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Abstract

It has been observed that PbO (21±5wt%) is a good sintering aid for low temperature rapid sintering (950�C, 30min) of lead
magnesium niobate (PMN) provided the PMN powder is coarse (average particle size � 16 mm or more). For ®ner PMN powders,
along with the same excess of PbO, (1±2wt%) excess MgO is needed to achieve the same densi®cation. The excess MgO (along with

excess PbO) has been found to increase the ¯uidity of the liquid phase at the sintering temperature leading to liquid penetration
inside the ®ner capillaries of the ®ner PMN powder with consequent rearrangement and densi®cation. The peak dielectric constant
(�12 000) of MgO added sample was found to be lower than that of the samples containing no excess MgO (K�13 500) because of
the presence of impurity pyrochlore phase in the MgO added samples. # 1999 Elsevier Science Limited and Techna S.r.l. All rights

reserved

1. Introduction

Lead magnesium niobate Pb(Mg1/3 Nb2/3)O3, referred
to as PMN and related perovskites, otherwise known as
relaxor ferroelectrics [1±5], have received much atten-
tion in recent times as capacitor and actuator materials
because of their high dielectric constant, low electric
®eld dependency, ability to form thin layers, large elec-
trastrictive strain and low ®ring temperature. However,
the preparation of pure perovskite PMN phase without
the formation of a pyrochlore phase is di�cult by the
conventional mixed oxide method [6,7]. The processing
problem can be greatly reduced by using the columbite
precursor method [6,7] where MgO and Nb2O5 are pre-
reacted to form MgNb2O6 followed by its reaction with
PbO to get the perovskite PMN. The addition of excess
MgO during formation of PMN has been reported to
reduce or even eliminate the pyrochlore phase formed
[8,9]. In an earlier investigation, the present authors
observed that complete conversion to perovskite phase
is possible even without adding excess MgO provided
MgNb2O6 (MN) prepared by reacting MgO (from
magnesium hydroxycarbonate) and Nb2O5 is phase
pure which can be obtained by choosing the proper
reaction temperature [10].

Since long, the low temperature sintering [3] of PMN
has been a sought after process for the reduction of the
cost of electrodes for multilayer ceramic capacitors.
Excess PbO has been reported [11±13] to lower the
sintering temperature of PMN based materials. Van et
al. [14] reported that sintered density of PMN increases
by increasing the PbO/MgO ratio up to a certain limit.
In a previous study [15], we have shown that rapid sin-
tering (30±45min) of PMN at low temperature (950�C)
is possible by using PbO (2-5wt%) as a sintering aid.
Excess MgO (without excess PbO) has been found
[7,16,17] to promote grain growth by eliminating the
pyrochlore phase from the grain boundary region where
the very pyrochlore phase generally acts as a grain
growth inhibitor. In the present work, we ®nd that
densi®cation in case of PbO aided low temperature
sintering of PMN is dependent anomalously on the
particle (aggregate) size of the starting powder. We also
report the key role of excess MgO (along with excess
PbO) in the sintering of PMN powder and provide a
possible mechanism for the observed behaviour.

2. Experimental

PMN powders were prepared by reacting PbO (E.
Merck, Germany) with MN at 800�C for 10 h and the
calcination (reaction) temperatures for the preparation
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of MN were selected to be 1100, 1200 and 1300�C for
20 h. The calcination was done in broad crucibles
(unlided) using magnesium hydroxycarbonate (MgCO3,
Mg(OH)2, 3H2O) & Nb2O5 (both of E. Merck, Ger-
many) as raw materials. Particle sizes of the powders
were determined by particle size analyser (Sedigraph,
Micromeritics no. 5100). The X-ray analysis of the
powder samples was done in a Philips PW 1730 dif-
fractometer using CuKa radiation.

For sintering studies, 0±15wt% excess PbO with or
without 0±5wt% excess magnesium hydroxycarbonate
(equivalent to 0-2wt% MgO) was added to the PMN
powder. The batches were mixed in an agate mortar
and pestle under acetone and pellets (�10mm diameter/
3±4mm thickness) were pressed (pressure �50MPa)
using 4% PVA binder. The pellets were kept on a
platinum base plate and directly introduced into a
furnace pre-heated to 950�C. They were kept there for
30min and were slowly cooled inside the furnace. For
isothermal sintering studies, the samples were directly
introduced inside the furnace at 950�C and kept there
for 5±60min and ®nally quenched to room temperature.
For electrical measurements, a few samples after sintering
were annealed [15] at 800�C for 10 h on a clean alumina
plate.

The bulk densities of the samples were measured
geometrically and the fracture surfaces of the sintered
specimens were viewed in a Cambridge Stereoscan S-250
scanning electron microscope.

The dielectric constant and dissipation factor of some
of the sintered pellets with painted silver electrodes were
measured in a LCZ meter (Hewlett±Packard 4276A)
over a wide range of temperature which was maintained
with the help of a constant temperature bath (Haake,
Germany). The measurements were made in the fre-
quency range of 500Hz to 20KHz and in the tempera-
ture range of ÿ20 to 70�C. All the measurements were
made in a dry gas (nitrogen or oxygen) atmosphere to
avoid any condensation of moisture on the samples at
low temperatures.

3. Results and discussion

Fig. 1 depicts the X-ray di�ractograms of MN pow-
ders calcined at 1100, 1200 and 1300�C. The detailed
analysis indicates that the major phase is MN
(MgNb2O6 ) in all the three cases; however, 1100�C
calcined powder and to some extent 1200�C calcined
powder contain unwanted phases like Nb2O5,
Mg5Nb4O19 and/or Mg4Nb2O9. The 1300�C calcined
powder is phase pure MN as evident from X-ray analy-
sis. The average particle (aggregate) size of 1100, 1200
and 1300�C calcined powders, as found from sedigraph
studies were 5.8, 7.0, 16.8 mm respectively. For our fur-
ther studies, we chose 1100 and 1300�C calcined powders

considering the two extremes of particle sizes and phase
purity. The 1100�C calcined powder (batch A) and
1300�C calcined powder (batch B) were reacted with
PbO at 800�C for 20 h to form PMN, As re¯ected from
the X-ray studies (Fig. 2) of batch A and batch B PMN,
phase pureMN (batch B) produced phase pure perovskite
PMN which corroborates with our earlier studies [10],
whereas batch A PMN contains unwanted pyrachlore
(P3N4) and a very small amount of unreacted PbO
phase. Intriguingly, as given in Table 1, batch B
PMN, which is coarse, can be densi®ed at 950�C
(30min) by using 3±5wt% excess PbO as a sintering aid,
whereas the ®ner PMN (batchA) powder shows very little

Fig. 1. X-ray di�ractograms of MN powders calcined at (a) 1100,(b)

1200 and (c) 1300�C.
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densi®cation under identical conditions. However batch
A powder can be densi®ed by using higher amount of
excess PbO (�10wt%) as shown in Fig. 3 and such high
amounts of excess PbO have been reported to be detri-
mental [13,17] towards the dielectric properties. Inter-
estingly, as observed by us, the other alternative for
batch A PMN powder is to use excess MgO (1±2wt%)
along with the little excess of PbO (3±5wt%) as a sin-
tering aid to get the desired densi®cation at 950�C
(Table 1).

The e�ect of excess MgO (along with excess PbO) on
the densi®cation behaviour (950�C/30min followed by
furnace cooling) of both batch A and B powders may be
seen from the data presented in Table 1. A small
amount of excess MgO seems to play a key role in the
densi®cation behaviour of batch A powder. For batch B
powders the role of excess MgO on densi®cation is trivial
(Table 1). To understand the role of excess PbO with or
without MgO, we selected two typical compositions for
further studies; one from batch A containing both PbO
& MgO (composition no. 10 designated A10) and
another from batch B containing only PbO (compo-
sition no. 2, designated B2) which showed maximum
densi®cations in their respective groups. The selected
compositions were subjected to isothermal sintering
studies at 950�C for 5 to 60min. Fig. 4 depicts the
logarithmic plot of volume shrinkage vs isothermal

Table 1

E�ect of sintering aid on the densi®cation of batch A and B samples

(sintering at 950�C/30 min)

Sample

no.

Composition %vol.

shrinkage for

batch A

%vol.

shrinkage for

batch B

1. PMN+2%PbO 1 17

2. PMN+3%PbO 1.5 29

3. PMN+5%PbO 2 25

4. PMN+2%PbO+2%MgO 12 Ð

5. PMN+2%PbO+3%MgO 23 19

6. PMN+3%PbO+2%MgO 21 Ð

7. PMN+3%PbO+3%MgO 22 29

8. PMN+5%PbO+2%MgO 26 26

9. PMN+5%PbO+3%MgO 32 28

10. PMN+5%PbO+5%MgO 34 27

Fig. 2. X-ray di�ractograms of PMN powders (a) batch A and (b)

batch B, prepared with two di�erent MN powders (refer to text for

details).

Fig. 3. Variation of volume shrinkage of PMN vs excess PbO during

isothermal sintering at 950�C for 30min.
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sintering time for A10 and B2 compositions. To under-
stand such behaviour (Fig. 4), we have to look into the
classic liquid phase sintering which is characterised by
three stages [18,19] namely rearrangement, solution-
reprecipitation and solid state controlled sintering. The
liquid phase formed at high temperature spreads and
wets the particles, which cause particle rearrangement
through capillary force. Based on the balance between
surface tension and an intrinsic frictional force due to
viscosity of the liquid, Kingery et al. [19] proposed a
model for liquid phase sintering. Huppman [20] con-
sidered densi®cation as a function of interparticle force
existing between two particles connected by a liquid
bridge. Based on this model, rearrangement is sig-
ni®cant in systems with small amounts of liquid and low
wetting angle. The second stage of liquid phase sintering
is characterised by grain growth, dissolution of small
grains, grain annealing, densi®cation and development
of a rigid solid skeleton. Under complete wetting con-
ditions, Kingery [21] considered contact ¯attening. How-
ever Petzow et al. [22] considered Ostwald ripening with
shape accommodation as an important mechanism of
second stage liquid phase sintering. During the early stage
of liquid phase sintering, the volume shrinkage (~V/Vo) is
related to time (t) by the following relation [21]:

4V=Vo � ty �1�

where y is close to unity and generally lies between 1 and
1.5. As evident from Fig. 4, the slope (y) of log~V/Vo vs
log t curve for both A10 and B2 are very close and are
�1 which corroborates with Eq. (1) and supports the
role of molten PbO as a sintering (liquid phase) aid for
both the cases. To ®nd out the role of excess MgO
(along with excess PbO), we have to appreciate that for

rearrangement [23] (either rearrangement 1 or rearrange-
ment II, where the former is the rearrangement of initial
particles and the latter is the rearrangement of the
grains after particle (aggregate) disintegration), wetting
of the solid by the melt is a necessary condition. Even
a very small amount (as low as 0.1%) of additive [23]
can drastically alter the liquid phase sintering by various
mechanisms like modifying the wetting characteristics,
forming a second phase, allowing rapid grain growth by
decreasing the grain boundary energy by the segregation
of the impurities at the grain boundaries, etc. Firstly,
the dissolution of some amount of MgO in PbO melt
was con®rmed by comparing the X-ray di�ractograms
of powdered PbO+2wt%MgO melt (after quenching)
and pure PbO powder. We found that the character-
istics peaks of PbO have been shifted slightly towards
the higher angle (Fig. 5) in case PbO+MgO melt; of
course, some amount of unreactedMgO was also present
as evident from the X-ray di�ractograms. Secondly, the
role of dissolved MgO on the surface tension of the melt
(and hence wetting) and its consequent e�ect on sinter-
ing, if any, in our case is negligible because the same
powder of larger particle size (batch B) can be densi®ed
by adding PbO only and there is no exaggerated e�ect
of MgO plus PbO on densi®cation during the liquid
phase sintering of such coarse powder (Table 1). At the
same time, when the powder of batch B was ground to
around the particle size of batch A powder, we observed
that the sintering behaviour of such ground powder was
similar to that of batch A powder.

To ®nd out the e�ect of viscosity of the liquid melt (if
any) on sintering, we melted powders of pure PbO and
PbO plus l, 1.5 and 2wt% MgO (assuming very little
solubility of MgO in molten PbO at 950�C during the
rearrangement period, the latter being quite short) in
dense alumina crucibles at 950�C and poured the melts
(or melts plus undissolved particles) on a smooth stain-
less steel plate. We found qualitatively that the ¯uidity
of the PbO plus MgO melts was higher than that of the
pure PbO melt. The higher ¯uidity of PbO plus MgO
melts in comparison to pure PbO melt is quite expected
[24] as glasses can be made with PbO as a major con-
stituent where PbO acts as a network former; MgO dis-
solved in PbO melt should act as a network modi®er
and lower the viscosity. It is to be noted that other than
surface tension of the liquid phase the viscosity also
plays an important role in the liquid phase sintering
because, in an ideal case, the in®ltration distance (k) of a
melt into a capillary is parabolic with time (t) and can
be described by Washburn model [25] as given below:

k2=t � 
LVdcos�=4� �2�

where gLV is the surface free energy of the liquid±
vapour interface, d is the diameter of the capillary, � is
the wetting angle and � is the viscosity of the melt. Also,

Fig. 4. Logarithmic plot of volume shrinkage vs isothermal sintering

time (at 950�C) for A10 and B2 PMN compositions.
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for a viscous liquid in motion, the liquid near the sur-
face cannot keep up with the advancing front so that a
higher dynamic contact angle [26] develops. In our case,
for batch B powders, due to larger capillary size (as the
particle size is large), the pure PbO melt of relatively
lower ¯uidity can easily penetrate inside the capillaries
and exert capillary pressure leading to rearrangement
and densi®cation. For ®ner batch A powders only, the
more ¯uid PbO melt containing some dissolved MgO
can penetrate the ®ne capillaries and lead to rearrange-
ment and densi®cation. The nearly identical slopes of
densi®cation curves for A10 and B2 samples (Fig. 4)
also indicate that the intrinsic parameters controlling

the rearrangement and shrinkage in both the cases are
identical. As shown in Fig. 3, batch A powder can also
be sintered by adding only PbO provided the latter is
quite high (10wt%) in amount. In this case, along with
the capillary suction, the additional ¯uid pressure due to
large amount of molten lead oxide formed at the sinter-
ing temperature can be suf®cient to force the liquid
inside the capillaries leading to densi®cation. However,
as expected for liquid phase sintering, there is generally
an optimum amount of liquid, as observed by other
workers [27,28] too, above which the densi®cation goes
down (Fig. 3).

To see the e�ects of the sintering aids on the ®nal
dielectric properties, both A10 and B2 samples after
sintering at 950�C for 30min were annealed at 800�C
(10 h) for homogenization [15]. The dielectric behaviour
of A10 and B2 samples has been depicted in Fig. 6(a) and
(b) (dissipation factor for both the samples were within

Fig. 5. X-ray di�ractograms of powdered (a) PbO+2wt%MgO melt

and (b) pure PbO melt after quenching.

Fig. 6. Temperature dependence of weak ®eld permittivity of (a) A10

and (b) B2 samples for various measuring frequencies.
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0.003±0.008 at room temperature). The sample B2
shows higher peak dielectric constant in comparison to
sample A10. The scanning electron micrographs of the
fracture surfaces of sintered A10 and B2 samples
(Fig. 7 (a) and (b)) indicate that the average grain size
of both the samples are identical although the initial
particle size of B2 powder was much larger than that
of A10 powder. Such observation is not unusual if we
remember that during rearrangement II [23] (discussed
earlier), there is disintegration of the particles. It is to be
noted that the apparently large particles of batch B
powder (and to some extent batch A powder) are some
form of grain aggregates which is evident from the SEM
of the fracture surface of a batch B PMN sample (with-
out any excess PbO) ®red at 950�C/30min (Fig. 8); the
latter showed practically no shrinkage due to absence of
PbO additive and hence the grains in the microstructure
re¯ect the particle morphology of the starting powder. It
seems that in our case, the lower dielectric constant of

sample A10 is primarily due to the presence of impurity
pyrochlore phase (present in the starting powder due to
lower calcination temperature of MN (discussed ear-
lier)). However, a little excess PbO was present in all the
samples; considering the volatilization loss (for 900�C/
30min schedule), the excess PbO present in the samples
was calculated to be in the range of 0.09±0.15wt%.

4. Conclusion

1. It has been observed thet PbO (2±5wt%) is a good
sintering aid for the low temperature rapid sinter-
ing (950�C, 30min) of PMN provided the initial
particle (aggregate) size of the PMN powder is
high (around 16±17 mm average size or more).

2. For ®ner (<16 mm) PMN powder an excess (1±
2wt%) MgO along with the same amount (2±
5wt%) of excess PbO is needed to achieve the
desired densi®cation during low temperature rapid
sintering of PMN.

3. The role of excess MgO (along with the excess
PbO) is to increase the ¯uidity of the liquid phase
at the sintering temperature so that the liquid can
easily penetrate the ®ner capillaries (for ®ner
powder in contrast with large capillaries for
coarse powder) and can exert the capillary pres-
sure leading to rearrangement and densi®cation.

4. The peak dielectric constant of the samples con-
taining excess MgO was found to be lower than
that of the samples containing zero excess MgO
primarily because of the fact that the MgO added
sample contains impurity pyochlore coming from
the starting ®ner powder owing to the low forma-
tion (calcination) temperature of MgNb2O6 from
their respective oxides.

Fig. 7. The scanning electron micrographs of the fracture surfaces of

(a) sintered A10 and (b) sintered B2 samples (sintered at 950�C/
30min).

Fig. 8. The scanning electron micrograph of the fracture surface of a

batch B PMN sample (without any PbO additive) ®red at 950�C/
30min.
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