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Abstract: Ferroelectric Pb(Fe,,,W,,,)O, was synthesized via a new two-stage 
solid-state reaction discussed in the present study. This method utilized Fe2W0, 
prepared at the first-stage which subsequently reacted with a stoichiometric 
amount of PbO at the second stage. This process efficiently suppressed the for- 
mation of lead tungstates and liquid phases; in addition, pyrochlore phase was 
formed as the only intermediate compound. A substantial amount of pyrochlore 
phase was converted to Pb(Fe,,jW,,,)O, at around 710°C associated with an 
endothermic reaction. On heating up to 750°C over 99% perovskite 
Pb(Fe2,3W1,3)03 was formed, and this formation became complete at 840°C. 
Compared with the conventional solid-state reaction, this process not only sim- 
plified the formation process, but also reduced the formation temperature of 
Pb(Fez,,W,,,)03. The crystal structure of Fe,W06 did not significantly influence 
the formation mechanism; whereas, the morphology of Pb(Fe,,,W,,,)O, was 
markedly affected by the grain size of Fe2W06. By using this process, pure 
Pb(FezjiW,:,)Oj with a submicron microstructure was successfully fabricated. 

INTRODUCTION 

Lead iron tungstate Pb(Fe2,3W,,,)03, a relaxor fer- 
roelectric compound with a perovskite structure, 
has been widely utilized in the fabrication of mul- 
tilayer capacitors with Ag/Pd internal electrodes 
due to its characteristics of a high dielectric 
permittivity and low-temperature sinterability.’ 
For the sake of controlling calcination conditions, 
the conventional solid-state reaction of Pb(FeZ3W,,,)03 
has been thoroughly investigated.2m6 In the reaction 
process, a substantial amount of lead tungstates 
and pyrochlore phase are produced; in addition, 
two liquid phases are formulated at 690 and 
860°C respectively. 5,6 The formation of these liq- 
uid phases is involved with the reaction between 
several unknown phases. 5,6 The progression of the 
formation of these intermediate compounds causes 
the complexity in the reaction process,‘ hence 
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resulting in the difficulty in fabricating pure 
Pb(Fe2,3W,,3)03 compound. 

Various kinds of solution methods have been 
used for alternating the reaction routes so as to 
yield pure Pb(Fe2,3W,,3)03 without parasite lead 
tungstates. Using a two-stage precipitation 
process’ or sol-gel process’ can fabricate pure 
Pb(Fe,,,W,,JO, because both the homogeneity and 
reactivity of reactants are significantly improved in 
the starting materials. Despite the fact that the 
goal of obtaining pure Pb(Fe,,,W,,,)O, has been 
achieved, considering the complicated and severe 
operation conditions demanded by the above solu- 
tion processes, an alternative method excluding the 
handling of solution and of moisture-sensitive 
materials such as alkoxides is still required. This 
needed to be developed considering economical 
factors in mass production for industry. 

The two-stage solid-state reaction is a synthesis 
process first used by Swartz and Shrout’ in fabri- 
cating perovskite Pb(Mg,,,Nb,,,)O,. In .this process, 

413 
Ceramics Znternational. 0272-8842/9X$9.50 0 1995 Elsevier Science Limited, England and Techna S.r.1. Printed in Great Britain 



414 

MgO is first reacted with Nb,O, to produce 
columbite MgNb206, followed by the second reac- 
tion between the MgNb,O, and PbO. Adding 2% 
excess PbO can eliminate the presence of pyrochlore 
phase and produce pure Pb(Mg,,,Nb,,,)O, phase. 

It is considered that the two-stage solid-state 
reaction can bypass the formation of intermediate 
compounds, e.g. lead tungstates and liquid phases 
formed in the conventional solid-state reaction, 
thereby simplifying the reaction process. There- 
fore, the difficulty in synthesizing a pure com- 
pound will be reduced. In this study, the following 
two-stage solid-reaction sequence is designed for 
synthesizing Pb(FeY3W,,J0,: 

the first stage: Fe,O, + WO, + Fe2W06 
and the second stage: 

Fe,WO, + 3PbO + Pb(Fe,,W,,,)O, 

In the above process only oxides of solid-powder 
form are utilized and no solution is required to be 
treated. The reaction mechanism and microstruc- 
tural evolution in the obtained powders are inves- 
tigated in this work. 

EXPERIMENTAL 

At the first stage, FezO, (99+%, Aldrich Chem. 
Co. Inc., USA) and WO, (99+%, Aldrich Chem. 
Co. Inc., USA) were used as starting materials for 
synthesizing Fe2W0,=,. Oxides were ball-milled in a 
plastic jar with ethanol for 48 h using zirconium 
oxide balls. Then the mixed slurry was dried at 
about 70°C by using a rotary evaporator. The 
dried powder was uniaxially cold-pressed into pel- 
lets by applying pressure of 196 MPa and heated 
at 700-l 100°C for 2-48 h. The pressed pellets were 
placed in an alumina crucible and buried in a WO, 
powder-bed to prevent the volatilization of W03. 
After calcination, the surface of pellets was stripped 
off to eliminate the attached W03 powder which 
would influence the stoichiometric ratio of products. 

At the second stage, PbO (99.9%, Aldrich Chem. 
Co. Inc., USA) was mixed with prepared Fe,WO, 
so as to fabricate Pb(Feu,W1,,)03 perovskite. The 
mixing, drying, and pressing procedures were the 
same as described above. The mixed Fe,WO, and 
Pb(Fe,,W1,,)OJ precursors were analyzed by differ- 
ential thermal analysis (DTA) and thermogravime- 
try (TGA) using A&O3 as standard. DTA was 
carried out in flowing air at a rate of 80 cc/min 
with heating and cooling rates of YC/min. The 
mixed Pb(FeU3W1,3)03 precursor was heated to 
specific temperatures in a furnace and quenched in 
air to examine the reaction mechanism and 
microstructure variation. X-ray powder diffraction 
(XRD) was performed in order to analyze the for- 
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mation of resultant compounds. The applied volt- 
age and current were 40 kV and 30 mA, respec- 
tively, using a Cu tube with a Ni filter. Scanning 
electron microscopy (SEM) was utilized for observ- 
ing microstructural variation in heated specimens. 

RESULTS AND DISCUSSION 

Fabrication of Fe, WO, 

Figure 1 (a) and (b) depicts the DTA and TGA 
curves of the thermal and weight variation for the 
mixed materials of Fe,WO,. No exothermic or 
endothermic peaks in DTA can be observed over 
the whole measured temperature range; however, 
the base-line of DTA was gradually shifted to the 
exothermic side from above 800°C. This result 
implies that the formation of Fe,WO, was 
sluggish and may initiate from around 800°C. 
Notably, two stages of weight loss occurred in the 
TGA curve. The weight loss at the first stage was 
about 2%, at a temperature lower than 400°C. It 
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Fig. 1. (a) Differential thermal analysis, and (b) thermogravi- 
metric analysis of the mixture of Fe,03 and W03. 
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Fig. 2. Weight loss of the mixture of Fe,03 and W03 heated 
at various temperatures for 2 h. 
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Fig. 3. X-ray diffraction patterns of (a) form 2-Fe,WO, with residual Fe,O, formed via being calcined at 1100°C for 6 h, (b) form 
2-Fe,WO, formed via being heated at 1100°C for 6 h with a WO, powder-bed, (c) form I-Fe,WO, formed via being heated 

at 800°C for 6 h and 850°C for 8 h with a WO, powder-bed. 

was caused by the combustion of residual resin 
introduced during ball-milling. Above 8OO”C, the 
weight loss markedly increased with the increase 
in temperature. The volatilization of WO, is 
believed to be responsible for the weight loss at 
the second stage. Prepared pellets were calcined 
from 700 to 1100°C for 2 h so as to further 
examine the behavior of weight loss at elevated 
temperatures. Similar results can be seen in Fig. 2. 
From this figure, it is evident that the weight loss 
was substantially increased from about 800°C. 

The volatilization of WO, during heating will 
leave residual Fe,O, in the final products which 
directly influences the stoichiometric ratio of 
cations in Fe,WO,. For the sake of preventing 
volatilization of W03, in the following experi- 
ments, pellets were buried in a W03 powder-bed 
during the heating process so as to suppress the 
loss of WO,. The effect of the W03 powder-bed 
on resultant products is shown in Fig. 3. Pure 
Fe,WO, can be fabricated by means of introducing 
WO, powder-bed (Fig. 3(b) and (c)); on the other 
hand, residual Fe,O, was present in products when 
no powder-bed was utilized (see Fig. 3(a)). 

Two different forms of Fe2W0, can be synthe- 
sized by varying the calcination temperature and 
dwelling time. Figure 3(b) and (c) illustrates the 
XRD patterns for form 2 and form 1 of Fe,WO,. 
The variation of the crystal structure of Fe,WO, 
in terms of calcination temperature and time is 
depicted in Fig. 4. Form 1 was formed at low tem- 
peratures with a columbite structure. Form 1 of 

Fe,WO, will undergo a monotropic phase-trans- 
formation at higher temperatures to produce form 
2 Fe,WO,, and to alter the structure from 
columbite to a-PbO type.“,” As shown in Fig. 4, 
no reaction occurred between Fe,O, and WO, at 
700°C. Form 1 of Fe,WO, began to generate at 
800°C but not completely. Prolonging the dwelling 
time to 8 h at 800°C still could not yield pure 
form 1. However, when the temperature was 
raised to 850°C even only for 2 h, all reactants 
became form 1 of Fe,WO,. Heating at 900°C for 
8 h can also obtain form 1; meanwhile, prolonging 
the dwelling time to 48 h at the same temperature 
can yield form 2. On heating at 950°C over 2 h, 
the final product turned out to be form 2 of 
Fe,WO,. It seems that the phase transformation 
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Fig. 4. Formation diagram of form 1 and form 2 of FezWOe. 
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of Fe,WO, from form 1 to form 2 took place at 
temperatures between 900 and 950°C. 

In the following experiments, form 1 synthe- 
sized via 8OO”C-2 h and subsequent 85O”C-8 h 
heating, and form 2 synthesized at 900°C for 48 h, 
were utilized as the starting materials to react with 
a stoichiometric amount of PbO at the second stage 
of reaction. The raw materials of Pb(Fe,,W,,,)O,, 
prepared via form 1 and form 2 of FezWOe, are 
denoted as PFWl and PFW2, respectively. The 
microstructures of the two forms of Fe,W06 used 
in the Pb(Feu,W,,,)O, synthesis are shown in 
Fig. 5. No obvious difference between them can 
be distinguished except that form 2 had a slightly 
larger grain size than form 1. 

Formation process of Pb(Fe, W,,J03 

The DTA results for PFWl and PFW2 were simi- 
lar. The representative curves for PFWl are illus- 
trated in Fig. 6. During heating, only an 
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Fig. 5. Scanning electron micrographs of (a) form l-Fe,WO, 
and (b) form 2-Fe2W06. 
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endothermic peak can be observed near 710°C. In 
the two cooling runs from 730 and 870°C 
respectively, no thermal variation could be found. 
For conventional solid-state reaction, two 
endothermic peaks occurred near 690 and 
860°C respectively, corresponding to the forma- 
tion of liquid phases. 6,7 In contrast to the conven- 
tional solid-state reaction, the fact that no 
endothermic reactions occurred at 690 and 
860°C during heating and no exothermic reactions 
took place in cooling indicates that no liquid 
phases were formed in the two-stage solid-state 
reaction. 

The PFWl and PFW2 samples were heated and 
quenched at temperatures from 400 to 870°C and 
then analyzed via XRD. The relative amount of 
each resultant compound present in PFWl and 
PFW2 was semi-quantitatively calculated as follows: 

Ii Relative intensity of compound i (%) = - x 100% 
%Ii> 

where Zi is the intensity of the strongest diffraction 
peak for compound i. As shown in Fig. 7, the for- 
mation process of PFWl was similar to that of 
PFW2. No lead tungstates and other unknown 
phases were present during reaction except 
pyrochlore phase appearing as the only intermedi- 
ate compound. In both PFWl and PFW2, PbO 
and Fe2W06 concentration decreased with rising 
temperature and completely disappeared at 600°C. 
Pyrochlore phase began to form at 400°C and its 
amount increased up to 600°C. The formation of 
Pb(Fe2,3W,,,)03 initiated from 500°C; in addition, 
its content significantly increased from above 
700°C accompanied by a corresponding reduction 
in pyrochlore phase. Up to 750°C over 99% per- 
ovskite Pb(Fe2,3W,,3)03 can be obtained. When the 
temperature was raised to 840°C pure 
Pb(Fezi3W,,,)Os was entirely yielded. According to 
the DTA (Fig. 6) and XRD (Fig. 7) results, it was 

Heating 

x, 

Cooling / 
- 
I 

Cooling j 
- 

500 600 700 800 900 

Temperature (“C) 

Fig. 6. Differential thermal analysis of the mixture of=Pb’O 
and Fe,WO,. 
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Fig. 7. Content of resultant compounds in PFWI and PFW2 
specimens. 

evident that the endothermic reaction at around 
710°C could be ascribed to the reaction of 
pyrochlore phase converting to Pb(Fe,,,W,,,)O,. 

Comparing the formation process of PFWl to 
that of PFW2, it is noted that the amount of 
pyrochlore phase in PFWl was slightly less than 
that in PFW2 at a low temperature range; never- 
theless, the amount of Pb(Fe2,3W1,3)03 in PFWl 
was slightly greater than that in PFW2 at elevated 
temperatures. These results imply that when the 
amount of pyrochlore phase is reduced at low 
temperatures, the formation of Pb(Fe,,,W,,,)O, 
would be facilitated at high temperatures. On the 
other hand, the crystal structure of Fe,WO, did 
not seem to obviously influence the formation 
process of Pb(Fe2.3W,i3)03. 

Microstructural evolution 

Figures 8 and 9 show the microstructure of PFWl 
and PFW2 specimens quenched at 600, 750 and 
870°C respectively. Comparable microstructure 
evolution was observed in PFWl and PFW2. At 
600°C the major compound present in specimens 
was pyrochlore phase which had a grain size 
around 0.1-0.2 pm. When the temperature was 
raised to 75O”C, most of the pyrochlore phase 
converted to perovskite Pb(Fe,,3W,,,)0,. At this 
temperature the grain size of Pb(Fe,,,W,,,)O, was 
approximately 0.2-0.3 pm. Up to 870°C the 
grain-size of Pb(Fe,,,W,,,)O, still lay in the submi- 
cron range of 0.5-0.6 pm. The grain of 
Pb(Fe2,3W,,3)03 prepared by the two-stage solid- 
state reaction turned out to be the finest among 
all other synthesis processesGs 

The grain-size effect of form 2-Fe,WO, on the 
formation of Pb(Fe,,,W,,,)O, was also examined. 
The calcination condition for Fe2W06 was 
increased to 950°C for 8 h. The microstructures of 
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Fig. 5. Scanning electron micrographs for PFWl quenched at 

(a) 6OO”C, (b) 75OT and (c) 870°C. 

Fe,WO, and derived Pb(FevjW,,,)O, are shown in 
Fig. 10(a) and (b). It was found that both Fe,WO, 
and Pb(Fe2,3W1,3)03 had larger grain size than 
those shown in Figs 5(b) and 9(c). This indicates 
that controlling the grain size of Fe,WO, can 
effectively alter the grain size of Pb(Fe,,,W,,,)O,. 
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Fig. 9. Scanning electron micrographs for PFW2 quenched at 
(a) 6OO”C, (b) 75OT and (c) 870°C. 

In the reaction between PbO and Fe2W06, PbO is 
considered to unidirectionally diffuse into Fe2WO, 
in generating the pyrochlore phase. Hence FeZWOe 
determines the morphology of the pyrochlore 
phase, and the ~ pyrochl’ore phase will subsequently 
infhrence the morphology of Pb(Fe,,WiJO,. 

3 pm 
Fig. 10. Scanning electron micrographs of (a) form 2-FezWOs 
calcined at 950°C for 48 h, and (b) the 870T-quenched 
specimen of the mixture of PbO and form 2-Fe,WO, 

obtained at 950°C. 

Therefore, Fe,WO, with a large grain-size induces 
Pb(FeU3W,,3)03 to grow to a large grain-size. 

Comparison with conventional solid-state 
reaction 

In the conventional solid-state reaction, PbO, 
Fe,O, and W03 are used as starting materials. 
Lead tungstates PbW04 and Pb2W05 are very eas- 
ily formed during reaction.5 In the two-stage solid- 
state reaction, tungsten species react with Fe,O, 
and are bound in FeZWOe, therefore, no lead 
tungstates can be formed. The absence of lead 
tungstates eliminates the formation of other inter- 
mediate compounds derived from them. As a 
result, no 690°C liquid phase can be generated in 
the new process. The absence of ,the liquid phase 
causes pyrochlore phase to be formed as a 
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powder-shape (see Figs 8(c) and 9(c)) instead of 
a facet-shape.’ Furthermore, the formation temp- 
erature of pyrochlore phase is reduced from 650 
to 400°C. This is attributed to the decrease in the 
number of intermediate compounds as well as to 
the simplification of the reaction process. 

In conventional solid-state reaction, insufficient 
mixing will result in inhomogeneous distribution 
of Fe species in mixed materials.‘* This inhomo- 
geneity results in the formation of the 860°C liq- 
uid phase and the formation of parasite Pb2WOS 
with Pb(Fe1,3Wlli)03. 6 In the two-stage solid-state 
reaction, the mixing efficiency can be enhanced 
because of the decrease in the number of mixed 
materials. This enhancement will solve the problem 
in distributing Fe species. Consequently, the high 
temperature liquid phase is not formed, and pure 
perovskite compound can be successfully obtained. 

CONCLUSIONS 

A new two-stage solid-state reaction was developed 
for fabricating pure perovskite Pb(FeZi3W &03 
ceramics. Fe2W06 was formulated at the first 
stage, followed by the second reaction with a stoi- 
chiometric amount of PbO. Compared with con- 
ventional solid state reaction, this process 
significantly simplified the reaction mechanism 
and suppressed the formation of lead tungstates 
and liquid phases. Pyrochlore phase was formed 
as the only intermediate compound at low temper- 
atures. The conversion of pyrochlore phase to 
Pb(Fe2,3W,,3)03 accelerated at around 710°C 
accompanied by an endothermic reaction. At 
840°C pure Pb(Fe,,,W,,,)O, perovskite was 
yielded. The crystal structure of Fe,WO, did not 
significantly affect the formation process; however, 
the grain size of Fe2WOG directly influenced that 
of Pb(Fez,jW1,3)03. Through controlling the grain 
size of Fe2W06, Pb(Fe,,,Wi,,)O, with a submicron 
microstructure was yielded. 
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