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1. Introduction
The incorporation of ceramic particle into metal matrix has led 
to the development of suitable candidate materials for advanced 
engineering applications. Copper-based composites with fine 
dispersion of Al

2
O

3
 particles have been produced successfully by 

powder metallurgy (blending, compaction and sintering) process 
till date. Due to its high hardness, high stability and insolubility in 
the matrix-metal, alumina poses obstacles to dislocation and grain 
boundary motion at elevated temperatures without a significant 
reduction in thermal and electrical conductivity.1 Copper is very 
often chosen as the matrix due to its high electrical and thermal 
conductivity and relatively good mechanical properties. Alumina 
particles increase the temperature of recrystallization by pinning 
grain and subgrain boundaries of the copper matrix and blocking 
the movement of dislocations, thus improving strength at elevated 
temperatures.2,3 Dispersion-strengthened Cu-Al

2
O

3 
composites are 

extensively used in electrode material for lead wire, relay blades, 
contact supports, electrode material for spot welding, various 
switches, thermal and electric conductors and microwave tubes.4 
An important aspect of dispersion strengthening is even distribution 
of reinforcement particles in nanometer scale, and the introduction 
of smallest possible amount of reinforcement in the matrix metal.5

Microstructure of the composite is strongly influenced by the 
sintering temperature, reinforcement particle size, volume 
fraction of the reinforcement and compaction pressure in power 
metallurgy route. Difference in particle density and inadequate 
ratio of reinforcement particle size to matrix particle size leads to 
the clustering of reinforcement, which contributes to deterioration 
of the interface integrity. Particulate size of the matrix and 
reinforcement influences the mechanical and physical properties 
of the composite. Internal strain is developed at the interface of 
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a particle-reinforced MMCs (metal matrix composites) due to the 
mismatch in thermal coefficient of expansion of the matrix and 
reinforcement. If the strain exceeds the yield strain, localized plastic 
flow at the reinforcement – matrix interface will occur, and damage 
will accumulate.6 Interface facilitates the transfer of mechanical 
and thermal stress between the matrix and reinforcement. The 
interface serves as a diffusion or reaction barrier. The objective of 
consolidation of matrix and reinforcement powders is successful 
when the bonding parameter along with the distribution and other 
factors that promote good mechanical properties are estimable.

During the designing of a MMC, the underlying interfacial 
phenomenon governing the transmission of thermal, electrical 
and mechanical properties is of utmost importance.7 The 
physicochemistry of wetting and bonding of oxide reinforcements 
with the metal matrix (i.e. the nonreactivity at the interface zone) in 
terms of Gibbs free energy change ΔGO

r
 is as follows:

1. nMe + mMO = nMeO mMn m +

where, Me is the matrix and MO
n
 is the reinforcing oxide. The 

Gibbs free energy is strongly positive in this case; therefore, it has 
been proposed that the oxide reinforcements can have only Van 
der Waals kind of interaction with metal matrices arising from 
dispersion forces.8 Some groups9,10 working on the thermodynamic 
aspects of wetting of metal/oxide couples have reported large 
variations between the experimental results and the theoretical 
considerations. The work of adhesion, W

a
, plays a major role in 

determining the level of interaction of matrix and reinforcement. 
The more the W

a
, the better the adhesion.8

The formation of an interfacial phase in a particulate-reinforced 
MMC needs to be understood in detail for better service life of the 
composite material. The kinetics and thermodynamics of formation 
of an intermediate product during sintering as well as in service 
temperatures require prompt attention. The interfacial failure needs 
to be evaluated accurately to estimate the performance of a MMC. 
The interfacial failure, in the case of particulate-reinforced MMC, 
has not been understood till date. A new interfacial phase CuAlO

2
 

forms at elevated sintering temperatures during the fabrication 
of Cu-Al

2
O

3
 composite. The detailed study of the formation 

of this phase and its implications on the microstructural as well 
as mechanical properties of the composite is an area of scarce 
literature. Several groups have investigated the formation of CuAlO

2
 

at the interface of Cu and Al
2
O

3
 joints. The correlation of CuAlO

2
 

formation at Cu and Al
2
O

3
 joints with the interfacial interaction in 

composites by solid-state sintering has been explained here. Seager 
et al.11 reported that the formation of CuAlO

2
 interface is stronger 

as compared with the Cu/Al
2
O

3
 and Cu

2
O/Al

2
O

3.
 The kinetics of 

aluminate formation and its failure analysis has been discussed 
with respect to the interfacial bond strength. Yi et al.12 have 
investigated the thermodynamic aspect of aluminate stability in the 
eutectic bonding of copper with alumina. The phase equilibrium at 

different thermodynamic conditions and the existence of CuAlO
2
 

in invariant state has been demonstrated. Trumble et al.13 have 
reported the influence of CuAlO

2
 on crack propagation at Cu/Al

2
O

3
 

interface. Kim et al.14 studied the effect of interfacial reaction 
compound on the strength of copper to alumina eutectic bonding. 
The flexural strength as well as failure mechanisms of different 
interfaces formed between Cu, Al

2
O

3
, CuO and CuAlO

2
 have been 

studied concluding their respective strengths.

The bonding of copper (solid solution) and alumina has been 
elaborated by many workers. The formation of CuAlO

2
 in the 

copper-alumina composites at various sintering temperatures in 
solid state is a matter of concern. The reaction kinetics, stability and 
mechanical properties of the composite, in the presence of CuAlO

2
, 

have been discussed earlier by several groups but correlating these 
properties with solid-state sintering needs attention.

The aim of this study is to investigate the effect of sintering 
temperature on the microstructural characteristics of the Cu-Al

2
O

3
 

composite. The samples were sintered at various temperatures 
(900, 950 and 1000°C) with different volume fractions of the 
reinforcements. The X-ray diffraction (XRD) analysis predicts the 
formation of a new phase, and the scanning electron microscopy 
(SEM) study reveals the matrix-reinforcement compatibility and 
also the microstructural aspects of the matrix at high temperature. 
The hardness and density values reflect the effect of the new phase 
(CuAlO

2
) on the mechanical properties of the composite.

2. Experimental procedure
The as-received copper (Loba Chemie, purity > 99·7%, average 
size = 11·09 μm) and alumina (Sigma Aldrich, average size = 10 
μm) powders were mixed and blended using agate mortar for 60 
min to ensure homogeneous mixing. Copper with 5, 10, 15, 20 
vol.% of alumina powders were compacted into cylindrical pellets 
(diameter = 15 mm) using uniaxial hydraulic press at an applied 
pressure of 700 MPa for holding time of 2 min. The green samples were 
conventionally sintered at 900, 950 and 1000°C in a tubular furnace 
in argon atmosphere (British oxygen company, 99·994% purity) for a 
soaking time of 60 min. The specimens were characterized using XRD 
(PANalytical model: DY-1656) CuKα and SEM (JEOL 6480 LV). 
Ferric chloride solution (5-g FeCl

3
 and 50-ml HCl in 100-ml distilled 

water) was used as an etchant. Sintered density of the specimens 
was determined by Archimedes method and was compared with the 
theoretical densities. Microhardness of the specimens was measured 
by Vickers hardness tester (Leco Microhardness Tester LM248AT) at 
a load of 0·3 kgf for a dwell time of 5 s. The readings were recorded 
at four equivalent locations for each specimen.

3. Results and discussion
3.1. X-ray diffraction
The XRD patterns, illustrated in Figure 1, denote the presence 
of copper and alumina phases at all the temperatures. The peaks 
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confirm the presence of rhombohedral phase of alumina. CuO 
phase is formed in the composites sintered at 900°C, and this CuO 
formed at 950 and 1000°C combines with alumina to form CuAlO

2
. 

The formation of CuAlO
2
 has been confirmed at 950 and 1000°C 

temperatures. This interfacial phase starts forming at 950°C, 
which can be anticipated to be in the formative stage as reflected 
by the hardness values. At also 1000°C, the presence of this phase 
has been detected, which gives an indication that the amount of 
CuAlO

2
 phase formed is higher than the amount formed at 950°C. 

The increased intensity of CuAlO
2
 peak in the 1000°C sintered 

specimen than the specimen sintered at 950°C also confirms that 
the amount of interfacial phase formed is higher at 1000°C than 
at 900°C.

3.2. Scanning electron microscopy
The physical bonding of alumina with copper in the composite 
sintered at 900°C is not as prominent as compared with that at 
1000°C (Figure 2a and 2b). The presence of numerous voids 
and pores present in the matrix at 900°C conform to the above 
observation. Improper contact between particle and matrix can 
be observed in the specimen sintered at 900°C compared with 
that sintered in 1000°C (Figure 3a and 3b). The difference in 
association between alumina and copper particles at different 
temperatures can be attributed to the formation of Cu

2
O at 900°C 

and conversion of Cu
2
O to CuAlO

2
 at 1000°C. The formation 

of pores at the copper-alumina interface can be due to release 
of O

2
 gas and release of Cu

2
O particles.15 The copper-alumina 

eutectic bonding is temperature dependent; hence, the bonding 
with the variation in sintering temperature is emphasized and is 
prominently visible.14

2. Cu O  Al O heated   2CuAlO2 2 3 2+ ( ) →

Figure 1. X-ray diffraction patterns of Cu-Al2O3 microcomposites 

sintered at different temperatures.
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Figure 2. SEM micrographs of Cu-5% Al2O3 sintered at (a) 900°C and 

(b) 1000°C. SEM, scanning electron microscopy.
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Cu
2
O promotes debonding at the interface, and CuAlO

2
 impedes 

crack propagation resulting in strengthening of the composite.16 
Figure 3b illustrates the matrix overlapping over the reinforcement 
particle indicating viscous flow of the matrix. Figure 4 demonstrates 
damage accumulation in the composite by clustering of alumina 
particles. There are many reasons for clustering, one of which could 
be inappropriate particle size ratio.17 The particle shape and size 
are controlling factors for the particulate-matrix integrity, which is 
quite clear from Figure 5a and 5b. Considering the three sintering 
temperatures 900, 950 and 1000°C, then these temperatures 
correspond to three stages where the microstructural changes can 
be monitored along with the mechanical properties to predict the 
phenomena taking place at different temperatures. A new phase, 
CuAlO

2
, is formed at the sintering temperature of 950°C as a result 

of interfacial interaction in the copper-alumina system. This phase 
is present in composites sintered at 950 and 1000°C, which has 
been confirmed by XRD analysis.

It is attributed to the viscous flow in the matrix, which may have 
triggered the formation of the new phase at higher sintering 
temperatures.18 The above reason can be further discussed with the 
presence of bubble-induced voids in the matrix sintered at 1000°C. 
The new phase, CuAlO

2
, has been reported to be a soft phase, 

which when present continuously, deteriorates the strength of the 
material and when present discontinuously elevates the strength of 
the material.11 The CuAlO

2 
phase, when present discontinuously, 

results in toughening of the interface by crack pinning as 
demonstrated by Reimanis et al.19 The formation of CuAlO

2
 is a 

very slow reaction,12 the presence of which has been identified in 
the case by EDS analysis from Figure 3b, which shows Cu = 64·25, 
Al = 9·32 and O = 26·43 wt%. The copper content is higher than 
it should be for CuAlO

2
 because the copper matrix has also got 

covered in the area selection of EDS analysis. The particle shape 
governs the sintering response: as the particle geometry tapers the 
contact, formation of the reinforcement with the matrix weakens 
resulting in cavitation. This cavitation can be further minimized by 
high-temperature sintering up to a certain extent (Figure 5a and 5b). 

The annealed twins that are observed in the composites sintered at 
900°C are absent at 1000°C (Figure 6a and 6b), the reason being 
the annihilation of twins as well as the activation of nonbasal slip 
systems at high temperature.

The formation of CuAlO
2
 as a function of temperature at the Cu(ss)/

Al
2
O

3
 interface can be represented as20

3. 
(at O )  exp 181 T 91Cu ss.% / •( ) = − +( )00

 
(700–1050°C)

Due to the slow rate of formation of CuAlO
2
, that is, <10−6 µm/sec 

(rate-controlling step), it takes longer for the reaction to be over; 
this is the same reason why the composites, sintered at 950°C, 
indicate lower amounts of CuAlO

2
 synthesized.11 The formation 

of CuAlO
2
 starts at the isothermal sintering time, that is, after the 

formation of Cu
2
O, it reacts with alumina to form the aluminate.19 

Hence the amount of reaction product formed at 950°C is small and 
difficult to detect at the interface. Chaklader21 reported the stability 
of CuAlO

2
 in air at temperatures ranging from 800 to 1000°C.

20 kV × 5 000 5 µm 09 40 SEI 20 kV × 5 000 5 µm 09 40 SEI

O

0 2 4 6 8 10

Cu
Cu
CuAl

Cu

Cu

(a) (b)

Figure 3. SEM micrographs of Cu-5% Al2O3 sintered at (a) 900°C 

and (b) 1000°C at higher magnification. SEM, scanning electron 

microscopy.

Figure 4. SEM micrograph of Cu-10% Al2O3 sintered at 900°C. SEM, 

scanning electron microscopy.

20 kV × 5000 5 µm 10 40 SEI
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3.3. Hardness and density study
The hardness values, illustrated in Table 1, show the variation 
in hardness and density values of 5, 10, 15, 20 vol.% alumina 
reinforced copper composite sintered at different temperatures. The 
trend of hardness and density values can be explained as follows: the 
hardness and density values at 950°C are low when compared with 

that of the values at 900°C. The interfacial phase formed at 950°C is 
a soft and metastable phase, which assists the fall in hardness values 
as it may be in the formative stage at this temperature; hence, CuAlO

2
 

is not able to furnish its strength to the composite. The weakness of 
the composites sintered at 950°C is attributed to poorly processed 
CuAlO

2
 and contact area between copper and alumina compared 

with the composites sintered at 1000°C.12 The reason could be the 
thermal residual stress induced during cooling of the composite 
from the sintering temperature. The thermal mismatch exists due 
to a large difference in the coefficient of thermal expansion values 
of copper and alumina. The thermal stress at the interface due to 
the presence of Cu

2
O is much larger than due to CuAlO

2
,19 whereas 

CuAlO
2
 phase, when present discontinuously, enhances the strength 

factor in the composite.12 The hardness and density values at 1000°C 
again follow a positive trend, the reason for which can be attributed 
to the strengthening effect of CuAlO

2
. The hardness and density 

values of the composites, sintered at 1000°C, do not conform to 
the values at 900°C exactly but show an increase from 950°C. This 
could be ascribed to the considerable grain growth at 1000°C. The 
decrease in hardness values at 950°C and 1000°C with the increase 
in alumina content in the microcomposites, in comparison with the 
microcomposites sintered at 900°C, can be attributed to the higher 
degree of oxidation at higher sintering temperature. Higher the 
alumina content, higher is the interfacial area, which is exposed 
to oxidation; hence, oxidation at the interface hinders dispersion 
hardening.

4. Conclusions
Microcomposites comprising 5, 10, 15, 20 vol.% alumina reinforced 
in copper matrix have been processed by conventional sintering at 
900, 950 and 1000°C temperatures. The interfacial phase, CuAlO

2
, 

was formed at the copper-alumina interface in copper-alumina 
composite when sintered at 950 and 1000°C. The X-ray analysis 
also confirms its presence. The intimacy and physical association 
of copper and alumina in the microcomposites sintered at 1000°C 

Figure 5. SEM micrograph of Cu-15% Al2O3 sintered at (a) 900°C 

and (b) 1000°C. SEM, scanning electron microscopy.

20 kV × 10 000 1 µm 10 56 BEC

(a)

20 kV × 8 000 2 µm 09 40 SEI

(b)

Figure 6. SEM micrograph of Cu-20% Al2O3 sintered at (a) 900°C and 

(b) 1000°C. SEM, scanning electron microscopy.
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is appreciably better than the ones sintered at 950 and 900°C. This 
suggests that the CuAlO

2
-formation reaction progress would be 

better at 1000°C than at 950°C. The densification and hardness 
values decrease at 950°C and then increase at 1000°C. The 
formation of the intermetallic compound (CuAlO

2
) is a critically 

temperature-driven phenomenon. The microstructural evolution of 
CuAlO

2
 in terms of its amount and strengthening effect appears to 

be a temperature-dependent phenomenon.
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