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With the aim to know the densification kinetics of ZrO2-based ceramics a master sintering curve for ZrO2
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containing 3 mol% Y2O3 was constructed. Zirconia (3 mol% Y2O3) powders were prepared by a chemical
method and then they were uniaxially pressed at 200 MPa. A green density 36% of theoretical density
was obtained after pressing. The shrinkage-temperature curves were obtained by dilatometric runs at
different constant heating rates: 5 ◦C/min and 10 ◦C/min up to 1500 ◦C. Dilatometric data were used to
construct the master sintering curve (MSC) with an energy of sintering Q = 500 kJ/mol between 600 and
1100 ◦C. The results of this study can be used to predict the shrinkage/densification level of ZrO2 powders,

a he
hermal expansion
hermal analysis

and by this way to design

. Introduction

Yttria stabilized zirconia ceramics (YSZ) exhibit high values of
racture toughness, mechanical resistance and ionic conductivity.
ue to these properties, YSZ materials are used in different indus-

rial applications such as cutting tools, valve guide, abrasive tools,
olid oxide fuel cells (SOFC), oxygen sensors, etc [1–3].

Nanocrystalline ceramics exhibits a high surface area provid-
ng a high driving force for sintering. In this manner, the activation
nergy of sintering is reduced and a lower temperature of sinter-
ng can be employed. However, nanocrystalline particles promote
rain growth which is an undesired mechanism because degrade
he properties of YSZ products [4]. Usually, the grain growth occurs
n the last stage of sintering. Therefore, to control the densification
rocess, avoiding grain growth, it is necessary to understand the
intering process of this oxide.

Su and Johnson [5,6] have developed the master sintering curve
MSC) concept to predict the densification behavior using a mini-

um of preliminary experiments, regardless of the heating profile.
The MSC theory is derived from the combined-stage sintering

odel [7] that relates the linear shrinkage rate of the compact
dL/dt), at any time, to grain boundary (Db) and volume (Dv) diffu-
ion coefficients, the surface energy (�) and some microstructural
arameters such as the atomic volume (˝), the mean grain size

G), and scaling parameters for volume (� v) and grain boundary

∗ Corresponding author. Tel.: +54 3461 420830; fax: +54 3461 420820.
E-mail address: ebenavidez@frsn.utn.edu.ar (E. Benavidez).
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at treatment to obtain a bulk ceramic with a predetermined density.
© 2009 Elsevier B.V. All rights reserved.

diffusion (� b):

− dL

L dT
= � ˝

k T

(
�v Dv

G3
+ �b ı Db

G4

)
(1)

For isotropic shrinkage:

− dL

L dT
= d�

3� dt
(2)

where � is the bulk density.
By assuming that only one diffusion mechanism, either volume

diffusion or grain boundary diffusion, is dominant during the sin-
tering process, then Eq. (1) can be written as follow:

d�

3� dt
= � ˝ � (�) D0

k T [G(�)]n exp
(

− Q

R T

)
(3)

where D0 is the diffusion coefficient for the dominant diffusion
mechanism, Q is the apparent activation energy, R is the gas con-
stant, and n is a constant dependent on the diffusion mechanism.

Based on previous studies, in Eq. (3) it was assumed that the
microstructural functions (G and � ) depends only on density.

The Eq. (3) can be rearranged and integrated to obtain:
�∫
�0

[G(�)]nd�

3� � (�)
=

t∫
0

� ˝ D0

k T
exp

(
− Q

R T

)
dt (4)
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these temperatures (1096 ◦C and 1114 ◦C) correspond to a density
about 66% of theoretical density.

By using experimental data and �-function, activation energy
values between 100 and 600 kJ/mol were chosen to construct �r
R. Caruso et al. / Journal of Alloys

The right-hand of this equation, depends on the Q and the ther-
al history (time–temperature profile):

(t, T(t)) =
t∫
o

1
T

exp
(

− Q

R T

)
dt (5)

While the left-hand of Eq. (4) depends on the microstructural
nd materials properties.

(�) = k

� ˝ D0

∫ �

�0

[G(�)]nd�

3� � (�)
(6)

The relationship between density and �-function is defined as
he master sintering curve (MSC). It is noted that there is a unique

SC for a given powder and process.
It is possible to construct a MSC for a given powder using the final

or theoretical) density and the shrinkage obtained from dilatom-
try.

In previous works, the MSC has been applied to sintering studies
f different oxide ceramics, such as: ThO2 [8], ZnO [6,9], Al2O3 [6],
aTiO3 [10], and TiO2 [11].

In the present work, the linear shrinkage of ZrO2–3 mol% Y2O3
ompacts was monitored by a dilatometer. These data were used to
onstruct the master sintering curve to different heating rates up
o 1100 ◦C corresponding to a unique sintering mechanism valid to
bout 0.7 relative density of YSZ powders.

. Experimental

To produce ZrO2–3 mol% Y2O3 powder, the YSZ chemical solution was obtained
y stirring zirconium n-propoxide (70% in propanol) and yttrium acetate with nitric
cid. The PH of solution was 5. Gelification of solution was obtained adding distilled
ater. The powder was obtained by drying the gel at 100 ◦C in air. The dried pow-
er was pulverized in a mortar with pestle. Finally, the organic components were
urning by heating at 500 during 1 h. Previously to be pressed, the powder was
ulverized in a mortar with pestle again.

As obtained YSZ powder was pressed uniaxially at 200 MPa. The green compacts
ere 3.4 mm in length and 5.1 mm in diameter. Green density of compacts was

btained by geometrical method.
The linear shrinkage was monitored in a horizontal dilatometer (Theta Instru-

ents Inc., Dilatronic) used in standard form. The runs were effected at constant
eating rates (CHR) of 5 ◦C/min and 10 ◦C/min in static air, up to 1500 ◦C.

Dilatometric data were used to determine the density (�) applying the following
quation [12]:

= 1

(1 − (dL/L0))3
�0 (7)

here dL/L0 is instantaneous linear shrinkage, L0 is the initial length of compact,
nd �0 is the green density.

Relative density was calculated by �r = �/�t . The theoretical density (�t) was
ssumed: �t = 6.00 g/cm3 [13].

The microstructure of samples after dilatometric runs up to 1500 ◦C were
bserved by atomic force microscopy (AFM) using a Nanotec Electronica equipment.

. Results and discussion

Fig. 1 shows the complete dilatometric curves running at
◦C/min and 10 ◦C/min. In both runs the onset of densifica-

ion/shrinkage process start about 550 ◦C. The maximum level of
hrinkage was 28% of L0 and it was attained at 1500 ◦C. At this
emperature, the maxima relative densities were 0.95 and 0.98 at
◦C/min and 10 ◦C/min, respectively.

By this, to obtain a high final density (95–98%) a considerable
imensional change would occur due to low initial packing (green
ensity = 36% �t).

The curves in Fig. 1 exhibit the highest percentage of shrinkage

etween 600 ◦C and 1100 ◦C (from 0% to 22% of initial length). In
his range, more shrinkage was obtained when the heating rate was
◦C/min, because the pellet is exposed to sintering for a longer time.
owever, between 1100 ◦C and 1350 ◦C, the level of contraction
as similar regardless heating rate. In the range 1350–1500 ◦C it
Fig. 1. Dilatometric curves of ZrO2–3 mol% Y2O3 compacts run at 5 ◦C/min and
10 ◦C/min.

is observed a higher shrinkage rate when the sample is heating at
10 ◦C/min. These facts are observed in Fig. 2, where it is plotted both
relative density and densification rate vs. temperature.

From Fig. 2 it can be observed that the maximum shrinkage rate
move to higher temperature (from 1096 ◦C to 1114 ◦C), when the
heating rate is increased from 5 ◦C/min to 10 ◦C/min. In both cases,
Fig. 2. Heating rate effect on both density and densification rate of YSZ powder
compact.
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ig. 3. Master sintering curve for YSZ powder compact at different values of Q.

s. ln � curves. When the correct value of Q has been given, the
wo curves would converge to a single curve. If the curves did not
onverge, a new value of Q is chosen and the process is repeated.

As examples, the MSC curves constructed at 100 and 300 kJ/mol

re shown in Fig. 3a and b, respectively.

The best convergence occurs at around Q = 500 kJ/mol (range:
r = 0.36–0.70). From the knowledge of activation energy of sinter-

ng for YSZ between 600 and 1100 ◦C, the MSC has been constructed
nd it is shown in Fig. 4. From these data it is suggested that the

Fig. 4. Validation of master sintering curve for YSZ powder compact.
Fig. 5. AFM micrograph of YSZ compact after heating at 1500 ◦C (heating
rate = 10 ◦C/min).

sintering kinetics is conduced by one densification mechanism up
to a relative density about 0.70. At higher level of density probably
the microstructure coarsening became operative [14,15].

This Q value is in accord with Mazaheri et al. [14] who estimated
a sintering activation energy of 485 kJ/mol to a ZrO2–3 mol% Y2O3
powder.

Besides, Aglietti and co-workers [16] reported a sintering activa-
tion energy of 170 kJ/mol to zirconia powders with 8 mol% of Y2O3,
using a sintering model based on a volume diffusion mechanism
but applied to initial stage of sintering.

Fig. 5 shows the microstructure of YSZ compact after dilato-
metric run at 10 ◦C/min up to 1500 ◦C. The microstructure shows
uniform distribution of YSZ particles in a dense particle packing.
The mean grain size is about 300 nm suggesting that a low grain
growth level has been developed even at 1500 ◦C.

This behavior has also been reported by Li and Gao [17] who
suggested that the ion Y on the grain boundaries hinder the grain
growth mechanism.

According to this slow grain growth, it is probable that volume
diffusion could be the main sintering mechanism acting in the range
600–1100 ◦C.

4. Conclusions

The master sintering curve has been constructed for ZrO2 con-
taining 3% Y2O3 and it has been used to calculate the activation
energy for sintering.

The sintering activation energy was found to be 500 kJ/mol, and
it was valid up to a relative density around 0.70. To higher densities
the coarsening mechanism was proposed.

It was observed a low grade of grain growth in the samples even
heated at 1500 ◦C.
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