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Abstract 

The thermal properties and microhardness of  yttria- 
stabilized zirconia ( Y S Z )  and Y S Z  doped with 
1 wt% WO 3 have been investigated at 30OK. The 
thermal conductiviO, 2 o f  Y S Z  doped with W03 has a 
higher value than without the tungsten doping ( 2rs z = 
1"26++_0"05; 2ysz+wo =1"65+0"15 ( W / m K ) ) .  A 
similar influence o f  tungsten addition was found in the 
case o f  the microhardness H. Hrsz+wo, is 12-15% 
higher than Hrs z. The thermal properties in the 
surface layers and in the bulk o f  the sample are 
different. A similar difference was observed in the case 
o f  the microhardness H. Doping sharply decreases H 
in the surface layer, practically down to the level o f  the 
bulk value. The results allow the assumption that the 
doping o f  Y S Z  samples with WO 3 essentially changes, 
in a similar way, the structure o f  surface layer in the 
ceramic grains as in the single crystals. 

Die thermischen Eigenschaften und die Mikrohiirte 
yon Yttriumoxid stabilisiertem Zirkoniumoxid 
( Y S Z )  und Y S Z  dotiert mit 1 Gew.% W03 wurde bei 
einer Temperatur yon 300 K untersucht. Die ther- 
mische Leitfiihigkeit, 2, yon W03 dotiertem Y S Z  ist 
h6her als die Leitfiihigkeit des undotierten Y S Z  
(2rs  z = 1"26 +_ 0"05; )~rsz+wo~ = 1"65 +_ 0"15 
( W/m K)). Ein iihnlicher Effekt der Wolframdotierung 
konnte auch fiir die Mikrohdrte H beobachtet werden. 
Hrsz+wo ~ ist 12-15% h6her als Hrsz. Die thermi- 
schen Eigenschaften der Oberfldchenschicht und der 
massiven Probe sind verschieden. Ein dhnlicher 
Unterschied wurde fiir die Mikrohiirte H beobachtet. 

Durch die Dotierung wird H in der Oberfldchenschicht 
deutlich verringert, praktisch bis zum Wert der 
massiven Probe. Aufgrund der Ergebnisse kann 
angenommen werden, daft das Dotieren yon Y S Z  
Proben mit W03 die Struktur der Oberfldchenschicht 
der Keramikk6rner und des Einkristalls im wesent- 
lichen in gleicher Weise veriindert. 

Les propriktks thermiques et la microduretk de 
zircones stabiliskes gt l'oxyde d'yttrium ( Y S Z )  et de 
Y S Z  dopkes par 1% en poids de WO 3 ont btb ktudibes 
d 300 K. La conductivitk thermique de Y S Z  dopbepar 
WO 3 est plus grande que celle mesurbe en l'absence de 
tungstkne (2rs z = 1"26 +_ 0"05; 2rsz+wo~ = 1"65 + 
0"15 ( W / m K ) ) .  L'addition de tungstOne a une 
in[tuence similaire sur la microduretk 14. Hrsz+wo, 
est de 12 d 15% plus Olevke que Hrs z. Les propribtks 
thermiques dans les couches de surface et au coeur de 
l'kchantillon sont diffkrentes. Cette m~me variation est 
kgalement observke dans le cas de la microduretk H. 
Le dopage dkcroit rapidement le H dans les couches de 
surface, jusqu'd des valeurs infkrieures gt celles du 
coeur. IIen rbsulte que l'on peut estimer que le dopage 
de Y S Z  par WO 3 modifie de fa¢on identique la 
structure de surface des grains cbramiques et celle des 
monoeristaux. 

1 Introduction 

In the last few years, much attention has been 
devoted to materials with the cubic fluorite structure 
and high ionic conductivity. They are interesting 
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from the point of  view of  basic research as well as for 
applications--for instance as potential materials for 
energy storage, fuel cells and for oxygen sensors. 

Their application in industrial oxygen sensors is 
wide. 1 The determination of  Oxygen content in the 
melt, for instance, during the production of steel, 
enables the course of  deoxidation and the final 
content of oxygen in the metals to be influenced 
from the technological point of view. In order to be 
economically effective, the oxygen sensor must have 
a high thermal shock resistance, in order to support 
the quench into the molten metal. Materials with a 
high ionic conductivity as well as a high thermal 
shock resistance are required. The addition of 
suitable impurities is a way to improve both the ionic 
conductivity and the thermal properties of stabilized 
ZrO2. 

The aim of the present work is to investigate the 
influence of tungsten impurities on the thermal 
properties in connection with the microhardness of 
y t t r i a - s t a b i l i z e d  Z r O  2. 

2 Experiment 

plonor thermocoupte 

somple 

Fig. 1. Principle of the pulse method for the measurement of the 
thermal diffusivity and the specific heat. AT, Maximum of the 
temperature response to the heat pulse; tin, time of the maximum 

of temperature response. 

2.4 Density measurements 
The pycnometric density p was investigated on a 
mult i-volume pycnometer  1305 (Micromeritics 
Instruments Co., USA). The density was calculated 
from the mass of the sample and its volume. The 
volume of  each pellet was determined on the 
principle of the He pressure change after gas 
pumping from a calibration cell to an expanding cell. 
Both of them have a known volume. The porosity of 
samples, measured on a porosimeter (Micromeritics 
pore sizer 9310), was found to be below the 
sensitivity limit of the equipment (<  3%). 

2.1 Preparation of samples 
Z r O  2 and Y20 3 powders without and with an im- 
purity of I wt% WO 3 were prepared by the Emitron 
Co. in Moscow. The specific surface of grains l] for 
the powder mixtures ZrO2-Y203-WO 3 with regard 
to the WO 3 concentration were found to be: n r s  z = 
2.55 +0.07m2/g;  [-Irsz+ 1 WO 3 wt% = 1"62+ 
0"03m2/g (Brunauer-Emett-Teller method, Flow 
Sorb II 2300; Micromeritics Instrument Co., USA). 
The mixtures were homogenized in a dry corundum 
ball mill located in a rubber bag for 24 h, dry pressed 
at 100 MPa into the form of pellets in approximately 
10mm diameter cylinders of  various heights (1 to 
10ram). The samples were sintered at 1680°C in air 
for 1 h. Single crystals were prepared by direct 
inductive melting in the cooling container. 2 

2.2 Microstructure of samples 
The microstructure of ceramic samples was ob- 
served under TEM (Hitachi, HU-11A) at the 
accelerated voltage 75 kV using carbon replicas. The 
sintered samples were ground and polished using 
15-0"25 l~m diamond paste before observation under 
the electron microscope. 

2.3 Elemental distribution in samples 
The elemental distribution of Zr, Y, W and the 
impurify background of YSZ was examined on a 
microprobe (Jeol, JXA-5A). The preparation of 
samples was the same as for the investigation under 
the electron microscope. 

2.5 Thermal parameters 
The pulse method of  measurement of the thermal 
parameters is a dynamical method. The principle of 
this method is shown in Fig. 1. The planar heat 
source produces a thermal pulse in the sample. From 
the maximum of the temperature response and from 
the other parameters (input energy of the pulse, 
thickness of  sample, etc.) the thermal diffusivity a 
and the specific heat cp can be calculated. The 
formulae, from which these quantities are cal- 
culated, have been obtained by solving the heat- 
conduct ion differential equation. 3 The thermal 
conductivity can be estimated as 

2 = a ' p ' C p  (1) 

The basic characteristics of both measured types 
of ceramics are summarized in Table 1. The 
measured samples consist of three numbered pieces 
(X, Y, Z) with a specific arrangement, noted X II YI Z, 
in the holder (Fig. 1). The double line (H) refers to the 
heat source and the single one ([) to the thermocouple 
(1 It 2]3 in Fig. 1). 

2.6 Measurement of microhardness 
The microhardness was measured by the indent- 
ation method. The indentation was carried out at 
room temperature by means of  diamond Vickers 
pyramide on a microscope (Neophot-21, Carl Zeiss, 
Germany). The loads on the indentor varied from 
0.05 to 1 N. It allowed the determination of  the 
microhardness of crystals at various distances from 
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Table 1. Characteristics of samples of ZrO2 ceramics 

Composition Densi O, Diameter Height 
(tool%) (kg/m 3) (mm) (ram) 

8 Y203 5 813 10.5 1-10 
8 ~(~O3+ 1 wt% WO 3 5764 11.5 4 10 
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the surface (0.08-1.5~m). The faces {100}, {110}, 
{ 111 } were used for indentation. An average value of 
microhardness was estimated from the dimension of 
about 10 indentor impressions. 

3 Results and Discussion 

3.1 Structure of samples 
The dependence of the lattice parameter of YSZ on 
the type of solid solution and on the WO 3 
concentration was analysed by X-ray diffraction. 
The results obtained showed that both interstitial 
and substitutional sites are occupied by tungsten 
ions in the structure at the higher dopant  con- 
centrations. The proposal structure model of the 
solid solution was found to be in a good agreement 
with the measured physical properties. 4 

The quanti tat ive microstructure analysis of 
ceramic samples was performed on TEM micro- 
graphs (Fig. 2) using a semi-automatic evaluation 
of microstructural parameters by means of a 
computer. 5 

The average grain size was larger for YSZ without 
tungsten: 8.31 #m. The smaller grain size, 3.89/~m, 
was observed for the sample containing the highest 
WO 3 concentration, 1 wt%. 6 The grain size gener- 
ally depends on the nature and on the concentration 

Fig. 2. Microstructure ofYSZ + 1 wt%, WO2 sample sintered at 
1680:C (TEM, magnification × 3000). 

of the impurity. It is well known that the solubility of 
transient element oxides in ZrO 2 is generally low. As 
can be seen in Ref. 7, it is also the case for WO 3 
inYSZ. The excess tungsten oxide is accumulated at 
the grain boundary and in such way hinders the 
grain growth. 

The elemental distribution of Zr, Y and W in all 
investigated samples is uniform. This can be seen in 
Fig. 3, which was chosen as the example. This result 
is in agreement with X-ray diffraction analysis. The 
formation of substitutional and interstitial solid 
solutions or their mutual coexistence, with tungsten 
addition, is performed in the basic cubic fluorite 
matrix without any influence on the elemental 
distribution. The impurity background of YSZ is 
negligible, with exception of Si from the starting 
powder. However, the amount  of Si is, in com- 
parison with the amount  o fW (>~0-5 wt%), so small 
(~<0.05 wt%) that no important influence of Si on 
the properties of YSZ is observable. 

~:2 

u 

Fig. 3. Tungsten distribution in the YSZ + 1 wt% WO3 sample (microprobe photos, magnification × 1200). 



512 J. SpEiak, M. Hartmanov6, G. G. Knab, S. Krcho 

. - )  

0 

0.4 -~ 

0.2 

6 0.0 
0 

specimen: ZrO z 
6 I . .  

2 - *  ÷ * ÷  

to= 6s 
0 

• a a a a a a a a a a a a  

o o O e o O o ~ o O o o  o 

1 I 

10 

8 mot % Yz03 
I 

* * ÷ * *  

t o =  4S 

arrangement 511316 

to= 2s 

OOOOOOOOOOOO~OO 

t I I 

20 

AAAAAAAAA&AAAAE 

~ o O o O o o o O o o O o  O ~  

I I I 1 

30 40 
measurement number 

500 

v 

450 
.-} 

4m ~ 

Fig. 4. A typical measured data set for determining the thermal 
properties of ZrO2+8mol% Y203 at room temperature. 
+ + +,  Input power of the heat pulse (top left); A ~ d ~ ,  specific 
heat (centre right); ® O  (3, thermal diffusivity (bottom left). 

3.2 Thermal diffusivity and specific heat 
The thermal properties have been measured at 300 K 
under a vacuum of 10- 3 Pa. More details about the 
sample holder and the analysis of the measurement 
errors are presented in Refs 8 and 9. A typical 
measured data set is given in Fig. 4. The program of a 
fully automatized apparatus changes the parameters 
of the heat pulse. Its input energy has been varied in 
the range of 2-6 J and the thermal pulse width in the 
range of 2-6 s (the upper part of Fig. 4). From such 
data sets the mean values and the root-mean square 
variations (rms) of c o and a as a function of the 
sample arrangement have been calculated. The calcu- 
lated mean values of% and a and corresponding root- 
mean square variations are plotted, for various 
sample arrangements, in Figs 5 to 8. The final values 
of c o and a for YSZ and YSZ + WO3 samples are 
also plotted on these figures. To compare the results 
with those of other authors, the data of zirconia 
ceramics with similar contents of ingredients are also 
shownX°'l 1 (Table 2). 
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Fig. 5. Specific heat ofZrO2 + 8 mol% Y203 + 1 wt% WO 3 for 
various arrangements of the samples. The last point on the right 
side of the figure represents the mean value of all the 

measurements. 
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Fig. 6. Thermal diffusivity of ZrO 2 + 8mo1% YzO3 + lwt% 
WO3 for various arrangements of the samples. The last point on 
the right side of the figure represents the mean value of all the 

measurements. 
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Fig. 7. Specific heat of ZrO2 +8mo1% Y203 for various 
arrangements of the samples. The last point on the right side of 
the figure represents the mean value of all the measurements. 
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Fig. 8. Thermal diffusivity of ZrOs + 8 real% Y203 for various 
arrangements of the samples. The last point on the right side of 
the figure represents the mean value of all the measurements. 

Table 2. Thermal properties of Y203-stabilized ZrO2 

Composition a cp 2 
(tool%) 106 (mZ/s) (J/kg K) ( W/m K) 

8 Y203 0 " 4 6 2 _ + 0 " 0 2 6  470_+9 1'26+0"05 
8 Y 2 0 3  

+ l w t %  W03 0.714+0-068 403+22 1.65+0.15 
10 Y203 0.7-0-89 471 1.77+2.36 
12 Y203 0"6 - -  - -  
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From comparison of the thermal diffusivity of 
both sample types it can be seen that the specimen 
containing WO3 has a higher value of a. The 
thermal diffusivity is a transport parameter which, 
in general, consists of the electron and phonon 
contributions. All of the ceramic samples are 
insulators at room temperature. Then the thermal 
diffusivity is a =  1/3vfl r, where vf is an acoustic 
velocity and /f is a free path of phonons. As the 
phonon-phonon  interactions are predominantly at 
room temperature, the thermal diffusivity changes 
are influenced by acoustic velocity ofphonons,  s This 
conclusion has been experimentally confirmed by 
the measurement of the microhardness, which is 
connected with the bulk modulus, t2 Since the 
determination of hardness of ceramic is not so easy, 
due to the presence of small grains (Drsz+wo3= 
3.89 #m)--where /) is the average grain size--the 
microhardness values of 'pure' and doped single 
crystals of YSZ and of YSZ + W O  3, respectively, 
have been measured and compared. It was shown 
that 1 wt% WO 3 increases the hardness by about 
12-15%. 

The structural analysis has confirmed that the 
ceramics are polycrystals. 4 The volume ratio of 
atoms which are placed on the boundaries among 
the grains to the total volume of atoms in the sample 
is strongly dependent on the preparation technique. 
The grain boundaries are in a non-equilibrium state. 
A great contribution of anharmonic part of the 
specific heat exists for the structures which are in the 
non-equilibrium state, t3 The contribution of this 
part of the grain to cp is higher than that of the bulk 
of the grain which is closer to the thermodynamic 
equilibrium. The dependence of the cp value on the 
sample thickness is plotted in Fig. 9. The samples 
with a thickness greater than 3 mm have a much 
higher value of % than those in which the thickness 
was reduced by grinding. This fact is caused by the 
inhomogenities in the structure. It means that the 
surface layers have different thermal properties than 
the bulk of the sample. This conclusion has been 
confirmed by grinding part of the sample. The 
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Fig. 9. Heat capacity of ZrO2 + 8 mol% Y203 as a function of 
the sample thickness. 
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Fig. 10. Microhardness H as a function of  load P applied to the 
indentor. 1. YSZ single crystal; 2, YSZ doped with I wt% WO3 
(P = 5, 20 and 100 g corresponds to the depth of penetration of 
the indentor into the crystal, i.e. 0.08, 0"5 and 1.51~m, 

respectivelyl. 

ceramics containing 1 wt% WO 3 do not exhibit such 
types of structural inhomogenities. 

The similar difference in properties of the surface 
layers and the bulk of the sample was observed with 
the investigation of the hardness of these systems. 

3.3 Microhardness (/4) 
The decrease of the microhardness H or increasing 
the load P on the indentor for the undoped (1) and 
doped (2) samples (1 wt% WO3) can be seen in Fig. 
10. The microhardness of the surface layer with the 
thickness 0"5 #m (at P =  5-10g) is more than one 
order of magnitude higher in comparison with the 
value of microhardness for the bulk of sample 
(P-~100g,  dpen~l '3 -1"5#m--where  dye n is the 
penetration depth of indentor). This difference in H 
is not dependent on the orientation of the sample 
surface, because the anisotropy of hardness of 
Z r O 2 - Y 2 0 3  crystals was found to be negligible. The 
addit ion of 1 wt% WO 3 sharply reduces the 
microhardness of the surface layer (2). It is possible 
that the addition of the tungsten impurity essentially 
changes the structure of surface layer (0"5 pm). It was 
also shown that the addition of 1 wt% WO3 
increases the microhardness H of the bulk by about 
12-15%. 

4 Conclusions 

Compar ing  the thermal diffusivity a of both 
sample types, it can be seen that the sample 
containing WO 3 has a higher value of a (avsz = 
0"462; avsz+wo~ = 0-714 x 106 m:/s). It ~is assumed 
that this fact is caused by a higher phonon velocity. 

The differences in properties of the surface layers 
and the bulk of  single crystals were found by the 
investigation of the microhardness H and the 
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thermal diffusivity a. It was found that H of the 
surface layer (0.5/~m) of  undoped YSZ is different 
from H of the bulk of the sample by more than one 
order of magnitude. Doping sharply decreases H of 
the surface layers practically to the level of  the bulk 
value (,-, 15 GPa). 

The difference in the specific heat (cp) for both 
samples is higher than would follow from the 
difference in the composition. The results have 
shown that the addition of WO 3 decreases the 
average grain size from /)vsz=8"31pm to 
/3vsz+wo =3.89Fm. This allows the assumption 
that the change in cp is connected with the change in 
the grain boundary surfaces, i.e. with the surface of  
the non-equilibrium phase. 

The results allow the assumption that the doping 
of YSZ samples with WO 3 essentially changes the 
structure of  the surface layers of  grains in ceramics in 
a similar way to the surface layers in single crystals. 
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