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Abstract The sessile drop technique has been used to

measure the temperature dependence of the contact angle, h,

of the liquid metals Ag and Cu in contact with polycrystalline

yttrium oxide (yttria, Y2O3) at the temperature range 1,333–

1,773 K in Ar/4%H2 atmosphere. Combination of the

experimental results with literature data taken for nonwetted

and nonreactive oxide/liquid metal systems permit the cal-

culation of the surface energy of Y2O3 as csv (J/m2) =

2.278–0.391 9 10-3 T. For the same atmospheric condi-

tions, thermal etching experiments on the grain boundaries

intersecting the surface of the polycrystalline ceramic allow

to determine the groove angles, w, with respect to tempera-

ture and time as well as the grain-boundary energy of Y2O3 as

css (J/m2) = 1.785–0.306 9 10-3 T. Grain-boundary groov-

ing studies on polished surfaces of Y2O3 annealed in Ar/4%H2

atmosphere between 1,553 K and 1,873 K have shown that

surface diffusion is the dominant mechanism for the mass

transport. The surface diffusion coefficient can be expressed

according to the equation Ds (m2/s) = 1.22 9 10-3 exp

(-343554/RT).

Introduction

In engineering, advanced ceramics (structural or func-

tional) considered to be the most suitable for use in high

temperature applications, while a special interest is being

manifested in the compounds of ceramics with metals and

metal alloys.

Yttrium oxide (T2O3) is a material used in functional

and structural applications. Y2O3 additives in ZrO2 stabi-

lizes the high temperature cubic phase with fluorite struc-

ture of ZrO2 (YSZ), which shows a high ionic conductivity

for use as electrolyte in a variety of electrochemical

applications (high temperature solid oxide fuel cells—

SOFCs [1], oxygen sensors [2]) as well as in combination

with a metal (Ni–cermet) as anode electrode in SOFCs.

Furthermore, Y2O3 partially stabilized ZrO2 (YPZ) with

tetragonal precipitates, shows high fracture toughness and

good thermal shock resistance, which makes it suitable for

applications as industrial wear parts, cutting tools as well

as heat engines and biomedical ceramics. Due to its good

adhesion properties in contact with glasses, different met-

als, and compounds [3], Y2O3 can serve as an adherence

promoter for multilayer coatings. Surface and interfacial

energies of Y2O3 are often required for the theoretical

treatment of a number of phenomena, such as strength,

nucleation, sintering behavior, and mass transport.

An established method for studying the interfacial

phenomena is that of a sessile drop of a liquid lying on the

surface of a solid substrate (Fig. 1a). In thermodynamic

equilibrium, the Young equation is valid:

csv ¼ csl þ clv cos h; ð1Þ

where csv and clv are the surface energies of the solid and

the liquid, respectively, csl is the interfacial energy of

solid–liquid and h is the contact angle.

For a nonwetting ceramic/metal system, the contact

angle as well as the surface energy of the liquid metal can

be evaluated from sessile drop experiment. The determi-

nation of the surface energy of the oxide as well as of the

interfacial energy of the system requires the application of

a combination of experimental methods (multiphase

equilibration technique [4–9]) or indentation techniques
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[10]. For this reason, most of the literature data were

derived from theoretical evaluations [11].

When a grain-boundary intersects a solid surface, a

groove tends to be formed along the line of intersection at

temperatures higher than half of the absolute melting point

of the material [12]. At equilibrium, the established groove

angle, w, at the root of groove (Fig. 1b), depends on the

ratio of the grain-boundary energy, css, to the surface

energy, csv, of the polycrystalline solid according the

relationship

css ¼ 2csv cosðw=2Þ: ð2Þ

The groove progressively grows by preferential atomic

migration, by either diffusion or evaporation. For a grain-

boundary perpendicular to the surface with a groove width

initially equal to the grain-boundary groove shoulder, w,

the groove can grow with time, t, by several mechanisms.

According to Mullins’s theory for thermal grooving [13],

for a surface diffusion mechanism, the width, w, (Fig. 1b)

is given by

w ¼ 4:6ðBtÞ1=4 ð3Þ

with

B ¼ DsNX2csv=kT ; ð4Þ

where Ds is the surface diffusion coefficient, X and

N = X-2/3 are the molar volume and the surface density of

the diffusing species, respectively, k is the Boltzmann

constant, and T is the temperature.

The aim of this study is the determination of the tem-

perature dependence of the surface and grain-boundary

energies of polycrystalline Y2O3 in Ar/4%H2 atmosphere

as well as the mass transport phenomena across the Y2O3

surface at the temperature range 1,553–1,873 J.

Experimental

The round discs of 20 mm diameter and 2 mm thickness of

polycrystalline Y2O3 used in the experiments were prepared

via cold pressing and sintering of commercially available

powders (MTI Corporation) with a purity of 99.99%

(impurities in ppm: rare earths: Eu \ 4.9, rest \ 0.5 and

common metals: Ce \ 10, Fe = 2, Cu = 2, Si = 28,

Ni = 3, Pb = 2), mean particle size & 8 lm, and density

q = 5.013 g/cm3. The samples were sintered at 1,923 K for

30 h to a density 90% of the theoretical. All the samples were

metallographically polished to a final roughness of\0.3 lm.

The metallic phase used was Ag-rods (purities in ppm:

Cu = 17, Fe = 2, and Pb = 1) and Cu-rods (Alfa Aesar

GmbH) with a purity of 99.95% and 99.999%, respectively.

The sessile drop experiments were performed in a hor-

izontal inductive furnace coupled with a molybdenum

susceptor in flowing Ar/4%H2 atmosphere (90 mL/min).

Optical windows permitted the in situ observation of the

experiment using a video-camera system, as well as the

measurement of the temperature by optical pyrometry with

a precision of about ±5 K. The equilibrium contact angle,

h, was established during the first minutes of the experi-

ments and remained constant for the whole experimental

time (20 min).

The thermal etching experiments were performed in a

SiC resistance furnace in flowing Ar/4%H2 atmosphere,

where the specimens were supported in an alumina tube.

Similar experiments were also performed in flowing

Ar-atmosphere and in air. Optical interferometry, using a

Leitz interferometer with a resolution limit of 0.3272 lm,

was applied to the measurements of the groove angle, w,

and groove width, w (Fig. 1b). Since it is difficult to dis-

criminate between grain boundaries that do not intercept

perpendicular to the surface plane section, only those

angles in which the interference pattern continued in

approximately the same manner on both sides of the groove

were considered (Fig. 2). The true root angle, w, was cal-

culated using the equation [14]

tanðw=2Þ ¼ 2d tanða=2Þ=1:11km; ð5Þ

where a and d are the apparent root angle and the fringe

spacing, respectively, measured from the interferometric

patterns shown in Fig. 2, k is the wave length of the light

source (kNa = 589 nm), and m is the magnification. The

factor 1.11 is a correction factor for the effect of the large

aperture of the lens. 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. 1 Schematic profiles

showing a contact angle, h, in a

solid–liquid–vapor system and

b a thermally etched grain-

boundary groove
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For the calculation of the molar volume, X, and the

surface density, N, (Eq. 4) at high temperatures, the linear

thermal expansion coefficient (TEC) of Y2O3 was mea-

sured in the temperature range 298–1,673 K, using a high

temperature push-rod dilatometer (Fa. Netzsch).

In all experiments carried out in Ar/4%H2 with a moisture

content of about 10 vpm, the oxygen partial pressure, P(O2),

was in the range 1.4 9 10-21 to 6.4 9 10-16 with increasing

temperature between 1,333 and 1,873 K. Under these con-

ditions, thermodynamic data show that Y2O3 keep its sta-

bility in the whole temperature range examined. The low

oxygen partial pressure in the furnace atmosphere does not

influence the surface energy values of the liquid metals Ag

[15, 16] and Cu [17–19] at their melting points, neither their

temperature dependence.

Surface and grain-boundary energies

Theoretical treatment

Table 1 includes literature data [4–11, 20–29] concerning

linear temperature dependencies of the surface energy of

different oxides and liquid metals as well as the contact

angle values between the liquid metals Sn, Cu, Ni and Fe

and the various oxides at 1,173, 1,400, 1,773, and 1,823 K,

respectively. The contact angle values are either average

literature values referring to the given temperatures or have

been derived from interpolation of experimental data

assuming linear temperature dependence. All systems

examined are nonwetting and nonreactive under inert,

vacuum, or reducing atmospheric conditions. The values of

the contact angle as well as of the surface and interfacial

energies hardly depend on the dissolved oxygen of the

oxides in the liquid metals [30, 31]. In particular, the low

partial pressure of dissolved oxygen in the metals Sn, Cu,

Ni, and Fe does not influence their surface energy,

according data given by Saiz et al. [32].

According to the data given in Table 1, the interfacial

energy, csl, of the oxides/liquid metal systems can be cal-

culated using Eq. 1. The results show that the interfacial

energy values between a metal and the various oxides with

which is in contact, follows an approximately linear rela-

tionship with cos h at a given temperature (Fig. 3). For the

tested systems and h[ 90�, the following relations were

obtained.

(a) Oxides/Sn at 1,173 K (Fig. 3a)

csl ðJ/m2Þ ¼ �4:342 cos h� 0:982; R2 ¼ 0:934 ð6aÞ

(b) Oxides/Cu at 1,400 K (Fig. 3b)

csl ðJ/m2Þ ¼ �4:149 cos h� 0:513; R2 ¼ 0:984 ð6bÞ

(c) Oxides/Ni at 1,773 K (Fig. 3c)

csl ðJ/m2Þ ¼ �3:781 cos hþ 0:038; R2 ¼ 0:944 ð6cÞ

(d) Oxides/Fe at 1,823 K (Fig. 3d)

csl ðJ/m2Þ ¼ �3:708 cos hþ 0:294; R2 ¼ 0:905 ð6dÞ

Correlations (6a) to (6d) obey the general equation:

csl ðJ/m2Þ ¼ A cos hþ B ð7Þ

In the investigated temperature range 1,173–1,823 K,

the slope A, and the constant B (Eq. 7) satisfy the

following linear dependence on temperature:

A ðJ/m2Þ ¼ 0:970� 10�3 T� 5:491 R2 ¼ 0:998 ð8Þ

B ðJ/m2Þ ¼ 1:825� 10�3 T� 3:106 R2 ¼ 0:984: ð9Þ

Introducing Eq. 7 to Eq. 1 gives:

csv ðJ/m2Þ ¼ ðAþ csvÞ cos hþ B: ð10Þ

According to Eq. 10 in a nonwetting and nonreactive

oxide/liquid metal system, at a given temperature, the

surface energy of the oxide can be calculated from the

surface energy of the liquid metal and the measured contact

angle value, or, conversely, the expected contact angle can

be estimated for a given value of the surface energy of the

oxide.

Surface energy

In order to determine the surface energy of Y2O3 as well as

its temperature dependence, wetting experiments were

performed in the systems Y2O3/Ag and Y2O3/Cu at the

temperature range 1,333–1,763 K and 1,483–1,773 K,

Fig. 2 Interference patterns to obtain groove angle, w, of Y2O3

in Ar/4%H2 at T = 1,693 K and t = 50 h (a = apparent angle and

d = fringe spacing)
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respectively, in Ar/4%H2 atmosphere. Table 2 includes the

measured contact angle values as well as the temperature

dependence of the surface energy of the liquid metals. The

mean contact angles, h (Table 2), with a standard error of

about ±2�, as a mean deviation of three different wetting

experiments, indicate nonwetting (h[ 90�) conditions at

Table 1 Temperature dependence of the surface energy of solid oxides, csv, and liquid metals, clv, as well as contact angle values, h, in oxide/

liquid metal systems

Oxide Surface energy

of solid oxides csv (J/m2)

Oxides/Sn at

1,173 K h (�)

Oxides/Cu at

1,400 K h (�)

Oxides/Ni at

1,773 K h (�)

Oxides/Fe at

1,823 K h (�)

Al2O3 2.559–0.784 9 10-3 T [6] 135 [6, 20] 134 [19, 24] 119 [24] 131 [24, 27]

BeO 2.400–0.359 9 10-3 T [11] 149 [27] 137 [27]

MgO 2.600–0.476 9 10-3 T [11] 139 [21] 152 [21] 142 [27] 130 [27]

CaO 2.200–0.381 9 10-3 T [11] 139 [21] 132 [25]

MgAl2O4 3.000–0.577 9 10-3 T [11] 147a 155 [21] 156 [21] 134 [21]

ThO2 1.562–0.240 9 10-3 T [10] 133 [27] 112 [27]

UO2 1.507–0.346 9 10-3 T [5] 119 [22] 120 [4, 22, 25] 112 [5]

CSZ 1.428–0.431 9 10-3 T [7] 123 [23] 126 [26] 120 [26] 115 [29]

YSZ 1.927–0.428 9 10-3 T [8] 130 [8] 117 [28]

CeO2 2.465–0.563 9 10-3 T [9] 138a 143 [9] 127a

TiO2 0.800–0.167 9 10-3 T [11] 105 [27] 92 [27]

Surface energy of liquid metals (J/m2) [24]

Sn: clv = 0.544–0.07 9 10-3 (T - Tm), Tm = 505 K Ni: clv = 1.754–0.28 9 10-3 (T - Tm), Tm = 1,726 K

Cu: clv = 1.311–0.20 9 10-3 (T - Tm), Tm = 1,356 K Fe: clv = 1.825–0.27 9 10-3 (T - Tm), Tm = 1,809 K

a This work

Fig. 3 Interfacial energy, csl, versus cosh in systems of oxides in contact with a Sn at 1,173 K, b Cu at 1,400 K, c Ni at 1,773 K, and d Fe at

1,823 K
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the oxide/liquid metals interface. SEM–EDS analysis on

the cross sections of the samples after wetting experiments

shows no interaction at the oxide/metal interface.

At a given temperature, inserting the data of cos h and

clv (Table 2) as well as the values of A (Eq. 8) and B

(Eq. 9) in Eq. 10 the surface energy of the Y2O3 can be

calculated. The results (Fig. 4) show a nearly linear tem-

perature dependence of the surface energy of Y2O3, satis-

fying following relation:

csv ðJ/m2Þ ¼ 2:278� 0:391� 10�3 T; R2 ¼ 0:987:

ð11Þ
The lack of experimentally determined surface energy

values in the literature does not allow the comparison with

our results. For calculations at high temperatures, the

estimated value, csv = 1.0 J/m2, is typically used [33]. The

temperature coefficient of the surface energy or surface

entropy term (dcsv/dT = 0.391 9 10-3 J m-2 K-1), com-

pares well with the corresponding values of other oxides,

particularly for those with similar crystal structure

(Table 1).

Inserting the results shown in Table 2 in Eq. 7, the

temperature dependence of the interfacial energies in the

systems Y2O3/Ag (Eq. 12) and Y2O3/Cu (Eq. 13) is found

to be given by the following equations:

csl ðJ/m2Þ ¼ 2:512� 0:952� 10�3 ðT� 1;234 KÞ;
R2 ¼ 0:996

ð12Þ

csl ðJ/m2Þ ¼ 2:842� 1:329� 10�3ðT� 1;356 KÞ;
R2 ¼ 0:998:

ð13Þ

The calculated absolute values of the temperature

coefficient of surface energy of the oxide, csv (Eq. 11),

interfacial energies, csl (Eqs 12 and 13) as well as the

surface energy of the liquid metal, clv (Table 2), show that

for an oxide/liquid metal system dcsl/dT [ dcsv/dT ? dclv/

dT. Due to the fact that, in the wettability performance the

quantities csl, csv and clv act together, decreasing the

interfacial energy, csl, with temperature leads to lower

contact angle values and therefore of the bond strength at

the Y2O3/liquid metal interface. Furthermore, in systems of

an oxide in contact with different liquid metals the value

dcsl/dT increases with increasing dclv/dT of the metal, in

accordance with literature data for CSZ [23] and Al2O3

[24]/liquid metal systems.

Grain-boundary energy

In order to determined the grain-boundary energy of Y2O3

(Eq. 2), the groove angle, w, was measured after thermal

etching experiments at 1,553 K for 70, 90, and 110 h, at

1,623 K for 45, 60, 75, and 105 h, at 1,693 K for 50, 60,

90, and 100 h, at 1,773 K for 3, 5, and 9 h and at 1,873 K

for 3, 5, and 7 h in Ar/4%H2 and for comparison some of

them in Ar and air. In this study, it is assumed, in accor-

dance with literature [34], that the surface energy of

polycrystalline Y2O3 is independent of crystallographic

orientations and the mean value of, w, is not influenced by

the presence of grain-boundary torque-term effects caused

by surface energy anisotropy.

The statistical tests of the results, which concern the

time and furnace atmosphere mean groove angle, w, values,

show that they can be considered as random samples of the

same distribution at a given temperature and, therefore,

they are practically independent of the annealing time and

atmosphere. In the first case, this fact leads to the conclu-

sion that the increase of the groove depth, d, follows the

same relation with time as the width of the groove shoul-

ders, w (Fig. 1b), which agrees with Mullins’s theory [13].

Table 2 Temperature dependence of contact angle, h, in the Y2O3/

Ag and Y2O3/Cu systems

Y2O3/Ag Y2O3/Cu

T (K) h (deg) T (K) h (deg)

1,333 137.5 1,483 139.2

1,383 135.5 1,548 135.9

1,443 133.0 1,628 132.2

1,473 131.7 1,688 129.0

1,513 130.0 1,725 127.2

1,553 128.5 1,773 124.8

1,573 127.5

1,623 125.5

1,653 124.4

1,713 122.2

1,763 120.4

Surface energy of liquid metals (J/m2) [24]

clv = 0.912–0.15 9 10-3

(T - Tm), Tm = 1,234 K

clv = 1.311 – 0.2 9 10-3

(T - Tm), Tm = 1,356 K

Fig. 4 Temperature dependence of the surface energy of Y2O3
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The number of measured grain-boundary groove angles

in polycrystalline Y2O3, the distribution interval of single

w values and the mean w values, as well as the ratio css/csv,

depending on temperature is summarized in Table 3. The

difference between the minimum and the maximum w
values is a measure of the misorientation of the grain-

boundary grooves, relative to the normal, that intersect the

free surface of Y2O3. Introducing the results (Eq. 11,

Table 3) in Eq. 2, the temperature dependence of the grain-

boundary energy of Y2O3 is calculated as:

css ðJ/m2Þ ¼ 1:785� 0:306� 10�3 T; R2 ¼ 0:992:

ð14Þ
The temperature coefficient of the grain-boundary energy

(dcss/dT = 0.306 9 10-3 J m-2 T-1) given in Eq. 14 is in

agreement with the corresponding values (0.193 9 10-3 J

m-2 T-1) for UO2 [5], (0.392 9 10-3 J m-2 T-1) for cal-

cia-stabilized zirconia (CSZ) [7], and (0.358 9 10-3 J

m-2 T-1) for yttria-stabilized zirconia (YSZ) [8] of oxides

with cubic structure. Taking into account the fluctuation of

the solitary values of w (Table 3), a mean groove angle

wm = 133.9� ± 0.05� can be determined, leading to a mean

value of the ratio, css/csv = 0.783 ± 0.001, which is inde-

pendent of the experimental conditions.

The value of the ratio (css/csv) is important for the pre-

diction of sintering behavior and the properties of powder

consolidated oxides. The present result of the ratio css/csv

between 0.782 and 0.785 for Y2O3 is in agreement with

respective values reported in the literature (optical meth-

ods) for ionic bonded ceramics such as UO2 (0.54–0.67 [4],

0.54–0.58 [5], 0.45 [35]), Al2O3 (0.696–0.738 [6], 0.707

[34], 0.54 [36]), CSZ (0.45–0.53 [7]), YSZ (0.487–0.534

[8]), and CeO2 (0.677–0.679 [9]). The above results indi-

cate that for the oxides the expected grain-boundary energy

values are in the range 0.5csv \ css \ csv, whereas for

metals css *0.33 csv.

Surface diffusion coefficient

In parallel with the measurement of the groove angle, w,

the corresponding value of groove width, w (Fig. 1b) was

also measured as a function of time and temperature in Ar/

4% H2 (Table 4). Corresponding experiments carried out

in Ar and air at the same temperature and time intervals

showed no changes in the groove widths.

The slopes of the lines log w versus log t (Fig. 5) vary

between 0.16 and 0.27 with a mean value of 0.20, which

agrees with the slopes 0.16–0.29 [34], 0.17–0.20 [36], 0.24

[37] for Al2O3, 0.23–0.27 for MgO [38], and 0.24–0.26 for

CeO2 [9]. In all of these cases, the values are close to 0.25

that Mullins [13] proposes, for surface diffusion as the

predominant mechanism of grain-boundary grooving,

which is used for the calculation of the surface diffusion

coefficient in the temperature ranges studied. Furthermore,

from the measured mean groove angle, w = 133.9�, the

slope of the grain-boundary profile with respect to the flat

Table 3 Groove angle, w, and ratio, css/csv, in thermally etched polycrystalline Y2O3

T (K) Number of angles w (�) css/csv

Range Mean value Std. error of mean Mean value Std. error of mean

1,553 590 126.3–141.9 134.0 ±0.1 0.782 ±0.002

1,623 616 124.3–143.5 133.8 ±0.1 0.786 ±0.001

1,693 536 121.9–144.7 133.9 ±0.1 0.783 ±0.002

1,773 565 123.4–142.5 133.8 ±0.1 0.784 ±0.002

1,873 466 122.0–145.1 134.0 ±0.1 0.782 ±0.002

Table 4 Groove width, w, in thermally etched polycrystalline Y2O3

at different temperatures and times

T (K) t (h) w (lm)

Average widtha Std. error of mean

1,553 70 0.905 0.007

90 0.986 0.007

110 1.011 0.008

130 1.029 0.009

1,623 45 0.872 0.004

60 0.933 0.006

75 0.969 0.006

105 1.016 0.008

1,693 50 1.062 0.006

60 1.088 0.010

90 1.136 0.011

100 1.178 0.007

1,773 3 0.901 0.007

5 0.990 0.009

7 1.062 0.009

9 1.105 0.009

1,873 3 1.069 0.009

5 1.281 0.008

7 1.335 0.010

a Measured widths, w, for each time interval were &140
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surface, tan (90 - w/2) = 0.426, justifies the small slope

approximation for the groove width (Eq. 3), with an accu-

racy of about 20% for the surface diffusion coefficient

according the analysis given by Robertson [39].

By combining Eqs. 3 and 4, Ds is given by

Ds ¼ w4kT=4:64csvX
2Nt; ð15Þ

where the data for csv and w, t are available from Eq. 11

and Table 4, respectively, k = 1.38062 9 1023 J/K and

X = 3.742 9 10-29 m3/molecule, considered as one-half

of the Y2O3 molecule in an Y2O3 crystal, since it is not

known what species is diffusing [34] and, therefore, N =

X-2/3 = 8.938 9 1018 molecules/m2, at room temperature.

In order to calculate the temperature dependence of molar

volume as well as of the surface density, the linear TEC of

Y2O3 at the temperature range 298–1,673 K was determined

as a = 8.56 9 10-6 K-1. Assuming isotropic material, the

volume expansion coefficient can be considered as 3a. From

the calculated values (Eq. 15), the surface self-diffusion

coefficient of Y2O3 in Y2O3 can be expressed by the relation:

Ds ðm2=sÞ ¼ 1:22� 10�3 expð�343554=RTÞ: ð16Þ

Figure 6 illustrates the Arrhenius plot of the surface

diffusion values of cubic C-type crystal structure of Y2O3

(deriving from the fluorite-type cubic structure with one-

fourth of the anion sites vacant and regularly arranged),

together with literature data for fluorite structured oxides

UO2 [4, 40] and CeO2 [9, 41], measured via grain-

boundary grooving, as well as data for grain-boundary

diffusion in Y2O3 [33], measured via grain growth

(Table 5). The value of Do for the grain-boundary

diffusion, is estimated from the value bDo = 2.36 9

10-12 [33], assuming a grain-boundary width of about

b * 1 nm.

The Ds values for the stoichiometric oxides (Fig. 6),

obtained at the same temperature interval, are distributed in

a narrow range of about one to two orders of magnitude.

This can be attributed to the fact that the diffusion process

refers to the transfer of mass in which the transport cor-

responds to movement of groups of coupled atoms to

prevent composition fluctuations [40].

Results obtained for surface diffusion of Y2O3 (Fig. 6) at

low-temperature ranges (T \ 1,623 K) present values for

both Do and Es lower than those obtained at high temper-

ature ranges, indicating the probability of two distinct zones

of diffusion. Similar behavior has been observed by Berard

and Wilder [42] in a study for Y3? self-diffusion in fully

dense polycrystalline Y2O3. A possible reason for this

behavior is the structural damage that mechanical polishing

causes to the near-surface region of the specimen, enhanc-

ing the dislocation density and consequently the diffusion

process, without changing the diffusion mechanism and the

mass transport (structure-sensitive extrinsic surface diffu-

sion) [34]. Furthermore, the results (Table 5) show that

in polycrystalline Y2O3, Es \ Egb, and extrapolating the

Ds-values, at lower temperatures, that Ds [ Dgb (Fig. 6).

Conclusions

Wetting experiments in the nonwetting and nonreactive

systems of Y2O3/Ag and Cu were used to determine the

surface energy, csv, of polycrystalline Y2O3 according to

the determined relationship csv = (A ? clv)cosh ? B, with

A and B linear temperature functions. The measurements of

the contact angle, h, were performed in Ar/4%H2 at the

temperature range 1,333–1,773 K. The calculated surface

energy values for Y2O3 satisfy the following relationship:

Fig. 5 Groove widths, w, at the solid–vapor surface of polycrystal-

line Y2O3 as a function of time, t, for different temperatures

Fig. 6 Arrhenius plots of surface diffusion coefficients of various

oxides and grain-boundary (g.b.) diffusion coefficient of Y2O3
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csv ðJ/m2Þ ¼ 2:278� 0:391� 10�3 T

Thermal etching experiments and groove angle, w,

measurements were used to calculate the temperature

dependence of the grain-boundary energy of Y2O3 in the

range 1,573–1,873 K.

css ðJ/m2Þ ¼ 1:785� 0:306� 10�3 T:

Statistical tests have shown that the w values can be

considered as random samples of the same distribution,

giving values for the mean groove angle, wm, and the mean

ratio, css/csv, of 133.9� and 0.783, respectively, independent

of annealing atmosphere, time, and temperature.

Surface diffusion, as mass-transport mechanism of

coupled groups of atoms, is responsible for grain-boundary

grooving in polycrystalline T2O3, with coefficient Ds

(m2/s) = 1.22 9 10-3 exp (-343554/RT). At the low tem-

perature region, about a half of the melting point of T2O3,

a structure-sensitive extrinsic surface diffusion can be

observed, without influence on the mechanism of diffusion

process and the equilibrium mean values of the formed

groove angles.
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