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New preparation method of low-temperature
sinterable Pb(Mg,,3Nb,,3)O; powder and its
dielectric properties
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A relaxor ferroelectric material, Pb(Mg4,3Nb2,3)O3(PMN) with perovskite phase was
prepared by one-step calcination in the present study. The PMN powder with >99%
perovskite phase was prepared successfully by adding an agueous Mg(NOs3), solution
rather than MgO to the alcoholic slurry of PbO and Nb,Os, followed by calcination at 950°C
for 2 h. The DSC and XRD analysis showed that the pathway in the one-step calcination was
different from those of the known columbite or solution processes. The PMN powder
sintered to 95.6% of the theoretical density at even 900°C for 2 h. Its room temperature
dielectric constant showed 13800 at 1 kHz, the loss of dielectric constant of 0.05% and the
specific resistivity of 2.4 x 10" Q.cm. © 2000 Kluwer Academic Publishers

1. Introduction that the single perovskite PMN-PT powder was pre-
Lead magnesium niobate (PMN) has applications irpared by reacting basic Mg(Optith acidic NIpOs in
multi-layer capacitors and in electrostrictive appli- the presence of PbO and Ti@ia a soft mechanochem-
cations due to its high dielectric constant, excellentical route.

voltage stability, and low sintering temperature [1-5]. As described above existing preparation methods of
Basically three methods have been applied to the prepdhe perovskite PMN compound require either two step
ration of PMN dielectrics. One is the conventional calcinations or expensive processes. Therefore, efforts
mixed oxide method which always gives rise to per-were made to develop a simple and economic method by
ovskite PMN with small amount of unwanted cubic considering the reactivities of the starting materials. Be-
pyrochlore PENb;O13(P3N>) phase. The other is the cause NbOs reacts faster with PbO than MgO to give
mostly used modified oxide method introduced byrise stable cubic pyrochlore;Rz, the pure perovskite
Swartz and Shrout [6]. It consists of two calcination PMN ceramic can not be obtained by the conventional
steps, forming columbite MgNIDeg(MN) and reacting mixed oxide method. One can postulate that if the reac-
MN with PbO, which produces the single phase perdivities among the constituent compounds can be con-
ovskite PMN. The third one is the expensive solutiontrolled, the pure perovskite phase can be obtained with-
process which resulted in PMN powder witt98% of  out the use of the columbite precursor. Since MgghO
the perovskite phase. Several modified solution methis soluble in water as well as in alcohol and a better
ods have been reported such as through sol-gel [7, 8jrecursor of MgO than MgCgemploying Mg(NQ)»
citrate gel [9], Pechini route [10], peptization of NbC instead of MgO in a mixed oxide method is expected to
with H,O, [11], and EDTA gel [12]. Lejeune and Boilot go through a different pathway to give the perovskite
[13] developed low firing (90GC) PMN dielectrics by  phase.

modifying the mixed oxide method with MgGOn- In this paper, the authors would like to introduce a
stead of MgO and adding excess PbO after the calrew preparation method of the PMN ceramic by one-
cination step, which exhibited high dielectric con- step calcination from PbO, NBs, and Mg(NQ),, and
stant émax= 154005 = 12000). However, Wang and then followed by sintering at low temperature.

Schulze [14] reported that in the columbite process with

sintering at 1200C adding excess PbO deterioraigx 2. Experimental procedure

from 13,700 to 6,300, but adding excess 5 wt% MgOThe composition of PMN to be synthesized is
improved dielectric constantfax= 18,400). Go@tal. =~ Pb(Mgy3Nb,/3)Os. Starting materials used in the
[15] also suggested that excess PbO could not redugeresent study were PbO(99.9%, Aldrich Chem. Co.,
the amount of pyrochlore phase present. The differenct.S.A.), NbO5(99.9%, Aldrich Chem. Co., U.S.A),

in the reports may be attributed to the reactivity of muchand Mg(NG),-6H,0(98%, Fluka Chem. Co., Japan).
finer MgO produced from the decompositionof Mgg€O  In order to compare the reactivities among the start-
during calcination. Recently Seneaal. [16] reported  ing materials, appropriate mole ratio of the components
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were prepared by mixing the powder in a mortar or
making a slurry in iso-propyl alcohol when Mg(NR
was used. The mixed powders were subjected to DS(
analysis and XRD diffractometry.

Appropriate amounts of PbO (0.15 mol) andJdig
(0.1 mol) were placed with iso-propyl alcohol in a
polypropylene bottle and milled with zirconia balls
(p =5 mm) for 24 h, and then aqueous solution of
Mg(NO3)2(0.105 mol) was added and milled for an ad-
ditional 2 h. The slurry was rotary evaporated to remove
the solvent. About 20 mg of the dried PMN precursor
was heated in a Pt/Rh crucible to 12@0with a heat-
ing rate of 10C/min under a flowing air using TG/DSC
(Model 409STA, Netzsch Co., GmbH). Phase develop- 1 . . L
ments of the dried powders calcined at various tem: 0 100 200 300 400 500 600 700 800 900
peratures and times were studied by XRD (Model PW Temperature, °C
1800, Philips, NE) betweern2= 25-35 with a scan-
ning rate of 2/min. The relative amounts of pyrochlore
and perovskite phases were determined from the XR
patterns of the heat-treated samples by measuring the
major x-ray peak intensities for the perovskite (110)
and pyrochlore (222) phases.

The “percentage” of perovskite phase was calculate:
using the following equation.

= >)

DSC (exo -

Figure 1 DSC curves of mixture of (a) PbO and MgO and (b) PbO and
I5/|g(N03)2 with a heating rate of X@/min under a flowing air.

Iperov

%Perovskite= m *

DSC (exo --->)

The powders calcined at 930 for 2 h showed
>99% perovskite phase. The calcined powders wer:
ball milled with 0.5 wt% of PVA 217 in the distilled
water for 24 h and then dried by using a rotary evap-

orator. The dried powder was pressed into pellets a P P Pk PR T S
800 kg/cnt. They were sintered on a platinum foil in 0 100 200 300 400 500 600 700 8OO 900
an enclosed alumina crucible at various temperature Temperature, °C

for 2 h, i.e. 850, 900, 950°, 1100, and 1200C. The

grain size was determined from SEM (Model S-4200,Figure 2 DSC curves of mixture of (a) Nids and MgO and (b) N§Os
Hitachi Co., Japan) of the fracture surface of the pellef"d MI(NQ)z with a heating rate of T&/min under a flowing air
sintered at 90QC for 2 h. The sintered density was mea-

constantand loss of dielectic constant were measured @fith MgO but reacts with Mg(NG), to give 2 strong

1 kHz using Impedance-Gain Phase Analyzer (Modekndothermic peaks at 418nd 427C under 600C.

tric measurements, samples were polished to obtain gnthesize the single phase perovskite PMN. There-
flat and pal’a||e| surface and electroded with a Si|V€I‘f0re’ an attempt was made by introducing less reactive
paste by screen printing. Electrical resistivity was mea\1g0 as an aqueous solution of Mg(N)@ to the al-
sured atroom temperature using a picoammeter (Mod&loholic slurry of PbO and NiDs so that the Mg+

4339A, Hewlett Packard, U.S.A.) at 25 V. can be distributed uniformly among the reactant ox-
ide particles on atomic scale and also transformed to
3. Results and discussion very fine, reactive MgO upon heating so that it can re-

Unwanted cubic pyrochlore phase being formed from@Ct With NOs before PbO does. The DSC curve of
the reaction between PbO and 40 below 600C, the PMN precursor §h0\(vs_5 strong endotherm.|c peaks
an approach was pursued to suppress the formatiopelow 600C which is similar to that of the mixture

of P3N, and to enhance the reactivity either betweerPf PPO and Mg(N@), as shown in Fig. 3 and differ-

Nb,Os and MgO or between PbO and MgO under €nt from that of the PMN precursor prepared by the
600°C. sol-gel process(an exotherm at 320due to decom-

Comparing the DSC analysis of the mixture of POSition organics present in the gel). The perovskite
PbO and MgO with that of the mixture of PbO and Phase is formed through a columbite intermediate in
Mg(NOs), in Fig. 1, PbO reacts with Mg(N§), to  the Columbite process and amorphous intermediate in
give 5 strong endothermic peaks, but seems to readhe sol-gel process. But the introduced process seems

slowly with MgO to give 3 small endothermic peaks {0 90 through Pb-Mg precursors from analysis of the
under 800C. DSC curves. The pathway is under investigation.
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TABLE | Density and dielectric properties of PMN ceramics

Sintering temperaturé C)®  Perovskite (%)  Relative density (%)  Dielectric const,(1 kHz)  Loss tangent (%)  Resistivitg2(cm)
850 100 72.8 5150 0.72 4.8E09
900 100 95.6 13800 0.05 2.4E10
950 100 96.1 13700 0.19 1.2E10

1100 100 97.4 14400 0.39 7.2E10

1200 100 96.4 12900 0.00 2.4E10

aCalcined at 950C for 2 h and sintered for 2 h. Theoretical density of PMN is 8.13 g/cm

DSC (exo ---->)

223.7

Figure 3 DSC curve of the precursor of PMN prepared from PbO,

400

800

Temperature, °C

Nb2Os and Mg(NG), with a heating rate of 1@C/min under a flowing

air.

950°Cf2h

950°CHh

950°C/30min. )

Intensity (counts)

950°C/10min.

Figure 4 XRD patterns of PMN precursor calcined at different temper-

atures and times.
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Increasing calcination temperature and time does not
seem to affect much on the formation of the perovskite
phase unless certain activation energy is fulfilled. From
these observations, the formation of the perovskite
phase from the pyrochlore phase seems to be kineti-
cally governed.

Calcination was performed at 980 for 2 h. It con-
sists of two kinds of particles as shown in Fig. 5: one
has sizes of 1-1.6m and the other 0.2—-0,/5m. What
caused the unusual bimodal distribution is not clear. But
SEM of the fractured surface of the PMN ceramic sin-
tered at 900C shows grain size of 2—4m as shown in
Fig. 6. Although the powder showed bimodal distribu-
tion, it sintered relatively homogeneous microstructure
without observable abnormal grain growth. Sintered
densities and dielectric properties of the PMN ceramics
prepared from the powder are shown in Table I.

It is noticeable that the PMN ceramic with the per-
ovskite single phase can be prepared by sintering at
900°C for 2 h with excellent properties, i.e. 13800 of
room temperature dielectric constant, 0.05% of dielec-
tric loss at 1 kHz, and 2.4 10*° Q-cm of specific re-
sistivity. Increasing sintering temperature did not affect
on the dielectric properties significantly but increased
the relative density from 96% to 98%.

The general characteristics of various PMN ceram-
ics that were sintered at 900D in this study and re-
ported in other works are compared in Table Il. The
er value of 13800 in this study at 1 kHz is higher than
those of previous reports. The sintering condition of
900°C for 2 hiisalso favorable than the others. It can be
fired with 70%Ag-30%Pd internal electrodes in multi-
layer ceramic capacitors. The bimodal size seemed to
be attributed to grain growth even at 9@) submicron
sized PMN powder obtained from the sol-gel process
did not sinter at 900C and grains were smaller than
1um.

As described in this paper the perovskite single phase
PMN ceramic can be prepared successfully by modify-
ing the conventional mixed oxide process, i.e. replacing
the least reactive oxide component with a reactive form.
Such prepared PMN powder, for an example, sinters at
900°C, lower than that of the sol-gel process by 300
Futhermore it showed even better dielectric properties
than those prepared by the sol-gel and the mixed oxide
processes. This new process is reproducible, simple,

With 2 h holding the perovskite phase was formedeconomic and can employ cheaper chemicals.
in 33.7% at 750C and in 95.4% at 80C as shown in
Fig. 4. The powder calcined at 98D for 2 h showed
99.3% perovskite phase but holding 10 min at thecompounds as well as to modify known processes with
same temperature gave 96.4% of the perovskite phaseeactivities among components.

It opens the possibility to apply the introduced pro-
cess to synthesis of PbO-based complex perovskite
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TABLE Il Comparison of general characteristics of various PMN ceramics

Calcination Sintering 1kHz Grain size
Sample from Processing temp., time temp., time  prel (%) Emax ert (m)
Royet al. Sol-gel 950, 2 900, 4 ~90 3000 2700 <1.0

1250, 4 97.6 15900 11700 5-8
Schulzeet al. Columbite 1000, 6 1200, 1 98.0 18400 1.4-3.8
& 800, 4

Boilot et al. Mixed oxide with MgCQ 800, 2 900, 6 96 15400 12000
This work Mixed oxide with Mg(N@)2 950, 2 900, 2 95.6 n.a. 13800 2-4

n.a.: not available.

Figure 6 SEM micrograph of fractured surface of PMN ceramic sintered at©@0r 2 h.
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4. Conclusion 6
A new process has been developed for the preparation
of PMN powder with>99% perovskite phase by one-
step calcination.

The PMN powder with the perovskite single phase
was obtained by adding an aqueous solution of

Mg(NO3); to the alcoholic slurry of PbO and NOs, 9.

followed by calcination at 95 for 2 h. Such prepared
PMN powder sintered greater than 96% of the theoret-
ical density at 900C for 2 h which is low sintering

temperature for the PMN ceramics at which it can bet1.

fired with 70%Ag-30%Pd. It showed a room temper-

ature dielectric constant of 13800, a loss of dielectrict®
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