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Surface and grain-boundary energies in 
yttria-stabilized zirconia (YSZ-8 mol %) 
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The multiphase equilibration technique has been used to measure the equilibrium angles 
that develop at the interphase boundaries of a solid-l iquid-vapour system after annealing 
and also the surface (%v)and the grain-boundary, (%s) energies of polycrystalline 
yttria-stabilized zirconia (8 mol % Y203). The data was recorded in the temperature range 
1573-1873 K, Linear temperature functions were obtained for the surface energy 

7sv (J m-2) =1.927 - 0.428 x 10 aT 

and for the grain-boundary energy 

7ss (J m-2)= 1.215 - 0.358 x 10-3T 

I. Introduction 
Yttria stabilized zirconia (YSZ) is the most commonly 
used material in solid oxide fuel cells (SOFC)'s techno- 
logy finding application as an electrolyte and also as 
an anode material component. A significant area of 
current research in this field concerns the development 
of new composite materials with improved properties 
for application as cell components. A knowledge of 
the absolute values of surface and interfacial energies 
of the materials or the materials systems used is of 
great importance. This is because such information 
enables prediction of the properties of a new material, 
such as nucleation, sintering behaviour and mass 
transport phenomena. The aim of the present work is 
the direct determination of surface and grain-bound- 
ary energies of YSZ (8 mol % Y203) at elevated 
temperatures. 

The multiphase equilibration technique is the most 
common experimental method [1, 2] used for the de- 
termination of surface and grain-boundary energies in 
polycrystalline materials at high temperatures. This 
technique involves the measurement of the equilib- 
rium angles, shown in Fig. l(a-c), that develop at 
interphase boundaries [3, 4] of a solid-liquid-vapour 
system after annealing. These angles are related to the 
surface and interfacial energies of the phases in con- 
tact by the equations: 

7ss = 27svCOS(~/2) (1) 

Yss = 2TsLCOS(~2/2) (2) 

~SV=~SL-~-~LvCOS(O) (3) 

where 7sv and 7ss are the surface and the grain-bound- 
ary energies of the solid respectively, 7sc is the inter- 
facial energy between solid and liquid and 7cv the 
surface energy of the liquid. These equations are 

schematically represented for Equation 1 by Fig. la, 
for Equation 2 by Fig. lb and Equation 3 by Fig. lc. 

Equations (1-3) can be rearranged to yield: 

and 

cos(~/2) 
7sv = %v cos e (4) 

cos(~/2) - cos(~/2) 

Tss = 2yLvCOS 0 COS(~/2) COS(qff2) (5) 
COS(~2/2) -- COS(q(2) 

The assumptions used in the formulation of Equa- 
tions 4 and 5 are: 
(a) Equilibrium in the formation of the angles is 
attained. 
(b) The 7ss terms in Equations 1 and 2 are inter- 
changeable and therefore torque terms can be neglect- 
ed [3]. 
(c) The interfacial energies are independent of the 
orientation [4, 5]. 
(d) The metal vapour contaminations of the furnace 
atmosphere do not influence the surface energy of the 
solid and therefore can be neglected [6, 7]. 

The surface energy of the liquid metallic phase used 
in the determination of surface and grain-boundary 
energies of a polycrystalline solid, Equations 4 and 5, 
is available in the literature. 

2. Experimental procedure 
The round discs of 20 mm diameter and 130 btm thick- 
ness of polycrystalline yttria-stabilized-zirconia used 
in the experiments were prepared via tape casting 
using a commercially available 8 reel % YzO3-pow- 
der, (TZ-SY, Tosoh) with a purity > 99.9%. The sam- 
ples were sintered at 1600 ~ for 1 h in air to a density 
> 95% theoretical density and a grain size of about 
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Figure 1 Schematic diagram illustrating interfacial equilibrium in 
(a) solid-solid-gas, (b) solid solidMiquid and (c) solid-liquid-gas 
systems. 

20pm. All the samples were metallographically 
polished to a final roughness of 50 nm. 

The metallic phases used were Sn and Ni with 
purities of 99.9985% and 99.9% respectively. These 
metallic elements were selected because they do not 
react with YSZ at the used experimental conditions. 

The equilibration experiments concern the 
measurement of the groove angles ~ and q~ and were 
performed in a SiC-resistance furnace. Sessile drop 
experiments, to measure the contact angle ~, were 
performed in an inductive furnace coupled with a moly- 
bdenum susceptor. In all cases the annealings occurred 
in a flowing purified Ar atmosphere. 

Optical interferometry using a Leitz interferometer 
with a resolution limit of 0.3272 pro, was applied to 
the measurement of the groove angles, ~ and 0, the 
later being measured after the debonding of the metal- 
lic phase from the ceramic substrate. 

The true root angles (~), q~) were calculated using; 
[s] 

25 
tan(V, 0 / 2 ) -  1.11 X ~  tan(u/2) (6) 

where ~ and 6 are the apparent root angle and the 
fringe spacing, respectively, measured from the inter- 
ferometric patterns shown in Fig. 2. X is the wave- 
length of the light source (X(Na) = 589 rim) and m the 
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Figure 2 Interference pattern to obtain groove angle, ~, in the 
system YSZ/Sn (T = 1573 K, t = 21 h, 2 = 589 nm). 

magnification. The factor 1.11 is a correction factor 
for the effect of the large aperture of the lens. 

Contact angle, (}, measurements were able to be 
performed in situ since the inductive furnace, where 
the sessile drop experiments were performed, is 
coupled with a video-camera observation system. 

The three sets of experiments were carried out at 
1573, 1673, 1773 and 1873 K. The duration of the 
experiments had to be chosen so as to allow the 
grooves to obtain measurable dimensions of depth, 
d and width, w, of the groove shoulders, Fig. 2, (which 
of course had to be higher than the resolution limit of 
the interferometer) and also to allow the establishment 
of equilibrium. The durations used were 182 and 21 h 
at 1573 K, 65 and 3 h at 1673 K, 5, as well as 10 h and 
70 min at 1773 K and 1 h and 30 min at 1873 K for the 
measurement of the angles ~ and 0, respectively. 

In the case of the sessile drop experiments an equi- 
librium contact angle, (}, was established during the 
first minutes of the experiments, that remained con- 
stant for the experimental time (20 min). Sn was used 
as the metallic phase for the temperatures 1573, 1673 
and 1773 K. Ni was chosen for the temperature of 
1873 K since at this temperature the vapour pressure 
of Sn becomes significant. 

3. Results 
Table I summarizes the calculated values of the 
groove angles, ~ and 0, with their mean standard 
errors. The reliability of the results depends on whether 
thermodynamic equilibrium is established under the 
experimental conditions. In this case equilibrium was 



T A B L E  I Calculated values of groove angles x) and d~ with mean standard errors 

T System qt Number of System 
(K) (deg) measurements (deg) 

Number of 
measurements 

1573 YSZ + Ar 149.0 -t- 0.5 74 YSZ + Sn 
1673 YSZ + Ar 151.6 -t-_ 0.3 36 YSZ + Sn 
1773 YSZ + Ar 151.8 _+ 0.2 276 YSZ + Sn 
1873 YSZ + Ar 151.0 _+ 0.4 51 YSZ + Ni 

155.1 _+ 0.3 118 
156.9 _+ 0.2 127 
155.8 _+ 0.3 104 
159.7 _+ 0.2 88 
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Figure 3 Typical distribution of groove angles, qt, in YSZ/Ar at 
T = 1 5 7 3 K f o r  t = 1 8 2 h .  

considered in terms of the development on the plane 
section of symmetrical grain-boundaries, forming 
angles of 120 ~ between them at their intersections 
points. Since it is difficult to discriminate between 
grain-boundaries that are not perpendicular to the 
plane section, only those angles in which the interfer- 
ence pattern continued in approximately the same 
manner on both sides of the groove were considered, 
Fig. 2. 

Another indication that equilibrium is approached 
is also the symmetrical distribution of the measured, 
angle values, as is shown in Fig. 3. Additionally, the 
fact that the pooled average of two such distributions 
for specimens annealed for 5 and 10 h at 1773 K was 
151.8 with a standard deviation + 3.3 ~ indicates that 
equilibrium is attained. 

Table II includes the measured contact angle values, 
0, as well as the surface energies of the liquid metals at 
the corresponding temperatures, as obtained from 
Equation 7 for Sn [9] and Equation 8 for Ni [10, 11]: 

7Lv(sn) = 0.544 - 0.07 x 10-3(T - 505) (7) 

and 

7LV(Ni) = 1.754 -- 0.28 X 10-3(T -- 1726) (8) 

In the case of sessile drop experiments the establish- 
ment of thermodynamic equilibrium was considered 
in terms of the maintainance of a constant value for 
the contact angle during the experiment. 

From the experimental results listed in Tables I and 
II and using Equations 4 and 5 the values of the 
surface (Tsv), and grain boundary (Tss), energies, as 
well as their ratio (Tsv/Tss) were calculated. The results 
are included in Table III. 

T A B L E  II Measured contact angles values, 0, and surface ener- 
gies of liquid metals 

System T 0 7Lv 
(K) (deg) (J m -  2) 

YSZ/Sn 1573 130.0 0.469 
YSZ/Sn 1673 126.0 0.462 
YSZ/Sn 1773 114.5 0.455 
YSZ/Ni 1873 106.0 1.713 

T A B L E  I I I  Calculated values of surface Ysv, grain-boundary en- 
ergy Yss and the ratio Yss/Ysv 

T 7sv 7ss 7ss/Tsv 
(K) (J m 2) (J m -  2) 

1573 1.256 _+ 0.129 0.674 _+ 0.064 0.534 _+ 0.008 
1673 1.208 _+ 0.142 0.592 +_ 0.065 0.491 + 0.005 
1773 1.171 -t- 0.176 0.571 _+ 0.081 0.487 _+ 0.003 
1873 1.126 _+ 0.097 0.563 + 0.043 0.501 _+ 0.007 

The accuracy of the calculated values of the surface 
(Tsv), and grain boundary, (Yss) energies is about 
+ 10%. It should be noted that the multiphase equili- 

bration technique is sensitive to the values of the 
groove angles qJ and (~, whose measurement includes 
a statistical processing. Small deviations in the 
measurements could lead to significant deviations in 
the calculated energy values. 

4. Discussion 
Fig. 4 illustrates the temperature dependence of the 
calculated surface energy values, which can be de- 
scribed by the equation: 

Ysv = 1.927 - 0.428 x 10-3T, R 2 = 0.99722 (9) 

The linear temperature coefficient ( - 0.428 x 10-3) is 
in good agreement with corresponding values given in 
the literature for oxides with a cubic crystal structure 
such as calcia-stabilized zirconia, CSZ ( -  0.431 x 
10 -3 J -m -2 .K -1) [7], UO2 (-0.351x10 -3 J ' m  -2 " K  -1)  

[2] and ThO2 ( -  0.24x 10 .3 J .  m -2 .  K .1) [12]. 
By extrapolation to a temperature of 3073 K 

which roughly corresponds to the melting point of 
YSZ, Equation 9 gives a surface energy value of 
7sv = 0.578 J m -2, which is comparable to that given 
by Lihrmann and Haggerty (7Lv = 0.43 jm-2) ,  [13], 
for pure liquid zirconia in air and it also yields similar 
behaviour to that observed in metals in that 7sv(Zmp) 

1.1yLv(Tmp), [9]. 
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Figure 4 Temperature dependence of the surface energy of YSZ. 

In the case of ZrO2 stabilized with CaO the litera- 
ture gives an equation for the calculation of the sur- 
face energy, of 7sv (J m-2) = 1.428 - 0.431 x 10 -3 T, 
E7], and also a value of 0.590 J m -2 at 2123 K, [14]. 
The equation produces lower energy values at the 
same temperature than those calculated for YSZ from 
Equation 9. A possible explanation for this discrep- 
ancy is the impurity content, of A1203, SiO2 and 
Fe203, contained in the CSZ material. During anneal- 
ing these impurities tend to concentrate on the surface 
and grain-boundaries of the material, resulting in a de- 
crease of its surface energy, [14]. The value 
7sv = 1.682 J m -  2 obtained by Equation 9 at 573 K is 
also higher compared to the value 7sv = 1.1 Jm -2 
given for t-ZrO2, [15], measured using the heat of 
immersion technique. 

Fig. 5 shows the calculated values of the grain- 
boundary energy of YSZ as a function of temperature. 
Considering a linear dependence between the grain- 
boundary energy and the temperature this relation- 
ship could be expressed as: 

Yss(J m-a)  = 1.215 - 0.358 x 10 -3 T, R z = 0.8094 

(lO) 

The linear temperature coefficient of 7ss, 
( - 0.358 x 10 .3 J .  m -2 - K -~) closely agrees with the 
corresponding value ( - 0.392 x 10 .3 _+ 0.126 
J .  m - 2 .  K-~) calculated for CSZ in the temperature 
range 1173 K ~ T ~< 1523 K, [7]. By extrapolation 
(Equation 10) at a temperature of 1523 K the value 
obtained (Tss = 0.670 J m-2) is in accordance with the 
value given by Chaim et al. [16] of 0.81 Jm  -2, which 
was calculated using the model formulated by Read 
and Shockley [17] for a low-angle subboundary of 
edge dislocations, which would be applicable to the 
cubic/tetragonal semicoherent interfaces in two-phase 
ZrO2-8 wt % Y203. 

Literature values of 7ss reported for CSZ are 
0.489-0.348 J m -  2 for temperatures between 
1173-1523 K, [7], 0.265 Jm  -2 at 2123 K, [14] and 
0.38 Jm  -2 at 1500K [18] and are lower than the 
values calculated by the extrapolation of Equation 10 
at the same temperatures. The differences between the 
above values, even if not significant, could be ex- 
plained by the different composition of the corres- 
ponding materials. 
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Figure 5 Temperature dependence of the grain-boundary energy of 
YSZ. 

According to the results of Table III the ratio 
Yss/7sv, does not vary significantly with temperature 
and ranges between 0.487-0.534. The constancy of the 
ratio 7ss/7sv results from the fact that the groove angle 
value (~/) remains practically constant with temper- 
ature, a phenomenon also observed in A1203 E19] and 
CSZ E7]. This phenomenon could be explained by the 
parallel increase of the groove width, w, and depth, d, 
Fig. 2, as a function of the temperature. The value of 
the ratio 7ss/Ysv calculated for YSZ is comparable 
with corresponding values for other oxides such as 
CSZ (0.45-0.53) [7], and (0.45) El41, and UOz 
(0.540.67) [1] and (0.54-0.58) E2], which as has al- 
ready been mentioned have a cubic fluoride structure 
as does YSZ. 

5. Summary 
Using the multiphase equilibration technique the 
surface and grain-boundary energies of YSZ were 
determined in the temperature range 1573K ~< 
T ~< 1873 K, from measurement of the equilibrium 
groove angles, 4, 4, and contact angles, 0. Both energy 
values were found to be linear functions of temper- 
atures, which could be described by the equations: 

7sv(J m-2) = 1.927 - 0.428 x 10 =3 T 

and 
Yss(J m z) = 1.215 - 0.358 x 10 -3 T 

The ratio 7ss/Tsv ranges between 0.487-0.534 and is in 
accordance with values measured for other oxides 
having a similar crystal structure. 
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