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Perovskite phase formation in the 
PblVlglnNb 3 03-PbZrO3-PbTiO  system 
by the columbite route 
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Instituto de Cer#mica y Vidrio (CSIC), Electroceramics Department, 
28500 Arganda del Rey, Madrid, Spain 

The reaction mechanism of PbMgl/3Nb2/303-PbZrO3-PbTi03 (PMN-PZT) perovskite phase 
prepared by the columbite route has been studied in the temperature range from 600 to 
800 ~ The effects of heating and cooling rate during the calcination of 3PbO 
+ MgNb206 + PZT powder mixtures have also been investigated. Nearly pure perovskite 

phase, 0.9 PMN-0.1 PZTsolid solution with no pyrochlore phase, as determined by X-ray 
diffraction, could be prepared at 800 ~ for 2 h. From DTA/TGA, dilatometry and XRD data 
the reaction mechanism of PMN-PZT solid solution formation could be divided into three 
steps: (i) decomposition of columbite (MgNb206) by reacting with PbO at 350 to 600 ~ (ii) 
the formation of a B-site-deficient pyrochlore phase Pb2Nbl.33Mgo.1705.5o at close to 650~ 
and (iii) the formation of perovskite phase PMN-PZT solid solution from the reaction of 
Pb2Nb1.33Mgo.1705.50 pyrochlore phase with MgO and PZT above 650 ~ 

1. I n t r o d u c t i o n  
Considerable effort to clarify the reactions occurring 
in the formation of Pb(Mgl/aNb2/3)03 (PMN) has 
been expended by a number of researchers I-1-7]. In a 
general manner the results reported by the major 
contributors agree that the cubic pyrochlore phase 
Pb3Nb4013 (PAN2) is the first product to be formed, 
between 500 and 600 ~ when the mixed oxide tech- 
nique was used [1-5]. A second stage takes place 
between 600 and 700~ in which the PbaNbr 
reacts with PbO to give a rhombohedral pyrochlore, 
PbzNb20 7 (PzN) according to the results of Inada 
[1], a Pb-rich cubic pyrochlore phase PbaNb20 8 
(P3 N) in the sequence reported by Lejeune and Boilot 
[2] or a rhombohedral pyrochlore phase with formula 
PbsNb401 s (PsNz) as reported by Bouquin et al. [3]. 
Above 700 ~ the different reported pyrochlore phases 
reacted with MgO to give the PMN cubic perovskite 
phase. Dambekalne and co-workers [5, 6] reported a 
different reaction sequence in the binary PbO-Nb20 5 
system. The low-temperature cubic pyrochlore phase 
P3N2 was not detected but only the rhombohedral 
pyrochlore P2 N one. 

According to the results reported by Swartz and 
Shrout [4], when an intermediate step like the pre- 
reacting of MgO and Nb/O 5 to give MgNb20 6 (col- 
umbite) is used, the subsequent reaction with PbO 
leads to almost pyrochlore-free ( < 5%) PMN phase, 
and Guha and Anderson [7] also reported the pre- 
paration of pure PMN by starting from an inter- 
mediate compound like the cubic pyrochlore 
Pb3Nb208. On the other hand, if a sol-gel route is 
chosen for PMN synthesis, as reported by Chaput 

et al. [8], progressive MgO insertion into a B-site- 
deficient cubic pyrochlore led to the formation of 
PMN perovskite phase just above 700~ 

It seems obvious that the cubic perovskite PMN 
phase can be synthesized by the solid-state reaction 
3PbO + M g O  + NbzO5--~Pb(Mgl/3Nb2/3)03, and 
that such a reaction cannot proceed in only one step. 
In a powder mixture of the reactant oxides three types 
of intergranular contact point exist and, at these, those 
intermediate products having the lowest formation 
enthalpy will be formed first and then further react to 
form PMN as the final reaction product. At the end of 
this reaction process an unwanted pyrochlore phase, 
very difficult to eliminate, persists along with the 
perovskite phase. Rigorous control of the different 
processing parameters influencing the reaction kin- 
etics will help to minimize or even avoid the formation 
of the undesirable pyrochlore phase. 

It is well known that the presence of that pyrochlore 
phase, even in small quantities, has a negative effect on 
the dielectric properties of PMN ceramics [9]. As lead 
magnesium niobate is a very promising candidate for 
use as multilayer capacitors, its reliability will be 
conditioned by those parameters which detrimentally 
affect the properties such as dielectric constant, dielec- 
tric losses and volumetric efficiency. Therefore, once a 
well synthesized PMN powder is achieved it becomes 
necessary to control other processing parameters in 
order to obtain adequate and reproducible sintering- 
microstructure-properties relationships. 

The goals of the present work were (a) to investigate 
the subsolidus compatibility between various 
phases in the quinary system PbO-MgO-Nb20 s- 
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TiO2-ZrO 2, and (b) to study the reaction kinetics of 
PMN formation in a composition 0.9PMN-0.1PZT 
containing an excess of PbO by using the columbite 
route. 

2. Experimental procedure 
In all cases the materials were prepared from powders 
of a mixture of lead oxide ( > 99.8 pure from Merck, 
Germany), a high specific surface ( > 13 m2g -1) pre- 
reacted lead zirconate titanate (PZT), and a pre- 
synthesized columbite, MgNb20 6 (MN). The 
PMN-PZT powder mixture preparation consists of 
two stages: in the first one MgNbzO 6 was prepared by 
reaction of Nb/O 5 powder (Fluka Buchs, Switzerland) 
with MgO powder (Fisher Scientific, Pittsburg) (both 
of them 99.99% pure) at 1000~ for 4 h, attrition 
milling for 2 h and drying. At end of this preparation 
process the specific surface of the synthesized 
MgNb20 6 powder was 2.8 m2g -1. In the second 
stage a mixture of PbO and prereacted PZT was 
added to the columbite powder, attrition-milled for 
2 h in ethanol and slowly dried in an oven. The 
PMN-PZT composition contained 10mol% PZT 
and, in this last, the PZ/PT ratio was 40/60. Also an 
excess of 4.1 wt %o PbO was added. 

One part of the powder mixture containing the 
appropriate amounts of PbO, PZT and MgNb/O 6 
was taken to study PMN-PZT solid-solution reac- 
tion formation by the following schedule. (a) The 
powders were first placed in a small platinum crucible 
and subjected to the reaction terfiperature in a pre- 
heated furnace. The heat treatments were carried out 
in air at a fixed temperature between 600 and 800 ~ 
After subjecting the samples to the different reaction 
temperatures they were air-quenched and ground. 
Finally (b) the small platinum crucibles containing the 
powders were placed in a furnace and heated at a 
controlled rate of 240 ~ h-  1, followed by cooling in 
the furnace. 

The phase composition of the reaction products was 
determined by X-ray diffraction analysis (XRD) (Siem- 

ens  D-5000 diffractometer, CuK, radiation, 40 kV, 
50mA). Although Nb2Os-MgO-PbO-TiO2-ZrO2 
is a very complex system, the different phases formed 
during PMN formation are characterized by good 
symmetry and, therefore, the intensity of the diffrac- 
tion lines could be used to estimate the progress of the 
reaction. In this way, the equation X~ = Kljlo~ was 
used to calculate the approximate concentration of the 
different phases (X~ = phase concentration, I i 
= intensity of the diffraction line for the phase i in the 

reaction product, Ioi = intensity for the same diffrac- 
tion line in the pure phase, K = constant). The diffrac- 
tion lines (1 1 1), (1 1 3), (222) and (1 1 0) were used for 
PbO, MgNb20 6 (columbite), P y M N  (pyrochlore 
phase) and PMN (perovskite phase), respectively. In 
order to know which is the first reaction product to be 
formed during PMN formation, two complementary 
techniques were utilized: differential thermal and ther- 
mogravimetric analysis (DTA/TGA) (Mettler model 
TA-200) with AlzO 3 as a reference material, in air 
from 20 to 800 ~ and a heating rate of 8 ~ min- 1, 
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and dilatometry (Adamel Lhomargy DI-24 dilato- 
meter, Paris) with a heating rate of 5 ~ min- 1. 

On the other hand, to know the subsolidus phase 
compatibility in the quinary Nb20 s- 
MgO-PbO-TiOz-ZrO2 system several composi- 
tions, containing the end-members of the correspond- 
ing tie-lines, were heat-treated up to 800 ~ for several 
hours. At the end of the run the samples were air- 
quenched and the phases present were identified by 
XRD. These solid-phase compatibility experiments 
were carried out on the possible pseudobinary sec- 
tions PMN-Z, PMN-PZ, MN-PZ, MN-T, 
PMN-T, MN-PT and M4N-PT. 

3. Experimental results 
3.1. Subsolidus phase relations 
The subsolidus phase compatibility study was carried 
out on compositions previously calcined at 800 ~ for 
3 h, then milled, re-pressed and heated again at 800 ~ 
for 12 h. Under these experimental conditions neither 
appreciable PbO volatilization ( <  0.3%) nor melt 
formation took place, and thus a preliminary sub- 
solidus phase compatibility diagram, as shown in Fig. 
1 for the system PbO-MgO-Nb2Os-TiO2-ZrO2, 
could be established. 

According to our results two ternary compounds 
exist, perovskite Pb(Mgl/3Nb2/3)O 3 (PMN) and cubic 
pyrochlore Pb2Nbl.33Mg0.17Os.5o (PyMN). In close 
agreement with the previously reported results of 
Guha and Anderson [10], the perovskite is com- 
patible with both PbO and MgO and also with TiO 2 
and ZrO> However, it is not compatible with Nb205. 

TiO 2 

PbO Nb205 

ZrO 2 

Figure 1 Subsolidus phase compatibility in the quinary system 
PbO-MgO-Nb2Os-ZrO2-TiO 2 at 800 ~ 



3.2. PMN-PZT solid solution formation 
3.2.1. Differential thermal analysis 
Fig. 2 shows the DTA/TGA curves obtained for the 
PbO, MgNb206 and PZT powder mixture. An endo- 
thermic peak at l l0~  attributed to the loss of 
residual humidity water was present, and an exother- 
mic effect at about 160~ due to the combustion of 
some residual organic solvent was also detected. A 
small endothermic peak at 280 ~ could be due to the 
removal of some residual hydroxyl groups in the 
powder mixture. Between 340 and 600~ a wide 
endothermic process was shown which is attributed to 
the reaction of PbO with the columbite MgNb20 6. At 
about 600 ~ such an endothermic reaction was com- 
plete and a clear pyroch!ore phase formation, evid- 
enced by the exothermic peak between 600 and 700 ~ 
emerged. Above 700 ~ an endothermic reaction pro- 
cess attributed to the perovskite P M N  formation took 
place which, apparently, finished at about 850 ~ 

3.2.2. Dilatometry 
Fig. 3 shows the dilatometric curve obtained on a 
compacted 3 P b O - M g N b z O 6 - P Z T  powder mixture 
in the temperature range 20 to 800~ A strong 
expansion between 400 and 620 ~ followed by an 
intense thermal shrinkage at 630 to 750 ~ mainly 
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Figure 2 DTA/TGA curves at constant  heating rate of 8 ~ m i n -  1 
for the 3PbO M g N b z O 6 - P Z T  powder mixture. 
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Some results contradicting those reported by Guha 
and Anderson [10] were found. For  example, PbTiO 3 
is not compatible with either MgNb206 or 
Mg4Nb2Og, and the reaction between these phases 
leads to the formation of ternary pyrochlore PyMN 
and TiO2. In the same way PbZrO 3 is not compatible 
with the two above niobates. The hatched lines in Fig. 
1 indicate complete solid solutions between the end- 
member phases P M N - P Z ,  P Z - P T  and P M N - P T .  
The subsolidus phase relationships shown in Fig. 1 
also incorporate the results of Guha and Anderson 
[10] on the quaternary system PbO 
MgOZNb2Os-TiO2 . 

�9 Figure 3 Dilatometric expansion characteristics of the 
3 P b O - M g N b z O 6 - P Z T  powder mixture at constant  heating rate of 
5~ min 1. 

characterized the dilatometric behaviour. Above 
750 ~ a new expansion step seems to be present. 

3.2.3. X-ray diffraction 
As mentioned in section 2, quantitative analysis of the 
phases during P M N - P Z T  solid solution formation 
can be difficult. However, as shown below an estima- 
tion of the phase composition in the reacting mixture 
as a function of temperature was made as follows. 

3.2.3.1. From air-quenched powder mixture. A set of 
preliminary experiments with a powder mixture of 
composition 0 .9PMN-0.1PZT (PZ/PT = 40/60) 
showed that after heating at 600 ~ for 4 h the pro- 
ducts contained PbO, MN and PZT, which indicates 
that below that temperature no reaction took place. 
As the temperature was increased a very important 
feature was observed between 600 and 700 ~ In that 
narrow temperature range the reaction mainly pro- 
ceeds, in a first step, at intergranular P b O - M N  con- 
tacts according to the following equation: 

3PbO + MN---~pyrochlore phase 

+ MgO > 6~176176 

in which the oxygen octahedral structure of the col- 
umbite (MgNb206) is broken with the formation of a 
growing (P3 N or P3N2) disordered pyrochlore phase 
and very active free MgO. It seems that this MgO was 
rapidly incorporated, with rising temperature, into the 
pyrochlore structure. If this is so then the pyrochlore 
phase formed could be P3 N which, having a partially 
vacant BO6 octahedral sublattice, would easily ac- 
commodate the MgO. In this process the P3 N pyro- 
chlore phase is continuously nucleated and simultan- 
eously reacted with MgO to give rise to PyMN forma- 
tion. The lattice parameter of the pyrochlore phase 
shifted from a = 1.072 _+ 0.005 nm at room temper- 
ature to a = 1.060 _+ 0.005 nm at 800~ If it is as- 
sumed that the P M N  perovskite phase is formed by 
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the insertion of Mg 2+ ions into the P3 N or 
Pb2Nbl.33Os.33 B,deficient pyrochlore structure, 
then the above lattice parameter corresponds to an 
insertion of about 25 wt %, which leads to a formula 
Pb2(Nbl.33Mgo.17)Os.5o. 

The above reaction takes place up to approximately 
700~ and more than 60-70% of the PyMN pyro- 
chlore phase was formed as estimated from the intens- 
ity of the diffraction lines (Fig. 4a). Just below 700 ~ 
and before the PyMN pyrochlore phase formation was 
completed a new phase, the cubic perovskite P M N  
solid solution, starts to appear. This last reaction 
simultaneously proceeds above 650 ~ in a second 
step, by diffusion of some of the PbO, MgO and PZT 
into the lattice of the PrMN pyrochlore phase, leading 
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Figure 4 XRD results for (a) air-quenched 3PbO-MgNb206-PZT 
powder mixtures from the indicated temperatures, and (b) phase 
composition of the reacting mixtures as a function of temperature: 
(A) p, (VI) MN, (e) PMN, (�9 Py MN. 

to the formation of the P M N - P Z T  solid solution 
according to the equation 

PyMN + MgO + PbO + vZT(PMN-PZT)ss 
> 650 ~ 

Above 700 ~ and in the narrow temperature range of 
700 to 800 ~ the perovskite P M N  phase formation 
was almost complete. This assumption was supported 
by the fact that the intensities of the diffraction lines 
corresponding to PbO, residual MN and PyMN 
strongly decrease while those corresponding to the 
perovskite P M N  solid solution increased (Fig. 4b). It 
seems probable that the diffusion of Mg 2 § ions in the 
PyMN pyrochlore surface leads to a saturated magne- 
sium pyrochlore phase layer which acts as a support 
for P M N - P Z T  solid solution formation. It must be 
noted that perovskite P M N  phase completion was not 
achieved below 800~ and a residual amount 
(8-10%) of the pyrochlore phase remained even above 
that temperature. It seems also probable that the 
diffusion rate of Mg 2§ ions into the lattice of the 
saturated magnesium pyrochlore phase could be rate- 
limiting in the formation of P M N - P Z T  solid solution. 
Apparently the additive PZT plays its role only when 
the temperature is higher than 700 ~ 

3.2.3.2. From controlled heating-rate powder mixture. 
As can be seen from Fig. 5a and b, cubic perovskite 
phase was always the main reaction product to be 
formed from 600 ~ P M N - P Z T  solid solution forma- 
tion was complete at 800 ~ for a 2 h cycle and no 
other reaction products were clearly detected. How- 
ever, according to the DTA results (Fig. 2) an ex- 
othermic process takes place between 600 and 700 ~ 
which could be associated with pyrochlore phase 
formation. It seems that its formation runs parallel 
with the simultaneous interaction of MgO and PZT to 
give PMN, and that the latter took place at a higher 
rate than that of pyrochlore phase formation. On the 



other hand, it was also found that the reaction rate for 
PMN-PZT solid solution formation was higher than 
when an air-quenched powder mixture was used. 

4.  D i s c u s s i o n  
The experimental results show the strong influence of 
the heating and cooling rates on the reaction products 
formed during the calcination of powder mixtures 
leading to the formation of PMN-PZT solid solution. 
The following mechanism for perovskite phase forma- 
tion in the temperature range from 600 to 800~ 
when columbite (MgNb206) was used as the starting 
raw material, could be advanced. In reaction sequence 
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Figure 5 XRD results of (a) controlled heating-rate 
3PbO-MgNb206-PZT powder mixtures at the indicated temper- 
atures, and (b) phase composition of the reacting mixtures as a 
function of temperature: (A) P, ([]) MN, ( I )  PMN, ((3) Py MN. 

(a) (Section 2) PbO reacts at 600 ~ in a first step, with 
MgNb20 6 to give a B-deficient P3 N pyrochlore phase 
which, having a partially vacant B O  6 octahedral sub- 
lattice, simultaneously incorporates some of the free 
MgO produced in that reaction leading to the forma- 
tion of a pyrochlore phase with an unknown nominal 
composition. However, the lattice parameter meas- 
ured for this phase was a = 1.060-t-0.005 nm, from 
which the amount of MgO inserted could be assumed 
to be approximately 25 wt % and, therefore, the for- 
mula for the pyroc~lore phase will be 
PbzNbl.33Mgo.17Os.5o (PyMN). Such a composition 
contrasts with both a similar B-deficient pyrochlore 
phase recently proposed by Chaput et al. [8] 
(Pb2Nbt.33Mgx)Os.33+x with O < x < 0.66, for which 
a lattice parameter of a = 1.062 nm was reported) 
and an A-deficient pyrochlore phase such as 
Pbl.83(Nbx.71Mg0.z9)O6.39 with a lattice parameter of 
a = 1.059 reported by Shrout and Swartz [11]. From 
those results it could be assumed that the difference in 
both the lattice parameters measured and the sugges- 
ted structures could be related to the amount of MgO 
incorporated as a function of temperature. When the 
PyMN pyrochlore phase formation was almost com- 
plete, as determined by X-ray diffraction (see Fig. 4), 
some of MgO reacts further to give an MgO-saturated 
PyMN pyrochlore phase. 

If the temperature was increased above 650 ~ then 
the interaction of PyMN with more MgO and PZT 
takes place in a second reaction step, forming the 
PMN-PZT solid solution as the final reaction prod- 
uct. According to our results it is clear that the 
dominant phase to form perovskite is the PyMN 
pyrochlore phase that acts as a host matrix in which 
the interdiffusion of Mg z+, Ti 4+ and Zr 4+ ions led to 
PMN-PZT solid solution formation. The perovskite 
phase was not completely formed even above 800 ~ 
with 6-8% of the PyMN pyrochlore phase remaining. 

In reaction sequence (b) both the pyrochlore PyMN 
and the perovskite PMN phases seem to be the two 
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Figure 6 Schematic diagram of perovskite phase formation. 
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main reaction products up to 600 ~ In the narrow 
temperature range of 600 to 700~ the perovskite 
PMN phase formation was almost complete, coexis- 
ting with less than 4% of PyMN pyrochlore phase (see 
Fig. 5). At 800 ~ the P M N - P Z T  solid solution with 
perovskite structure was the only phase present. 

Combining the above XRD results, obtained in the 
temperature range of 600 to 800~ with those of 
DTA/TGA and dilatometric curves it could be as- 
sumed that, as schematically shown in Fig. 6, the 
overall reaction mechanism of perovskite phase 
formation is dominated by the formation of a pyro- 
chlore phase which is the required nucleous for the 
perovskite P M N - P Z T  phase formation. Such a pyro- 
chlore phase, assumed to be P3N(PbzNbl.33Os.33), 
was nucleated during the MgNb206 decomposition 
by reaction with PbO, as shown in Fig. 2 by the 
endothermic reaction process between 350 and about 
600~ and corroborated by an expansion in the 
dilatometric curve. When such an endothermic reac- 
tion, not previously reported in the literature, goes to 
completion then an exothermic reaction process takes 
place which, starting at 600~ had its maximum 
development at 650 ~ in close agreement with XRD 
data (see Fig. 4b) and connected with the strong 
shrinkage of the sample in the same temperature range 
in the dilatometric studies (see Fig. 3). A similar 
exothermic effect was found by Bouquin et al. [3] in 
studying P M N - P T  solid solution formation, but no 
explanation for such a phenomenon was given. In the 
same way Chaput et al. [8] observed only the forma- 
tion of a cubic pyrochlore phase but the authors did 
not show any DTA experimental evidence to corro- 
borate their findings. They proposed that the pyro- 
chlore phase directly transformed into the perovskite 
phase by insertion of Mg 2+ ions. 

5. Conclusions 
Reaction mechanisms of Pb(Mgl/3Nb2/3)O3 prepared 
by the columbite route have been investigated in the 
temperature range from 600 to 800 ~ and it was 
found that the formation mechanism of the 

PMN-PZ T  perovskite vary with the heating and 
cooling rates used during the calcination of 3PbO 
+ MgNb20 6 + PZT powder mixtures. A pure perov- 

skite phase, 0.9PMN-0.1PZT with no pyrochlore 
phase (as determined by X-ray diffraction), could be 
prepared at 800 ~ for 2 h. Depending on the heating 
and cooling rates used in calcining the above powder 
mixtures, the formation mechanism of the P M N - P Z T  
perovskite could be dominated or not by a Pa N 
pyrochlore phase. Combining the DTA, dilatometry 
and XRD data the reaction mechanism of 
Pb(Mgl/3Nb2/3)-Pb(Zr2/sTi3/5)03 formation could 
be divided into three steps, namely (i) the decom- 
position of MgNb20 6 by reaction with PbO 
between 350 and 600~ (ii) the formation o f  
Pb2Nbl.33Mgo.1705.5o pyrochlore phase at close to 
650 ~ and (iii) formation of P M N - P Z T  solid solu- 
tion from the reaction of PbeNb1:33Mgo.z7Os.5o with 
MgO and PZT above 650 ~ 
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