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a b s t r a c t

Nanopowders of Ni and ZrO2 (11 nm and 90 nm, respectively) were synthesized from NiO and Zr by
high energy ball milling. A highly dense nanostructured 2Ni–ZrO2 composite was consolidated at low
temperature by high-frequency induction heat sintering within 2 min of the mechanical synthesis of
the powders (Ni–ZrO2) with horizontal milled NiO + Zr powders under 500 MPa pressure. This process
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allows very quick densification to near theoretical density and prohibits grain growth in nano-structured
materials. The grain sizes of Ni and ZrO2 in the composite were calculated. Finally, the average hardness
and fracture toughness values of nanostructured 2Ni–ZrO2 composites were investigated.

© 2010 Elsevier B.V. All rights reserved.
intering

. Introduction

A continuous increase in the performance requirements of
aterials for aerospace and automotive applications has lead

o the development of several structural composite materials.
mong these, metal matrix composites refer to materials in which
igid ceramic reinforcements are embedded in ductile metal or
lloy matrixes. Metal matrix composites combine metallic prop-
rties (ductility and toughness) with ceramic characteristics (high
trength and modulus), leading to greater strength in shear and
ompression and to higher service temperature capabilities. The
ttractive physical and mechanical properties that can be obtained
ith metal matrix composites, such as high specific modulus,

trength-to weigh ratio, fatigue strength, temperature stability and
ear resistance, have been documented extensively [1].

ZrO2 has a density of 5.98 g cm−3, a Young’s modulus of
10 GPa, excellent oxidation resistance and good high-temperature
echanical properties [2]. Ni has a density of 8.908 g cm−3, a

oung’s modulus of 200 GPa and good fracture toughness [3].
ence, a composite consisting of Ni and ZrO2 may be able to pro-

ide the mechanical property requirements of a superior structural
aterial.
Nanocrystalline materials have potential as advanced engineer-

ng materials with improved physical and mechanical properties
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[4,5]. Recently, nanocrystalline powders have been developed by
thermochemical and thermomechanical processes such as the
spray conversion process (SCP), co-precipitation, high energy
milling and electrical wire explosion [6–9]. However, the grain sizes
of sintered materials are much larger than those of pre-sintered
powders due to rapid grain growth that occurs during conven-
tional sintering. Controlling grain growth during sintering is a key
to the commercial success of nanostructured materials. Unconven-
tional sintering techniques, including high-pressure densification,
magnetic pulse compaction and shock densification, have been pro-
posed to overcome the problem of grain growth [10–12]. However,
these methods have failed to provide fast, reproducible techniques
that yield large quantities of high density samples with nanostruc-
tured grains.

The high-frequency induction heated sintering (HFIHS) method
recently emerged as an effective technique for sintering and con-
solidating high temperature materials [13,14]. HFIHS is similar to
traditional hot-pressing, but the sample is heated by an induced
electric current that flows through the sample and a die. This pro-
cess increases the heating rate (up to 1000 ◦C/min) to a degree much
higher than that of traditional hot-press sintering.

The purpose of this work is to produce nanopowders of Ni, ZrO2
and dense nanocrystalline 2Ni–ZrO2 composites. In our technique,

composites are formed within 2 min of the mechanical synthesis
of the powders (Ni–ZrO2) and horizontal milled 2NiO + Zr powders
using the induced current activated sintering method. Further, we
evaluate the grain size and mechanical properties (hardness and
fracture toughness) of the resulting materials.

dx.doi.org/10.1016/j.jallcom.2010.11.170
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ijshon@chonbuk.ac.kr
dx.doi.org/10.1016/j.jallcom.2010.11.170
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Fig. 1. Scanning electron microscope image of raw materials: (a) NiO and (b) Zr.

Fig. 2. Schematic diagram of the high-frequency induction heated sintering appa-
ratus.

Fig. 3. Temperature dependence of the Gibbs free energy variation by interaction
of NiO with Zr.

Fig. 4. XRD patterns of the milled powder by (a) horizontally milling and (b)
mechanically milling.
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The X-ray diffraction pattern of horizontal milled powder and
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. Experimental procedures

Powders of 99.5% NiO (<325 mesh, Alfa, Aesar, USA) and 99.5% pure Zr (-325
esh, Sejong Materials Co., LTD, Korea) were used as starting materials. The NiO

owder and Zr powder have round and irregular grain shapes, respectively, as
hown in Fig. 1. NiO and Zr powders with molar ratio of 2:1 were mixed by two
ypes of methods. First, the powders were milled in a high-energy ball mill, i.e.,

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
rgon atmosphere. The weight ratio of ball-to-powder was 30:1. Second, the pow-
ers were mixed in polyethylene bottles using zirconia balls with ethanol and were
illed at a horizontal rotation velocity of 250 rpm for 10 h. The crystallite sizes of
i and ZrO2 were calculated by the formula suggested by Suryanarayana and Grant
orton [15]:

r(Bcrystalline + Bstrain)cos � = k�

L
+ � sin � (1)

here Br is the full width at half-maximum (FWHM) of the diffraction peak after
nstrument correction, Bcrystalline and Bstrain are the FWHM caused by small crystallite
ize and internal stress, respectively, k is constant (with a value of 0.9), � is the
avelength of the X-ray radiation, L and � are the crystallite size and internal strain,

espectively, and � is the Bragg angle. The parameters B and Br follow Cauchy’s form
ith the relationship: B = Br + Bs, where B and Bs are the FWHM of the broadened
ragg peaks and the standard sample’s Bragg peaks, respectively.

After milling, the mixed powders were placed in a WC die (outside diameter,
0 mm; inside diameter, 5 mm; height, 40 mm) and then introduced into the high-
requency induction heated sintering system made by Eltek in South Korea, shown
chematically in Fig. 2. The four major stages in the synthesis are as follows. The
ystem was evacuated (stage 1). Next, a uniaxial pressure of 500 MPa was applied
stage 2). A induced current was then activated and maintained to 650 ◦C with a
eating rate of 600 ◦C/min and was then turned off without a holding time (stage
). At the end of the process, the sample was cooled to room temperature (stage 4).
he process was carried out under a vacuum of 40 mTorr.

The relative densities of the sintered samples were measured by the Archimedes
ethod. Microstructural information was obtained from polished product samples.

ompositional and micro structural analyses of the products were made through
-ray diffraction (XRD) and scanning electron microscopy (SEM) with energy dis-
ersive X-ray analysis (EDAX). Vickers hardness was measured by performing

ndentations at a load of 10 kg and a dwell time of 15 s on the synthesized samples.

. Results and discussion
The interaction between NiO and Zr:

NiO + Zr → 2Ni + ZrO2 (2)

s thermodynamically feasible, as shown in Fig. 3.

Fig. 6. SEM image, X-ray mapping and EDS of hi
Fig. 5. Plot of Br cos � versus sin � of Ni (a) and ZrO2 (b) in high energy ball milled
powders.
gh energy ball milled powders of NiO–Zr.

mechanically high energy ball milled powders from raw powders
is shown in Fig. 4(a) and (b), respectively. Ni–ZrO2 was not syn-
thesized during the horizontal rotation ball milling in ethanol, but
synthesized during high energy ball milling. From the above results,
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he solid replacement reaction is completed during high energy ball
illing. The full width at half-maximum (FWHM) of the diffraction

eak is broad due to refinement of the powder and strain. Fig. 5
hows a plot of Br cos � versus sin � used to calculate crystallite size
f Ni and ZrO2 in high energy ball milled powders. The average crys-
allite sizes of ZrO2 and Ni obtained from Eq. (1) were about 12 nm
nd 31 nm, respectively. Fig. 6 shows an SEM image, X-ray mapping
nd EDS of the high-energy ball milled powder of 2NiO–Zr. From
he SEM image, the powders are agglomerated, while X-ray map-
ing at same point shows that Zr and O are detected. Further, O, Zr
nd Ni peaks are detected in EDS.

An XRD pattern of the Ni–ZrO2 composite heated to 650 ◦C is
hown in Fig. 7. Only Ni and ZrO2 peaks are detected. Based on the
-ray patterns of Fig. 4(a) and Fig. 6(b), Ni–ZrO2 was synthesized

rom horizontal milled powder of 2NiO and Zr during heating. Fig. 8
hows a plot of Br cos � versus sin �, again used to calculate the crys-
allite size of Ni and ZrO2. The structure parameters, i.e., the average
rystallite sizes of Ni and ZrO2, are 64 and 34 nm and 46 and 26 nm,
espectively. Further, the relative density of the Ni–ZrO2 compos-
tes were 97% and 96%, respectively. FE-SEM images of Ni–ZrO2
omposites sintered at 650 ◦C from horizontal milled powders and
igh energy ball milled powders are shown in Fig. 9. As shown, the
omposites consist of nano-crystallites.

Composites made up of nano-crystallites and high Ni–ZrO2 den-
ities were obtained at low temperatures for two reasons. First, the
mall crystallite size is attributed to the high heating rate and rel-
tively short powder exposure to high temperature. The types of

urrent (resistive or inductive) used in sintering and/or synthesis
ave been the focus of several attempts to explain enhanced sin-
ering and improved product characteristics. The role of current is
xplained in terms of fast Joule heating, the presence of plasma in
ores separating powder particles, and the intrinsic contribution of

Fig. 8. Plot of Br cos � versus sin � of Fe and ZrO2 composites sintered from (a
Fig. 7. XRD patterns of Ni–ZrO2 composite sintered from (a) high energy ball milled
powders and (b) horizontal milled powders.

current to mass transport [16–19]. Second, applying pressure dur-
ing initial sintering adds another term to the surface energy driving
force such that the total driving force, FD, may be expressed as [20]:

(
P r

)

FD = � + a

�
(3)

where � is the surface energy, Pa is the applied pressure, and r is
the particle radius. The effect of pressure on the densification of
nanometric, stabilized ZrO2 during high frequency-induced heated

) high energy ball milled powders and (b) horizontal milled powders.
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ig. 9. FE-SEM images of Ni–ZrO2 composite sintered from (a) horizontal milled
owders and (b) high energy ball milled powders.

intering was investigated by Shon et al. [21]. The relative density
ncreased significantly as pressure increased from 60 to 100 MPa
or sintering at 1000 ◦C.

Vickers hardness measurements were made on polished sec-
ions of the Ni–ZrO2 composite using a 10 kgf load and 15 s dwell
ime. The hardness values of the Ni–ZrO2 composite sintered at
50 ◦C from horizontal milled powders and high energy ball milled
owders were calculated as 650 and 760 kg/mm2, respectively.
hese values represent an average of five measurements each.
ndentations with large enough loads produced median cracks
round the indent. The length of these cracks permits an estima-
ion of the fracture toughness of the material. From the length of
hese cracks, fracture toughness values can be determined using
he equation suggested by Anstis et al. [22]:

IC = 0.016
(

E

F

)1/2( P

C

)3/2
(4)

here E is the Young’s modulus, H the indentation hardness, P the
ndentation load, and C the trace length of the crack measured from
he center of the indentation. The modulus was estimated by the
ule mixtures for a 0.39 volume fraction of ZrO2 and 0.61 volume
raction of Ni using E(ZrO2) = 210 GPa [2] and E(Ni) = 211 GPa [3].
s in the cases of the hardness values, the toughness values were
erived by averaging five measurements. The toughness values
f composites obtained from horizontal milled powders and high

1/2
nergy ball milled powders are 9 and 10 MPa m , respectively.
The hardness and fracture toughness of ZrO2 are reported as

1.8 GPa and 6.5 MPa m1/2, respectively [23]. The hardness of the
i–ZrO2 composite is lower than that of monolithic ZrO2 but the

racture toughness is higher than that of ZrO2 due to the addition
Fig. 10. Vickers indentation in the Ni–ZrO2 composite sintered from (a) horizontal
milled powders and (b) high energy ball milled powders.

of ductile Ni. Fig. 10 shows Vickers indentations in the Ni–ZrO2
composite sintered from (a) horizontal milled powders and (b) high
energy ball milled powders. One to three additional cracks were
observed to propagate from the indentation corner.

4. Conclusions

Nanopowders of ZrO2 and Ni were synthesized from Zr and NiO
by high energy ball milling. The powder sizes of Ni and ZrO2 were
31 nm and 12 nm, respectively. Using the high-frequency induc-
tion heated sintering method, the densification of nanostructured
Ni–ZrO2 composite was accomplished using mechanically syn-
thesized powders and horizontal milled powders within 2 min of
synthesis. The average crystallite sizes of Ni and ZrO2 prepared by
HFIHS were lower than 100 nm. The average hardness and fracture
toughness values obtained from mechanically synthesized pow-
ders and horizontal milled powders were 760 and 650 kg/mm2

and 10 and 9 MPa m1/2, respectively. The fracture toughness of the
Ni–ZrO2 composite is higher than that of monolithic ZrO2.
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