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ABSTRACT

The evolution of microstructure, density and hardness of Cu-Al,03 metal matrix composites with dif-
ferent techniques of sintering have been demonstrated here. The effect of sintering atmosphere on the
interfacial compatibility of matrix and reinforcement has also been discussed. Synthesis of microcom-
posites was carried out by reinforcing 5, 10 and 15vol.% of alumina powder particles (average size
~5.71 wm) in copper matrix via conventional sintering using N, H; and Ar atmospheres. Nanocom-
posites of 1, 5, 7vol.% alumina (average size <50 nm) reinforced in copper matrix were fabricated by
powder metallurgy route using spark plasma sintering technique. These micro- and nano-composites
have been characterized by X-ray diffraction and scanning electron microscopy followed by density and
hardness measurements. Cu-Al, 03 metal matrix micro- and nanocomposites fabricated by conventional
and spark plasma sintering routes were studied and compared. Maximum Vickers hardness of 60, 75
and 80 was obtained when the Cu-15vol.% Al,03 was conventionally sintered in N, Ar and H, atmo-
sphere respectively. However, maximum hardness value of 125 has been achieved for the Cu-5vol.%
Al,03 nanocomposite prepared by spark plasma sintering. It has been observed that Cu-Al,0; metal
matrix composite (MMC) shows poor mechanical properties when it is conventionally sintered in N, or
Ar atmosphere compared to that in H, atmosphere.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The physical and mechanical superiority of nano-structured
materials has fascinated scientists in recent times [1]. The strength-
ening due to grain refinement can be delegated to a number of
theories such as the Hall-Petch relation, Orowan bowing mech-
anism, Taylor relationship and several other models [2]. Metal
matrix composites (MMCs) combine both metallic properties (duc-
tility and toughness) with ceramic properties (high strength and
modulus) possess greater strength in shear and compression and
high service temperature capabilities. The extensive use of MMCs
in aerospace, automotive industries and in structural applications
has increased over past 20 years due to the availability of inex-
pensive reinforcements and cost effective processing routes which
give rise to reproducible properties [3]. The frontier zone between
the matrix and reinforcement phase (interface or interphase) is an
essential part of MMC. Bonding between the two phases develops
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from interfacial frictional stress, physical and chemical interaction
and thermal stresses due to mismatch in the coefficients of thermal
expansion of the matrix and reinforcement. During the design of a
MMC the underlying interfacial phenomenon which governs the
transmission of thermal, electrical and mechanical properties is of
utmost importance [4].

Copper is an excellent material for electrical applications whose
efficiency can be enhanced by improving its mechanical properties
[5]. When alumina particles are dispersed in copper matrix, they
exhibit unique characteristics, such as high thermal and electrical
conductivity, as well as high strength and excellent resistance to
annealing [6]. The applications encompass resistance welding elec-
trodes, lead frames and electrical connectors [7]. Its use has been
suggested in International Thermonuclear Experimental Reactor
(ITER). The first wall of the reactor has been proposed to be made
out of austenitic stainless steel plate bonded to an alumina dis-
persed copper plate. Such critical applications of this material give
way to their fabrication by powder metallurgy route.

The technique of consolidation without melting is a boon to
the world of materials which is possible by thermal activation of
mass transport processes [8]. The driving force for the former being
reduction of surface and grain boundary energies, high sintering
temperature is a desirable facet for formidable strength [9]. The
consolidation of matrix and reinforcement powders is successful
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when the interfacial bonding along with the uniform distribu-
tion and other factors promote good mechanical properties. An
important aspect of dispersion strengthening is homogeneous dis-
tribution of reinforcement in nanometer scale, and the introduction
of as small as possible amount of reinforcement in the matrix metal
[10]. Pure copper does pose a threat in terms of mechanical pur-
suit, such as abrasion, sudden failure due to contact resistance (i.e.,
because of poor high temperature performance) [11]. Regarding
reinforcements, oxide nanoparticles are most suitable because of
their hardness, stability and insolubility in base metal and they
also offer obstacles to dislocation motion at elevated temperatures
without affecting the electrical and thermal conductivity [10]. The
selection of sintering atmosphere for a system is purely system
specific. The metals that require protection from oxidation since
oxides hinder diffusion bonding and evolution of desired properties
need an inert or reducing environment. Control of sintering atmo-
sphere provides ample opportunity to tailor the degree of sintering
and the material chemistry [12]. Many sintering atmospheres are
used across the globe starting from air, nitrogen, argon, oxygen and
hydrogen or the blend of these in desired proportion. But the lit-
erature about the effect of sintering atmosphere on the interfacial
bonding of matrix-reinforcement for the solid state fabrication of
Cu-Al,03 composites is scarce. The effect of sintering atmospheres
on the wetting behaviour and interfacial bonding of titania and
liquid copper was investigated by Li [13]. The effect of sintering
atmosphere on pore filling of aluminum was studied by Schaffer
et al. [14]. In the present study, the sintering of Cu-Al,03 system
has been carried out in argon, hydrogen and nitrogen atmosphere
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but as the volume % of reinforcement and fabrication route in the
existing literature and in our experiments differ, direct comparison
is not feasible. Several studies have been conducted, which show
the effect of sintering atmosphere on the interface formation and
eventually on the microstructural and mechanical properties of the
composite. Hence the effect of sintering atmospheres on a partic-
ular system needs proper attention. The final product obtained by
sintering of copper and alumina powders via conventional route
in nitrogen atmosphere can have many deficiencies (in physical
attributes, such as poor matrix-reinforcement bonding, poor den-
sification and hardness). The earlier results led our thinking to the
role of the sintering atmosphere in our system. The sintering of
this system in reducing atmosphere yielded astonishing results to
be quantified further. The unification of copper and alumina pow-
ders by spark plasma sintering where the alumina particles are in
the order of nanoscale, the properties are still better. Yoshino et al.
[15] have reported that the pores within the bonding interface
can be formed due to the release of oxygen gas in liquid cop-
per, which can also be extended to the solid state. Seager et al.
[16] have found that smaller pores may be the result of pull out
of Cu,0 particles observed on the alumina fracture surface. The
role of oxygen in the bonding of copper and alumina has oppo-
site effects in liquid and solid state fabrications. The presence of
oxygen is vital in the case of liquid state bonding and equally unde-
sired in solid state bonding. The state of bonding rests mostly on
the nature of the sintering atmosphere. The spark plasma sintering
technique is becoming popular due to the intrinsic advantages of
the method and the enhanced material properties, as well as lower
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Fig. 1. XRD diffraction patterns of microcomposites sintered conventionally in (a) nitrogen (b) hydrogen (c) argon atmosphere (d) nanocomposites sintered by spark plasma

sintering.
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processing temperature and shorter sintering time to consoli-
date powders compared to conventional methods. The differences
between SPS and conventional methods include process efficiency
and energy savings as well as microstructural and compositional
implications. Sintering at lower temperatures and shorter times
reduces the threat of vaporization, minimizes grain growth and
renders cleaner grain boundary. Spark plasma sintering (SPS) uses
high amperage, low voltage, pulse DC current and uniaxial pres-
sure to consolidate powders [8]. The exciting results obtained in the
sintering of composites by SPS can be ascribed to the differential
activation of the matrix and reinforcement, as the existing theory
for SPS proposes that the current pathway is unlike for conduct-
ing and non-conducting powders. A combination of current flow
through the sample and radiative heat loss on the die wall gives
rise to a radial temperature distribution in conductive samples.
The studies on copper-alumina MMC along with their properties
have been carried out by several groups [17-20]. Fathy et al. [17]
have demonstrated improvement in compressive strength, hard-
ness and wear resistance of Cu-Al,03 system, Ritasalo et al. [18]
have reported hardness value of 1.58 GPa of SPS sintered Cu-Al,03
composite. The increase in arc erosion resistance of Cu-Al,03
with the increase in alumina content has been reported by Wang
et al. [19]. Nachum et al. [20] have studied the microstructural
and mechanical properties of Cu-Al,03 nanocomposites fabricated
by HIPing, where the increase in strength and nanohardness has
been highlighted. The fabrication of Cu-Al,03 nanocomposites
containing high volume fraction of alumina by SPS route has been
performed by Michalski et al. [21], shows that it does not cater to
the cost effectiveness factor of engineering industry. The influence
of sintering atmosphere on the matrix-reinforcement bonding and
subsequently other properties, such as densification and hardness,
has not yet been understood in detail.

The main aim of the present investigation is to study the
effect of sintering atmospheres and sintering techniques on the
microstructure and mechanical properties of Cu-Al,03 compos-
ite. The differential behaviour of copper and alumina at different
sintering temperatures and atmospheres lead to differences in
development of microstructures, which eventually control the
properties of the composite. The differences in microstructures
and properties of Cu-Al,03 fabricated by conventional and spark
plasma sintering techniques has been studied here.

2. Experimental

The as-received copper (Loba Chemie, purity >99.7%, average size - 11.09 pm)
and alumina (Sigma-Aldrich, average size - 5.71 wm and <50 nm) powders were
mixed and blended separately using agate mortar for 60 min to ensure homoge-
neous mixing. Alumina powders of both sizes were mixed with copper powder to
prepare the samples. Copper and 5, 10, 15vol.% of alumina powders were com-
pacted into cylindrical pellets (diameter: 15 mm) using uniaxial hydraulic press at
an applied pressure of 700 MPa for 2 min. The green samples were then sintered by
conventional sintering in a tubular furnace at 900°C for a holding time of 60 min in
nitrogen (Asiatic gases Ltd., 99.8% purity) atmosphere at a heating rate of 5°C/min.
In another set of experiment, specimens of same constituents were fabricated by
sintering them in hydrogen (99% purity) atmosphere, keeping the other parameters
fixed. The third set of specimens with similar composition as above was synthe-
sized by sintering in argon atmosphere (British oxygen company, 99.994% purity),
keeping rest of the parameters constant.

Nanocomposites containing 1, 5 and 7vol.% of Al,03 (average size <50 nm)
and copper were fabricated by mixing the matrix and reinforcement powders, fol-
lowed by SPS (DR SINTER LAB SPS Syntex). The temperature for SPS was 700°C at
a pressure of 50 MPa for 5min under vacuum at a heating rate of 80°C/min. The
densification of all the specimens was estimated using Archimedes method. The as-
received copper and alumina powders were characterized by particle size analyzer
(MALVERN Mastersizer 2000) while sintered specimen were characterized by using
X-ray diffractometer (PANalytical model: DY-1656, Cu Ka radiation) and scanning
electron microscope (JEOL 6480 LV). The micrographs of the specimen were obtained
by chemically etching the samples by a mixture of 5 g FeCl; and 50 ml HCl in 100 ml
distilled water. The micro-hardness values of all the specimens were determined by
Vickers hardness tester (Leco LV 700) applying a load of 0.3 kgf for a dwell time of
1s.The readings were recorded here at four equivalent locations for each specimen.

3. Results and discussion
3.1. X-ray diffraction

The X-ray diffraction of sintered samples was carried out to
study the phases present. The alumina peaks confirm to be mon-
oclinic in nature. The X-ray diffraction patterns of the specimen
sintered conventionally in nitrogen, hydrogen and argon atmo-
sphere, illustrated in Fig. 1(a), (b) and (c) shows the presence of
cuprous oxide (Cu,0) along with Cu and Al,03 in all the cases. In
the composites sintered in argon atmosphere the peak for cuprous

1 E E 1k

15k

Zaky Xi1@, eea 1 0m

Fig. 2. SEM micrographs of Cu-5vol.% Al,0s; sintered under (a) nitrogen, (b) hydro-
gen and (c¢) argon atmosphere respectively.
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oxide is not that intense, but the presence of oxygen has been fur-
ther verified by EDS. Fig. 1(d) reveals the presence of copper as well
as alumina; as the alumina content in the nanocomposites is min-
imal, the alumina peaks are not distinct and clear. The composites
fabricated by SPS route do not show any peak of cuprous oxide as
sintering was carried out in vacuum atmosphere.

3.2. Scanning electron microscopy

The microstructures obtained by scanning electron micro-
scope (SEM) give ample information about the pore density,
distribution, alignment and nature of pores along with the
matrix-reinforcement bonding. Fig. 2(a), (b and c) depicts the
microstructures of Cu-Al,03 MMC, where white patches corre-
spond to alumina and the grey area referring to the copper matrix.
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The scanning micrographs illustrated in Fig. 2(a-c) reveals a clear
difference between the bonding of copper and alumina in N, Ar
and H, atmospheres. The specimen sintered in hydrogen atmo-
sphere, (Fig. 2(b)), shows good copper-alumina interfacial bonding,
as compared to the composites sintered in nitrogen and argon
atmosphere, (Fig. 2(a and c)). There is an existence of discontinu-
ity in bonding between alumina particles and the copper matrix
when the composites sintered in argon atmosphere (Fig. 2(c)). The
proximity and degree of physical attachment of the alumina and
copper particles in the sintered composites can be ranked in order
of nitrogen, argon and hydrogen (in increasing order). It is desirable
to remove cuprous oxides from the interface of Cu-Al,03 compos-
ite to enhance mechanical properties. This fact can be attributed
to the high bond strength of Cu/Al,03 than those of Cu;0/Al,03
and Cu/Cu;0 [15,22,23]. This could possibly be attributed to the

Al J\ Cu

Al

Fig. 3. SEM micrographs and EDS analysis of Cu-15vol.% Al,03 sintered in (a) nitrogen, (b) hydrogen and (c) argon atmosphere respectively.
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Fig. 4. SEM micrograph of Cu-5vol.% Al,03; nanocomposite sintered by SPS.

formation of cuprous oxide at low temperatures (tentatively
700°C) and the possibility of onset of decomposition at higher tem-
peratures close to 1000°C. The decomposition yields copper and
oxygen; where the oxygen escapes from the surface creating voids
and expanding them eventually. The creation of voids impedes the
densification causing swelling in addition to the oxygen released
from the copper oxide formed at the copper-alumina interface dis-
turbs the continuity in bonding of copper and alumina. Ghasemi
et al. [24] have reported that in reducing atmosphere the Cu,O0
particles will be reduced to Cu and the removal of Cu,O parti-
cles from the interface results in the substitution of Cu;0/Al,03
and Cu/Cu;0 interfaces by a Cu/Al,05 interface. Chiang et al. [22]
and Sun and Discoll [25] have shown that the strength of Cu/Al;03
interface is higher than that of Cu,0/Cu interface. Therefore, an
improved alumina-copper contact surface and a decreasing stress
concentration owing to the absence of Cu, 0 particles resulted in an
increase of bond strength. The micrographsin Fig. 3(a),(band c)also
depict the fact that as the alumina content increases the tendency of
embedment of alumina particles in the copper matrix deteriorates.
Elements with less stable oxides than alumina will remain reac-
tive only to the extent of obtaining oxygen from the atmosphere
[26]. The EDS analysis of the specimen (the whole micrograph
in Fig. 3(a-c) was selected for EDS analysis) sintered in nitrogen,
hydrogen and argon atmosphere is shown in Fig. 3(a-c) which
shows a noticeable difference in the oxygen content of the samples.
The elemental composition of oxygen estimated in Cu-15vol.%
Al,03 MMC sintered in Ny, H, and Ar atmosphere is 21.02, 4 and
12.99 wt.% respectively. It is evident from the EDS values that a
smaller amount of O, is present in the composite sintered in Hy
compared to that in N, atmosphere. The amount of oxygen present
in the specimens sintered in argon atmosphere is somewhere in
between of that of nitrogen and hydrogen. The microstructure in
Fig. 4 reveals that the distribution of the alumina particles is almost
uniform in nanocomposites. The distribution of alumina particles
in nanocomposites appears to be better than that in microcom-
posites. The agglomeration of alumina nanoparticles with higher
volume percent of it is inevitably higher as shown in Fig. 5(c) as
compared to those in Fig. 5(a and b). An increase in specific sur-
face area (as number of nanoparticles increases) leads to higher
inter-particle friction and thus leading to decreased particle dis-
tribution [27]. This is due to high surface energy of high volume%
reinforcement nanoparticles.

The nature of porosity varies with the variation of volume%
of alumina. The composite having 1vol.% alumina shows isolated
pores, whereas 5vol.% alumina shows interconnected pores, as
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Fig. 5. SEM micrographs of (a) Cu-1vol.% Al,03 (b) Cu-5vol.% Al,03 (c) Cu-7 vol.%
Al;03 nanocomposites sintered by SPS.

shown in Fig. 5(a and b). The interconnected pores in nanocompos-
ites sintered by SPS exist because alumina nanoparticles possess
hardness and also give rise to the problem of agglomeration [27].
The presence of interconnected pores in nanoscale, have a posi-
tive attribute to the mechanical performance of the nanocomposite.
Twin boundaries can also be seen in Fig. 6 (7 vol.% of alumina rein-
forced nanocomposite), which might have occurred due to high
internal strain and high temperature while sintering, i.e., a rise in
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Fig. 6. SEM (BSE) micrograph of 7% alumina reinforced Cu-Al,03; nanocomposite
sintered using SPS.

temperature within a short period of time. The presences of twins
indicate a low mobility of dislocations, which directs the good
mechanical value of the composite [28]. The Back scattered elec-
tron (BSE) image shows diminished grain growth of copper in the
areas where the distribution is proficient due to the pinning effect
of the nanosized alumina particles [29]. In nanocomposites, as the
interparticle distance decreases, interaction between the disloca-
tions and particles increases, and this results in faster dislocation
multiplication. The matrix-reinforcement bonding seems to have
improved in the nanocomposites sintered by SPS. The reason could
be anticipated as the high surface energy of the particles compelling
them to compensate their thermodynamic instability by efficient
bonding.

3.3. Density measurement

The densities of all the specimens recorded using Archimedes
method shown in Fig. 7(a) indicates that the composites sintered
by conventional method in nitrogen atmosphere show a slight
increase in densification with increasing alumina content. With
the increasing amount of finer particles (alumina particles are finer
than copper particles), the particle packing and particle-particle
contact increases, which leads to higher density. The density of
composites sintered in argon increases up to 10vol.% of alumina
and then it decreases slightly. This could be supported by the fact
that as the amount of alumina increases to 10% there is some
chemical interfacial phenomenon taking place at this particular
composition [30] which can be further confirmed by high resolution
electron microscope. The trend in densification for the compacts
sintered in hydrogen atmosphere is opposite to that obtained in the
nitrogen atmosphere, which needs further study to be clarified. The
amount of cuprous oxide (Cu,0) formed in H, atmosphere is less
as compared to that in N, atmosphere. The composites sintered in
nitrogen atmosphere have considerably low density due to the fact
that during decomposition of cuprous oxide, oxygen gets released
expanding the sintered compact by creating voids. The density of
composites sintered by spark plasma sintering technique is quite
high (Fig. 7(b)). The agglomeration problem of nanoparticles leads
to lesser densification in nanocomposites where as the problem
of agglomeration does not impair the densification of microcom-
posites to a larger extent. This is due to the fact that the specific
surface of coarser particles is lower and the powder compressibility
is higher [24].
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Fig. 7. Densification plots for (a) Cu-Al,03 microcomposites and (b) Cu-Al,03
nanocomposites fabricated using conventional and spark plasma sintering respec-
tively.

3.4. Hardness study

The hardness of microcomposites sintered in nitrogen as well
as hydrogen atmosphere shown in Fig. 8(a), indicate that the
microcomposites sintered in hydrogen atmosphere show higher
hardness values than those sintered in nitrogen atmosphere. The
microcomposites sintered in argon atmosphere possess hardness
values close to that of nitrogen atmosphere. The underlying fact
can be correlated with the densification study: the density is higher
for the microcomposites sintered in hydrogen atmosphere, which
complements the hardness data. The proposed reason possibly
could be the basis of argument in the comparison of hardness pro-
files of microcomposites. The trend of hardness values shown by
the nanocomposites is illustrated in Fig. 8(b). The above behaviour
shows an increase upto 5 vol.% alumina and then a fall in the hard-
ness value for 7 vol.% alumina. The 7 vol.% alumina composition may
facilitate higher degree of agglomeration of alumina nanoparticles
but till 5vol.% alumina the agglomeration seems to be insignifi-
cant. This can be anticipated as the surface of the agglomerated
particle (in case of 5vol.%) may not be sufficiently large enough
to disturb and deviate the close intimacy at the particle-matrix
interface. This could be a possible reason in attributing insignifi-
cant deteriorating effect on the hardness value which is visible in
Fig. 8(b). Another reason for having a positive effect of alumina
on hardness upto 5vol.% followed by a negative effect could be
ascribed to the effective dispersion strengthening till 5 volume % of
alumina [28]. Shehata et al. [31] have investigated the hardness
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Fig. 8. (a) Comparison of hardness for Cu-Al, 03 microcomposites and (b) Cu-Al,03
nanocomposites fabricated using conventional and spark plasma sintering respec-
tively.

values of Cu-Al,03 nanocomposites sintered by conventional
method and have reported the average microhardness value for
5% alumina reinforced Cu-Al,03 composite as 67.8 HV, whereas in
the present study, nanocomposites fabricated by SPS method pro-
duce an average of 124.5 HV for the same composition. The effective
dispersion up to 5% of reinforcement also projects an idea about
the small-scale pinning in nanocomposites, which prevents grain
growth and hence the hardness values are high [32].

4. Conclusion

The Cu-Al,03 microcomposites were fabricated successfully
using conventional sintering route in nitrogen, argon and hydrogen
atmospheres. The densification process is more efficient in the case
of hydrogen than in nitrogen or argon atmosphere. The microstruc-
ture of the composites sintered in hydrogen atmosphere reveals
better matrix-reinforcement bonding. The problem of poor interfa-
cial bonding in nitrogen and argon atmosphere has been addressed
up to a certain extent using hydrogen atmosphere. The EDS analy-
sis also proves the same. The formation of Cu,0 during sintering in
nitrogen and argon atmosphere reduced the extent of bonding of

copper with alumina. The density and hardness values are also in
accordance to the above fact. The poor bonding between copper and
alumina particles lead to inefficient load transfer during mechanical
loading of the composite. The Cu-Al,03 nanocomposites contain-
ing up to 5 vol.% of alumina have been fabricated successfully using
spark plasma sintering method. The properties of nanocomposites
have been studied to infer that the nanocomposites have superior
properties than the microcomposites. The microstructures of these
specimens also point towards the above fact.
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