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Abstract

The sintering of ZrO2.MgO.ZnO powder has been investigated by TMA (Thermal Mechanical Analyser) and its phases analysed

by XRD (X-ray di�raction pattern). The data obtained from sintering was studied by the Bannister equation and its dominant
sintering mechanism was calculated. It was observed that the ZnO addition in the ZrO2.MgO solid solution lead to increased zirconia
stabilization. According to the vacancies model, the ZnO addition did not lead to zirconia phases stabilization (PSZ). An analysis of the
rate control in the initial stage of the sintering (region I) showed a mechanism of volume di�usion type. In other regions (regions II

and III), the grain growth did lead to the Bannister equation deviation, which was observed by SEM (Scanning ElectronMicroscopy).
These results were di�erent from those demonstrated by other authors who studied the ZrO2.Y2O3 solid solution and obtained a
mechanism of grain boundary di�usion type. # 1999 Published by Elsevier Science Ltd and Techna S.r.l. All rights reserved
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1. Introduction

Several investigators [1,2] have successfully used the
theory proposed by Frenkel [3] in describing the viscous
sintering of glass. This model, which was applied to the
isothermal techniques, was modi®ed by the introduction
of the constant rate of heating (a=dT/dt) term which
are more consistent with industrial sintering conditions.
The technique was used for data describing thermo-
luminescence [4] correlated with exponential relations
describing ®rst-order reactions. Other authors [5,6] studied
thermoconductivity and chemical reactions, both with the
use of the constant rate of heating (CRH) method.

Cutler [7], who studied spherical glass compacts
observed that good agreement exists on the determina-
tion of temperature dependence on sintering and
shrinkage with the use of CRH technique. As a Frenkel
equation modi®cation, Johnson [8] proposed a model
with only one equation by simultaneous determination
of the volume and grain-boundary di�usion of spherical
crystalline particles. However, one more mechanism

could occur at the same activation energies was
observed by using a slower rate control process. Young
and Cutler [9] treated the variables of the Johnson
equation on observation that the grain boundary and
the mechanism of volume di�usion type occurred
separatelly. The data analysis of the partially stabilized
zirconia (PSZ) samples, by these equations, showed that
if the volume di�usion kinetics predominate, the acti-
vation energy, Q, is 60Kcal/mol. Grain boundary dif-
fusion kinetics gave 90Kcal/mol, improving those
values that were reported by Jorgensen [10].

According to the Bannister study [11], the equation of
an initial-stage sintering rate in the CRH method was as
follows:

d
�L

Lo

� ��
dt � k

� �L

Lo

� �n

�1�

where �L
Lo is the linear shrinkage, Lo and L are the initial

and ®nal samples length, t is time, n is a constant related
to the dominant mechanism of sintering.

For a sintering based on a viscous ¯ow mechanism, it
depends on Frenkel's equation and is expressed by:
k, that is roughly expressed as follows with respect to
temperature,
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k � koexp�ÿEa=RT� dt is the rate constant and �2�

k � �3
=8r�� and n � 0 �3�

In the case of sintering of spherical particles, Woolfrey
[12] proposed the following equations: Sintering by
volume di�usion:

k � �1:95

Dv=�r3T� and n � 1 �4�

Sintering by boundary di�usion:

k � �0:48

Db=�r4T� and n � 2:1 �5�

where:
Z= viscosity
g= surface energy

= the volume of a transported com-

pound per an ion or an atom of the
di�using species

Dv; b= di�usion coe®cients
d= neck width
�= Boltzmann's constant
r= particle diameter
T= absolute temperature

Substituting Eq. (2) and a constant-rate heating con-
dition a � dT=dt into Eq. (1) the following is obtained:

��L=Lo�n � ��n� 1�=a�
�T
To

koexp�ÿEa=RT�dT; �6�

Ea=Activation Energy
R=Gases Constant

Ordinarily, shrinkage at low temperatures can be
negleted and the equation is adjusted as follows:

�T
To

exp�ÿEa=RT�dT �
�T
o

koexp�ÿEa=RT�dT �7�

when Ea is greater than RT, Eq. (6) can rougly be
rewritten as follow:

��L

Lo
�n�1 � �koRT2�n� 1�=aEa�

�T
0

exp�ÿEa=RT� �8�

the term:

koRT�n� 1�
Ea

� C �9�

substituting Eq. (9) into (8) obtains,

��L

Lo
�n�1 � aÿ1Cexp�Ea=RT� �10�

the term:

Cexp�ÿEa=RT� � C� �11�

substituting C� into Eq. (10) obtains,

��L=Lo�n�1 � ÿaC� �12�

Applying the Log function for both terms,

ln��L=Lo� � ÿ�1=�n� 1��lna� lnC=�n� 1� �13�

A plot ln�L=Lo versus lna obtains the dominant
mechanism sintering with slope equal ÿ�1=�n� 1��.

2. Experimental procedures

2.1. Powder processing

High purity materials (Table 1) was used for the pro-
cessing of ZrO2.MgO.ZnO solid solution by conven-
tional route. The basic composition was ZrO2/MgO
with (88.71%/11.29%) molar ratio and the addition of
0.5mol % of ZnO. The area of the powder precursors
surfaces were measured by BET method with an ASAP
2000 of the Micromeritics and the particles size by an
Micromeritics sedigraph.

Raw materials were grinded for 6 h with ethyl alcohol
and zirconia pellets. The resultant mixture of powders
were dried and sieved on 325 meshes. Samples of
cylindrical shape with 6 mm of diameter were prepared
by uniaxial, 10MPa and Isostatic, 150MPa pressed.
Green density of the samples were measured and sub-
mitted to the Thermo-Mechanical Analyser.

2.2. Constant rate of heating

The CRH method was used with rates of 5, 10, 15 and
20�C/min. The temperature was as high as 1600�C, and
started at 100�C for all samples. At 1600�C the furnace
was cooled until the ambient temperature and the
density of the samples were measured. The Thermo-
Mechanical Analyser used was a Netzsch dilatometer
model 402 E.

Table 1

Raw materials, particle size (mm) and surface area (m2/g)

Reagents P.S. (mm) S.A. (m2/g)

ZrO2 1.80 5.20

MgO 1.10 2.80

ZnO 0.70 5.60
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2.3. Rietveld method

This method consists of a comparison between a cal-
culated X-ray di�raction pattern starting to de®ned
crystallographic parameters and an experimental spec-
trum. Experimental peaks were obtained by a scanning
process step by step with constant increment and time,
at the multiphase analysis, following:

Yec �
X
h

JhLPhF
2G���ih�Ph � Ybi

S= Scale factor,
Jh= Multipicity,
L= Lorentz factor,
Ph= Polarization factor,
F= Structure factor,
��= ith � angle,
Ybi= Next peak contributions

An approximation between the observed X-ray dif-
fraction and the calculations were made by minimum
squares with the use of a lorentzian curve type.

New re®ned parameters were obtained from the X-ray
di�raction pro®le calculated. Both the re®ned pro®le

and the phases deconvolution were obtained from the
peaks of the X-ray di�ractogram.

2.4. SEM observations

Scanning electron microscopy (SEM) was used for
the microstructural analysis. The surface of the samples
was polished with alumina (0.1±1.0 mm) and diamond
(0.3, 0.1 mm), and then, etched by chemical solution of
HCl/HNO3-(1/1), with acid (1/5 vol%) and alcohol (4/
5 vol%). Gold was deposited by sputtering on the sam-
ples and their surfaces were observed. A SEM JEOL
model JSM-T 330A was used.

3. Results

3.1. Phases formation and linear shrinkage

The X-ray di�raction patterns of the ZrO2.MgO solid
solution sintered until 1600�C with a heating rate of
10�C/min. showed the partial stabilization of zirconia
(PSZ) [13], (Fig. 1). It was observed that the addition of
0.5mol % of ZnO lead to increases of tetragonal (t) and
cubic (c) phases. The increases of stabilized phases, cal-
culated by the Rietveld method [14], was from 51.23% c
and 18.32% t to 9.62% c and 84.13% t, respectively.

Fig. 1. X-ray di�raction patterns of the zirconia phases sintered until 1600�C, 10�C/min. A: ZrO2.MgO phases with (88.71%/11.29%) molar ratio;

B: ZrO2.MgO.ZnO phases with (88.71%/10.79%) and 0.5 % of ZnO.
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These results didn't agree with the model that con-
sidered the zirconia stabilization caused only by ions
formers of substitutional solid solution [15].

Fig. 2 shows the Arrhenius plotting of the shrinkage
behaviour of ZrO2.MgO.ZnO phases. It was observed,
by using heating rates (5±20�C/min), two in¯ection
points by each rate. This in¯ection points indicated
that the sintering proceeded in three stages. At the
intermediary stage (II) points are coincident for all rates
and at the ®nal stage (III) parallel points occurred for
di�erent rates. However, due to the grain growth, the
Bannister equation was used at the initial stage of
sintering, stage (I).

Fig. 3 shows a rapid increase of apparent density above
of 1050�C with a heating rate of 20�C/min. At the ®rst
sintering stage, from 900±1050�C, which is below the
monoclinic/tetragonal phases transition of zirconia, an
increased 10%with values about 3.7 g/cm3 were observed
and at 1600�C values about 5.7 g/cm3 were obtained.

3.2. Sintering mechanism and grain size

Analysis by SEM, at 1000 and 1100�C, [Fig. 4(a) and
(b)] shows small grains with an incomplete formation
and with a high residual porosity. [Fig. 4(c) and (d)], at
1400 and 1600�C, respectively shows that a strong grain
growth occurs.

Fig. 5 shows a rapid grain growth from 900 to 1000�C,
and after this a small increase of grain sizes from 1000 to
1100�C were observed, both regions in the stage I of
sintering.

At the stages I and II, a rapid grain growth occurred
reaching nearly 5.0 mm at 1600�C. Therefore, the grain
growth, after the stage I, occurred with the increase
apparent density, (Fig. 3).

Fig. 6 shows the results obtained by the sintering
mechanism of the initial stage (I) with the use of the
Bannister equation, [Eq. (13)]. It was observed that, up
to 1000�C, the n values were incoherent. From 1005 to
1040�C the values were about 1.12 and after 1090�C
were above to 3.5. The results (about 1.12), according to
the Bannister equation [16], are characterized by an
mechanism of volume di�usion type.

These results don't agree with those obtained by
Young and Cutler who reported about the zirconia sin-
tering mechanisms. The dominant mechanism accepted
was of the grain boundary di�usion type. It was
observed that the initial stage was not dominated by the
super®cial di�usion mechanism type. This mechanism
is generally dominant and leads to the neck growth
between particles during the initial stage of sintering by
a solid state reaction.

4. Discussion

It is observed that the initial stage of the sintering is
characterized by the neck formation between particles
and generally, after this, amicrostructural rearrangement
occurs. The mechanism of super®cial di�usion type is
frequently associated with a mechanism of low activation
energy and it is dominant at the initial stage of the sinter-
ing, however, the data analysis, Fig. 6 showed a mechan-
ism of volume di�usion type. Other authors [17,18], who
studied the ZrO2.Y2O3 solid solution obtained a
mechanism of grain boundary di�usion type, which lead
to the ceramics body shrinkage. It isn't disregarded that,
down to the shrinkage temperature, it is possible a
super®cial di�usion mechanism type occurs, and so, after
the initial linear shrinkage it would show other dominant
di�usion mechanisms. The CRH method isn't indicated
when various mechanisms are present because the Bann-
ister equation is limited to only one mechanism and
doesn't accept an overlap between two or more di�usion
processes. In the case of mechanism overlaps with di�er-
ent activation energies it was observed only the mechan-
ism with a slower rate control process.

The zirconia stabilization, with the addition of Y, Ce,
Mg, Ca and others, occurs with the defects formation
due the lattice electroneutrality, and so, in the present
case, two processes are concurrent in the solid state
diffusion, ®rst; a solid solution formation, second a
shrinkage with densi®cation. Both processses occur due

Fig. 2. Arrhenius plotting, ln[(Lÿ Lo�=Lo] versus 1/T of shrinkage

behavior of the ZrO2.MgO.ZnO phases. Rates of 5, 10, 15 and 20�C/
min.
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Fig. 4. Scanning electron microscopy of the system ZrO2.MgO.ZnO. (a): 1000�C; (b): 1100�C; (c): 1400�C; (d): 1600�C. Rates of 10�C/min.

Fig. 5. Grain growth versus sintering temperature of the ZrO2.

MgO.ZnO samples.
Fig. 3. Apparent density versus sintering temperature of the ZrO2.

MgO.ZnO samples.
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to a strong chemical potential gradients with high
defects concentration (VOÈ ), when it is thermally acti-
vated. The solid state reaction, with the ZrO2.MgO
(Mg2+) solid solution, occurs with the formation of two
vacancies, by volume unity, relative to the ZrO2.Y2O3

(Y3+) phases, in this way, elements with di�erent
valencies would lead to alter the kinetics of the sintering
process. At the case of Zn2+ addition in the zirconia
matrix, despite causing an observed increase in the sta-
bilized phases, it didn't lead to the solid solution for-
mation according to the Dietzel and Tober rules [19]
and which is partially accepted by the Hume-Rothery
rules [15] and by the model of researches of the National
Bureau of Standards (NBS) [20]. The stabilization
e�ects, for some authors [21,22] is attributed to the
vacancies formation into the lattice, however, a solid
solution between ZrO2 and ZnO with the vacancies for-
mation was not totally accepted [23]. Then, the e�ect of
ZnO doping may be explained by an increased kinetic
e�ect of the PSZ formation.

Analysis such as the powder morphology and the
grain growth at the initial stage of the sintering, (region
I) shows particle sizes from 0.6 to 3.1 mm and due to this
it didn't contribute to the grain growth, which was
caused by the presence of small particles near to the
neck between large particles. In a general analysis of
the region I, it was observed that, the linear shrinkage
started near to 950�C, (Fig. 2) and showed an approxi-
mately constant apparent density from 950 to 1050�C,
(Fig. 3) and in the same region, the grain growth from
1000 to 1100�C was very small, Fig. 5. The micro-
structure analysis, [Fig. 4(a) and (b)] between these
temperatures showed that, a small alteration of the
grain size occurred.

These results show that the calculated sintering
mechanism from 1000 to 1100�C doesn't have in¯uenced

due to the powder morphology and of the grain growth.
Above 1150�C, both the density and the grain growth
occurs exponentially with a grain growth from 2mm at
1400 to 5mm at 1600�C, Fig. 4(c) and (d). The Bannister
equation, which is based on the theoretical sintering of the
di�usion model formulated by Frenkel, is only accepted
for spherical particles and where the grain growth doesn't
alter the densi®cation kinetics and these alterations would
lead to the Bannister equation deviations.

The data analysis above show that, at the regions II
and III (above 1100�C), the grain growth leads to the
Bannister equation deviation, and so, the study of these
regions demonstrated incoherent results.
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