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Abstract 

Heat capacity measurements were performed on zirconia and yttria-doped zirconia, 
(Zr&), _x(Y203)x(x = 0, 0.0200, 0.0396), between 13 and 300 K by adiabatic calorimetry. Pow- 
der X-ray diffraction and Raman spectra showed that the structure of the samples with x = 0 and 
0.0396 was monoclinic and tetragonal, respectively, while the sample with x = 0.0200 was a mix- 
ture of the two phases. The heat capacity of the sample of x = 0.0200 was not estimated on the 
basis of the additivity rule from the values of the other two samples (x = 0,0.0396). A broad hump 
was found around 20 K in the heat capacity curve of CpT3 versus T of the sample of n = 0.0396. 
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1. Introduction 

Yttria-doped zirconia has long been attracting much attention because of its potential 
in a variety of industrial applications. In particular, the mechanism of the high ionic oxy- 
gen conductivity has been studied extensively. Yttria doping leads to replacement of Zr“+ 
by Y3+, and to formation of vacancies at the oxygen sites caused by the restriction of 
electrical neutrality. The oxygen mobility is facilitated by such defects randomly distrib- 
uted in the crystal, and thus the oxygen conductivity increases with increasing yttria 
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doping up to 8 mol%. However, further doping results in a decrease in oxygen conduc- 
tivity. Some interactions among the defects might cause the decrease in the oxygen con- 
ductivity. Recently, studies have been extended to the low temperature region, where the 
defects cause excess heat capacity due to so-called “low-energy excitation” in the crystal 
[l-5] similar to that in amorphous solids [6]. Although a number of studies have been 
made on such phenomena in yttria-doped zirconia, the detailed mechanism is still an 
open question. Thermodynamic studies have been very few [7,8], and the present authors 
started thermodynamic studies on this compound [9,10]. In the present investigation, heat 
capacity measurements have been performed on zirconia and yttria-doped zirconia 
(ZrOz), _ x(Y203)x (x = 0,0.0200, 0.0396). The results are given and discussed in detail. 

2. Experimental 

Fine powders of YzOs-ZrOz containing different amounts of Y,O, were prepared by a 
hydrolysis technique using a solution of ZrOCl,.8H20 (Tosoh Corporation) and YCl, 
(commercial grade). The procedure of the preparation was described in detail elsewhere 
[lo]. The average particle size of the products was about 0.45 pm as estimated by SEM 
observations. Elemental analysis [lo] gave values for the corresponding oxides; 
Y,O, = 0, 3.61,7.03, SiOz = 0.005, 0.009, 0.007, Fe203 = 0.005, 0.004, 0, Na20 = 0.007, 
0.018, 0.03, Ig loss = 0.61, 0.90, 0.66, ZrO, = 99.373, 95.459, 92.273 wt% which led to 
x= 0, 0.0200, 0.0396, respectively, in the chemical formula (ZrOz), _x(Y203)x. The 
samples were identified and characterized by powder X-ray diffractometry with graphite 
monochromatized CuKa radiation (model MXPl8HF, MAC Science Co., Ltd.), and by 
Raman scattering spectroscopy with an argon ion laser of 488 nm wavelength (model 
NR-1100, JASCO). 

The heat capacities of the samples were measured between 13 and 300 K using a labo- 
ratory-made adiabatic calorimeter [ 111. The amount of the samples of x = 0, 0.0200, 
0.0396 loaded in the calorimeter vessel was 15.0278 g (0.12196 mol), 16.7682 g 
(0.13385 mol) and 17.2482 g (0.13550 mol), respectively. The calorimeter vessel was 
then evacuated and a small amount of He gas (about 10 kPa at room temperature) was 
introduced to promote thermal equilibration within the calorimeter vessel. After the ad- 
dition of He gas, the calorimeter vessel was sealed with Wood’s alloy. The temperature 
scale of the platinum resistance thermometer (type 5 187L, H. Tinsley and Co. Ltd.) 
mounted on the calorimeter vessel had been calibrated at the National Physical Labora- 
tory in England on the basis of the International Temperature Scale of 1990 (ITS-90) 
between 13 and 303 K. 

3. Results and discussion 

The results of the powder X-ray diffractometry on the three samples are shown in Fig. 
1. The diffraction pattern of the sample of x = 0 is in fair agreement with that of the 
JCPDS No. 37-1484 for monoclinic ZrOz. The sample of x = 0.0396 is similar to the 
JCPDS No. 30-1468 for cubic 92Zr0z.8Y20s except for the peaks of (2 0 0) and (3 1 1) 
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Fig. 1. Results of the powder X-ray diffractometry on the three samples of (ZrO2)t_ JYzO~)~ (x = 0, 0.0200, 
0.0396). 

which split into two peaks. These results indicate that the structure of the sample of x = 0 
is monoclinic and that of x = 0.0396 is tetragonal. However, the diffraction pattern of the 
sample of x = 0.0200 is a superposition of those of the other two samples (X = 0, 0.0396). 
Raman spectra of the three samples are shown in Fig. 2, where the superposition of the 
spectra of the two samples of x = 0, 0.0396 also gives the spectrum of the sample of 
x = 0.0200. Therefore the sample of x = 0.0200 is considered to be a mixture of mono- 
clinic and tetragonal crystals. 

During the heat capacity measurements, no abnormal hysteresis and/or thermal 
relaxation phenomena were observed, and the experiments were carried out in the ordi- 
nary manner [ll]. The measured molar heat capacities of the three samples of 
(ZrO,)t -X(YzOs)X (x = 0, 0.0200 and 0.0396) are shown in Fig. 3. It seems that the value 
of the heat capacity increases with increasing yttria doping content, and thus the sample 
of x = 0.0396 has the largest values of heat capacity. However, the number of atoms in 
(Zr02)i _X(Y203)X increases with increasing value of x; (3 X l)N, (3 X 0.98 + 5 X 0.02)N 
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Fig. 2. Raman spectra of the three samples of (ZrO2)t _ JY20& (X = 0.0.0200, 0.0396). 
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Fig. 3. Measured molar heat capacities of the three samples of (ZIO~~ _ JY20& (0, x = 0; 0, x = 0.0200; 
A, x = 0.0396). 

and (3 X 0.9604 + 5 x 0.0396)N for the sample of x = 0, 0.0200 and 0.0396, respec- 
tively. Therefore, the value of the molar heat capacity CP of (Zr02)i _JY,Os), must be 
normalized for the purpose of quantitative comparison, and thus the normalized heat ca- 
pacity CG is defined as C; = 3CJ(3 + 2). 

The Debye characteristic temperatures corresponding to the normalized heat capacities 
are shown in Fig. 4, in which each atom is assumed to have 3 degrees of freedom. The 
Oo value of the sample of x = 0 is the highest compared with the other two samples, and 
the yttria doping is found to soften the crystal lattice. In contrast to Fig. 3, Fig. 4 shows 
that the curves of the samples of x = 0.0200 and 0.0396 intersect each other at about 
260 K. Thus, it turns out that the heat capacity of the sample of x = 0.0200 is not esti- 
mated on the basis of the additivity rule from the values of the other two samples (x = 0, 
0.0396), although the sample of x = 0.0200 is considered to be a mixture of the two 
phases as indicated by the X-ray diffractions and Raman spectra. 

T/K 

Fig. 4. Debye characteristic temperatures of (Z102)t _ JY20&, assuming 3 degrees of freedom per atom (0, 
x = 0; 0, x = 0.0200; A, x = 0.0396). 
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Fig. 5. Excess heat capacity of the sample with x = 0.0200. 

The excess heat capacity AC; of the sample of x = 0.0200 is obtained by subtracting 
the heat capacity calculated on the basis of the additivity rule assuming that the sample of 
x = 0.0200 is a mixture of the pure monoclinic sample of x = 0 and the tetragonal sample 
of x = 0.0396 from the measured and normalized value Ci of the sample of x = 0.0200 as 
follows: 

(1) 

The result of the calculation is shown in Fig. 5, where the value of the excess heat capac- 
ity is too large to be attributed to the effects of any chemical impurities existing in the 
samples. This discrepancy should be clarified by further studies taking into account the 
mixing mechanism, surface energy and so on. A heat capacity measurement is also re- 
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Fig. 6. Normalized heat capacities of (ZQ)t _JY20& in the low temperature region (0, x= 0; A, 
x = 0.0396). 
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quired on some sintered samples to see the particle-size effects; such a study is under 
way [12]. 

In the lowest temperature region in Fig. 4, the curves of the Debye characteristic tem- 
peratures show a rather large depression, which implies an additional contribution of 
some modes due to low energy excitations. In this region, the normalized heat capacities 
of the samples of x = 0 and 0.0396 are given by the plots of Ci r3 versus T in Fig. 6, 
where the sample of x = 0.0396 shows a large hump with a maximum at about 18 K. The 
sample of x = 0 shows a small broad hollow at about 23 K and a hump at about 17 K, 
which should be ascribed to van Hove singularity. The large hump found in the curve of 
the sample of x = 0.0396 resembles that of amorphous solids which have been recently 
known to have some additional excitations besides that caused by the so-called two-level 
system [13-151, and have been explained on the basis of a soft anharmonic potential 
model [ 16-181. Yttria doping into zirconia causes substitution of Y3+ for Zr4+ and thus 
formation of vacancies at oxygen sites which form double minimum potentials in the 
crystal. The randomly distributed vacancies lead to the two-level system which results in 
a glass-like linear T term in the low temperature heat capacity. The soft potential might 
also exist where the barrier height between the double minima is too low to form the tun- 
neling state. Further detailed investigations are in progress [ 121. 
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