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Nanopowders of Cu and ZrO2 were synthesized from 2CuO and Zr by high energy ball milling. The powder sizes of Cu and
ZrO2 were 20 nm and 30nm, respectively. A dense nanocrystalline 2Cu-ZrO2 composite was consolidated by a high frequency
induction heated sintering method within 1 minute from the mechanically synthesized powders(2Cu-ZrO2) and horizontally
milled 2CuO+Zr powders. The average hardness and fracture toughness values of nanostuctured 2Cu-ZrO2 composite were
investigated.
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Introduction

It is well known that attractive physical and mechanical
properties can be obtained with metal matrix composites,
such as high specific modulus, strength-to weigh ratio, fatigue
strength, and temperature stability and wear resistance,
which have been documented extensively [1-5]. ZrO2 has
a density of 5.98 g cm−3, a Young,s modulus of 210 GPa,
excellent oxidation resistance and good high-temperature
mechanical properties [6, 7]. Cu has a density of 8.9 g cm−3,
a Young,s modulus of 130 GPa and good fracture toughness
[7]. Hence, a microstructure consisting of Cu and ZrO2 may
be able to satisfy the good oxidation resistance and high
temperature mechanical property requirements of a successful
high temperature structural material.

Traditionally, discontinuously reinforced metal matrix
composites have been produced by several processing routes
such as powder metallurgy, spray deposition mechanical
alloying, various casting techniques and SHS(self-propa-
gating high temperature synthesis). All these techniques
are based on the addition of ceramic reinforcements to the
matrix materials which may be in a molten or powder form.
Of all these techniques, high energy ball milling and mech-
anical alloying of powder mixtures, were reported to be
efficient techniques for the preparation of nano-crystalline
metals and alloys, which is a combination of mechanical
milling and chemical reactions [8].

Nanostructured materials have been widely investigated
because they have a wide functional diversity and exhibit
enhanced or different properties compared with bulk
materials. Particularly, in the case of nanostructured ceramics,
the presence of a large fraction of grain boundaries can lead
to unusual or better mechanical, electrical, optical, sensing,
magnetic, and biomedical properties [9-15]. In recent
days, nanocrystalline powders have been developed by co-
precipitation, a thermochemical and thermomechanical
process named as the spray conversion process (SCP), and
high energy milling [16, 17]. The grain size in sintered
materials, however, becomes much larger than that in pre-
sintered powders due to the fast grain growth during a
conventional sintering process. Therefore, controlling grain
growth during sintering is one of the keys to the commercial
success of nanostructured materials. In this regard, the high
frequency induction activated sintering method which can
make dense materials within 2 minunites, has been shown
to be effective in achieving this goal [18].

The purpose of this study is to produce nanopowders of
Cu, ZrO2 and dense nanocrystalline Cu-ZrO2 composite
within 1 minutes from mechanically synthesized powders
(2Cu-ZrO2) and horizontally milled 2CuO + Zr powders
using this novel induced current activated sintering method
and to evaluate its mechanical properties (hardness and
fracture toughness).

Experimental Procedure

Powders of 99% CuO (< 5µm, Aldrich, Inc) and 99.5%
pure Zr(−325 mesh, Sejong, Inc) were used as starting
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materials. 2CuO and Zr powders were mixed by two types
of method. Firstly, the powders was milled in a high-energy
ball mill, a Pulverisette-5 planetary mill at 250 rpm and
for 10 h. Tungsten carbide balls (8.5 mm in diameter) were
used in a sealed cylindrical stainless steel vial under an
argon atmosphere. The weight ratio of balls-to-powder was
30 : 1. Secondly, the powders were mixed in polyethylene
bottles using zirconia balls with ethanol and rotated at a
horizontal rotation velocity of 250 rpm for 10 h. The grain
sizes of Cu and ZrO2 were calculated by Suryanarayana
and Grant Norton’s formula [19] :

Br (Bcrystalline + Bstrain) cosθ = kλ/L + ηsinθ (1)

where Br is the full width at half-maximum (FWHM) of
the diffraction peak after instrumental correction; Bcrystalline

and Bstrain are the FWHM caused by small grain size and
internal stress, respectively; k is constant (with a value
of 0.9); l is wavelength of the X-ray radiation; L and η
are the grain size and internal strain, respectively; and θ
is the Bragg angle. The parameters B and Br follow Cauchy’s
form with the relationship: B= Br + Bs , where B and Bs

are the FWHM of the broadened Bragg peaks and a standard
sample’s Bragg peaks, respectively.

After milling, the mixed powders were placed in a WC
die (outside diameter, 40 mm; inside diameter, 5 mm; height,
40 mm) and then introduced into the high frequency
induction heated sintering system made by Eltek in South
Korea shown schematically in Fig. 1. The four major stages
in the synthesis are as follows. The system was evacuated

(stage 1). And a uniaxial pressure of 500 MPa was applied
(stage 2). An indued current was then activated and
maintained to 630 oC with heating rate of 700 K·minute−1

and then turned off without a holding time (stage 3). The
temperature was measured by a pyrometer focused on the
surface of the graphite die. At the end of the process, the
sample was cooled to room temperature (stage 4).

The relative densities of the synthesized sample were
measured by the Archimedes method. Microstructural infor-
mation was obtained from product samples which were
polished. Compositional and microstructural analyses of
the products were made through X-ray diffraction (XRD)
and scanning electron microscopy (SEM) with energy dis-
persive X-ray analysis (EDAX). Vickers hardness was
measured by performing indentations at a load of 20 kg
and a dwell time of 15 s on the synthesized samples.

Results and Discussion

The interaction between 2CuO and Zr, i.e. :

2CuO + Zr → 2Cu + ZrO2 (2)

is thermodynamically feasible as shown in Fig. 2 [20].

Fig. 1. Schematic diagram of the high frequency induction heated
sintering apparatus.

Fig. 2. Temperature dependence of the Gibbs free energy variation
by interaction of 2CuO with Zr.
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The X-ray diffraction patterns of horizontally milled
powder and mechanically high energy ball milled powders
from raw powders are shown in Fig. 3(c) and 3(d), respec-
tively. Cu-ZrO2 was not synthesized during the horizontal
rotation ball milling in ethanol, but synthesized during high
energy ball milling. From the above results, solid replacement
reaction occurs completely during the high energy ball
milling. The full width at half-maximum (FWHM) of the
diffraction peak is broad due to refinement of the powder
and strain. The average grain sizes of ZrO2 and Cu measured
by Suryanarayana and Grant Norton’s formula were about
30 nm and 20 nm, respectively.

XRD patterns of the Cu-ZrO2 composite heated to 630 oC
are shown in Fig. 4. Only Cu and ZrO2 peaks are detected.
Fig. 5 shows plots of Brcosθ versus sinθ to calculate the
grain size of Cu and ZrO2. The structural parameters, i.e.
the average grain sizes of Cu and ZrO2 in horizontal milling
and high energy ball milling obtained from X-ray data
in Fig. 5 by Suryanarayana and Grant Norton’s formula,
are 100, 53 nm and 92, 83 nm, respectively. And the relative

Fig. 3. XRD patterns of raw materials: (a) CuO, (b) Zr, (c) horizontally milled powders and (d) mechanically milled powders.

Fig. 4. XRD patterns of 2Cu-ZrO2 composite sintered from (a)
horizontally milled powders and (b) high energy ball milled powders.
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density of the Cu-ZrO2 composites were 96% and 98%,
respectively. FE-SEM images of Cu-ZrO2 composite sintered
at 630 oC from horizontally milled powders and high energy
ball milled powders are shown in Fig. 6. The composites
consists of nanograins. It is considered that the reasons for
the high density of the composite obtained at low temperature
are as follows. Firstly, the application of pressure during
the initial stage sintering adds another term to the surface
energy driving force such that the total driving force, FD,
is now [21] :

FD = γ + (Par/π), (3)

where γ is the surface energy, Pa is the applied pressure,
and r is the radius of the particle. The effect of pressure on
the densification of nanometric, undoped zirconia during
sinter-forging was investigated by Skandan et al. [22].
A significant increase in the relative density was observed
as the pressure was increased from about 35 to 300 MPa
for sintering at 950 oC for 180 minutes. Secondly, the role
of the current (resistive or inductive) in sintering and or
synthesis has been the focus of several attempts aimed
at providing an explanation of the observed enhancement
of sintering and the improved characteristics of the products.
The role played by the current has been variously interpreted,
the effect being explained in terms of a fast heating rate
due to Joule heating, the presence of a plasma in the pores

Fig. 5. Plot of Cu and ZrO2 in 2Cu-ZrO2 composite sintered from (a) horizontally milled powders and (b) high energy ball milled powders.

Fig. 6. FE-SEM images of 2Cu-ZrO2 composite sintered from (a)
high energy ball milled powders and (b) horizontally milled powders.
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separating powder particles [23], and the intrinsic contribution
of the current to mass transport [24-26].

Vickers hardness measurements were made on polished
sections of the Cu-ZrO2 composite using a 20 kgf load and
15 s dwell time. The calculated hardness value of Cu-ZrO2

composite sintered 630 oC from horizontally milled powders
and high energy ball milled powders were 300, 330 kg/mm2,
respectively. This value represents an average of five meas-
urements. Indentations with large enough loads produced
median cracks around the indent. The length of these cracks
permits an estimation of the fracture toughness of the
material. From the length of these cracks, fracture toughness
values can be determined using Anstis et al. [27] equeation :

KIC = 0.016 (E/H)1/2·P/C3/2 (4)

where E is Young’s modulus, H the indentation hardness,
P the indentation load, and C the trace length of the crack
measured from the center of the indentation. The modulus
was estimated by the rule of mixtures for the 0.59 volume
fraction of ZrO2 and the 0.41 volume fraction of Cu using
E(ZrO2) = 210 GPa [6] and E(Cu) = 130 GPa [7]. As in the
case of hardness values, the toughness values were derived
from the average of five measurements. The toughness
values of composites obtained from horizontally milled
powders and high energy ball milled are 7 and 7.5 MPa·m1/2,
respectively.

The hardness and fracture toughness of ZrO2 are reported
as 11.8 GPa and 6.5 MPa·m1/2, respectively [28]. The hard-
ness of 2Cu-ZrO2 composite is lower than that of monolithic
ZrO2 but the fracture toughness is higher than that of ZrO2

due to the addition of ductile Cu.

Conclusions

Nanopowders of ZrO2 and Cu were synthesized from
Zr and 2CuO by high energy ball milling. The powder
sizes of Cu and ZrO2 were 20 nm and 30 nm, respectively.
Using the high frequency induction heated sintering method
(HFIHS), the densification of a nanostructured 2Cu-ZrO2

composite was accomplished from mechanically synthesized
powders and horizontally milled powders within the duration
of 1 minute. The average grain sizes of Cu and ZrO2

prepared by HFIHS were lower than 100 nm. The average
hardness and fracture toughness values obtained from
mechanically synthesized powders and horizontally milled
powders were 330 and 300 kg/mm2, and 7.5 and 7 MPa·m1/2,
respectively. The fracture toughness of the 2Cu-ZrO2 com-
posite is higher than that of monolithic ZrO2 .
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