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ABSTRACT 

 A two-stage sintering technique, which began with an initial heating at lower 
temperature and followed by higher temperature sintering, was employed in the production 
of PMN-PT ceramics prepared by a corundum route. Effects of designed sintering 
conditions on phase formation, microstructure and dielectric properties of the samples 
were characterized via X-ray diffraction (XRD), scanning electron microscope (SEM) and 
dielectric measurement, respectively. The types of phase present are found to depend upon 
sintering conditions.� The grains are similar in shape. Micrograph shows a few pores at 
triple points. In addition, it is seen that the PMN-PT samples also have an intergranular 
fracture mechanism. In connection with the dielectric properties, a dependence of the 
dielectric constant and dielectric loss on sintering scheme is observed.�Moreover, this work 
demonstrated that under suitable two-stage sintering schemes, perovskite PMN-PT 
ceramics can be successfully achieved with better dielectric properties than those of 
ceramics from a conventional method. 

Keywords: Lead magnesium niobate-lead titanate; perovskite; two-stage sintering; 
dielectric properties 

1. Introduction

 In relaxor ferroelectrics, such as several perovskite-type compounds, lead 
magnesium niobate (PMN), lead strontium titanate (PST) and lead zinc niobate (PZN) 
attract considerable interest owing to rich diversity of their physical properties and 
possible applications in various technological schemes (Moulson and Herbert, 2003 and 
Uchino, 2000). One of the difficulties with most composition containing lead and niobate 
is a tendency of the formation of pyrochlore-type rather than perovskite-type structures 
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with lower relative permittivity values (Moulson and Herbert, 2003). The addition of lead 
titanate (PT) helps to improve the yield of perovskite phase. Moreover, these compositions 
exhibit excellent machinability and high dielectric properties and have been applied in area 
such as multilayer capacitors and electrostrictive actuators (Cross, 1996 and Guha, 2003).  

From the point of view of these applications, the ideal materials would provide a 
high dielectric constant over the operational temperature range. The main problem to the 
commercial exploitation of lead-based perovskite arises from processing difficulties, 
corresponding to PbO vapor during sintering and low density. Swartz et al., 1984 as well 
as Guha et al., 1988, Wongmaneerung et al., 2008 have been made to enhance processing 
techniques to develop materials with properties approaching application requirement. 
Besides using these methods, the modified sintering technique is one way to help improve 
ceramic densification. This technique is a complicated process of microstructure evolution, 
with the main outcome being porosity elimination. In practice, sintering is a crucial stage 
which can significantly affect the densification and the dielectric properties of the ceramics 
more strongly than the choice of reaction precursors. Moreover, in past years, only a few 
works on the preparation of PMN powders by using a corundum Mg4Nb2O9 precursor have 
been reported. Joy and Sreedhar (1997) reported that for the synthesis of the relaxor type 
PMN, Mg4Nb2O9 is a better precursor than the columbite MgNb2O6 presented by Swartz et 
al. (1984) to get rid of the unwanted pyrochlore phase from the final perovskite. 

According to Wongmaneerung et al. (2009), a combination between the B-site 
precursor and the two-stage sintering technique has been proposed to achieve densification 
of PMN ceramics. Furthermore, this method has been successfully applied in production of 
lead titanate (Wongmaneerung et al., 2009). However, no work has been done on the 
investigation of the use of two-stage sintering PMN-PT ceramic. Therefore, in the present 
study, a two-stage sintering method has been attempted to fabricate the relaxor perovskite 
PMN-PT ceramics. The influence of doubly sintering conditions on phase formation, 
microstructure and dielectric properties of the ceramics is investigated. 

2. Experimental procedure

 The (1-x)PMN-xPT powders with x = 0.1-0.5 were prepared using the corundum 
precursor route, and their processing details were described by Wongmaneerung et al. 
(2007, 2009). In the mixing, the calculated relevant proportions of constituents were 
weighed, suspended in ethanol, and intimately mixed in a ball-mill with grinding media. 
After drying, the (1-x)PMN-xPT powders were obtained at 850 oC for 2 h. After re-milling, 
ceramic fabrication was achieved by adding 3 wt% polyvinyl alcohol (PVA) binder and 
sample pellets were obtained by uniaxial pressing and the binder was burned out at 500 oC
for 1 h prior to sintering. The green bodies were sintered in a sealed system. The samples 
were surrounded with PbTiO3 to reduce loss of volatile components. Two sets of the first 
sintering temperature (T1) were assigned for the two-stage sintering case: 1100 and 1150 
oC for 2 h. The second sintering temperature (T2) at 1200 oC for 2 h was carried out for 
each case. 
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 The phase structures for all samples were examined by an XRD, using Cu K�
radiation. The densities of all samples were determined using the Archimedes’ method. 
Weight loss of all sintered samples was measured from the weight change (�w) with 
respect to the original weight (wo) before sintering. The as-sintered and fracture surfaces of 
sintered pellets were determined by SEM analysis. Dielectric measurement was operated 
on an automated system, composed of a HP4824A Precision LCR meter, a Delta 9023 
automated temperature-controlling box and computer automated control program. Five 
frequencies (1 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz) were selected to measure the 
dielectric constant and loss and the temperature ranges were -50 to 200 oC.

3. Results and discussion 

 To ensure the quality of the perovskite phase, the (1-x)PMN-xPT samples were X-
rayed to check the relative amount of perovskite formed. Fig. 1(a) and (b) show the XRD 
profiles of compositions with x = 0.1-0.5 sintered at 1100/1200 oC and 1150/1200 oC,
respectively and reveal that no pyrochlore phase exists. The {111} and {200} reflection 
lines were found to become broader or split with PT increasing, indicating that a phase 
transition occurs. Moreover, a careful observation showed only a pseudo-cubic symmetry 
at low PT concentration, in agreement with Suh et al. (2002) as well as Fengbing et al. 
(2004). By comparison to PMN-PT ceramics sintered at 1150/1200 oC, the XRD patterns 
of these samples were found to split at lower PT value as shown in Fig. 1(a) and (b). One 
possible reason could be due to the higher first temperature (T1 = 1150 oC) leading to peak 
splitting. This is probably because the energy is high enough to make the reaction between 
PMN and PT and induce the PT phase into PMN phase more easily than using low first 
temperature. The XRD results clearly show that, in general, the different sintering 
conditions used for preparing PMN-PT ceramics gave rise to a different phase formation in 
this material. 

 Table 1 also presents the relative density, weight loss and grain size data of the 
two-stage sintered PMN-PT samples compared with conventional case that was completed 
by Wongmaneerung et al. (2009). The two-stage sintered PMN-PT densification was 
found to increase with first firing temperature and PT concentration, which could be due to 
lower melting point of PT compared to PMN (Udomporn, 2004). Density values between 
7.62 and 7.94 g/cm3 were obtained after sintering at 1100/1200 oC and 1150/1200 oC,
respectively. Weight losses of all PMN-PT ceramics during sintering procedure can be 
thought of as a measure of the degree of PbO volatilization. This was analyzed by 
recording the weight before and after sintering procedure. In general, the weight loss 
increases with sintering temperature. Furthermore, in Table 1, it can be seen that grain 
sizes of PMN-PT ceramics sintered with two-stage sintering method are slightly larger 
than those obtained in conventional sintering technique. This observation shows that the 
energy from two-stage sintering temperature was used for accelerate the grain growth 
which is different from Wang et al. (2006).

 As sintered and fracture surface SEM micrographs of 0.9PMN-0.1PT and 0.7PMN-
0.3PT samples doubly sintered with different schemes are shown in Fig. 2 and 3, 
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respectively. Cleary, the free surface microstructure of these samples is significantly 
different from those of the normal sintering (Wongmaneerung, 2009). From Fig. 2a(i), it 
can be noted that the microstructure consists of small matrix grains of about 0.3 µm and 
abnormally growth grains of about 3.7 µm. In this respect, it has occurred at T1 of about 
1100 oC due to the resultant acceleration in material transfer as observed by Matsuo and 
Sasaki (1971), Lee et al. (2000). Other possible reason is small matrix grains can be 
inhibited by the presence of second phase inclusion (Lee and Rainforth, 1994) such as 
MgO-rich phase as shown in Fig. 2a(ii). Therefore, grain growth is suppressed during the 
sintering process similar to the results observed by Wongmaneerung, 2009. According to 
Chung et al. (2002), Seo and Yoon (2005), it is possible that small amount of MgO is 
dissolved in the PbO-rich liquid or PMN-PT at high firing temperature, and its segregation 
at the grain-liquid interface and grain boundary may have made their step energies finite 
and hence made them sufficiently singular to cause abnormal grain growth. It was 
recognized that the XRD data alone could neither confirm nor rule out the presence of 
MgO because the high intensity XRD peak of MgO at d200 = 2.106 Å is almost 
overlapped by the perovskite PMN peak at d200 = 2.03 Å (Guha, 1999). However, to 
answer this question, the TEM technique can be used to examine the crystallographic 
orientation of the grain. When the 0.9PMN-0.1PT powder compact was sintered at 
1150/1200 oC (Fig. 2b(i) and (ii)), the fine matrix grains were completely replaced by a 
new set of abnormally grown coarse grains. It can be seen that a high degree of porous 
surface is occurred and can be explained by PbO vaporization at high temperature. 
However, there is no presence of pores in fracture surface (Fig. 2b(ii)). Furthermore, Fig. 2 
a(ii) and b(ii) show the fracture surface of 0.9PMN-0.1PT sintered at 1100/1200 oC and 
1150/1200 oC, respectively. It can be seen that the form of small dark spherical particles 
(MgO phase) is randomly distributed in the solid solution matrix. The presence of MgO 
phase indicates their poor homogeneity due to the limitation of a mixed oxide processing. 
MgO inclusions correspond to dark particles, which can be found on the surfaces of some 
PMN-PT grains as shown in Fig. 3. Their corresponding EDX spectra are given in Fig. 4. 
It is to be noted that the characteristic morphology of MgO dispersed in PMN grains is 
consistent with previous work by Guha [23]. According to TEM observation by Goo et al. 
(1986), MgO tends to be segregated in the PMN grains as submicrometer inclusions and 
this segregation leads to a shortage of MgO on the whole, a situation liable to affect the 
formation of pyrochlore phase. By comparison between 0.9PMN-0.1PT and 0.7PMN-
0.3PT samples sintered at the same temperature, the fracture mode of 0.9PMN-0.1PT 
ceramics is an intergranular because the clear grain boundaries can be observed. On the 
other hand, with increasing PT content, the grain boundary in the fracture surface became 
obscure as shown in Fig. 3 a(ii) and b(ii), and the fracture changed from intergranular to 
transgranular surface. The experimental work carried out here suggests that complex 
perovskite (1-x)PMN-xPT ceramics with a high degree of grain packing microstructures 
can be achieved by sintering powders derived from the B-site (Mg4Nb2O9) precursor 
method. 

Dielectric properties of 0.9PMN-0.1PT and 0.7PMN-0.3PT ceramics doubly 
sintered at various conditions were measured at frequencies between 100 Hz and 1 MHz in 
the temperature from -50 to 200 oC as shown in Fig. 5 and 6, respectively. In general, the 
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typical relaxor behavior (Moulson, 2003) with the characteristics dispersive frequency 
dependence of the dielectric maxima has been observed in 0.9PMN-0.1PT. The values of 
maxima dielectric constant (�max) with different frequencies at T = Tm for all samples were 
shown in Table 2, where Tm is the character temperature when � reaches maximum. Fig. 
5(a) and (b) shows a comparison of the dielectric of 0.9PMN-0.1PT ceramics two-stage 
sintered at 1100/1200 oC and 1150/1200 oC. It is easily found that the maxima dielectric 
constant versus temperature plots increase noticeably with increase in the first sintering 
temperature. Similar trend is also observed for Tm and tan�m. Moreover, the maximum of 
the dielectric constant decreases with increasing frequency, while that of the dielectric loss 
increases. Unlike the normal ferroelectric, the dielectric behavior of 0.9PMN-0.1PT 
ceramics cannot be described by the Curie-Weiss law equation. Further increase in PT 
concentration lead to more observable normal ferroelectric behavior because PT is 
intrinsically a normal ferroelectric according to Park and Shrout (1997). More 
interestingly, the 0.9PMN-0.1PT sample sintered at 1100/1200 oC showed one broad peak, 
whereas the 0.9PMN-0.1PT sample sintered at 1150/1200 oC had two peaks. One peak, at 
30 oC, was stronger in intensity, and originated from the pure 0.9PMN-0.1PT solid 
solution grain core; the second, at 50 oC, caused by the chemical heterogeneity in the grain 
shell and gradient regions as the same results was observed by Park and Kim (1997). 
Furthermore, this behavior can be cause by the two-stage sintering mechanism. Even 
though exact mechanism of the dielectric behavior observed here is not well established 
and was not clearly observed by SEM to support the core-shell concept. In future work, 
HRTEM and Synchrotron techniques should be used to determine exact structure.  For 
instance, the dielectric properties of 0.7PMN-0.3PT ceramics sintered at 1100/1200 oC and 
1150/1200 oC (as displayed in Fig. 6(a) and (b)) exhibit a mixture of both normal and 
relaxor characteristics, in which the transition temperature is not shifted as much as for 
0.9PMN-0.1PT samples. According to Noheda et al. (2002), Politova et al. (2003), it 
should be noted that 0.7PMN-0.3PT ceramic is close to MPB of the PMN-PT system. 
Therefore, its structural symmetry is a mixture of pseudo-cubic and tetragonal. More 
interestingly, it can be seen that there is a small broadening peak occurring at room 
temperature in 0.7PMN-0.3PT samples sintered at both case. Shrout et al. (1990) attributed 
similar dielectric anomalies to the rhombohedral to tetragonal phase transition in sample of 
lower Ti composition (30-35% PT) and a slight curvature in the MPB. Since the densities 
of the two ceramics are slightly different, this indicates that density could be the 
controlling factor for such observation. Besides higher density, the presence of MgO is one 
reason to enhancement of the dielectric constant of PMN-PT ceramics, as also observed by 
Lu and Lee (1995). 

4. Conclusions 
The potential of a combination between the B-site precursor and the two-stage 

sintering technique has been proposed to achieve dense and pure perovskite PMN-PT 
relaxor ceramics. They possess very high dielectric constants and fundamental dielectric 
properties which can be greatly varied by composition and sintering condition. This work 
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demonstrated that two-stage sintering can effectively suppress the grain growth in PMN-
PT system.  

Acknowledgements 

 This work was supported by the Thailand Research Fund (TRF), Commission on 
Higher Education (CHE), and the Faculty of Science of Maejo University.

References

Chung, U.J., Park, J.K., Hwang, N.M., Lee, H.Y., Kim, D.Y., 2002. Effect of grain 
coalescence on the abnormal grain growth of Pb(Mg1/3Nb2/3)O3�35 mol% PbTiO3

ceramics. J. Am. Ceram. Soc. 85, 965–968.

Cross, L.E., 1996. Ferroelectric Ceramics: Materials and Applications Issues; in Ceramic 
Transactions, eds. Nair K. M. and Shukla V. N., Amercian Ceramic Society, Ohio, 
Westerville. 

Fengbing, S., Qiang, L., Haisheng, Z., Chunhong, L., Shixi, Z., Dezhong, S., 2004. Phase 
formation and transitions in the lead magnesium niobate-lead titanate system. 
Mater. Chem. Phys. 83, 135–139.

Goo, E., Yamamoto, T., Okazaki, K., 1986. Microstructure of lead-magnesium niobate 
ceramics. J. Am. Ceram. Soc. 69, C188–C190.

Guha, J. P., 1999. Reaction chemistry and subsolidus phase equilibria in lead-based relaxor 
systems: Part I Formation and stability of the perovskite and pyrochlore 
compounds in the system PbO-MgO-Nb2O5. J. Mater. Sci. 85, 4985–4994.

Guha, J. P., 2003. Effect of compositional modifications on microstructure development 
and dielectric properties of Pb (Mg1/3Nb2/3)O3-PbTiO3 solid solutions. J. Eur. 
Ceram. Soc. 23, 133–139.

Guha, J. P., Hong, D.J., Anderson, H.U., 1988. Effect of excess PbO on the sintering 
characteristics and dielectric properties of Pb(Mg1/3Nb2/3)O3–PbTiO3 based 
ceramics. J. Am. Ceram. Soc. 71, C152–C154.

Joy, P.A., Sreedhar, K., 1997. Formation of lead magnesium niobate perovskite from 
niobate precursors having varying magnesium content. J. Am. Ceram. Soc. 80, 
770–772.

Lee, H.Y., Kim, J.S., Hwang, N.M., Kim, D.Y., 2000. Effect of sintering temperature on 
the secondary abnormal grain growth of BaTiO3. J. Eur. Ceram. Soc. 20, 731–737.

Lee, W.E., Rainforth, W.M., 1994. Book of Microstructure, Chapman & Hall, London. 
Lu, C.H., Lee, J.T., 1995. Influence of Columbite MgNb2O6 on the perovskite formation 

and microstructure of Pb(Mg1/3Nb2/3)O3 ceramics. J. Ceram. Soc. Jpn. 103, 1122–

1128.
Lu, C.H., Yang, H.S., 2001. Development of fast formation process for synthesizing 

submicron lead magnesium niobate perovskite powder. Mater. Sci. Eng. B 84, 159–

162.



75 

Matsuo, Y., Sasaki, H., 1971. Exaggerated grain growth in liquid�phase sintering of 
BaTiO3. J. Am. Ceram. Soc. 54, 471.

Moulson, A.J., Herbert, J.M., 2003. Electroceramics, second ed. Wiley, Chichester. 
Noheda, B., Cox, D.E., Shirane, G., 2002. Phase diagram of the ferroelectric relaxor (1-

x)PbMg1/3Nb2/3O3-xPbTiO3. Phys. Rev. B 66, 054104–05413. 
Park, S.E., Shrout, T.R., 1997. Relaxor based ferroelectric single crystals for electro-

mechanical actuators. Mater. Res. Innov. 1, 20–25.
Park, Y., Kim, H.G., 1997. Dielectric temperature characteristics of cerium�modified 

barium titanate based ceramics with core-shell grain structure. J. Am. Ceram. Soc. 
80, 106–112.

Politova, E.D., Abdulova, A.S., Kaleva, G.M., Shvartsman, V.V., 2003. Processing, 
dielectric and piezoelectric properties of the PbTiO3-Based Ceramics. 
Ferroelectrics 285, 251–257.

Seo, C.E., Yoon, D.Y., 2005. The effect of MgO addition on grain growth in PMN–35PT. 
J. Am. Ceram. Soc. 88, 963–967.

Shrout, T.R., Chang, Z.P., Kim, N., Markgraf, S., 1990. Dielectric behavior of single 
crystals near the (1-x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 morphotropic phase boundary. 
Ferroelect. Lett. 12, 63–69.

Suh, D.H., Lee, D.H., Kim, N. K., 2002. Phase developments and dielectric/ferroelectric 
responses in the PMN–PT system. J. Eur. Ceram. Soc. 22, 219–223.

Swartz, S.L., Shrout, T.R., Schulze, W.A., Cross, L.E., 1984. Dielectric properties of lead 
magnesium niobate ceramics. J. Am. Ceram. Soc. 67, 311–314.

Uchino, K., 2000. Ferroelectric Devices, Marcel Dekker, New York. 
Udomporn, A., Ananta, S., 2004. Effect of calcination condition on phase formation and 

particle size of lead titanate powders synthesized by the solid-state reaction. Mater. 
Lett. 58, 1154–1159.

Wang, X.-H., Chen, P.-L., Chen, I.-W., 2006. Two-step sintering of ceramics with constant 
grain-size, I. Y2O3. J. Am. Ceram. Soc. 89, 431–437.

Wongmaneerung, R., Sarakonsri, T., Yimnirun, R., Ananta, S., 2006. Effects of 
magnesium niobate precursor and calcination condition on phase formation and 
morphology of lead magnesium niobate powders. Mater. Sci. Eng. B 130, 246–253.

Wongmaneerung, R., Yimnirun, R., Ananta, S., 2007. Effects of sintering condition on 
phase formation, microstructure and dielectric properties of lead titanate ceramics. 
Appl. Phys. A 86, 249–255.

Wongmaneerung, R., Yimnirun, R., Ananta, S., 2009. Effect of two-stage sintering on 
phase formation, microstructure and dielectric properties of perovskite PMN 
ceramics derived from a corundum Mg4Nb2O9 precursor. Mater. Chem. Phys. 114, 
569–575.

Wongmaneerung, R., Yimnirun, R., Ananta, S., 2009. Synthesis and electrical properties 
of Pb(Mg1/3Nb2/3)O3–PbTiO3 ceramics. Curr. Appl. Phys. 9, 268–273.

List of Table Captions 



76 

Table 1 Physical properties of (1-x)PMN-xPT ceramics from two-stage sintering 
conditions.

Table 2 Dielectric properties of (1-x)PMN-xPT ceramics. 

List of Figure Captions

Fig. 1 XRD patterns of (1-x)PMN-xPT ceramics sintered at (a) 1100/1200 oC and (b) 
1150/1200 oC.

Fig. 2 SEM micrographs of 0.9PMN-0.1PT ceramics sintered at (a) 1100/1200 oC and (b) 
1150/1200 oC.

Fig. 3 SEM micrographs of 0.7PMN-0.3PT ceramics sintered at (a) 1100/1200 oC and (b) 
1150/1200 oC.

Fig. 4 Representative EDX spectra obtained from the dark particles (arrowed in Fig. 3a 
(ii)) exist on the fracture of 0.9PMN-0.1PT grains (some spectra indexed as Au come from 
coated electrode). 

Fig. 5 Temperature and frequency dependences of dielectric properties of 0.9PMN-0.1PT 
ceramics sintered at (a) 1100/1200 oC and (b) 1150/1200 oC.

Fig. 6 Temperature and frequency dependences of dielectric properties of 0.7PMN-0.3PT 
ceramics sintered at (a) 1100/1200 oC and (b) 1150/1200 oC.
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Table 1 

T1/T2
(ºC for 2 h)

Composition 
(x)

Densitya

(g/cm3)
Weight lossb

(%) 
Grain-sizec

(µm) 
1100/1200 

1150/1200 

1240 [13] 

1220 [13] 

0.1 
0.2 
0.3 
0.4 
0.5 
0.1 
0.2 
0.3 
0.4 
0.5 
0.1 
0.2 
0.3 
0.4 
0.5 

7.62 
7.66 
7.84 
7.81 
7.86 
7.79 
7.73 
7.85 
7.90 
7.94 
7.98 
7.94 
7.86 
7.83 
7.78 

8.54 
8.32 
8.41 
8.65 
8.60 
9.63 
9.55 
9.62 
9.43 
9.48 

12.75 
12.54 
12.23 
12.37 
12.46 

0.31-3.73 
0.42-3.80 
0.45-3.82 
0.53-3.98 
0.55-4.12 
0.73-4.01 
0.96-4.01 
1.46-4.12 
1.55-5.76 
3.01-8.32 
0.42-3.66 
0.44-3.02 
0.41-2.80 
0.41-3.45 
0.48-3.72 

aThe estimated precision of the density is ± 0.05 g/cm3

bThe estimated precision of the weight loss is � 0.1%. 

cThe estimated precision of the grain size is ± 0.05  m 

Table 2 

T1/T2

(ºC for 2 h) 

Composition 

(x)

Tm

(�C)

Dielectric Propertiesa

�r,max tan �max 

1100/1200 

1150/1200 

0.1 

0.3 

0.1 

0.3 

26.2 

160 

30 

162 

14750 

12380 

23245 

18745 

0.08 

0.18 

0.06 

0.08 

aMeasured at 25 ºC and 1 kHz 
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