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Abstract

The effect of TiO2 dopant on phase stability, microstructural evolution and room temperature mechanical properties of 8 mol% yttria-stabilized

cubic zirconia (8Y-CSZ) was studied. The results show that TiO2 (up to 10 wt%) can be dissolved in solid solution in the zirconia matrix. When the

dopant amount is less than 5 wt%, TiO2 doped 8Y-CSZ remains single phase cubic zirconia. Increased additions of TiO2 destabilize the cubic phase

and cause the formation of tetragonal zirconia with a resultant microstructure consisting of large cubic zirconia grains and small tetragonal zirconia

grains. EDS analyses show that yttria is partitioned between these two types of grains. The solubility of TiO2 is the highest for cubic grains which

also have higher yttria concentrations. Room temperature mechanical property measurements show that hardness does not change significantly

with additions of TiO2, but fracture toughness is more than doubled for 10 wt% TiO2 doped 8Y-CSZ.
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1. Introduction

Zirconia exists in three different crystal structures: mono-

clinic, tetragonal and cubic. The fluorite cubic structure of

zirconia can be stabilized at room temperature by the addition

of Y2O3 in solid solution (YSZ). Cubic YSZ is used as a solid

electrolyte in solid oxide fuel cells (SOFC) due to its excellent

stability and high oxygen ionic conductivity over wide range of

temperatures and oxygen partial pressure [1], and also for

thermal barrier coatings (TBC) because of its low thermal

conductivity and good erosion resistance [2]. However, cubic

zirconia has modest mechanical properties. For both SOFC and

TBC applications, good mechanical and chemical stability are

desired in order to prevent fracture due to thermal and

mechanical stresses during use [2,3]. Therefore, the enhance-

ment of mechanical properties for cubic zirconia is desired.

To improve the mechanical properties of YSZ, different

additives including SiO2 [4], Al2O3 [5–7] and SiC [8] have been

used. However, SiO2, Al2O3 and SiC form insulating second
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phases and may also cause degradation of ionic conductivity.

Other dopants that can improve the mechanical properties and

maintain the conductivity of cubic zirconia are worth being

explored further. TiO2 has been proposed as an effective

additive [9]. The Ti4+ ion is tetravalent as is Zr4+ with a slightly

smaller ion size, i.e., 0.068 nm for Ti4+ and 0.079 nm for Zr4+.

The solubility of TiO2 in tetragonal zirconia [10] and cubic

zirconia [11] at 1400 8C is as high as 15 mol%. In addition,

TiO2 doped cubic zirconia should have excellent stability at

high temperatures and good compatibility with the YSZ

electrolytes and Ni-based alloys [12]. The addition of TiO2 to

YSZ under reducing conditions increases the electronic

conductivity and grain boundary ionic conductivity [13].

Although the conductivity of TiO2 doped YCSZ has been

studied, there are few reports about the mechanical behavior in

the literature. In this current work, the phase, microstructural

evolution and the room temperature mechanical properties of

different amounts of TiO2 doped 8Y-CSZ were studied.

2. Experimental procedure

Starting powders were nanoscale 8 mol% yttria stabilized

cubic zirconia (TOSOH, Japan) and high-purity TiO2 (Rare
d.
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Fig. 1. X-ray diffraction patterns for undoped and TiO2 doped 8Y-CSZ (a) 20–

708 2u and (b) (4 0 0) peak splitting (c: cubic zirconia; t: tetragonal zirconia).

T. Chen et al. / Ceramics International 34 (2008) 365–370366
Metallic, Japan) powders. 8Y-CSZ powders were doped by

adding different amounts of TiO2 (up to 10 wt%) and then ball-

milling in ethanol for 24 h by using zirconia balls. The as-

prepared slurries were dried in air and then die-pressed into

disks by uniaxial pressing at 40 MPa in a steel die followed

by cold isostatic pressing at 100 MPa. The green compacts of

the mixed powders were sintered at 1450 8C for an hour in air.

The densities of as-sintered samples were measured using the

Archimedes method in distilled water.

The microstructure of as-sintered samples was investigated

using scanning electron microscopy (SEM) (Philips XL

30FEG) and transmission electron microscopy (TEM) (Philips

CM20). Grain sizes were determined from the SEM micro-

graphs using Scionimage software. The 3D grain size was

determined to be 1.56L, where L is the average 2D grain size

measured from SEM images. TEM foils were prepared using

conventional way, dimple polishing on one side, and ion beam

thinning of both sides to electron transparency. X-ray

diffraction patterns (XRD) of the samples were obtained using

a Siemens D-5000 Diffractometer and monochromated high

intensity Cu Ka radiation. A scan speed of 0.02 2u s�1 was

employed.

The hardness (Hv) and fracture toughness (KIC) were

measured on the polished surfaces of the as-sintered samples to

quantify the effect of TiO2 addition on the room temperature

mechanical properties of 8Y-CSZ. A Zwick microhardness

tester (Zwick 3210) was employed for the measurements at a

load of 5 kg for duration of 25 s. Ten tests were conducted for

each composite. The hardness (Hv) was calculated using the

following equation:

Hv ¼ 1:854 P=d2 (1)

where P is the applied load and d is the diagonal length of the

indentation. The indentation fracture toughness (KIC) was

calculated using the equation proposed by Anstis et al. [14]

(half-penny crack)

KIC ¼ 0:016ðE=HvÞ1=2ðP=a3=2Þ (2)

where E is elastic modulus and a is the crack length.

3. Results and discussion

3.1. XRD patterns

X-ray diffraction patterns of as-sintered samples are shown

in Fig. 1 as a function of TiO2 dopant concentration. When the

dopant concentration is less than 5 wt%, only the cubic phase is

present. When the dopant amount increases to 5 wt%,

additional reflections from tetragonal phase zirconia start to

appear and the c/a splitting becomes evident, especially at

higher angle reflections such as (4 0 0) and (0 0 4) (Fig. 1(b)).

Therefore, the addition of more than 5 wt% TiO2 destabilizes

the cubic phase and induces the formation of the tetragonal

phase. However, even when the dopant amount was 10 wt%,

only cubic and tetragonal zirconia were present and no TiO2 or

TiZrO4 phases were observed. TiO2 up to 10 wt% (correspond-
ing to 15 mol%) could be accommodated in solid solution in the

zirconia matrix, although tetravalent dopants smaller than

zirconium ions usually do not form cubic zirconia solid

solutions [15].

However in these samples, the XRD data indicate the

existence of titania in solid solution and the decrease of the

lattice parameter with increasing TiO2 dopant up to 10 wt%

TiO2. The lattice parameters for undoped 8Y-CSZ and different

amounts of TiO2 doped 8Y-CSZ are listed in Table 1. The lattice

decrease is due to the replacement of the Zr4+ ions (0.079 nm)

by the smaller Ti4+ ions (0.068 nm).

The addition of 5 wt% or more TiO2 to 8Y-CSZ induces

the formation of tetragonal zirconia. The mole fraction for

each phase can be calculated from Fig. 1(b) by the ratio

[16]

Mc

Mt

¼ 0:88
Icð4 0 0Þ

Itð4 0 0Þ þ Itð0 0 4Þ (3)

where M is the mole fraction, c cubic phase, t tetragonal phase,

and I is the intensity. The mole percentage for cubic and

tetragonal zirconia in the 5 wt% TiO2 doped 8Y-CSZ was

calculated to be 89 and 11%, respectively. When the dopant

amount increased to 10 wt% TiO2, the percentage of the

tetragonal zirconia phase increased to 37%.



Table 1

Lattice parameters and phase constituents for TiO2 doped 8Y-CSZ

TiO2 (wt%) 0 0.1 0.3 0.7 1 5 10

a (cubic) 5.142 5.138 5.136 5.134 5.133 5.126 5.118

Phases present c c c c c 89% c + 11% t 63% c + 37% t

Note: c: cubic zirconia, t: tetragonal zirconia.

Fig. 2. SEM micrographs for: (a) undoped 8Y-CSZ, (b) 1 wt% TiO2 doped 8Y-

CSZ and (c) 5 wt% TiO2 doped 8Y-CSZ.
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3.2. SEM results

Typical SEM micrographs of as-sintered undoped and TiO2

doped 8Y-CSZ samples are shown in Fig. 2. Fully densified

bodies were obtained for 5 wt% TiO2 doped 8Y-CSZ in contrast

to 1 wt% TiO2 doped 8Y-CSZ, which exhibited a small amount

of intergranular porosity. The grain boundaries for the undoped

sample were fairly regular. However, the 5 wt% TiO2 doped

samples developed more irregular grain boundaries with a large

number of small grains present at grain junctions and grain

boundaries, indicating that the grain growth of the large grains

was inhibited by the small grains during sintering. EDS analysis

indicated that the small grains were tetragonal zirconia (Y-

TZP), consistent with the XRD patterns (Fig. 1). EDS analysis

indicated that the yttria concentration in the small grains is

much lower than that in large grains. Therefore, the small grains

are the yttria deficient tetragonal phase and the large grains are

the yttria rich cubic zirconia phase. In addition, the surface of

the TiO2 doped samples (Fig. 2(c)) is not as smooth as that in

undoped one (Fig. 2(a)). Using EDS and XRD, Colomer and

Jurado [17] found TiZrO4 precipitates on the surface of cubic

zirconia grains formed after severe thermal etching process.

Not detectable in the bulk material by XRD, the possible

appearance of TiZrO4 seems to be a surface phenomenon.

The grain sizes and relative densities are plotted against

TiO2 concentration in Fig. 3. A comparison of the grain size of

8Y-CSZ samples with TiO2 content shows that grain size

increases with increasing TiO2 content up to 1 wt% but further

increases in TiO2 result in a decreased grain size. The area

fraction in Fig. 2(c) occupied by small grains with a grain size

smaller than 1.2 mm is estimated to be 13%, which is close to

the mole fraction of 11% tetragonal zirconia estimated from

Eq. (3). Although a small addition of TiO2 dopant promotes

grain growth, density is the lowest in 1 wt% TiO2-8Y-CSZ

because of the porosity (Fig. 2(b)).

Grain size distributions for both undoped and 5 wt% TiO2

doped 8Y-CSZ are shown in Fig. 4. The grain size distribution

for undoped 8Y-CSZ is normal. However, a bimodal grain size

distribution is observed for 5 wt% TiO2 doped 8Y-CSZ. The

bimodal grain size distribution is also evident in the micrograph

Fig. 2(c). The average cubic grain size decreases with 5 wt%

TiO2 addition. Therefore, the addition of 5 wt% TiO2

effectively limits the cubic grain growth by the pinning

presence of small tetragonal grains. Yoshida et al. [11] reported

that while 5 mol% TiO2 (3.3 wt%) dopant nearly doubled the

grain size compared to the undoped 8Y-CSZ, 10 mol% TiO2

(6.7 wt%) doped specimens had the same grain size as undoped

8Y-CSZ and further addition of the dopant decreased the grain

size. In their work, the XRD patterns for 5 mol% TiO2 doped

8Y-CSZ indicated the presence of only single phase cubic
zirconia. However, in the present work, 5 wt% TiO2 (7.5 mol%)

doped 8Y-CSZ clearly shows peaks from both tetragonal and

cubic zirconia. Thus increasing grain growth with TiO2

additions is effective only up to concentrations where the



Fig. 3. The effect of TiO2 dopant amount on the grain size and relative density

after sintering.
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tetragonal phase nucleates, between 5 and 7.5 mol% TiO2 (i.e.

3.3–5 wt% TiO2).

3.3. TEM results and EDS analysis

Typical TEM micrographs and EDS analyses for the as-

sintered 10 wt% TiO2 doped 8Y-CSZ samples are shown in

Fig. 5. As seen in Fig. 5(a), the microstructure consists of both

large and small grains. No glassy pockets were revealed at

junctions using conventional transmission electron microscopy

(Fig. 5(c)). In 10 wt% TiO2 doped 8Y-CSZ samples, the grain

shape is more irregular. Small grains at junctions and

boundaries pin the grain boundaries of large grains, resulting

in curved grain boundaries.

EDS analyses of both large and small grains are shown in

Fig. 5(b). The EDS results show that both large and small grains

contain Y, Zr, Ti and O. Therefore, the small grains are not TiO2

precipitates but TiO2 has been dissolved in the zirconia matrix.

The solubility of Ti is different for the large and small grains,

and correlates with the yttria concentration. The yttria

concentration in large grains is double that in small grains,

which is consistent with SEM-EDS results. The solubility of Ti
Fig. 4. Grain size distribution for undoped and 5 wt% TiO2
in zirconia correlates with higher yttria concentration. Pyda and

Haberko [18] and Lin et al. [19] found that the solubility of

titania in TZP (3 mol% Y2O3) is about 14 mol%, while in YSZ

it is 18 mol% at 1600 8C. The increase of Ti solubility in

zirconia with yttria concentration also agrees with the phase

relations in the ternary system ZrO2–Y2O3–TiO2 determined by

Feighery et al. [20]. This is most probably because the increase

of yttria concentration causes an increase in oxygen vacancies,

thus enabling more Ti4+ ions to assume the preferred 6-fold

coordination.

3.4. Room temperature mechanical properties

The results of room temperature mechanical property

measurements are plotted in Fig. 6 for undoped and TiO2

doped 8Y-CSZ samples. The addition of more than 5 wt% TiO2

causes the formation of small tetragonal grains which help to

limit the grain growth of the 8Y-CSZ matrix. However, as

shown from Fig. 6, the hardness does not change significantly

with changing TiO2 dopant concentration and is maintained

around 12 GPa. Similar hardness values for single phase 8Y-

CSZ ceramics have been reported by Kwon et al. [5] and Tekeli

[6]. Kwon et al. [5] also reported that the change in grain size

did not affect the hardness of Al2O3 doped 8Y-CSZ composites.

In contrast, an increase of fracture toughness with increasing

TiO2 concentration is evident from Fig. 6. The fracture toughness

values for undoped and 10 wt% TiO2 doped 8Y-CSZ are 1.2 and

3.3 MPa m1/2, respectively. Tekeli [6] has reported that the

fracture toughness for undoped 8Y-CSZ is about 1.5 MPa m1/2,

while the addition of 10 wt% Al2O3 particles increased the

fracture toughness to only 2.4 MPa m1/2. The enhancement of

fracture toughness due to TiO2 additions can be explained by a

change in the mode of fracture and the formation of tetragonal

zirconia. Cracks in single cubic phase 8Y-CSZ ceramic

propagate through the grains with a transgranular fracture mode

[21] as observed in Fig. 7(a). However, the TiO2 doped 8Y-CSZ

(Fig. 7(b)) shows increased intergranular fracture at tetragonal

zirconia/cubic zirconia interfaces and a more irregular crack

path, compared to the straight transgranular crack path across
doped 8Y-CSZ after sintering at 1450 8C for an hour.
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cubic 8Y-CSZ grains (Fig. 7(a)). Transformation toughening due

to the tetragonal to monoclinic phase transformation and the

resultant volume expansion upon crack propagating will also

cause an increase in toughness [22]. Follow the rule of mixture,

the increased tetragonal content should also increase of fracture

toughness for TiO2 doped 8Y-CSZ at room temperature.
Fig. 5. Typical TEM micrographs for as-sintered 10 wt% TiO2 doped 8Y-CSZ

(a) small grains at junctions and boundaries, (b) EDS results for small grains

(grain A) and large grains (grain B) and (c) sharp grain boundaries.

Fig. 6. The effect of TiO2 content on the fracture toughness and hardness of 8Y-

CSZ.

Fig. 7. Comparison of indentation crack paths in (a) undoped 8Y-CSZ and (b)

5 wt% TiO2 doped 8Y-CSZ.
4. Conclusions

The phase evolution, microstructure and room temperature

mechanical properties of TiO2 doped 8Y-CSZ were investi-

gated. 8Y-CSZ containing less than 5 wt% TiO2 is single phase

cubic zirconia. 8Y-CSZ containing 5–10 wt% TiO2 consists of

large cubic zirconia and small tetragonal zirconia grains with
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TiO2 in solid solution. Limited grain growth of cubic zirconia is

due to the pinning effect from the formation of small tetragonal

zirconia grains at boundaries and junctions. The solid solubility

of TiO2 in zirconia increased proportionally to the yttria

concentration in solid solution. The hardness maintains a value of

12 GPa and does not change significantly with the TiO2 dopant

amount. However, the fracture toughness increases significantly

with increasing dopant amounts due to a change in fracture mode

and transformation toughening from tetragonal grains.
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