intermediate metastable phases such as
θ” or θ’ have needle morphology. It is believed that
since during the atomization process each droplets undergo different rates of the undercooling, each solidified particle is expected to contain mixture of these
intermediate metastable phases. However, these intermediate precipitates are present in very small fraction as compared to the coarse stable phase; they do
not contribute to the precipitation strengthening of
the alloy. This is confirmed through the results of
ageing studies of the alloy at different time duration
presented in Fig. 8. There is no significant variation
in hardness in SPS compacts even after 10 hours of
heat-treatment. Hence, it is clear from the plot that
there is no contribution from the small fraction of intermediate precipitates.
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Fig. 9 Displacement rate and displacement vs. temperature plots for S-400 (a), S-450 (b) and S-500 (c)

or 500 ◦ C, the displacement remains constant (Fig.
9(b) and Fig. 9(c)). However, the displacement
rate exhibits multiple peaks at intermediate temperatures before complete sintering occurs. In general, there are 3 to 4 displacement peaks observed
for the three sintering temperatures employed. The
micrographs of S-400 and S-450 show a porosity of
∼6 vol.% and ∼ 2 vol.%, respectively, indicating
that the powder particles are not sintered well to
each other at the contact points (Fig. 10(a) and
Fig. 10(b)). This could possibly be attributed
to insufficient heat available for S-400 and S-450
for complete metallurgical bonding to occur between
the powder particles and remove solid-vapor interfaces. On the contrary, microstructural features of
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Fig. 10 SEM micrographs of S-400 (a), S-450 (b) and
S-500 (c) exhibiting the degree of metallurgical
bonding between the particles as a function of
processing temperatures

S-500 indicate no porosity and excellent metallurgical
bonding between the powder particles (Fig. 10(c)).
Due to low voltage and high pulsed current, the sparks
produced between the powder particles might create
high temperatures within a short period of time. As
a consequence, necks are formed between the powder
particles and this leads to volume diffusion through
the contact points of the powder particles[25] . The
localized heat transfer spread uniformly across the
sample resulting in the elimination of the porosity.
It is clear from the micrographs and density measurements that during sintering, the densification is not
completely achieved below 500 ◦ C. In addition to the

above observation, the three stage mechanism (particle rearrangement, local deformation and bulk deformation) proposed apriori[30] is corroborated by the
micrographs presented in the Fig. 8 and Fig. 10(a),
10(b) and 10(c) and also shown as schematic in the
Fig. 11 and Fig. 12. In the first case (Fig. 11) the
compact contains a wide range of particle sizes and
the second case (Fig. 12) the compact contains a narrow range of particle sizes. The two peaks appear
below 100 ◦ C in Fig. 9(a) and Fig. 9(b) possibly
related to the particle rearrangement especially the
compact containing particles with size range around
400–500 µm to 20–50 µm. The initial rearrangement
of the coarse particles occurs followed by the flow of
fine particles into the voids that are generated in between the coarse particles (Fig. 11). These two events
are expected to cause displacement rate peak at the
initial stages of sintering. However, the second peak
of displacement rate is not expected to appear if the
compact contains only narrow range of particle sizes.
Subsequently, the second and third peaks correspond
to the local shape change and bulk deformation of the
compact respectively.
The sizes of the powder particles also play a significant role in sintering mechanisms[30] . The rearrangement of the particles is done by application of pressure
through the relative motion between the powder particles. The contact points between the powder particles per unit volume are decreased by increasing the
particle size and hence rearrangement of the particles is enhanced. On the other hand, if the particle
size is decreased the peak height is decreased thereby
increasing the local deformation. For instance, the
maximum displacement observed in Fig. 9 could be
primarily attributed to the sizes of the powder particles used as exemplified in Fig. 11 and Fig. 12. The
consolidation/displacement occurs in different stages
depending on the size of the powder particles. Fig. 11
exemplifies the displacement when a wide size range of
the powder particles are used occurring in two stages.
During the initial stage of sintering, the coarse particles are rearranged followed by the rearrangement of
fine particles during the next stage which obviously
are a function of the temperature and time. On the
contrary, the displacement of the uniform sized powder particles are arranged in a single stage as shown
in Fig. 12. The displacement when the uniform sized
powder particles are used occurs much earlier to establish the contact between the powder particles compared to the case when the distribution is large. This
could be possibly the reason that the displacement
reached maximum below 300 ◦ C when the powder was
sintered at 500 ◦ C in contrast to compacts sintered at
400 and 450 ◦ C.
3.2 Hardness and compression properties
The average hardness values of S-400, S-450 and
S-500 are (539±38), (687±24) and (703±27) MPa, respectively. The hardness of S-500 is 23% higher than
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Fig. 11 Schematic representation of consolidation of the powder with wide range of particle size: (a) consolidation
of the coarse particle at first stage with particle rearrangement, (b) consolidation of fine particles at second
stage with local deformation, (c) the grains after sintering with bulk deformation

Fig. 12 Schematic illustrates the consolidation of the powder with narrow range of particle size: (a) consolidation
of coarse particle at first stage with particle rearrangement, (b) consolidation of the fine particles at second
stage with local deformation, (c) the grains after sintering with bulk deformation
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Fig. 13 True stress vs. true strain curves of SPS compacts
sintered at different temperatures

that of S-400. Understandably, the low hardness value
reported for S-400 is primarily attributed to incomplete densification and poor metallurgical bonding.
The increase in hardness of S-500 can also be attributed to the presence of the sub-micron grains as
noticed in Fig. 6(a) and Fig. 6(b). The true stress
and true strain plots of the SPS compacts are shown
in Fig. 13 after compliance correction. The quasistatic compression strengths of S-400, S-450 and S500 compacts are found to be (182±8), (238±9) and
(290±8) MPa respectively. All the samples flattened
upon compression and did not rupture indicating retention of the ductility. The reason for the increased
compression strength of S-500 is primarily attributed
to the presence of sub-micron grains (Fig. 6(a) and
Fig. 6(b)) with precipitates, also Al2 Cu precipitates
along the grain boundaries as well as within the grains
as observed in TEM micrographs (Fig. 6(a)—Fig.
6(d)) concomitant to strong metallurgical bonding.
Also, it is expected that the precipitates act as the
barriers to the grain boundary movement and to the
motion of the dislocations.
4. Conclusions
(1) The atomized powder comprises of spherical,
elongated and irregular shape of the powder particles. The spherical powder particles exhibited cellular
morphology, whereas the elongated and the irregular
shape of the particles revealed the dendritic structure
due to differences in the cooling rates of droplets.
(2) The sintering temperature has a profound influence on the densification, microstructure and mechanical properties. The spark plasma sintering carried out at 500 ◦ C revealed more dense and uniform
distribution of the secondary phase free of the dendrites in contrast to those carried out at 400 and
450 ◦ C.
(3) The microscopy and the SPS data revealed
that the particle rearrangement, localized deformation and bulk deformation appears to depend on the
size of the powder particles used for consolidation.
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