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ZrO2 powders have been ground by ball mill grinder to achieve the particle size
down to 10 nm. Typical defects introduced during ball mill grinding have been studied by
positron annihilation lifetime measurement technique and coincidence Doppler
broadened positron annihilation radiation spectroscopic technique. Coincidence Doppler
broadened positron annihilation spectra for ball mill ground and unground ZrO2

samples have been analyzed by constructing ratio curve with defects free Al single
crystal. Results indicate an increase of cation defects in ZrO2 samples due to the
reduction of particle size by the ball mill grinding process.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Materials in nanocrystalline phase become more inter-
esting as the electrical, magnetic and optical properties
change drastically due to the reduction of particle size
[1–4]. Nanocrystalline ceramic oxides are of specially
important because of their advanced mechanical prop-
erties. In these ceramic oxide systems, ZrO2 is more
interesting as it shows high strength [5], relatively high
dielectric constant (∼25, compared to 3.5 for SiO2),
good thermal stability (when in direct contact with Si)
and a wide band gap (5.1-7.8 eV) [6]. At room temper-
ature the monoclinic phase of ZrO2 is stable but due
to doping of the Ca2+, Mg2+ or Y3+ ions (<16 mol%)
tetragonal phase stabilizes [7]. These stabilized zirco-
nia alloys have interesting mechanical and ionic prop-
erties which make possible to use it as structural and
wear components, oxygen gas sensors, fuel cells, etc.,
[8]. ZrO2 has also been used as a suitable target mate-
rial for the production of radioactive ions [9] in isotope
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separator on line radioactive ion beam facilities. Diffu-
sion of the produced radioactive species from the target
material (refractive materials e.g., Al2O3, ZrO2 etc.)
is very important for the production of high intensity
radioactive ion beam. One can think of a nanocrys-
talline powder material for these purposes as both the
volume diffusion and the interface diffusion have been
enhanced significantly by reducing the particle size in
addition to a faster release of the produced short-lived
radioactive isotopes from the target material.

There are several methods for the preparation of
the nanocrystalline oxides. These include the chemi-
cal vapor phase deposition method [10], gas conden-
sation technique [11], sol-gel syntheses [12], oxidation
of nanocrystalline materials [13], calcinations of hy-
droxides [14], radio frequency sputtering [15] and high
energy ball milling process [16] etc. Among these pro-
cesses high energy ball milling process has many po-
tential advantages for the preparation of nanocrystalline
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samples [17]. The main advantage is, large quantities
of samples have been produced in a very short time and
the process is relatively simple and inexpensive.

During the preparation of nanocrystalline oxides by
ball mill grinding large number of defects are intro-
duced inside the material [18]. In the nanocrystalline
phase the surface to volume ratio is very high, hence
the surface defects play an important role in determin-
ing the optical and the electronic properties of the ma-
terial. It is very important to study these defects also.
One can employ positron annihilation technique, a well
known nuclear solid state technique [19], to explore in-
formation about these defect sites. Presently we have
used ball milling process to prepare the nanocrystalline
ZrO2 and employed positron annihilation technique to
study these defects in different particle sized ZrO2.

2. Experimental outline
2.1. Sample preparation
ZrO2 powder (Aldrich Chem. Comp., 99.9% purity) has
been milled in a commercial planetary (Fritsch Pul-
verisette 5) ball mill grinder for different periods to
achieve lower particle size. 4 gm of powder was placed
in a stainless steel vial of 80 ml volume charged with 12
stainless steel balls (mballs = 4 gm) of 10 mm diameter
for the purpose of milling. The ball to powder weight
ratio was 12:1. The angular velocity of the supporting
disc was kept at 300 rpm. The milling time was varied
from 3 hour to 25 h.

2.2. Sample characterization by XRD and
TEM

Average grain sizes of the ball milled ZrO2 powder have
been determined by X-ray diffraction (XRD) pattern.
The X-ray diffraction data are collected on a Philips
PW 1710 automatic diffractometer with Cu Kα tube
operating at 40 kV and 20 mA in the 2θ range from 20◦
to 60◦ in a step size of 0.02◦. The mean grain sizes, D,
have been determined from the Scherrer equation [20]

D = Kλ/(β cos θ )

where K = 0.89, β is the full width at half maximum
height of a diffraction peak at an angle θ and λ is the
wavelength of the Cu Kα radiation.

The transmission electron microscopy has been done
with a 120 kV JEM-200CX Electron Microscope. A
few droplets of powder, ultrasonically dispersed in al-
cohol, have been put on standard microscope grid for
the TEM work. The sizes of about five grains at about
four locations or bright field images (one such micro-
graph has been shown in Fig. 1) have been measured
for each sample.

2.3. Positron annihilation studies
About 10 µCi 22Na source enclosed between two thin
(2 µm thick) nickel foils has been used as a positron
source. The source has been sandwiched between two
identical and plane faced pellets of ZrO2. The positron
annihilation lifetimes (PAL) have been measured with

Figure 1 TEM image of the unground ZrO2.

a fast-slow coincidence assembly having a time res-
olution of 190 ps [21]. Measured PAL spectra (∼106

coincidence counts) have been analyzed by computer
programme PATFIT-88 [22] with necessary source cor-
rections to evaluate the possible lifetime components τi,
and their corresponding intensities Ii .

Coincidence Doppler broadening of the positron an-
nihilation γ -radiation (CDBPAR) has been measured
by an HPGe detector having energy resolution of
1.1 keV for the 514 keV line of 85Sr. The two detector
coincidence technique [23] has been used to achieve the
higher peak to background ratio (14000:1) in the mea-
sured spectrum under the 511 keV photo-peak. A total
of 2 × 106 coincidence counts have been recorded with
a counts rate of 110 per second. The CDBPAR spec-
tra for unground and ball mill ground samples have
been analyzed by constructing the “ratio-curve” [24,
25] with defects free Al single crystal. The CDBPAR
spectra at different nanocrystalline ZrO2 samples have
been also analyzed by constructing the “ratio-curve”
with the unground sample.

3. Results and discussion
The XRD patterns of the ball milled samples are shown
in Fig. 2. From Fig. 2 it is clear that due to ball milling
a major percentage of ZrO2 becomes amorphous which

Figure 2 X-ray diffraction patterns of the unground and differently ball
mill ground ZrO2.
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is in agreement with previous observations [7, 16].
The monoclinic phase of the sample is confirmed from
Fig. 2. The particle sizes, as calculated from Scherrer
equation at peak 28.16◦ (the 1̄11 reflection), are 222,
40, 26 and 8 nm for unground, 3, 12 and 25 h ball
milled, respectively. The other prominent peak at 31.5◦
(111 reflection) corresponds to the 101 reflection of the
tetragonal phase confirming a small amount of tetrag-
onal phase present in our sample. The particle size ob-
tained from TEM micrographs is of the order of 300 nm
for the unground sample whereas this reduces to 50, 33
and 10 nm during 3, 12 and 25 h of ball milling. These
particle sizes are in well agreement with those obtained
from XRD analysis.

Each positron annihilation lifetime spectra have been
fitted with one to three lifetime components fitting but
the best fit (variance of fit ≤1 per channel) has been
observed for three lifetime components fit. The fitted
spectra results a very long lifetime component (τ3 ∼
1.6 ns) present for all these samples with a very small
intensity. This lifetime component is due to the for-
mation of ortho positronium and its subsequent decay
as para positronium (pick-off process) in large defect
sites. The other two lifetime components are attributed
to the free annihilation of positron (τ1 ∼ 117 ps) and the
annihilation of the positrons at the defect sites (τ2, the
intermediate lifetime component). τ2 is considered to be
the most significant positron annihilation lifetime pa-
rameter in the present system. The fraction of positrons
annihilating at this particular defect sites is represented
by I2, the intensity of the intermediate lifetime com-
ponent. Variations of τ2 and I2 with particle sizes are
graphically shown in Fig. 3. Due to the reduction of
particle sizes a small decreasing nature of τ2 has been
observed (as depicted in Fig. 3) but its relative inten-
sity, I2, increases largely. This suggest that the nature
of this particular defect site remains almost unaltered
only its number increases largely due to the reduction
of particle size by ball mill grinding.

Fig. 4 represents the ratio-curve of the CDBPAR
spectra for unground and ball mill ground ZrO2 with
the defects free Al single crystal. Fig. 4 shows a peak at
∼11 × 10−3 m0c and another broad peak in the mo-

Figure 3 Variations of τ2 and I2 with different particle size of the ZrO2.

Figure 4 Ratio of the experimental electron-positron momentum distri-
butions for the unground ZrO2 and the ball mill ground (nanocrystalline)
ZrO2 to the electron-positron momentum distributions for the defects
free Al single crystal.

mentum range (20 < p1 < 30) × 10−3 m0c. The
peak at ∼ 11 × 10−3 m0c is due to the annihilation
of positrons with the 4d electrons of the Zr atom [24]
and the other broad flat peak (p1 > 20 × 10−3 m0c)
is due to the annihilation of positrons with the 4p elec-
trons of the Zr atom [24]. From Fig. 4 it is clear that
although the nature of the ratio curve is almost same
for both unground and ball mill ground ZrO2 powder
(12 and 25 h ball mill ground) but their peak heights
are different. The peak height gradually decreases as
the particle size decreases from ∼300 nm (unground)
to ∼33 nm (12 h ball mill ground) and to ∼10 nm (25 h
ball mill ground). The gradual decrease of peak height
suggests a gradual increase of defects introduced in
ZrO2 system [24] due to ball milling. To identify these
defects we have constructed ratio curve for differently
(3, 12 and 25 h) ground ZrO2 with the unground ZrO2.
Fig. 5 represents the ratio curves of the ball-mill ground
ZrO2 (nanocrystalline) with the unground ZrO2. Each
of the ratio curves (Fig. 5) has two dips, one dip at
around (13-17) × 10−3 m0c and another sharp dip at
27 × 10−3 m0c. This clearly indicates that in case of
ball mill ground ZrO2 (nanocrystalline ZrO2) positrons
are less annihilating with the 4d (first dip) as well as
4p (second dip) electrons of the Zr atom. Less anni-
hilation of positrons with the electrons at the Zr site
confirms the presence of cation defects in this system.

Figure 5 Ratio of the experimental electron-positron momentum distri-
butions for the ball mill ground (nanocrystalline) ZrO2 to the electron-
positron momentum distributions for the unground ZrO2.
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Thus the CDBPAR data analysis indicates that due to
the reduction of particle size by ball mill grinding pro-
cess cation defects are introduced in the ZrO2 system
similar to CuO [26] and the drastic change of I2 (from
46 to 70%) with the particle size (Fig. 3) is also due to
the increase of these cation defects in the ZrO2 system.

4. Conclusion
Ball milled ZrO2 powders (particle size down to 10 nm)
have been characterized by powder X-ray diffraction
method. Analysis of the CDBPAR spectra and the
positron annihilation lifetime spectra for differently ball
mill ground ZrO2 powder indicate an increase of cation
defects in ZrO2 samples due to the reduction of particle
size.
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