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Effects of mechanical activation on the formation of PbTiO 3
from amorphous Pb—Ti—O precursor
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We investigate the effects of mechanical activation in triggering PHTRT) formation from an
amorphous Pb-Ti—O precursor synthesized by coprecipitation. In this work, the amorphous
precursor and the samples derived from it by mechanical activation were investigated using Raman
spectroscopy, x-ray diffraction, and high-resolution transmission electron microscopy. Our results
show that the crystallization of tetragonal PT phase can be considered as a nucleation and growth
process described by the Avrami model. In the initial stage of mechanical activation, the main effect
is size reduction of the constituent starting materials. For a longer period of milling, perovskite PT
crystallites are formed by mechanical activation alone. These crystallites act as seeds, reducing the
activation energy from 2496 kJ/mol for the precursor to 977 kJ/mol for the 30-h-milled sample

and enhances the crystallization kinetics, during postcalcination. Consequently, the PT phase
formation temperature is dramatically lowered. In addition, our results demonstrate that the particle
size affects the structure of the PT phase, where the PT shows the pseudocubic to tetragonal
transition with increasing particle size. @003 American Institute of Physics.

[DOI: 10.1063/1.1554471

I. INTRODUCTION II. EXPERIMENT

The Pb-Ti hydroxide amorphous precursor was synthe-

Lead titanate, PbTiQ(PT) is a well-known ferroelectric . . R .
d piezoelectric materidllt has many important techno- sged using the copre0|p|tat|on method, by slowly adding a
and p y imp mixed nitrate solution of PY [from PHNOj;),, >99%,

logical applications in electronics and microelectronics, be'l\/lerck, Germany, and Tf* (from TiCl4, >99%, Hayashi
cause of its high Curie temperature, high pyroelectric coeffip;re Chemical Industries Ltd., Japdnto an ammonia so-
cient and high spontaneous polarizatfohSeveral methods ution of pH 9. The resulting coprecipitates were then aged
have been employed to prepare Pbii@wders in the lit-  for 1 h in thesupernatant liquid, followed by filtration and
erature, including chemical coprecipitatibrsol-gel® and  drying at 90 °C fo 2 h in anoven. The dried precursor pow-
hydrothermal reactioh. Recently, mechanical activation, der was thermally treated at 300 °Cr  h to dehydrate the
which was invented with an initial attempt as a method toprecursor and at the same time preserve the Pb—Ti hydroxide
develop dispersion-strengthened high temperature alloys, h&§ecursor. Five grams of the precursor powder was loaded
been successfully used to produce nanometer-sized RbTidC @ cylindrical vial 40 mm in diameter and 40 mm in

powders’ The most important advantage of the mechanicafength t(_)gether_wn_h a milling b‘f"” 12.7 mm in d|amete_r.
activation is that it can be used to synthesize designed co Mechanical activation was carried out in a SPEX mil
r.'38000|\/I) operating at 900 rpm for 10, 20, and 30 h,

pounds at room tgmperature \_N't,h ,a partlclg S'Z,e in the nafespectivel;?. Calcination was preformed in air ambient. The
nometer scale. This characteristic is especially important t‘%amples thus obtained were characterized using an x-ray dif-
lead-containing materials, because lead oxide is very volatilgactometer (X’Pert, Philipy, Raman spectroscopyISA

at elevated temperature and is toxic. In this artiCle, we repor‘r64000 tr|p|e grating System as well as high_reso|ution
the formation of nanocrystalline PT phase by mechanical actransmission electron microscope(HRTEM, Philips
tivation from an amorphous Pb—Ti hydroxide precursor syn-CM300FEQG.

thesized by the coprecipitation method. The mechanical ac-

tivation effects on the PT phase crystallization and the siz?“_ RESULTS AND DISCUSSION

effect on the PT nanopatrticles were also studied by annealin
the precursor sample and the samples derived from the prée*
cursor by mechanical activation. Figure 1 shows the XRD patterns of the as-synthesized
precursor and the samples after mechanical activation for 10,
20, and 30 h. Only one broad hump ranging froméeaigle
dElectronic mail: scip9600@nus.edu.sg of 25°-35° was observed in the as-synthesized precursor,

Mechanical activation process
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FIG. 1. XRD patterns ofa) precursor(b) precursor mechanically activated FIG. 3. Raman spectra ¢ precursor(b) precursor mechanically activated
for 10 h, (c) for 20 h, and(d) for 30 h. for 10 h, (c) for 20 h, and(d) for 30 h.

indicating its highly amorphous nature. There was no signifiphous matrix. Identification ad spacing @ =0.299 nm sug-

cant difference between the XRD patterns of the precursogests the spherical crystallite shown in Fig. 2 corresponds to
and the 10-h-milled sample, implying that little crystalline the (111) plane @=0.297 nm of PbTiO; phase™® In fact,
phase was triggered by mechanical activation for 10 h. Simiour previous TEM results} show that crystallites already
larly, little change was observed in the XRD trace for theexist in the 20-h-milled samples, although they were not
20-h-milled sample, although the hump over tier@nge of  shown by the phase analysis using XRD. As XRD is a bulk
25°—35° was slightly sharpened by the continued mechanicdgchnique, the volume fraction of the crystallites in the 20-
activation. Upon mechanical activation for 30 h, four peaksh-milled sample is too low to be detected.

at 20 angles of 32.1°, 39.3°, 46.1°, and 57.5° were well es-  To further identify the nanocrystallites triggered by me-
tablished, corresponding to th&01/110, (111), (200, and  chanical activation in the amorphous matrix, Raman spec-
(211) planes of the crystalline PbTi(perovskite structur®.  troscopy was employed to study the mechanically activated
The appearance of these diffraction peaks demonstrates thgamples, shown in Fig. 3. Similar to the XRD results, no
the perovskite nanocrystallites of PbTiGan be triggered to  sharp Raman peaks representing crystalline phases were ob-
form in the highly amorphous Pb—Ti—O precursor by me-served in the samples up to 20 h of milling, although there
chanical activation alone at room temperature. This is irseems to be a weak peak centered~&00 cm ' for the
agreement with what has been observed in several other PBO-h-milled sample, suggesting the existence of PT crystal-
based ferroelectric compositions, where nucleation and sublites. In the 30-h-milled sample, one relatively sharp Raman
sequent growth of nanocrystallites can take place in th@eak and two broad Raman peaks centered at 300, 500, and
highly activated matrice¥ 12 600 cm'l, respectively, belonging to the crystalline PT

Figure 2 shows a TEM micrograph of the 30-h-milled phase'® were clearly observable. This agrees with the results
sample. Nanocrystallites can be clearly found in the amorderived from XRD and TEM that nucleation of PbHiCrys-
tal occur with increasing mechanical activation duration.

On the basis of the above results, the mechanical activa-
tion process of the amorphous Pb—Ti—O precursor can be
considered as two stages. The first stageto 10 h of mill-
ing) is mainly a mechanical process, in which the mechanical
activation greatly refines the coprecipitated precursor. The
second stagé€longer than 10 hincludes both mechanical
and chemical processes. At the initiation of the second stage,
the precursor continues to be refined slightly. When the par-
ticle size becomes small enough, the components in the
sample in the Pb—Ti—O system become unstable and reac-
tive. The energy provided by mechanical activation is
enough to trigger the formation of PT nuclei that normally
occurs upon postcalcination. Longer milling time produces
higher density of PT nuclei. The results from the postanneal-
ing (to be discussed in the next sectiosupport this
suggestion.

B. Growth mechanism and activation energies

FIG. 2. TEM micrograph showing a PbTjanocrystal in the 30-h-milled In qrde_r to study the mechanical activation effects on the
sample. crystallization of the PT phase, both the precursor and me-



3472 J. Appl. Phys., Vol. 93, No. 6, 15 March 2003 Yu et al.

- 100+
3 450°C20 hrs g b—_ 1
8 g9 &2 g
- - s
:, 30-hour milled E a5
Tn/ '_T; 801 0 30-hour milled
€ 20-hour milled g O 20-hour milied
3 [s) A 10-hour milled
Q <O precursor
o 10-hour milled . - .
12 15 18
Time (h)
precursor
T T T 100 +
20 30 40 50 60 & B//""‘——‘“
20° S ool
FIG. 4. XRD patterns of calcined samples at 450 °C for 20 h. §
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N
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chanically activated samples were calcined at 425, 450, and 2 70 Z fg-:ourmf::e:
475 °C for 10, 13, 16, and 20 h at each temperature. Figure 4 o S procwsor
shows the XRD patterns of the 450°C/20 h calcined P A A
samples, which clearly indicates that the predominant tetrag- Time (h)
onal PT phase can be formed in all four starting materials. 100
By integrating the area under tki&l1) peak and normalizing g ///—a
to the same peak of the respective fully transformed PT S 90
sampleq650 °C/30 h, the amount of the crystallized tetrag- ‘g
onal PT phase in all samples was measudfédAs shown in L s0d
Fig. 5, it can be clearly observed that the fraction of the I 425°C
crystallized PT phase is much higher for the 20- and 30-h- £ O 30-hour milled
milled samples. Considering of the significant difference 5 ol o Johourmiled
among the starting materials, it is reasonable to attribute this ' O _precursor
higher fraction of PT phase in the longer milled samples to 12 15 18
the existence of PT crystallites. These PT crystallites act as Time (h)
seeds for PT phase growth during calcination. FIG. 5. Isothermal kinetics for the PbTiQ@rystallization at 425, 450, and

If the crystallization of tetragonal PT phase can be con-475 °C as a function of the calcination duration.
sidered as a nucleation and growth process, then by plotting
the fraction of crystallized PT phase as a function of calci-
nation time, the result should show a good agreement witlgas constant. The straight lines in theklns 10001 plots
the Avrami model® where the relationship between volume (Fig. 7) with very good correlation coefficients were clearly
fraction x and calcination time: is given by seen. The activation enerds,, shown in Table I, was then
_ n determined from the slope of the plot. The activation ener-
x=1—exp —kt") (1) .
gies calculated were 24% kJ/mol for the precursor,
where n is a constant dependent on the nucleation an@17+5, 153+3, and 977 kJ/mol for 10-, 20-, and 30-h-
growth mechanism, arklis the rate constant. Under isother- milled samples, respectively. It is clear that the activation
mal conditions, the experimental data can be better fitteénergy was dramatically lowered by the mechanical activa-
according to the following linear transformation of the abovetions for more than 10 h. The above results suggest that an
equation: increase in the density of the PT nuclei which were derived
In[—In(1—x)]=In k+n In t. 7 from the mephapical activation .and acted as PT seeds dqring
the postcalcination can dramatically enhance the crystalliza-
Figure 6 shows the plots of IrIn(1—x)] as a function  tjon kinetics and lower the activation energy.
of In t. The rate constants were determined from the intercept
with ordinate axe at each isothermal temperature. As show
in Table I, the rate constants for samples with longer milling
time (which have a higher density of PT nugleiere much
larger than that of the precursor or samples with shorter mill- ~ Figure 8 shows the XRD patterns of the 30-h-milled
ing time. In this work, the temperature dependencekof samples calcined up to 600 °C for a fixed period of 1 h. The
showed an apparent Arrhenius relationsHip: XRD pattern of the precalcined sample shows one near-
symmetric diffraction peak at 32.1° characterizing the
k=A exp(—Ea/RT), ®) pseudocubic structureand this peak becomes asymmetric
whereA is the preexponentidfrequency factor, E, the ap- after a relative low temperatur®@50 °Q calcination. Upon
parent activation energy of crystallization, aRdthe molar  calcination at 450 °C, this peak sharpens and a shoulder peak

E. Effect of particle size on the structure and unit cell
volume
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FIG. 7. Arrhenius plots of crystallization rate constant for calcined samples.
450°C
1.5
600 °C-annealed sample, the peak at 32.1° splits completely
= 10 into two peaks at 31.5° and 32.4°, corresponding ta(1i0d)
= and (110 planes of the PT phase with a tetragonal
_ﬁ structure® Note that this splitting from one symmetric peak
g 051 0 30-hour milled to two peaks occurs gradually indicating that the structure of
Z 20-hour milled the PT crystal transforms from pseudocubic to tetragonal
00 o ared within the postcalcination procedsyhich is attributed to the
v y r size-effect of the nanoparticles. A nanocrystalline material
106 L :°'8 10 shows a pseudocubic structure when the particles are very
nt(sec) small?®?! With the increase in particle size, the material
gradually assumes its bulk structure, the tetragonal phase in
151 this case.

e In order to study the size effect of nanoparticles on the
. structure of the PT phase, detailed analysis of the XRD re-
sults shown in Fig. 8 was carried out. Figure 9 plots the
dependence of the tetragonal distortiazig) and the unit
~ cell volume of the PT phase on the particle size. In this work,

D 30-hour milled the average particle size was calculated from the full width at
O 20-ho illed H H 7 i
A 1000 miled haIf-maxmum(FWHM) of t.he (111) diffraction peak using .
O precursor the Scherrer equation which assumes the small crystallite
06 08 "o size to be the only case of line broadenfg:
Lnt(sec) D=KA\/B cos¥, 4

FIG. 6. Avrami plots for the PbTiQcrystallization at 425, 450, and 475 °C
as a function of the ball milling time.

whereD is the particle diametek is the x-ray wavelengttB

is the FWHM of the diffraction line g is the angle of dif-
fraction, and the constar{~1. The tetragonal distortion

the intensity of all peaks increases considerably. At this tem-
perature, the PT phase experiences a rapid growth. After an-
nealing at higher temperatures, the XRD peaks sharpen con-
tinuously reflecting the bigger size and better crystallinity of
the PT nanocrystal particles. In the XRD pattern of the

3
&
TABLE I. Kinetic constantk, and activation energ¥,, for the crystalli- "
zation of precursor, 10, 20, and 30-h-milled samples. €
3
1 Q
k(s o
Temperature 10-h 20-h 30-h
(K) Precursor milled milled milled
698 123%10% 1.65x10% 5.00<10 4 3.62x103
723 553%10* 6.62<107* 1.29x10°® 7.37x10°°
748 1.8410°% 2.03x10°% 2.74x10°% 1.29x10?
E, (kd/mo) 249+ 6 217+5 153+3 97+7 FIG. 8. XRD patterns ofa) 30-h-mechanically activated precursor and that

calcined at(b) 350 °C,(c) 450 °C, and(d) 600 °C for 1 h.
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a strong background in the low frequency regibelow 100
cm ) were clearly observed. These are significant character-
istics of the PT crystal with a high symmetrical structure as
reported in the Raman study of PT structure phase
transition’® After calcination, the well-known Raman modes
belonging to tetragonal PT phase appear, indicating the es-
tablishment of the tetragonal phase. With increase in calcina-
tion temperature, th&(1TO) andE(2TO) modes show a
blueshift while the position of th& + B, mode remains con-
stant, all of which can be attributed to the size effect of the
PT nanoparticle&"?324

10 15 20 25 IV. CONCLUSIONS

Partide size (nm) The effects of mechanical activation on the formation of

FIG. 9. c/a ratio and cell volume of the 30-h-mechanically activated pre- PbTiO; powder from amorphous Pb—Ti—O precursor synthe-
cursor before and after postcalcination as the function of the particle size.Sized by the chemical coprecipitation method have been
studied. The mechanical activation can be characterized by

. two stages: the size reduction of the starting materials for

th? fitting results Of the two strongest Pe?(m gnd(llO) shorter milling time, and formation of the PT crystallites for
using Gauss functions. From Fig. 9, it is obvious that the,ger milling duration. Acting as seed particles, these PT
tetragonal distortiond/a) shows a monotonic increase with o sajlites can dramatically lower the activation energy and
the growth of PT phase, while the volume of the unit cellgnpance the crystallization kinetics during the postcalcina-
decreases with the increase of particle size. This increase ¥bn processes. Consequently, the onset crystallization tem-
the tetragonal distortionc{a) which indicates the structure oo+ re was also lowered. The PT phase with particles
transformation from pseudocubic to tetragonal has been alajier than 15 nm is pseudocubic while that with larger size
tributed to the size effect of the PT particles in nanometeg, .« the typical tetragonal structure. The size effect may be

20,21 ; ; _ _ { AC! :
scal_e. Interestlngly, _the unit cell volume decreages d_ra the dominant factor in determining the unit cell volume.
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