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Abstract. Nanopowders of Fe and ZrO2 were synthesized from Fe2O3 and Zr by high energy ball
milling. Highly dense nanostructured 4/3Fe-ZrO2 composite was consolidated by a high-fre-
quency induction-heated sintering method within four minutes using mechanically-synthesized
powders (Fe-ZrO2) and horizontal-milled Fe2O3+Zr powders under a pressure of 1 GPa. The
grain sizes of the Fe and ZrO2 in the composite and the average hardness and fracture tough-
ness values of the nanostuctured 4/3Fe-ZrO2 composite were investigated.

1. INTRODUCTION

It is possible to fabricate metal-ceramic compos-
ites that have the optimum combination of low den-
sity, high oxidation resistance, high hardness of the
ceramic, and toughness of the metal. Therefore,
metal matrix composites are recognized as candi-
dates for aerospace, automotive, bio-material, and
defense applications.

Traditionally, discontinuously-reinforced metal
matrix composites have been produced by several
processing routes, including powder metallurgy,
spray deposition mechanical alloying, various cast-
ing techniques, and self-propagating high-tempera-
ture synthesis (SHS). All of these techniques are
based on the addition of ceramic reinforcements to
matrix material that may be in molten or powder
form. High-energy ball milling and mechanical al-
loying of powder mixtures, which constitutes a com-
bination of mechanical milling and chemical reac-

tions, are efficient techniques for the preparation of
nanocrystalline metals and alloys [1].

As advanced engineering materials,
nanocrystalline materials have received attention due
to their improved physical and mechanical proper-
ties. Recently, nanocrystalline powders have been
developed by co-precipitation, thermochemical and
thermomechanical spray conversion processes
(SCP), and high-energy milling. The grain sizes of
sintered materials, however, become much larger
than those in pre-sintered powders due to fast grain
growth during the conventional sintering process.
Therefore, controlling the grain growth during sinter-
ing is a key to the commercial success of
nanostructured materials. In this regard, the high
frequency induction-heated sintering method, which
can yield dense materials within two minutes, is
effective for achieving this goal [2].

The purpose of this work was to produce
nanopowders of Fe, ZrO2, and dense nanocrystalline
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Fig. 1. XRD patterns of (a) horizontal milled pow-
ders and (b) mechanically milled powders.

Fe-ZrO2 composites in a process lasting less than
four minutes using mechanically-synthesized pow-
ders (Fe-ZrO2) and horizontal-milled Fe2O3+Zr pow-
ders via high-frequency induction-heated sintering
methods, and to evaluate the resulting grain sizes
and mechanical properties (hardness and fracture
toughness).

2. EXPERIMENTAL PROCEDURE

Powders of 99% Fe2O3 (<10 m, Aldrich, Inc.) and
99.5% pure Zr (-325 mesh, Sejong, Inc.) were used
as starting materials. The Fe2O3 and Zr powders were
mixed by two methods. First, the powders were
milled in a high-energy ball mill (Pulverisette-5 plan-
etary mill) at 250 rpm for 10 hours. Tungsten car-
bide balls (8.5 mm in diameter) were placed in a
sealed cylindrical stainless steel vial under argon
atmosphere. The ball-to-powder weight ratio was
30:1. Second, the powders were mixed in polyeth-
ylene bottles using zirconia balls with ethanol at a
horizontal rotation velocity of 250 rpm for 10 hours.
The grain sizes of the Fe and ZrO2 were calculated
by Suryanarayana and Grant N]rt]n’s f]rmula [3],

r crystalline strain
B B B k Lcos / sin ,  (1)

where Br is the full width at half-maximum (FWHM)
of the diffraction peak after instrument correction,
Bcrystalline and Bstrain are the FWHMs caused by small
grain sizes and internal stress, k is a constant (with
a value of 0.9),  is the wavelength of the X-ray ra-
diation, L and are the grain size and internal strain,
and is the Bragg angle. The parameters B and Br

f]ll]w Cauchy’s f]rm with the relati]nship B = Br +
Bs, where B and Bs are the FWHMs of the broad-
ened Bragg peaks and Bragg peaks of the standard
sample, respectively.

After milling, the mixed powders were placed in
a WC die (outside diameter 40 mm, inside diam-
eter 5 mm, height 40 mm) and then introduced into
a high-frequency induction-heated sintering system
made (Eltek, South Korea), shown schematically
in Reference [2]. The four major stages of synthe-
sis were as follows. The system was first evacu-
ated (Stage 1). A uniaxial pressure of 1GPa was
then applied (Stage 2). An induction current (on-time:
20 ms, off-time: 10 s) was activated and main-
tained at 650 °C, then turned off without holding time
(Stage 3). At the end of the process, the sample
was cooled to room temperature (Stage 4). The pro-
cess was carried out under a vacuum of 40 mTorr.

The relative densities of the sintered samples
were measured according to the Archimedes

method. Microstructural information was obtained
from polished product samples. Compositional and
micro-structural analyses of the products were made
using X-ray diffraction (XRD) and scanning electron
microscopy (SEM) with energy dispersive X-ray
analysis (EDAX). The Vickers hardness was mea-
sured by performing indentations at a load of 10 kg
and a dwell time of 15 s on the synthesized samples.

3. RESULTS AND DISCUSSION

The interaction between Fe2O3 and Zr, i.e.

2 3 2
2 / 3Fe O Zr 4 / 3Fe+ ZrO  (2)

is thermodynamically feasible.
The X-ray diffraction patterns of horizontal-milled

powder and mechanically high-energy ball-milled
powders from raw powders are shown in Figs. 1a
and 1b, respectively. Fe-ZrO2 was not synthesized
during horizontal rotation ball milling in ethanol, but
was synthesized during high-energy ball milling.
These results show that the solid replacement re-
action occurred during high-energy ball milling. The
FWHM of the diffraction peak was broad due to the
refinement of the powder and strain. The average
grain sizes of ZrO2 and Fe as measured using
Suryanarayana’s and Grant N]rt]n’s f]rmula were
about 12 nm and 71 nm, respectively.

The XRD pattern of the Fe-ZrO2 composite heated
to 650 °C is shown in Fig. 2. Only Fe and ZrO2

peaks were detected. Based on the X-ray patterns
in Figs. 1a and 2a, Fe-ZrO2 was successfully syn-
thesized from the horizontal-milled Fe2O3 and Zr
powders. The structure parameters, i.e., the aver-
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Fig. 2. XRD patterns of Fe-ZrO2 composite sintered
from (a) horizontal milled powders and (b) high en-
ergy ball milled powders.

Fig. 3. FE-SEM images of Fe-ZrO2 composite sin-
tered from (a) horizontal milled powders and (b) high
energy ball milled powders.

age grain sizes, of the Fe and ZrO2 in the compos-
ite sintered from the horizontal-milled powder and
high-energy ball-milled powder obtained from X-ray
data by Suryanarayana’s and Grant N]rt]n’s f]r-
mula were 140 nm and 49 nm, and 80 nm and 26
nm, respectively, while the relative densities of the
Fe-ZrO2 composites were 96% and 97%, respec-
tively. FE-SEM images of the Fe-ZrO2 composite
sintered at 650 °C from horizontal-milled powders
and high-energy ball-milled powders are shown in
Fig. 3. The composites consisted of nanograins. It
is hypothesized that the reasons for the high den-
sity of the composite obtained at low temperature
are as follows. First, the application of pressure
during the initial stage of sintering added another
term to the surface energy driving force such that
the total driving force, FD, became [4]

D a
F P r / ,  (3)

where  is the surface energy, Pa is the applied pres-
sure, and r is the radius of the particle. The effect of
pressure on the densification of nanometric, stabi-
lized ZrO2 during high-frequency induction-heated
sintering was investigated by Shon et al. [5]. A sig-
nificant increase in the relative density was observed
as the pressure was increased from about 60 MPa
to 100 MPa for sintering at 1000 °C. Second, the
role of the current (resistive or inductive) in sintering
and or synthesis has been the focus of several at-
tempts at providing an explanation of the observed
enhancement due to sintering and the improved
characteristics of the products. The role played by
the current has been variously interpreted, the ef-
fect being explained in terms of a fast heating rate

due to Joule heating, the presence of plasma in the
pores separating powder particles, and the intrinsic
contribution of the current to mass transport [6].

Vickers hardness measurements were made on
polished sections of the Fe-ZrO2 composite using a
10-kgf load and a 15-s dwell time. The calculated
hardness values of the Zr-ZrO2 composite sintered
at 650 °C from horizontal-milled powders and high-
energy ball-milled powders were 500 kg/mm2 and
580 kg/mm2, respectively. Adequate loads produced
median cracks around the indentations. The lengths
of these cracks permitted an estimation of the frac-
ture-toughness of the material which can be deter-
mined using an equation from Anstis et al. [7]

IC
K E H P C

1/ 2 3 / 20.016 / / ,  (4)

where E is Y]ung’s m]dulus, H is the indentation
hardness, P is the indentation load, and C is the
trace length of the crack measured from the center
of the indentation. The toughness values of the com-
posites obtained from horizontal-milled and high-
energy ball milled powders were 9 MPa.m1/2 and 11
MPa.m1/2, respectively.

The hardness and fracture toughness of ZrO2 are
rep]rted as 11.8 GPa and 6.5 MPa·m1/2, respec-
tively [8]. The hardness of the Fe-ZrO2 composite
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was lower than that of monolithic ZrO2, but the frac-
ture toughness was higher than that of ZrO2 due to
the addition of ductile Fe.

4. CONCLUSIONS

Nanopowders of ZrO2 and Fe were synthesized from
Zr and Fe2O3 by high-energy ball milling. The Fe and
ZrO2 powder sizes were 71 nm and 12 nm, respec-
tively. Using the pulsed-current activated sintering
method, the densification of nanostructured Fe-ZrO2

composite was accomplished using mechanically-
synthesized powders and horizontal-milled powders
within four minutes. The average grain sizes of the
Fe and ZrO2 prepared by HFIHS were lower than
100 nm. The average hardness and fracture tough-
ness values obtained from mechanically-synthe-
sized powders and horizontal-milled powders were
580 kg/mm2 and 500 kg/mm2, and 11 MPa·m1/2 and
9 MPa·m1/2, respectively. The fracture toughness of
the Fe-ZrO2 composite was higher than that of mono-
lithic ZrO2 .
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