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Effect of Excess PbO om the Sintering 
Characteristics and Dielectric Properties of 
Pb( Mg 1,3Nb 2,3)0 ,-PbTiO 3-B ased Ceramics 
JYOTI P. GUHA,* DYLLAN 1. HONG,* AN13 HARLAN u. ANDERSON* 

Department of Ceramic Engineering, University of Missouri, Rolla, Missouri 6540 I 

Additions of excess PbO to the perovskite Pb((Mg,irNbz,s)o.u.Tio tn]Or solid solution 
enhanced the formation of a liquid phase at 840"C, which served us a densification 
aid for the ceramics. The liquid phase allowed elimination of pores and promoted 
grain growth during sintering. With additions of 1 to 2 wt% excess PbO, densities 
in excess of 97% of theoretical were obtained at a sintering temperature of' 
950°C. The peak dielectric constants of the resulting ceramics were over 18 000 
at 30 "C and dissipation factors less than I % . Additions of PbO in excess of 2 wt% 
resulted in inferior dielectric properties due mainly to the dilution of the ferro- 
electric phase. 

RLAXORS based on the perovskite 
Pb(Mg,,,Nb,,,)0,-PbTi03 solid solu- 

tions exhibit excellent dielectric properties 
and are of current interest for multilayer 
capacitors. Previous studies'.' in this sys- 
tem have been primarily concerned with 
processing characteristics and dielectric 
properties of the solid solutions in which it 
has been demonstrated that both the starting 
materials and sintering conditions greatly 
influence the densification process and di- 
electric properties of the resulting ce- 
ramics. However, it has been pointed out' 
that the densification behavior at elevated 
temperatures is mostly controlled by solid- 
state processes in which rapid elimination 
of pores and sintering into dense ceramics 
are difficult to achieve. More recently, it 
has been r e p ~ r t e d ~ . ~  that excess PbO can be 
used as a sintering aid for the processing of 
Pb(Mgl ~,NbZ,,)0,-PbTi03-based capaci- 
tors, Compositions containing as high as 
6 wt% excess PbO were sintered at teni- 
peratures between 900" and 1000°C. The 
resulting ceramics showed high densities 
and improved dielectric properties. How- 
ever. the data published in these studies 
could not explain clearly the effect of ex- 
cess PbO on the sintering behavior and 
dielectric properties of Pb(Mg liiNbZ,3)03- 
based ceramics. 

T h e  pu rpose  of t he  p re sen t  i n -  
vestigation was to examine the role of ex- 
cess PbO on the densification behavior of 
Pb(Mgl,,Nb,,,)Oi-PbTi03-based solid 
solutions with particular interest in liquid 
formation in the system. The effect of the 
liquid phase on the microstructure devel- 
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opment and dielectric properties of the re- 
sulting ceramics is discussed. 

EXPERIMENTAL PROCEDURE 
T h e  sol id  so lu t ion  used in this  

s tudy  w a s  based  on  a c o m p o s i t i o n  
Pb[(Mg,,3Nb,,,)o szTio ,,,]O, to which ex- 
cess PbO ranging from 0.5 to 5 wt% was 
added to yield batches with variable PbO 
contents. An excess of MgO (0.5 wt%) 
was also added to all compositions to facili- 
tate the formation of a pyrochlore-free per- 
ovskite solid solution. '.' Appropriate 
amounts of prefabricated MgNbZ06 and 
PbTiO, were mixed with excess PbO and 
MgO in an agate mortar under acetone. The 
mixtures were dried in an oven, pressed 
into pellets, and calcined at 800°C for 3 h. 
The calcined pellets were reground and 
mixed with a small  amount  of M n O  
(0.03 wt%) to reduce the dielectric losses.' 
The mixtures were pressed into disks using 
poly(viny1 alcohol)-water solution as a 
binder. The disks were then supported on 
presintered P b ( M g l  . ,Nbz j i )03  setters,  
stacked inside an Alz03  crucible packed 
with Pb(Mg1,3NbZ,3)01 powder, and cov- 
ered with a tightly fitted lid to prevent vola- 
tilization of PbO during firing. Sintering 
was performed at temperatures between 
800" and 1000°C for periods ranging from 
1 to 5 h at a heating rate of 300"C/h. 

At the end of the firing periods, the 
samples were cooled inside thc furnace and 
the phases present were identified by X-ray 
powder diffraction using CuKu radiation. 
The bulk densities of the sintered samples 
were determined by thc liquid displacement 
method using xylene as the medium. Dif- 
ferential thermal analysis and thermo- 
gravimetric measurements* were carried 
out using the calcined powders with a 
heating and cooling rate of IO"C/min. Mi- 
crostructures of the fracture surfaces were 
examined by scanning electron microscopy 
coupled withA an energy-dispersive X-ray 
spectrometer. ' The dielectric constant and 

dissipation factor were measured as a func- 
tion of temperature at I kHz with an auto- 
matic capacitance bridge. A minimum of 
three samples were measured for each com- 
position and the data were reported as the 
average of the samples. 

RESULTS AND D1SCuSSION 

The X-ray diffraction (XRD) patterns 
of the sintered samples containing variable 
amounts of excess PbO revealed that the 
products were mostly single-phase com- 
positions having a cubic perovskite struc- 
ture typical of the Pb(Mgl 3Nblr3)Ol- 
PbTiO? solid solution. Additional XRD pat- 
terns of sintered compositions containing 
higher proportions of excess PbO ( 5  to 
10 wt%) confirmed the presence of the 
characteristic diffraction peaks of PbO with 
those of the solid solution. The intensities 
of the PbO peaks were found to increase 
with increasing excess PbO contents, sug- 
gesting that the Pb(Mg,,,Nb,,)Oi-PbTiO, 
solid solution is compatible with PbO. The 
microstructure of the fired samplcs showed 
the presence of a liquid phase mostly 
located around the Pb(Mgt,3Nb2,3)03-  
PbTiOl solid-solution grains. Energy- 
dispersive X-ray analysis indicated that the 
liquid phase was predominantly rich in Pb 
with minor amounts of Mg, Nb, and Ti 
present. These results strongly support the 
possibility of a eutectic occurring between 
Pb(MgI ,Nb,,,), ~- ,Ti ,Oi  solid solution and 
PbO . 

DTA results obtained for samples with 
variable PbO contents showed the presence 
of a sharp endothermic peak at 840°C. This 
was the only peak which appeared in both 
the heating and cooling curves and oc- 
curred below the melting point of PbO 
(889"C), and was consistent with the eu- 
tectic melting in the system. The corre- 
sponding TGA curves did not show any 
significant weight loss up to 850°C, but. 
thereafter, an increase in weight loss was 
observed which suggested that the rate of 
PbO volatilization was enhanced by the 
melt formation in the system. Furthermore. 
it was observed that the total weight loss 
incurred during sintering did not exceed 
the amount of the excess PbO which was 
initially added to the mixtures. This ob- 
servation indicated that a part of the ex- 
cess PbO which was responsible for the 
formation of a liquid phase at elevated 
temperatures must have been retained in 
the samples throughout the densification 
process. Thus, it is apparent that with ex- 
cess PbO additions, both thc sintering 
temperature and time must be optimized so 
that a sufficient amount of liquid is formed 
to yield high final densities. 

The sintering characteristics of the 
samples with variable amounts of excess 
PbO indicated similar trends in the density 
variations with respect to the firing tcm- 
perature regardless of the amount of excess 
PbO present. The changes in density for the 
samples with different excess PbO contents 
a5 a function of sintering temperature are 
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Fig. 1. Variations in theoretical density with 
sintering temperature for samples with different 
excess PbO contents. 

shown in Fig. 1. As is evident from the 
data, rapid densification occurred above 
850°C and subsequently reached a maxi- 
mum value at 1000°C. However, a differ- 
ence in the final densities can be observed 
with different additions of excess PbO. 
This difference is essentially related to the 
amount of liquid formed with a given PbO 
content at different sintering temperatures. 
As can be seen, a maximum density below 
95% of theoretical was achieved with 
0.5 wt% excess PbO. On the other hand, 
densities approaching 98% of theoretical 
were obtained with 1 and 2 wt% excess 
PbO in the temperature range 950" to 
1000°C. A fixed period of 3 h was em- 
ployed for all samples during sintering at 
these temperatures. Further increase in the 
sintering temperature and/or prolongation 
of the sintering time resulted in a slight 
decrease in the density values. Evidently, 
the sintering process i s  mostly aided by the 
formation of a low-melting liquid phase, 
the amount of which increases with in- 
creasing excess PbO content, sintering 
time, and temperature. Since an increase in 
the liquid content also amounts to an in- 

crease in the PbO loss, it ia expected that an 
increase of any of these variables will result 
in a corresponding decrease in the PbO 
content of the samples, thereby yielding 
lower density values. 

The microstructural changes observed 
in the sintered samples clearly demon- 
strated that the liquid phase formed by the 
additions of excess PbO significantly en- 
hanced grain growth and allowed rapid 
elimination of pores from the samples. The 
major respects in which the overall micro- 
structure differs from that commonly ob- 
served in an undoped sample that has been 
sintered at 1260°C' to achieve a comparable 
density value are illustrated in Figs. 2(A) 
and ( B ) .  The SEM micrograph of the frac- 
ture  surface of  the undopcd sample  
(Fig. 2 ( A ) )  revealcd a wide distribution of 
particle sizes and shapes with pores which 
are mostly located at the grain boundaries 
and grain junctions. In contrast to this mi- 
crograph. the sample containing excess 
PbO shows a dense microstructure with cn- 
larged grains which are substantially free 
from pores (Fig. 2(B)). However. a few 
large pores can be seen at the grain junc- 
tions and occasionally inside the grains. 
This is typical of the microstructure which 
exhibits grain growth in the presence of a 
liquid phase where pore growth occurs by 
the coalescence of several small pores 
dragged by the migrating grain bound- 
aries.' Sintering with more than 2 wt% cx- 
cess PbO above 950°C resulted in discon- 
tinuous grain growth and low densities. 

The additions of excess PbO to the 
solid solution appeared to cause a slight 
shift in the Curie point to higher tem- 
peratures probably due to partial incorpo- 
ration of PbO into the Pb(Mgl 3Nbz ?)O, 
lattice. The dielectric constant ( E )  and dis- 
sipation factor (tan 8) were found to im- 
prove with increasing sintering temperature 
up to 1000°C but not with increasing PbO 
content. Figure 3 shows the variations in 
peak dielectric constant and dissipation fac- 
tor as a function of sintering temperature at 
1 kHz for compositions with excess PbO 
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Fig. 3. Peak dielectric constant$ and dissi- 
pation factors ( I  kHz) as a function of sintering 
temperature for Pb[(Mgl.3Nb2.1)(l 92Ti0 U X ~ O I  solid 
solution containing excess PbO. 

contents. As is apparent from this figure, 
the maximum E increased significantly as 
the sintering temperature was increased 
from 850" to 1000°C. The corresponding 
tan 6 values decreased steadily with in- 
creasing sintering temperature. The results 
further indicated that it was necessary to 
have a nominal addition of at least I wt% 
excess PbO to obtain the highest dielectric 
constant. An increase in the amount of ex- 
ccss PbO over 1 wt% resulted in the low- 
ering of the maximum F at these sintering 
temperatures due probably to the dilution of 
the ferroelectric phase. 

As is evident from this study, the opti- 
mum conditions for obtaining samples with 
high densities and improved dielectric 
properties occur at a sintcring temperature 
of 950°C and sintering time of 3 h using a 
nominal addition of 1 wt% excess PbO. I t  
appears that a homogeneous distribution of 
PbO, and probably saturation with PbO 
throughout the grains, is associated with 
higher densities. Consequently, saturation 
of Pb[(Mg,.?Nbz ,Ti , lO,  solid solu- 
tions with an excess PbO and optimization 
of the sintering temperature and time to 
eliminate pores and control grain growth 

Fig. 2. 
( B )  same composition containing 1 wt% excess PbO, sintered at 950°C for 3 h .  

Scanning electron micrographs of the fracture surfaces of ( A )  undoped Pb[(Mg, iNbZ ?),> i22Tioi)X]03 d i d  solution. sintered at 1260°C fur 3 h, and 
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are necessary for obtaining desirable di. 
electric properties. 
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Analysis of a Chevron-Notch Four-Point-Bend 
Specimen by the Three-Dimensional 
Finite-Element Method 
J .  JOCH 
National Research Institute for Machine Design, Praha, Czechoslovakia 

J .  ZEMiNKOVi AND J .  KAZDA 
Motor Car Research Institute, Praha, Czechoslovakia 

This paper deals with a computation (of the stress intensizy factor (K!) for a 
four-point-bend chevron-notch specimen of preselected geometry by the three- 
dimensional finite-element method. In addition, there is a comparison with the 
straight-through crack assumption and Bluhm models. The dependence of KI on 
Poisson’s ratio (v) is discussed for one of the crack lengt’is. 

ECENTLY the use of chevron-notch 
Rspecimens has been preferred to mea- 
sure plain strain fracture toughness (Klc) in 
ceramic materials. The virtues of these 
specimens have been described (e.g., in 
Ref. 1 ) .  Geometry, fixings, and loadings 
of the chevron-notch four-point-bend 
specimen are shown in Fig. 1. 

The theory implies (e.g., Ref. 2) that 
the relationship between the load P and the 
plain strain stress intensity factor K ,  can be 
expressed as 

-- Y *  ( I )  - 
BWO 
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p,2 LOAD ROLLER I PI2  

where E and v are Young’s modulus and 
Poisson’s ratio, respectively, C is the com- 
pliance, and the other quantities are defined 
in Fig. I .  It is known that first the crack 
length a grows stably with the quasi-static 
rise in magnitude of load P, while K,  re- 
mains on the level of K,, , Y * being a de- 
creasing function of a. This development is 
interrupted when Y* reaches its minimum 
and changes into an increasing function of 
a. It follows from this consideration that if 
Y l ,  (the minimum value of Y * )  is known, 
KIc can be calculated from the experi- 
mentally obtained maximum load P,,,: 

Y , 
‘\SUPPORT ROLLER 

Fig. 1. Geometry, fixings, and loadings of a chevron- 
notch four-point-bend specimen: a = a / W ;  mo=ao/W; 
a l = a l / W .  

CRACK 

FACE 

The Y z t n  can be determined from experi- 
ment’.* or by using a numerical method.’.3 
In the case of this specimen a three-dimen- 
sional (3-D), and even a two-dimensional 
(2-D) (see Ref. 3), finite-element-method 
( E M )  analysis can be applied. The Y * func- 
tion can also be obtained very operatively 
but with less accuracy when using the ap- 
proach of the straight-through crack as- 
sumption (STCA) and Bluhm models for 
various geometries. Both of these models 
are described in Refs. 2 and 4. 

The purpose of this paper is to present 
a Y *-function evaluation for a preselected 
specimen geometry based on 3-D FEM. At 
the same time, there is a comparison with 
the approximate STCA and Bluhm models. 

COMPUTATION OF Y *  FUNCTION BY 
3-D FEM 

One quarter of the body was dis- 
cretized to perform the FEM computation 
(Fig. 2). Isoparametric pentahedra and 
hexahedra with optionally linear or quad- 
ratic shape functions along each edge were 
used for the discretization. For longitudinal 
edges we chose quadratic shape functions; 
for the remaining edges we used linear 
shape functions with the exception of two 
element layers near the crack front, where 
quadratic shape functions were applied. 
The quarter-point crack tip elements served 

Fig. 2. FEM discretization of the specimen with the normalized crack 
length a/W=0.5. Number of elements= 169; number of nodes=609. The 
specimen dimensions as indicated in Fig. 1 :  Sl=0.4 m, S,=0.2 m, 
B=0.04 m, W=0.04 m, ao=0.25, a l = l .  
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