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Abstract

The effect of 0–10 wt% alumina addition on the initial sintering of 8 mol% Y2O3 cubic ZrO2 (8YSZ) was studied. Activation energy and initial

stage of sintering mechanism were analyzed in order to understand the effect of the alumina in the sintering process. The analysis was carried out

using the analytical method for constant rate heating (CRH). The activation energy decreased from 716 to 599 kJ/mol for undoped 8YSZ to

2.16 wt% of alumina–8YSZ, respectively. The mechanism for the initial stage of sintering for <2.16% Alumina–8YSZ changed from grain

boundary diffusion (GBD) to volumetric diffusion (VD). With 10 wt% of alumina, the activation energy increased to 854 kJ/mol which was

thought due to the change in the initial stage of sintering mechanism from VD to GBD.
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1. Introduction

The addition of 8 mol% Y2O3 stabilizes the cubic fluorite

structure of ZrO2, from room temperature to its melting point.

8YSZ is the most common electrolyte in oxide fuel cells

because the material possesses excellent oxygen ion con-

ductivity and exhibits desirable stability in both oxidizing and

reducing atmospheres [1,2]. The excellent ionic conductivity of

this material can be achieved through the development of fine

and homogeneous microstructures. In order to obtain these

microstructural properties, it is necessary to control the powder

characteristics, the forming process and especially the sintering

conditions.

The addition of Al2O3 to zirconia ceramics has been

previously studied for its effect on different property aspects,

e.g. grain growth [3,4], superplasticity [5], phase transforma-

tion and phase composition [6–8]. Previous studies have also

reported on the activation energy for the sintering process for

the system ZrO2–Al2O3 [9–11].

The initial stage of sintering for various ceramics has been

studied by a number of researchers and many equations were

developed to analyze the quantitative kinetics. The first reports

on aspects of sintering kinetics were presented by Kingery and
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Berg [12], followed by other researchers [13–17] who

developed equations for both, isothermal and non-isothermal

sintering conditions. Recently Matsui et al. [9] also developed

an analytical method that can be used to determine the diffusion

mechanism at the initial sintering stage by employing a

constant rate of heating (CRH) technique. The current authors

[9] propose a useful combination of the equation developed by

Young–Cutler [17] and Wang–Raj [11].

In the present study, the authors analyze the effect on the

initial sintering stage of 8YSZ with small and large additions of

alumina using the combination of equations developed by

Matsui et al. [9]. The effects on the activation energy and the

sintering mechanism for initial stage were studied for all the

additions. We also propose an explanation for the change in the

observed sintering mechanism from grain boundary diffusion

(GBD) without the alumina additive to volumetric diffusion

(VD) for small amounts of alumina and the increment in

activation energy and the change back to the GBD mechanism

for the addition of 10%wt of Al2O3.

2. Experimental procedure

2.1. Samples preparation

The starting materials were 8YSZ powder containing

7.8 mol% of Y2O3 (TZ-8Y, SiO2 content 0.003 wt% grade,

Tosoh, Japan) and high-purity Al2O3 powder (>99.99%, SiO2
d.
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content 3 ppm TM-DAR, Taimei Chemicals, Nagano, Japan)

with a particle size averaging 0.15 mm. The samples were

prepared adding 0.65, 2.16 and 10 wt% of alumina to 8YSZ

powder. The powders were dispersed in water with the

appropriate amount of a polyelectrolyte (poly(ammonium

carboxylate), ALON A-6114, Toagosei Co., Tokyo, Japan)

dispersed in distilled water [18]. Aqueous suspensions were

prepared containing 30 vol% solids content of the ZrO2 and

Al2O3 powder mixtures. Long-range segregation caused by the

difference in particle size and/or density has been confirmed to

be inhibited by hindering sedimentation if the solid content

exceeds 30 vol% in suspensions [19].

The suspension of the ZrO2 and Al2O3 powder mixture is

stabilized by electrosteric repulsion [20]. The suspension was

dispersed ultrasonically for 10 min and stirred using a magnetic

stirrer at room temperature. The ultrasonic irradiation (Model

USP-600, Shimadzu, Tokyo, Japan) was conducted at 20 kHz.

Suspensions were evacuated in a desiccator to eliminate air

bubbles after which they were slip cast into plaster molds with a

0.2 mm porous Teflon film separating the slurry from the mold

forming 4 cm � 4 cm � 0.5 cm consolidated compacts. Cold

isostatic pressing (CIP) at 400 MPa was conducted to improve

green density.

The homogeneous compacts were heated and their

shrinkage was measured using a thermomechanical analyzer

(TMA; System TMA8310, Rigaku, Tokyo). The measurements

with CRH were performed in the range from room temperature

to 1400 8C at heating rates of 2.5, 5, 10 and 20 8C/min with no

holding time. SEM pictures were taken from samples sintered

at 1300 8C for 2 h. Densities of the green and sintered bodies

were measured by the Archimedes method using kerosene or

water.

2.2. Analysis of sintering shrinkage

The sintering–shrinkage experimental data was obtained

using TMA. Assuming isotropic shrinkage to green compact,

the density r(T) at given temperature T is given by the following

equation (Eq. (1)) [11].

rðTÞ ¼ L f

LðTÞ

� �3

r f (1)

Where r( f) is the final density, Lf and L(T) are the final length

and the length at temperature T of the specimen.

As previously mention we used the method described by

Matsui et al. [9,21–23], where they have incorporated a

combination of equations developed by Young–Cutler [17] and

Wang–Raj [11] both based on the two-spheres shrinkage model.

Raj et al. derived the sintering rate equation as follows:

ln Tc
dr

dT

� �� �
¼ � Q

RT
þ a1=n (2)

where a1/n is the frequency factor given by:

a1=n ¼ ln½ f 1=nðrÞ� þ ln
KgVD0

k

� �
� p ln a (3)
T is the absolute temperature, c is the heating rate, Q is the

activation energy, R is the universal constants of gases, f1/n(r) is

a function of density, K is a numerical constant, V is the atomic

volume, g is the surface energy, D is the diffusion coefficient, k

is the Boltzmann’s constant, p is a parameter and a is the

spherical particle radius.

Young and Cutler [17] derived the sintering equation for

constant heating rate as follows.

dðDL=LoÞ
dT

¼ KgVDoR

ka pcQ

� �n nQ

RT2�n

� �
exp � nQ

RT

� �
(4)

where a is the particle radius, n and p are parameters depending

on the diffusion mechanism and DL (=Lo � L) is the change in

length of specimen. The values of p for GBD and VD are p = 4

and p = 3, respectively [15]. All these equations, (1)–(4), are

applicable for shrinkages<4%, which satisfy the initial or early

stage sintering condition studied here.

Using CRH techniques, we can determine the activation

energy and the sintering mechanism rearranging and simplify-

ing Eqs. (2) and (4) as follows. From the slope of the Arrhenius-

type plot ln[Tc(dr/dT)] vs. 1/T, the activation energy is

determined by

Q ¼ �RS1 (5)

Using the slope S2 by re-arrangement of Eq. (4) and graphing

ln[T2�n(d(DL/Lo)/dT)] vs. 1/T we can obtain the apparent

activation energy expressed as

nQ ¼ �RS2 (6)

Since n was in the range n = 0.31–0.50 [15], the S2 parameter

can be estimated from the plot of ln [T1.6(d(DL/Lo)/dT)] against

1/T. Combining Eqs.(5) and (6) we have

n ¼ nQ

Q
¼ S2

S1

(7)

Eqs. (5)–(7) were used to determine the values of activation

energy and sintering mechanism in the initial stage of sintering

using the results of the CRH experiments.

3. Results and discussion

3.1. Densification and densification rate

Fig. 1A shows the difference in the relative density of the

samples with different amount of alumina for the same 5 8C/

min CRH. It can be observed the effect of the alumina addition

on the densification as follows. Initially for a small addition, the

density increases faster than for pure 8YSZ and the three doped

samples achieve a good final density. The sample with 10% of

alumina had the lowest densification rate and the lowest final

density.

The same conclusion can be obtain if we see the

densification rate shown in Fig. 1B where we can observe

the fastest densification for samples with small amount of

alumina. We can also see that the densification process start

around 1050 8C. In Fig. 1A, is plotted the densification for



Fig. 1. Temperature dependence of (A) densification and (B) densification rate for CRH run at 5 8C/min with different amounts of Alumina as indicated.

Table 1

Activation energy, sintering mechanism, green and final density for the initial and early stage sintering of CSZ with and without alumina addition. GBD: grain

boundary diffusion; VD: volumetric diffusion. The kinetic data is related with the initial stage sintering and the final density is calculated from 2.5 8C/min and 2 h

holding time.

Alumina (wt%) Activation energy (kJ/mol) n Sintering mechanism Rel. Dens. (%)

Green Final

0.00 716 0.31 GBD 54.0 99.0

0.65 624 0.45 VD 53.8 99.5

2.16 599 0.46 VD 53.5 99.2

10.00 854 0.31 GBD 55.4 98.5
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samples with different initial green densities (Table 1), for that

reason the final density seems to be similar for all compositions.

In fact, the addition of small amount of alumina is already

shown to be effective for improving the densification [10,21].

In Fig. 2A and B we can observe that the densification rate

shifts to higher temperatures when the heating rate is increased

and we can also observe that adding a small amount of alumina

the sintering process start at lower temperatures independent of

the heating rate.

3.2. Activation energy

Fig. 3 shows the graph of Eqs. (2) and (4) where S1 is the

slope of ln[Tc(dr/dT)] vs. 1/T and S2 is the slope of

ln[T2�n(d(DL/Lo)/dT)] vs. 1/T, both Eqs. (2) and (4) are plotted

in the same graph. The activation energy is calculated for each

composition from the Arrhenius-type plot, as is given by

Eq. (5).

As can be seen from Table 1, the activation energy

determined here decreases with the addition of small amounts

of alumina (<2.16%). This result is in agreement with those of

Matsui et al. [9,22,24] and Wang and Raj [10], and confirms

that alumina added in small amounts assists the early stage

sintering process. Matsui et al. [9] also suggest that the reason
for the decreasing of the activation energy is directly related

with the reduction of the surface energy of zirconia powder by

inclusion of a small amount of alumina. Aktas and coworkers

[4] suggest that this behavior is due to Al3+ solute ions

segregation in grain boundary region.

It was also suggested by Tekeli and Demir [3] that a small

amount of alumina improves densification, while a large

amount of alumina decreases the sintering rate. Tekeli et al.

proposed that for large amounts the alumina is deposited

directly in the grain boundaries and reduces the contact points

between zirconia particles. It is known [17,21,23] that the GBD

is the predominant initial sintering mechanism for Zr4+ and Y3+

matter transport in alumina-free samples and this mechanism is

affected by the presence of alumina particles. Alumina and

zirconia (with no yttria) has very limited mutual solubility and

the solubility of Al2O3 in ZrO2 increases as the temperature

increase [25,26]. Stough and Hellman [27] reported that

alumina can be solved at a temperature of 1200–1600 8C in

0.2–0.3 wt%. These results demonstrate that for additions of

alumina more than 0.3 wt% segregation of alumina will exist.

This lack of solubility and segregation is due to two main

factors. One, strain energy relaxation that results from the size

mismatch between the solute and the host ions and, secondly,

electrostatic charge compensation [28,29].



Fig. 2. Densification rates for (A) samples with 0% of alumina and (B) 0.65% of alumina for different CRH.

Fig. 3. Plots showing S1 and S2 parameters, calculated using the Arrhenius type plot from Eqs. (2) and (4). Each curve is for a different CRH. (A) 0 wt% of Al2O3, (B)

0.65 wt% of Al2O3, (C) 2.16 wt% of Al2O3 and (D) 10 wt% of Al2O3.
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Fig. 4. SEM images of samples with (A) 0 wt%, (B) 2.16 wt% and (C) 10 wt%

alumina addition after sintering at 1300 8C for 2 h.
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The variation in the activation energies determined here

indicates that the addition of alumina in small amount enhances

the initial sintering properties. Other references [4,6–8] also

reported that the activation energy for the grain boundary

diffusion increases.

For the addition of 10% of alumina the situation is different

and we can observe an increase in the activation energy. In

previous work by Tekeli and Demir [3], it is suggested that the

retardation in the sintering rate and the increment in the

activation energy can be attributed to a number of specific

reasons. For example, they observed that large amount of

alumina (10%) produce porosity in the grain interior and the

grain boundaries. This porosity resulted in a diminution on the

final sintered density. Another reason is that the distribution of

alumina phase in the zirconia matrix induces tensile stress

developed by thermal expansion mismatch difference between

these two phases. Finally, the diffusion decreases because of the

zirconia grains around the alumina particles are unable to

contact freely and the path between zirconia grains becomes

longer. With this, the diffusion of zirconia becomes slower and

this is the reason of the increase in the activation energy when

alumina loading is high.

3.3. Sintering mechanism

Using Eq. (7) we estimate the mechanism of the initial stage

of sintering from the n values knowing that the values are in the

range n = 0.31–0.33 for GBD and 0.40–0.50 for VD [15].

Comparing them with the values determined here it is possible

to propose a sintering mechanism.

Young and Cutler [17] reported GBD mechanism for pure c-

ZrO2 and Sakka et al. [20,30–34] reported that Zr4+ cation

diffusion is enhanced at the grain boundaries and that the VD of

cations is significantly enhanced by the addition of small

amount of alumina. Suárez et al. [35] reported slightly smaller

activation energy for undoped 8YSZ using a fast heating rate

method (estimated in 400–600 8C/min) concluding that the

mechanism is dominated mainly by VD. Due to the

characteristic of the experiments Suárez et al. propose that

the values for activation energy and diffusion coefficient they

calculated by their method are influenced by a combination of

mechanisms mainly VD with an important contribution of

GBD.

Table 1 shows the results of the activation energy and

sintering mechanism determinations. It can be seen that

zirconia without alumina sintered via a GBD mechanism as

well as small amounts of alumina produce a change in the

mechanism from GBD to VD accompanied by a decrease in the

activation energy.

The sintering mechanism for 10 wt% of alumina has not

been widely reported. We observe that the initial sintering

mechanism changes from VD to GBD again and from our

results we suggest that can be due to the obstacles that Zr4+

cations encounters due to the alumina particles segregated and

distributed along the zirconia grain boundaries. As it was

reported by Stough and Hellman [27], the solubility of alumina

at temperatures in the range of 1200–1600 8C is between 0.2
and 0.3 wt%. In our case, the addition of 0.65 and 2.16%

alumina is much higher that the solubility reported by Stough;

however once the sintering mechanism changed from GBD in

pure 8YSZ to VD for small additions of alumina the initial

sintering mechanism remains in VD for the wide range alumina

addition between 0.65 and 2.16.

The solubility of alumina in cubic zirconia is not clear and

the phase diagrams are not in detailed in this region [27].

Additions of alumina up to 2.16 wt% produce a change in the

sintering mechanism from GBD to VD. It is clear that the

excess of alumina not soluble must be segregated to the grain

boundaries, yet it is not enough to affect the sinterability. Fig. 4

shows the SEM micrograph of the samples sintered at 1300 8C
for 2 h of samples with 0, 2.16 and 10 wt% alumina addition.

0.65 wt% is not presented in the picture because no segregation



Table 2

Earlier determinations of activation energies and proposed sintering mechan-

isms for the initial or early stage sintering of CSZ with and without alumina

addition. GBD: grain boundary diffusion; VD: volumetric diffusion.

Alumina

(wt%)

Activation

energy

(kJ/mol)

n Sintering

mechanism

Ref.

0 702 0.31 GBD [9]

0.25 588 0.49 VD

0 757 0.30 GBD [22]

0.25 690 0.50 VD

3.50–96.5 700 � 100 – GBD [10]

0 570 0.25–0.35 VD [33]
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is observed. It can be seen in Fig. 4 that 2.16 wt% already

present some alumina segregation but not enough to induce the

change in the sintering mechanism. For 10 wt% the segregated

alumina is large enough to affect the diffusion of Zr4+ cations

forcing a change in the mechanism to the GBD mechanism and

an increase in the activation energy. This observation is also

supported by Sharif and Mecartney [5] presenting SEM

micrograph of 8YSZ of 10 wt% alumina with clear segregation

to the triple point region.

The results shown in Table 1 are in agreement with the

previous experimental results summarized in Table 2. Matsui

et al. [9] reported an activation energy for GBD of 702 kJ/mol

for undoped cubic zirconia, 588 kJ/mol for 0.23%wt of

alumina–8YSZ changing to VD. Matsui et al. [22] also

reported 757 kJ/mol in GBD and 690 kJ/mol with VD for cubic

zirconia and doped with 0.25 wt% of alumina, respectively.

Wang and Raj [10] reported the activation energy to be

approximately constant at 700 � 100 kJ/mol for alumina

concentrations between 3.5 and 96.6 wt%, with GBD

responsible for the sintering in all ranges of alumina

concentration.

4. Conclusion

In this work the authors studied the effect of alumina in the

initial or early stage sintering of cubic zirconia using constant

rate heating (CRH) techniques and analyzed the results using

kinetic equations derived by previous workers. For less than

3 wt% of alumina addition enhances the densification rate and

minimizes the activation energy generating a mechanism

change from grain boundary diffusion (GBD) to volume

diffusion (VD). For a larger amount of alumina (10 wt%) we

observed an increase in the activation energy and assumed it

was due to the particles of alumina deposited in the grain

boundary regions. Our results are in agreement with previously

reported data where for small amounts of alumina the reduction

in the activation energy is due to the change in the sintering

mechanism caused by the migration of Al3+ ions segregated to

the grain boundaries, so VD dominates. For larger amounts of

alumina (10 wt%) the mechanism change again to GBD and the

activation energy for initial or early stage sintering increases.
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