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In this work, attempt is made to prepare and study the phase evolution of nanocrystalline
Pb(Zrq53Tig.47)03 powder with both planetary and high energy shaker mill in air atmosphere,
using X-ray diffraction (XRD) and transmission electron microscopy (TEM). Three different
series of samples with various processing conditions i.e., ball to powder weight ratio (BPR)
of 10/1. 20/1 at 500 rpm and 10/1 ratio at 250 rpm, were prepared using a planetary mill.
Further, another series of samples were also prepared using a high energy shaker mill with
BPR = 10 at 900 rpm. The BPR was seen to have a marked effect on the phase formation of
PZT nanocrystalline powder. While the formation of some nanocrystalline intermediate
phases of wide compositional distribution in an amorphous matrix was confirmed for the
samples prepared using planetary mill with BPR = 10 at 250 and 500 rpm, single phase PZT
could be formed when prepared at BPR = 20 at 500 rpm. Further, it was also shown that the
formation of single phase PZT nanocrystalline powder of an average crystallite size of

10 nm could take place after only 30 h of milling when activated by shaker mill with BPR =

10 at 900 rpm. The results obtained are related to the rate of the injected energy and
diffusion processes taken place. © 2004 Kluwer Academic Publishers

1. Introduction

Nanostructured materials (NSM) have received wide
attention during the last decade because of their in-
teresting and novel properties [1-3]. Amongst var-
ious preparation routes, mechanical alloying (MA)
by high-energy milling is an easy and inexpensive
route for producing NSM in bulk quantities with
excellent scope of microstructural and process con-
trol. This technique have been also recently used
to synthesize various nanosized magnetic and ferro-
electric ceramic powders such as; Fe O3 [4], ZrO;
[5], MHZHF6204 [6], Pb(an/ng2/3)O3-BaTi03 [7],
BaTiOs3 [8], Pb(Zry 53Tip 47)O03 (PZT) [9], PbTiO3 [10].
Lead Zirconate Titanate PbZr,_, Ti, O3 (PZT) ceramics
are well known for their very important and interesting
dielectric, electro-optic and piezoelectric properties
[11]. The preparation of this compound is normally
based on conventional ceramic route or various chem-
ical routes [12—-14]. However, mechanical activation
lends itself very advantageous for the synthesis of this
compound since there is no need of heat treatment
and expensive raw materials [15]. Of course, measures
should be taken regarding the introduction of impuri-
ties during milling process. This preparation route al-
though practically very simple but is a complex pro-
cess which depends on many factors, for instance on
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physical and chemical parameters such as the precise
dynamic conditions, temperature, nature of the grind-
ing tools [16, 17]. For most of the compounds prepared
by this technique various processing conditions such
as ball to powder weight ratio (BPR), milling speed
and milling type have shown [18] to have significant
effect on the final product formed. Therefore, in the
work presented here, attempt is made to study the phase
formation of Pb(Zr( 53Tip47)O3 compound at various
processing conditions such as; BPR, milling speed and
milling type.

2. Experimentals

The PZT composition selected for this study was
Pb(Zry 53 Tip.47)O3, which is near the morphotropic
phase boundary in PZT’s phase diagram. The starting
materials were PbO (>99% purity, Merck, Germany),
710, (>99% purity, Tosoho, Japan) and TiO; (>99%
purity, Merck, Germany). Appropriate amounts of the
constituent oxides, as required for the stoichiometric
PZT composition, were mixed together in ethanol us-
ing zirconia balls of 10 mm in diameter as the milling
media and a cylindrical polyethylene jar in a laboratory
ball mill for 70 h. The obtained slurry dried in an oven
at 80°C for 3 h and the dried powder lumps was ground
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using an agate mortar and pestle. This was then passed
through a 200 mesh sieve. Mechanical activation of
the powder mixture was carried out using two different
mills; a planetary mill and a Spex 8000 shaker mill. For
the milling process using planetary mill a cylindrical
tungsten carbide vial 40 mm in diameter and 40 mm
in length with four tungsten carbide balls 10 mm in
diameter were used. Two different milling speeds and
ball to powder weight ratios (BPR) were selected. The
first milling process by planetary mill was set at about
250 rpm with BPR = 10 for 100 h. The samples were
collected at 20, 30, 50, 60, 100 h. For the other two series
of samples, the milling speed was set at about 500 rpm
and two process with BPR = 10 and BPR = 20 were
carried out. The milling times were 120 h for BPR =
10 and 75 h for BPR = 20. The samples were collected
at 10, 20, 50, 80, 120 h for BPR = 10 and 5, 20, 70 h for
BPR = 20. The sample collected after 20 h of milling
with 500 rpm and BPR = 20 was calcined at 500, 600,
650 and 800°C for 2 h to study the effect of mechani-
cal activation on the formation temperature of PZT. A
cylindrical stainless steel vial 50 mm in diameter and
70 mm in length and four stainless steel balls 10 mm in
diameter and BPR = 10 were used for the milling pro-
cess with Spex 8000 shaker mill at about 900 rpm. The
milling time was set for 50 h and the samples were col-
lected at 10, 20, 30, 40, 50 h. Phase development in the
samples was monitored using a Philips X-ray diffrac-
tometer (XRD) with CuK,; radiation. A 200-KV
Transmission electron microscopy (TEM) was used to
study the changes in the powder morphology and crys-
tallinity of the milled samples collected after 10, 50, 120
h milling by planetary mill at 500 rpm and BPR = 10.

3. Results and discussion
Fig. 1 display XRD multiplot of PZT powders picked
up at various time intervals, prepared by planetary mill
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Figure 1 XRD patterns of the powder mixture subjected to mechanical
activation for various time intervals using a planetary mill with BPR =
10 at 250 rpm. (P) PbO, (Z) ZrO,, (T) TiO».
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with a BPR of 10/1 at 250 rpm. As expected prior
to mechanical activation, the powder mixture exhib-
ited sharp peaks of crystalline PbO, ZrO, and TiO;,
as no or little reaction was triggered by the conven-
tional ball milling. However, upon 20 h of mechanical
activation, almost all the sharp peaks of mixed oxides
have vanished. The significant broadening in diffrac-
tion peaks upon 20 h of mechanical activation suggests
that a significant refinement in crystallite and particle
sizes of the constituent oxides together with a degree
of amorphization have been initiated by the mechani-
cal activation. It should be mentioned that, by increas-
ing the milling time, particle size reduction is mainly
replaced by increasing dislocation and defects concen-
tration. The development of large number of disloca-
tions, and their associated strain fields, may lead to an
overall decrease in long-range lattice periodicity, nor-
mally evidenced by line broadening and disappearance
of diffraction peaks on X-ray diffraction (XRD) pat-
terns or the appearance of halo diffraction peaks in
TEM micrographs. In addition, or alternatively, the in-
crease in internal energy may promote transition to less
thermodynamically stable crystalline phases in com-
pounds that exhibit polymorphism. The energy of any
stress field formed can change into heat which, in turn
initiate chemical reactions and lead to the annealing
of some defects. Increasing the milling time, however,
for these series of samples (Fig. 1) caused further rise
of the background of diffraction peaks. This suggests
that the fraction of amorphous phase has possibly in-
creased by milling time for these series of samples. As
seen from Fig. 1, XRD measurements of the picked
up powder samples after 20, 30 and 60 h did only
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Figure 2 XRD multiplot of the samples subjected to mechanical activa-
tion for various time intervals using a planetary mill with BPR = 10 at
500 rpm. (P) PbO, (Z) ZrO;, (T) TiO.
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confirmed the formation of some complex unknown
intermediate solid solutions with d spacing values very
close to PbO and ZrO, (presented as (PbO)s and
(Zr0O;)ss) as well as an amorphous phase.

Increasing the milling time to as high as 100 h did
not eventually give rise to the formation of single phase
PZT (Fig. 1). Kong et al. [19] have shown that for the
PZT samples prepared by planetary milling at 200 rpm
and a BPR of 20/1 the onset of formation of PZT phase
starts only after about 20 h of milling and further in-
crease of the milling time to as high as 60 h gave rise
to the formation of single phase nanocrystalline PZT.
This implies that the lower BPR 1i.e., 10/1 applied for
these series of samples prepared in this work have pos-
sibly had a marked influence on the phase evolution of
these series of samples. Fig. 2 shows the XRD mul-
tiplot obtained for samples picked up at various time
intervals, e.g., 0, 10, 20, 50, 80 and 120 h prepared by
planetary mill with a BPR of 10/1 at 500 rpm. Again,
as is evident from this figure, for these series of sam-
ples, almost all the sharp peaks of mixed oxides have
vanished after 20 h of mechanical activation. Further,
as can be understood from this multiplot, increasing the
milling time to as high as 120 h did not also cause the

formation of single phase PZT. Instead, increasing the
milling time was seen to increase the fraction of amor-
phous phase (Fig. 2). Fig. 3 shows TEM micrograph of
the sample milled for 120 h as well as EDX-spectrum
of powder particles. The Ni-peak appeared in the EDX
spectrum stems from the supporting grid. This figure
suggests a highly agglomerated state for the powder
obtained. Further, EDX-spectra obtained from different
sites of powder particles milled for 10 h revealed the
existence of quite different compositions confirming
the results obtained by XRD for this series of samples.
TEM examinations of the milled samples for 10 h, for
these series of samples, showed complicated diffrac-
tion patterns due to the coexistence of many different
phases with no evidence of amorphization. However,
as Fig. 4 shows, after 50 h of milling diffuse halos ap-
peared in the diffraction patterns obtained indicating
the presence of an amorphous phase and after 120 h of
milling again sharp diffraction rings and spots appeared
(Fig. 5), indicating the presence of some crystalline
phases. The observed d-spacings could be attributed
to trigonal and rhombohedral PZT phases of various
stoichiometry. The TEM results obtained for these se-
ries of samples confirmed that in the early stage of
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Figure 3 TEM micrograph of the sample prepared by milling (BPR = 10, 500 rpm) (a) as well as EDX spectra obtained (b). The Ni-peak stems from

the supporting grid.
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Figure 4 TEM diffraction pattern for the sample prepared using a plan-
etary mill with BPR = 10 at 500 rpm after 50 h of milling.

Figure 5 TEM diffraction pattern for the sample prepared using a plan-
etary mill with BPR = 10 at 500 rpm after 120 h of milling.

milling, particle size reduction and solid-state reaction
proceeds. By further milling to up to 50 h of milling,
formation of amorphous phase also takes place. Further,
increasing of the milling time gave rise to the forma-
tion of some nanocrystalline phases in an amorphous
matrix. However, as XRD multiplot obtained for these
series of samples (Fig. 2) showed, the final product pre-
pared after 120 h of milling did not solely composed of
single phase nanocrystalline PZT phase. Fig. 6 displays
the XRD multiplot obtained for non-activated and acti-
vated samples picked up at different time intervals e.g.,
0, 5, 20, 65 and 75 h prepared by planetary mill with a
BPR of 20/1 at 500 rpm. For the sample mechanically
activated for 5 h, the sharp peaks of mixed oxides seen
for non-activated sample have vanished which again
suggests a significant refinement in crystalline and par-
ticle sizes of the constituent oxides as well as the forma-
tion of some intermediate solid solution phases. Further
increasing the milling time for this series of samples
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Figure 6 XRD patterns of the powder mixture subjected to mechanical
activation for various time intervals (BPR = 20, 500 rpm). In this figure
(P) stands for PbO, (Z) for ZrO,, (T) for TiOy, (*) for (PbO),, (#) for
(Z1rOy)y, (@) for PZT.

(Fig. 6) gave rise to the formation of sharper peaks. Af-
ter only 20 h of milling, for these series of samples, the
formation of PZT phase was initiated as well as some
intermediate solid solution phases possibly comprising
of initial raw materials. Finally, after 65 h of milling
the formation of single phase PZT was seen. The aver-
age crystallite size for the PZT phase formed estimated
from XRD data [20] was ~10 nm. Comparing the back
ground of the XRD patterns presented in Figs 1,2 and 6,
one can realize that the degree of amorphization is pos-
sibly lower when BPR and milling speed was higher.
Further, TEM examinations for the 4 different sets of
the samples prepared with different milling conditions
are currently underway.

The formation of structural defects and disorder in-
duced by mechanical activation will favor diffusion
and atomic rearrangements at considerably low tem-
peratures. The reaction rates are influenced by the
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initial contact area and diffusion of the reactant species
through the product phases [21]. For most solid-state
processes, the initial contact area is fixed and diffusion
rate is limited. Therefore, solid-state reactions are es-
sentially temperature dependent. This is not the case for
the reactions induced by mechanical activation, since
diffusion is a dynamic process. Further, a reaction can
actually increase with increase in mechanical activa-
tion duration and change of phases [22, 23]. Consider-
ing that diffusion process during mechanical activation
is a dynamic process one can assume that the inter-
diffusion layer is broken by the activation process, thus
enabling new surfaces with very different compositions
to contact each other. Therefore, repeated fracturing
and re-binding enlarge the diffusion area, resulting in
the enhancement of the diffusion kinetics. Mechani-
cal activation minimizes the effect of product barriers
on the reaction kinetics and provides the condition re-
quired for the promulgation of solid-state reactions at
low temperature.

Further, diffusivity can be raised dramatically by re-
ducing the grain size and increasing the temperature.
The increase in diffusivity is physically due to a de-
crease in the grain size and the creation of more free
surfaces, since both grain boundary and surface dif-
fusions have much lower activation energies in com-
parison with lattice diffusion. The surface tends to be
a region of relatively high disorder and therefore the
activation energy for diffusion tends to be low. The ac-
tivation energy in grain boundary is generally higher
in comparison to that of surface diffusion. Whilst that
for lattice diffusion is the highest value. As a result,
at low temperatures, surface diffusion dominates over
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grain boundaries and lattice diffusions. As the tem-
perature increases, grain boundary diffusion becomes
more significant and at higher temperature, lattice dif-
fusion becomes the principal mode for diffusion [24]. It
should be added that the change from one predominant
mechanism to another depends upon the nature of the
grain boundaries and the surfaces, of course.

As shown, the formation of single phase PZT com-
pound was not confirmed for the samples prepared by
planetary mill with a BPR = 10 at 250 and 500 rpm.
However, its formation was confirmed when the sam-
ples were subjected to a BPR = 20 at 500 rpm. Sug-
gesting that the increase of the BPR have had a marked
effect on the formation of PZT compound. The specific
milling intensity is defined as the momentum trans-
ferred by the ball to the powder (BPR) involved in the
collision per unit time.

It is expressed as:

_ Mb Vmaxf
= 7Mp

1 , &)

where My, is the ball mass, Vi« the maximum velocity
of the ball, f the ball shock frequency and M, the mass
of powder in the vial. Therefore it can be suggested that
increasing the BPR through the decrease of the mass of
the powder (M) have resulted in the increase of spe-
cific milling intensity. The ball shock velocity is related
to the mill rotational speed and the impact frequency
is related to the number of balls inserted into the vial.
However, Abdellaoui and Gaffet [25, 26] showed that
neither the shock energy nor the shock frequency gov-
erns the final product in a planetary ball mill if taken in
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Figure 7 One dimensional representation of various nanocrystalline phases in an amorphous matrix. Various numbers given represents nanocrystalline

areas of different compositions.
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account separately, but only the injected shock power
is responsible for the ball milled final product. The in-
jected power is proportional to the product of shock
frequency and shock energy. Further, Magini et al. [27]
used an intensive factor in each collision event, AE,
to express the energy transferred per unit quantity of
material trapped in the collision event, as described in
the following:

AE

=[7.66 x 1072 R)*S* E**]dy; ' 2/8, (2)

max

where Qnax 1S the maximum quantity of trapped ma-
terial, R, is the distance between center of disk and
center of vial, S is the density of the milling balls, E is
the Young Modulus, d, is the diameter of the milling
ball, w, is the angular velocity of vial and § is the surface
density of the covering powder. Further, they pointed
out that the energy is not absorbed by the total powder
but only by a small quantity of mass trapped in collision
and the above equation (Equation 2) does not consider
the influence of the ball number. Therefore, they sug-
gested that considering the total collision frequency vt
of the ny, balls and disconsidering the reciprocal hinder-
ing of balls, the powder which is involved in the milling
process is given by the extensive factory:

P=AE-V, 3)

The Equation 1 suggests that possibly decrease of the
powder mass would give rise to smaller Qp,x i.e., the
maximum quantity of trapped material in collision and
hence possibly a higher rate of injected energy. The in-
jection of higher energy transferred per unit quantity
of material trapped in the collision event would also
possibly give rise to a higher local temperature rise in
collision event due to the higher rate of stress induced.
The overall temperature of vial normally does not ex-
ceed 70°C, however, localized temperature rise at the
point of collision might be involved. Since, the level of
stress induced during mechanical activation is seen to
be proportional to the temperature rise. Schwarz and
Koch [28] have shown that the temperature rise, AT,
induced due to the deformation in the powder can be
expressed by:

AT = kV'Q2t/7ACppc)®>, 4)

where, V' is the shock velocity, k stress, A, Cp, and pc
are the thermal conductivity, the heat capacity and the
density of the deforming species, respectively, and 7 is
the stress state life time [29] expressed by:

T =V "% (on/Ep)"*R, (5)

where py, is the density of ball, Ey, the elastic moduli
of the ball and R the ball radius. Of course, it should
be added that, for a given condition, the rate of the
temperature rise is influenced by the change of par-
ticle size in nanometer size range. Since, one should
consider the possible change of heat capacity and ther-
mal conductivity with particle size in nanometer scale
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[30]. Based on the TEM work carried out in this work,
nucleation of some nanocrystalline phases was ob-
served in an amorphous phase. Nucleation of nanocrys-
talline lead scandium tantalite (PST) regions [31] and
nanocrystalline complex perovskite phase PZN-PMN-
PT [32] in amorphous matrices have also been reported
to form during the early stage of mechanical activation
by high resolution transmission electron microscope
(HRTEM). Further, the growth of these nanocrystalline
islands were seen to happen, converting the whole
matrix into a nanocrystalline phase by applying ap-
propriate activation conditions. Fig. 7 implies a sim-
ple one-dimensional schematic presentation of such ar-
rangements of the atoms in a nanoscale particle, based
on the reported results [31, 32] and the presented work
here. The formation of single phase PZT compound for
the sample prepared by planetary mill with a BPR =20
at 500 rpm in this work is thought to be due to a higher
injected energy and consequent higher temperature rise
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Figure 8 XRD multiplot of the PZT composition subjected to mechan-
ical activation at various times using a shaker mill with BPR = 10 at
900 rpm. In this figure (P) stands for PbO, (Z) for ZrO,, (T) for TiO,,
(*) (PbO)y, () (Z10y),, (®)PZT.



MECHANOCHEMISTRY AND MECHANICAL ALLOYING 2003

happened which would have possibly initiated a higher
rate of grain boundary and lattice diffusion processes.
This might have consequently caused the enhanced nu-
clei growth of nanocrystalline regions observed in an
amorphous matrix reported in this work and shown by
others. However, this has not possibly happened for the
samples prepared by planetary mill with BPR = 10/1
and at 250 and 500 rpm where, possibly due to a lower
grain boundary and lattice diffusion rate the formed
nanocrystalline nuclei did not have the chance of fur-
ther growth. Thus, One can therefore possibly antici-
pate a threshold level of impact energy and frequency
required for the formation of single phase PZT.
Further, Fig. 8 displays XRD multiplot of the picked
up samples at various time intervals e.g., 0, 10, 20, 30,
40 and 50 h with high energy shaker mill at 900 rpm and
aBPR = 10/1. For these series of samples, here after just
10 h of milling, the sharp peaks of mixed oxides seen
for the non-activated sample have vanished, suggest-
ing a significant refinement in crystallite and particle
sizes of the constituent oxides and possibly formation
of some intermediate solid solutions. XRD results for
these series of samples (Fig. 8) confirmed the onset of
formation of PZT phase just after 10 h of milling and
the formation of single phase PZT only after 30 h. This
can be also justified based on the above discussion, that
is, due to the injection of higher impact energy trans-
ferred to the mixed powder compared to other series of
samples prepared in this work by planetary mill. The
average crystallite size estimated from XRD data for the
sample prepared by shaker mill for 40 h was ~10 nm.

4. Conclusions
The below mentioned conclusions are obtained based
on the work presented here:

1. The BPR and milling speed was seen to have
a marked influence on the phase formation of PZT
nanocrystalline powder prepared by planetary mill.

2. Single phase PZT nanocrystalline powder pre-
pared by planetary mill could only be formed with a
BPR = 20 and milling speed of 500 rpm after 65 h. The
occurrence of a higher grain boundary and lattice dif-
fusion rate possibly due to the higher local temperature
rise in collision event is thought to explain the results.

3. For the samples prepared by shaker mill, the for-
mation of single phase PZT was seen to take place
in much shorter time compared to that of the samples
prepared by planetary mill.
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