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Abstract

The effects of NiO addition on sintering yttria-stabilized zirconia were systematically studied to understand the role of the additive in the

sintering process of the solid electrolyte. Specimens of 8 mol% yttria-stabilized zirconia with NiO contents up to 5.0 mol% were prepared using

different Ni precursors and sintered at several dwell temperatures and holding times. Densification and microstructural features were studied by

apparent density measurements and scanning electron microscopy observations, respectively. The sintering dynamic study was carried out by

following the linear shrinkage of powder compacts containing 0–0.75 mol% NiO. Small (up to 1.0 mol%) NiO addition was found to improve the

sinterability of yttria-stabilized zirconia. The activation energy for volume diffusion decreases with increasing NiO content, whereas the grain

boundary diffusion seems to be independent on this additive. The grain growth of yttria-stabilized zirconia is found to be enhanced even for small

NiO contents.
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1. Introduction

Yttria-stabilized zirconia (YSZ) has been the most studied

material for application as solid electrolyte in high-temperature

solid oxide fuel cells (SOFCs) [1]. For this application, the solid

electrolyte must be impervious to the diffusion of molecular

oxygen. This requirement imposes to the solid electrolyte a

minimum relative density of�93%. Commercial YSZ powders

attain such high density after conventional sintering only at

temperatures above 1350 8C [2,3]. Decrease of the sintering

temperature could allow for simultaneous sintering (co-firing)

of the solid electrolyte and the electrode components, thereby

reducing the production cost of this device.

One approach to decrease the sintering temperature of

materials consists in the addition of a sintering aid. Several

ceramic additives have been investigated for that purpose.

Transition metal oxides are favorite candidates to be used as

sintering aids, because they have a relatively low melting

temperature, allowing for densification by liquid phase

mechanism. Nickel oxide, NiO, has a cubic crystalline structure

and relatively high melting point (1984 8C) [4]. It is one of the
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preferred materials for anode component, usually the Ni/YSZ

cermet. Few investigations may be found in the literature

concerning the use of NiO as sintering aid for the YSZ solid

electrolyte.

Decrease of sintered density of the cermet occurred with

heavy NiO additions (40–60 wt.%) to zirconia–8 mol% yttria

(8YSZ), although faster densification was obtained in the

beginning of the sintering process [5]. van Herle and Vasquez [6]

observed fast densification of 8YSZ with small (�1.5 mol%)

NiO addition without any detriment of its properties. The grain

growth of 10 mol% yttria-stabilized zirconia (10YSZ) was

enhanced with NiO contents below the solubility limit, and

decreased beyond that limit [7]. Recently, Zhang et al. [8]

reported improved densification of 8YSZ with NiO additions.

None of the previous works studied the effect of NiO

addition on the densification mechanisms of YSZ. For ceramic

materials, sintering is the most important process to reach high

densities with a desired microstructure. During sintering the

surface energy of powder particles decreases according to

several mass transport mechanisms [9]. Those mechanisms are

usually thermally activated, and are predominant in specific

temperature ranges, although overlapping among them is

known to occur. The overall mechanisms occurring during

sintering can be basically divided into those that promote

decrease of the surface energy accompanied by densification of
d.
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the ceramic material, and those that decrease the surface

energy without any significant densification. The mechan-

isms responsible by most of densification during sintering of

ceramics are grain boundary diffusion and volume diffusion.

In general, grain boundary diffusion predominates in the

initial stage of sintering, whereas volume diffusion plays a

major role in the intermediate stage. Many theoretical

models have been developed to predict the behavior of

materials with sintering temperature and time [10–14]. The

main purpose of this work is to perform a thorough

investigation on the effect of NiO addition on densification

behavior, grain growth and sintering dynamics of 8YSZ.

Interpretation of experimental data was accomplished

applying the model proposed by Wang and Raj [10], briefly

described below.

1.1. Sintering model

In the Wang and Raj model [10] the linear shrinkage of a

powder compact is related to the sintering temperature and time

by:

�dL/Ldt ¼ CgV

2
3 f ðrÞ/RTG3 � exp �Q/kBTð Þ þ CgV

2
3 f gðrÞ/RTG4 � exp �Qg/kBTð Þ

(1)

where C is a constant, V is the molar volume, g is the surface

energy, f(r) is a function only of density, Q is the activation

energy of the mechanism, kB is the Boltzmann constant, T is the

absolute temperature, L is the length of the material, R is the

ideal gas constant, t is the time, G is the mean grain size, and the

subscripts and g stand for volume diffusion and grain boundary

diffusion, respectively. In the initial stage of sintering, Eq. (1)

can be simplified to give:

� L0

L
� dðDL=L0Þ

dt
¼

CgV2=3 f gðrÞ
eRTG4

� exp �
Qg

kBT

� �
(2)

The activation energy for grain boundary diffusion can be

obtained by further simplification of Eq. (2), resulting:

ln T � L0

L
� dð�DL=L0Þ

dt

� �

¼
�Qg

kBT
þ ln ðCgV2=3Þ þ ln f gðrÞ � 4 � ln ðR1=4GÞ (3)

The second and the third terms on the right-side of Eq. (3)

can be taken as constant during the initial stage of sintering,

because the average grain size is approximately constant and

the density changes only �3% [9,10]. Then, the activation

energy of the mechanism can be determined by plotting the

left-side of Eq. (3) as a function of the reciprocal

temperature.

Another useful approach is to analyze the variation of the

temperature of maximum shrinkage. This can be done by a

second derivation of Eq. (2) resulting:

�T2
M �

f 0ðrÞ
f ðrÞ �

dr

dT
¼ Q

R
(4)
Eqs. (3) and (4) were used in this work to analyze the effects

of NiO additions on the activation energy of the mechanisms

promoting the densification of the 8YSZ solid electrolyte.

2. Experimental

2.1. Powder materials and processing

Zirconia–8 mol% yttria (99.6%, Tosoh), NiO (99%, Alfa

Aesar), Ni(NO3)2�6H2O (99.9985%, Puratronic), NiCO3�
3Ni(OH)2�xH2O (99.5%, Alfa Aesar) and C4H6NiO4�4H2O

(99%, Caal) commercial powders were used as-received. NiO

additions up to 5 mol% to 8YSZ were carried out by mechanical

mixing.

For dilatometry experiments the starting materials were

mixed together in the desired proportion in a mechanical mixer

(Turbula, T2C model) for 1 h followed by calcination at 600 8C
for 10 min. After deagglomeration of the powder mixtures,

cylindrical compacts were prepared by uniaxial pressing in a

5 mm diameter stainless steel die followed by isostatic pressing

(130 MPa).

Specimen preparation for other experiments were carried

out by mixing and uniaxial pressing (60 MPa) followed by

sintering in air at several dwell temperatures and holding times.

2.2. Characterization methods

Thermal decompositions of NiO precursor powders were

analyzed by thermogravimetry, TG (Shimadzu, TGA 50) in

stagnant atmosphere of synthetic air up to 1000 8C at a rate of

10 8C min�1. Calcined mixtures were analyzed by X-ray

diffraction (Bruker-AXS, D8 Advance) for phase characteriza-

tion and to determine the mean crystallite size using the

Scherrer equation. High-grade Si powder was used as external

standard for instrumental error correction. X-ray diffraction

analyses were performed between 288 and 888 2u range with

0.038 step size and 3 s counting time. Sintering dynamics was

studied by dilatometry experiments (Setaram, Labsys model) in

flowing synthetic air (40 mL min�1) up to 1380 8C with heating

rate of 8 8C min�1. Densification of powder compacts was

further studied by apparent density determination by measuring

the sample mass and geometry. Selected pellets were observed

in a scanning electron microscope (Philips, XL30) to determine

the effects of NiO additions on the microstructure of the

sintered solid electrolyte. The average grain size, G, of sintered

specimens was calculated by the intercept method in a

population of about 1000 grains.

3. Results and discussion

3.1. Powder characterization

Thermogravimetric curves of NiO precursors are shown in

Fig. 1. The thermal decomposition of each precursor material is

characterized by several steps of weight loss. These results are

in general agreement with previous studies [15–18]. It is worth

to note that the TG curve of nickel acetate exhibits a small



Fig. 2. X-ray diffraction patterns of starting materials calcined at 600 8C for

10 min.

Table 1

Space group and mean crystallite size of 8YSZ and NiO prepared with several

precursors calcined at 600 8C for 10 min.

8YSZ NiO (NA) NiO (NN) NiO (NO) NiO (NC)

Space group Fm3m Fm3m Fm3m Fm3m Fm3m

Mean crystallite

size (nm)

25.6 46.4 50.6 251 21.5
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weight gain above �518 8C. This effect was observed in

experiments conducted under stagnant air atmosphere. The

weight gain may be then associated to the oxidation of Ni

residues, which are known to be formed during the decom-

position reaction [18].

The thermogravimetric curve of trihydroxy nickel carbonate

in the 500–1000 8C range shows a small weight loss of about

1%, whereas the decomposition reaction of nickel nitrate is

complete up to �400 8C.

Fig. 2 shows X-ray diffraction patterns of precursor

materials after calcination at 600 8C for 10 min and that of

8YSZ powder. The abbreviations NO, NA, NC and NN are used

to indicate the precursor material and stand for nickel oxide,

nickel acetate, trihydroxy nickel carbonate and nickel nitrate,

respectively. The phase characterization was carried out by

comparison of the angular position and intensity of diffraction

peaks with corresponding JCPDS files (71-1179 for NiO and

30-1468 for 8YSZ). All diffraction patterns of nickel oxide may

be indexed according to that of NiO with a cubic NaCl-type

structure. The space group and the mean crystallite size of

calcined powders are shown in Table 1.

The crystallite size of 8YSZ agrees with that of the

manufacturer specification. The crystallite size of NiO prepared

from trihydroxy nickel carbonate is lower than that of 8YSZ,

whereas the opposite trend occurs for other precursor materials.

This result suggests that grain growth in specimens containing

NiO may be dependent upon the precursor material.

3.2. Effect of NiO content on densification of 8YSZ

Linear shrinkage curves of powder compacts prepared with

increasing amounts of trihydroxy nickel carbonate are shown in

Fig. 3. This nickel oxide precursor was chosen for this study

because of its relatively high purity, low crystallite size and low

hygroscopic nature compared to nickel nitrate and nickel

acetate. The onset temperature for shrinkage decreases with

increasing NiO content. Moreover, densification is faster in
Fig. 1. Thermogravimetric curves of nickel-based precursor materials.
specimens containing NiO. Total shrinkage at 1380 8C amounts

16.4% for 8YSZ and 19.9% for 8YSZ containing 0.75 mol%

NiO. Table 2 shows values of total shrinkage, (DL/L0)max, at

1380 8C for the studied specimens.

The derivative curves of the linear shrinkage of powder

compacts are shown in Fig. 4. The temperature of maximum

shrinkage, TM, decreases with increasing NiO content. Values

of TM are listed in Table 2. For 8YSZ containing 0.75 mol%

NiO TM is approximately 75 8C lower than 8YSZ without the

additive.

These results show that NiO additions below the solubility

limit (�1.5 mol% at 1350 8C) increase the densification rate of

8YSZ. Complimentary results of densification were obtained

by apparent density measurements of specimens prepared by

conventional sintering. Results are given in terms of relative

density. The theoretical density was calculated taking into

account the mass and the volume of the unit cell. Unit cell

volumes were determined from the lattice parameter for each



Table 2

Values of total shrinkage, (DL/L0)max, at 1380 8C and temperature of maximum

shrinkage, TM, for 8YSZ and 8YSZ containing NiO specimens prepared with

trihydroxy nickel carbonate precursor.

Specimen (DL/L0)max TM (8C)

8YSZ 16.4 1341

8YSZ + 0.25 NiO 18.0 1306

8YSZ + 0.50 NiO 19.7 1281

8YSZ + 0.75 NiO 19.9 1265

Fig. 5. Relative density versus holding time for 8YSZ and 8YSZ containing

different amounts of NiO. Lines are only a guide to the eyes.

Fig. 3. Linear shrinkage curves of 8YSZ and 8YSZ with small NiO additions

(mol%). Precursor material: trihydroxy nickel carbonate.
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specimen and they are in agreement with values obtained by

Kuzjukevics and Linderoth [19].

Fig. 5 shows the variation of relative density with holding

time for specimens containing different amounts of NiO at a

fixed temperature of 1300 8C. Specimens containing NiO show

a fast increase in the relative density with short holding times

compared to 8YSZ. Similar results were obtained for other
Fig. 4. Linear shrinkage rate curves of 8YSZ and 8YSZ with small NiO

additions (mol%). Precursor material: trihydroxy nickel carbonate.
sintering temperatures in the 1150–1350 8C range. The relative

density of specimens containing 4.6 mol% NiO, that is above

the solubility limit, is lower than that of 8YSZ for holding times

higher than 5 h. This occurs because in these specimens two

densification processes operate simultaneously, one for 8YSZ

and other for NiO, and the densification kinetics of 8YSZ is

faster than that of NiO [5].

3.3. Effect of nickel precursor on densification

Fig. 6 shows linear shrinkage curves of 8YSZ powder

compacts containing 0.5 mol% NiO prepared with different

nickel oxide precursors. Except for compacts prepared with

nickel acetate, these curves show a decrease in the onset

temperature for shrinkage and an increase in the maximum

shrinkage. Values of shrinkage at 1380 8C are listed in Table 3.

The different behavior of the powder compact prepared with

nickel acetate is probably related to the complex nature of the

decomposition reaction of this precursor material with the

surrounding atmosphere.

Derivative curves of linear shrinkage are shown in Fig. 7.

These curves show that NiO addition to 8YSZ reduces the

temperature for maximum shrinkage from �1340 to 1280 8C.

The temperature of maximum shrinkage for different NiO

precursors is listed in Table 3. It should be noted that TM does

not vary considerably with the nickel precursor, except for

nickel acetate. Small differences in these temperatures may be

attributed to residual impurities in the starting materials.

3.4. Effect of NiO on densification mechanisms

The effects of NiO additions on the densification mechanism

of 8YSZ in the initial stage of sintering were studied by fitting

experimental data obtained by dilatometry using Eq. (3). Fig. 8

shows, as an example, how regions of linear behavior were

chosen for this analysis. In y-axes a = dT/dt and y = � DL/L0.

Data in these plots correspond to the specimen containing



Fig. 7. Linear shrinkage rate curves of 8YSZ and 8YSZ with 0.5 mol% NiO

obtained from different precursors.

Fig. 8. Plots for the choice of the linear region for estimating grain boundary

activation energy; specimen: 8YSZ + 0.25 mol% NiO (NC).

Table 4

Values of grain boundary activation energy for the studied specimens.

Specimen Egb (kJ mol�1)

8YSZ 267.5

8YSZ + 0.25 NiO (NC) 298.1

8YSZ + 0.50 NiO (NC) 315.0

8YSZ + 0.75 NiO (NC) 331.7

8YSZ + 0.50 NiO (NA) 285.0

8YSZ + 0.50 NiO (NN) 271.4

8YSZ + 0.50 NiO (NO) 267.4

Fig. 6. Linear shrinkage curves of 8YSZ and 8YSZ with 0.5 mol% NiO

obtained from different precursors.

Table 3

Values of total shrinkage, (DL/L0)max, at 1380 8C and temperature of maximum

shrinkage, TM, for specimens containing 0.50 mol% NiO prepared with differ-

ent nickel precursors.

Specimen (DL/L0)max TM (8C)

8YSZ 16.4 1341

8YSZ + 0.50 NiO (NA) 16.3 1318

8YSZ + 0.50 NiO (NC) 19.7 1281

8YSZ + 0.50 NiO (NO) 20.2 1280

8YSZ + 0.50 NiO (NN) 19.7 1287
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0.25 mol% NiO prepared with trihydroxy nickel carbonate

precursor. The linear range chosen is indicated by a parallel

dotted line and refers to regions where both curves

(corresponding to the left-side of Eq. (3) and its derivative)

are linear. Similar treatment was carried out for experimental

data obtained for other specimens. After fitting straight lines,
values for the grain boundary activation energy (Table 4) were

estimated.

It is worth noting the similar values obtained for specimens

without the additive (pure 8YSZ) and with 0.50 mol% NiO

using nickel oxide as precursor material. Therefore, the

densification mechanism by grain boundary diffusion is not

influenced by small amounts of this additive. However, for

specimens prepared with other NiO precursors, the grain

boundary activation energy seems to be dependent on the

decomposition behavior. For nickel nitrate, the decomposition

reaction is complete up to 400 8C, and the activation energy is

only slightly higher than that of 8YSZ. The trihydroxy nickel

carbonate presented a continuous decomposition up to

�1000 8C, and the grain boundary activation energy is, in

this case, the highest. Then, these differences in the grain

boundary activation energy may be explained as a result of the

interaction of residues of the decomposition reaction with the

diffusing species at the grain boundaries in the initial stage of

sintering.

The overall results show improvement in the sinterability of

8YSZ with NiO additions. Moreover, analytical treatment of

experimental data in the initial stage of sintering revealed that

the densification mechanism by grain boundary diffusion is not

influenced by the additive at levels below the solubility limit.

The increase of sinterability is then expected to occur by

volume diffusion. The activation energy for this mechanism

may be correlated to the temperature for maximum shrinkage,

TM, through Eq. (4). Assuming that f(r), in that equation, is



Fig. 9. Scanning electron microscopy micrographs of (a) 8YSZ and (b) 8YSZ containing 0.5 mol% NiO using trihydroxy nickel carbonate as precursor. Sintering

conditions: 1350 8C for 0.5 h.
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approximately constant for small NiO contents, the activation

energy for volume diffusion decreases with decreasing TM.

Tables 2 and 3 show that TM decreases for specimens containing

NiO, independent on its content and precursor material,

respectively. Therefore, NiO plays a major role in the volume

diffusion mechanism during sintering of 8YSZ.

3.5. Effect of NiO on grain growth

Fig. 9 shows scanning electron microscopy micrographs of

8YSZ (Fig. 9a) and 8YSZ containing 0.5 mol% NiO (Fig. 9b)

specimens sintered at 1350 8C for 0.5 h. It is known that NiO

promotes an increase in the grain size of 8YSZ [5–7]. As can be

seen in this figure, the grain growth process is enhanced even

for small NiO contents.

Variation of the average grain size determined by the

intercept method as a function of relative density is shown in

Fig. 10 for selected specimens. The grain growth is accelerated

for relative density values above �95%, independent on the

precursor material. Although the starting materials contain

different impurities, these seem not to influence significantly

the grain growth process. In addition, these results show that the

crystallite size of NiO has negligible effect on grain growth.
Fig. 10. Grain size versus relative density for 8YSZ and 8YSZ with NiO

additive.
Specimens prepared with nickel oxide precursor (NO)

exhibited slightly higher grain sizes compared to the ones

prepared with trihydroxy nickel carbonate under the same

sintering conditions. Then, the grain size/relative density ratio

is nearly constant. In Fig. 10, specimens with higher grain size

were sintered for longer holding times (>5 h) and a small

decrease in the sintered density has probably occurred as a

consequence of overfiring.

Fig. 11 shows a linear variation of the square of grain size

with holding time. For short holding times no considerable

variation of the grain size is observed. The change of slope of

the linear fit evidences that grain growth is accelerated with

increasing NiO content. From the slope of the linear fits, values

for K, a temperature-dependent growth factor, were obtained.

This growth factor is related to the grain boundary mobility,

Mgb, by [20]:

K ¼ 2aMgbggb (5)

where a is a geometrical constant dependent on the shape of the

boundary, and ggb is the specific grain boundary energy (energy

per unit area).

Fig. 12 shows the effect of NiO content on the growth factor

for specimens prepared with trihydroxy nickel carbonate as
Fig. 11. Square of grain size versus holding time for 8YSZ and 8YSZ contain-

ing NiO.



Fig. 12. Variation of the growth factor ratio with NiO content.
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precursor at 1350 8C. In this case, the value of K was

normalized to that of 8YSZ without the additive, K8ysz, and

shows a substantial increase with increasing NiO content.

4. Conclusions

Distinct effects were obtained with NiO additions to

8YSZ depending on its contents and nickel precursor. NiO

increases the densification rate of 8YSZ for additions up to

the solubility limit. The activation energy for grain boundary

diffusion (�267 kJ mol�1) remains constant with 0.5 mol%

NiO addition, when the oxide precursor is used. Except

for nickel acetate, volume diffusion is accelerated by

small NiO amounts independent on the type of nickel

precursor. The grain growth rate is enhanced by NiO addition

to 8YSZ.
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