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The interfacial energies between solid oxide ceramic and liquid metals have been investigated
for a number of systems. At the metal melting point: (1) the interfacial energies between a given
oxide ceramic and various metals vary by less than 10%:

Ys1 =2.538+0.139 J/m? for Al,O,-liquid metals;
Ys1=1.599+0.064 J/m? for ZrO,-liquid metals;
YsL =1.676+0.142 J/m? for UO,-liquid metals;

(2) the respective contact angles (® > 90°) idicate no wettability. Linear temperature functions of
the interfacial energies in oxide ceramic-liquid metal systems have been derived. By
extrapolation, temperature coefficients of interfacial energies can be estimated for oxide
ceramic-liquid metal systems that have not yet been measured. The interfacial energies, together
with the surface energies of the materials concerned, also provide the work of adhesion for all
Al,O,- and ZrO,-liquid metal combinations considered.

As demonstrated in Fig. 1, composites and also composed materials result from
combinations of phases taken from different main classes of materials, such as
ceramics and metals (cerments), metals and polymers, polymers and ceramics, or
even metals, ceramics and polymers. Composites in this context are understood to
be muitiphased (heterogeneous), or at least two-phased and macroscopically
homogeneous. Macroscopically inhomogeneous combinations of phases (or
constituents in the case of non-equilibrium), however, are defined as composed
materials, referring, for example, to sandwich structures [12]. Composites (as well
as composed materials) offer the possibility to construct tailor-made engineering
materials with effective properties, which refiect the properties of their phases and
the influence of the microstructure on the properties of the multphase materials [13].
As always in science and technology, however, this hold only for the if-then
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principle: if bonding exisis between the phases, then (and only then) the realization
of effective properties comes true!

The bonding problem is generally related to the interfacial energies, but is not
restricted only to the solid state. Especially in the case of liquid-phase sintering (or
“solid-phase melting”’), wettability plays the key role in the obtaining of dense
materials with desired microstructures, as in the case of hard metals, for example.

This is. why the determination of interfacial energies between ceramics and
liquid metal phases is of importance in the technology of cermets. Wetting in a
solid-liquid-vapour system in thermodynamic equilibrium is characterized by the
wetting angle. Its magnitude depends on the temperature and the surface, as well as
on the interfacial energies of the phases in contact.

An established method for studying the interfacial phenomena involves a sessile
drop of liquid metal lying on a substrate of the relevant metal oxide (Fig. 1). In this
the following equation hold:

Vsv =y H Ly cos @ (1)

where ygy and vy, are the surface energies of the solid and liquid phases,
respectively, 7g is the solid-kiquid interfacial energy, and € s the wetting. The
work of adhesion {W,) is given by

W, = (1l +cos 8) (2}
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In the present work, experiments are described which were carried out in order to
determine the temperature functions of the interfacial energies in the Al,0;-Bi,
-Pb, —Cu and -Ni and the ZrO,—Cu, —Co and —Ni systems. Additional literature
data on wetting angles in the systems Al,O,-Sn and Al I,~Co [8] supplement
the experimentally determined quantities.

Experimental procedure

Polycrystalline alumina AL23 (tradename of Friedrichsfels Co., FRG) with a
purity of 99.7% and polycrystalline zirconia ZR23 (stabilized with 5§ wt.% CaO)
with a purity of 99%, were used in wetting experiments. The as-received Al,O, had a
density of 3.7 to 3.95 g cm ™3, whilst the ZrOQ, density was between 5.0 and
'5.4 g cm 3. In Al,O, the grain sizes varied between 10 and 20 pm, and in ZrO,
between 30 and 50 um. Discs 20 mm in diameter and 3 mm in thickness were used in
the experiments. The purity of the metals (Fa. Ventron GmbH, FRG) was
99.9985 wt.% for Sn, 99.99995 wt.% for Bi, 99.9985 wt.% for Pb, 99.999 wt.% for
Cu, 99.99 wt.% for Ni and 99.998 wt.% for Co.

Purified argon was used as experimental atmosphere. The samples were heated
with an induction coil and the wetting angles were measured from photographic
projections of the sessile drops.

Experimental results

Wetting angles

Since the wetting angle (6) in all the systems examined was greater than 90°, the
sessile drop has a spheroidal form. From the values of X0, Zoo, X, and Z, (Fig. 2)
and by using the tables of Bashfort and Adams, the wetting angle can be determined
[2, 9]
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For each system and each temperature, two to four experiments were carried out,
each lasting about 20-30 min. Photographs of the sessile drops were obtained at 5-
min intervals, resulting in wetting angles finally being time-independent in all systems
examined.

Figures 3 and 4 show the temperature-dependences of the wetting angles in the
systems Al,0;-Sn, —Bi, —-Pb, -Cu, —Ni and —Co and ZrO,-Sn, -Pb, -Cu, -Ni and
—Co, rspectively. The values of the measured wetting angles agree reasonably well
with most of the literature data obtained for the systems under inert gas conditions.
The results indicate that the liquid metals do not wet the ceramic oxides in the
investigated temperature range. This is frequently attributed to the domination of the
ceramic surface by oxygen anions. The wetting angle decreases with increasing
temperature and melting point of the metal.
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Moreover, the angles (0) indicate that the wettability is not sufficient for the high
densification of composites during liquid-phase sintering.

Interfacial energy and work of adhesion

The measured wetting angles in the Al,O;- and ZrO,-liquid metal systems,
together with literature data on the surface energies of solid ceramics (Al,O; [8] and
ZrO, [4]) and on the.surface energies of liquid metals in an inert gas atmosphere or
vacuum [1, 5-8], were used for calculation of the interfacial energies (Eq. (1)) and the
work of adhesion (Eq. (2)).

In this context, the temperature coefficient of the energy of ZrO, was estimated as
dysy/dT = —0.3-1073Jm~2deg™', a value which compares well with the
corresponding temperature coefficients of the oxides ThO,
(—024-10 3Jm 2deg ') and UO, (—0.35-103T m 2 deg™ "), which have
similar crystal structures.

Table 1 lists the temperature functions of surface energies for all components.
Since the metal vapour existing in the furnace atmosphere did not affect the surface
energies or the valugs of the wetting angles appreciably, was decided to neglect this
[3, 10].

Table 1 Linear temperature functions of surface energies for solid ceramics and liquid metals

Material . Surface energy (J-m™2)
ALO, 2.559-0.784-1073 T 0<T<2323 K
Zr0, 1.227-0.3-1073 T 0<T<2893 K

Sn 0.544—-0.07-1073 (T~ Tm) T7=T,= 505K
Bi 0.372—-0.09-1073 (T—Tm) T2T,= 54K
Pb 0.468—-0.13-107° (I'-T,) T>2T,= 600K
Cu 1.311-0.20-1073 (T T,) - T2T,=135%K
Ni 1.754~0.28-1073(T—-T,) T7>T7T,= 1726 K
Co 1.610—0.29-1073(T~T,) T=T, =1768 K

The results of the measurements of the wetting angles, as well as the calculated
values of the work of adhesion and the interfacial energies in the investigated systems,
areinTables 2 and 3. Table 4 shows the linear temperature functions of the interfacial
energies and the coefficients of correlation. In Figs 5 and 6 the data on the interfacial
energies of Al,O,-liquid metals and ZrO,-liquid metals, respectively, are plotted vs.
the homologous temperature (7/T,,). These Figures, together with Table 4, clearly
indicate what was expected from earlier experiments on the of interfacial energies of
UO,-liquid metals {compare Fig. 7 [11]): at the melting points of the metals, the
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Table 2 Wetting angles (8), work of adhesion (W), interfacial energies (y,) in the Al,O;-liquid metal

systems

Standard W, ys,_;
System X 6, deg deviation J-m™2 I'm™?
Al,O;-Sn 611 165.24 +4.06 0.018 2.599
726 161.74 +2.68 0.027 2.492

772 157.74 +7.86 0.039 2.440

975 148.26 +4.37 0.076 2.230

1183 141.96 +1.71 0.106 2.023

1280 138.95 +2.67 0.120 1.925

Al,O,-Bi 689 152.73 +4.95 0.040 2.338
890 137.38 +2.99 0.090 2112

965 134.33 +1.90 0.101 2.035

1144 125.24 +1.86 0.135 1.845

AL O;-Pb 667 165.30 +3.05 0.015 2.480
711 160.48 +7.15 0.026 2.430

860 149.00 +5.18 0.062 2.257

1073 139.82 +10.05 0.096 2.029

Al,0,—Cu 1370 143.87 +2.82 0.252 2.541
1450 131.86 +2.66 0.430 2.284

1575 123.97 +2.30 0.559 2.032

1695 118.42 +142 0.651 1.822

1720 116.10 +1.19 0.693 1.756

Al,O;-Ni 1843 129.28 +2.98 0.631 2.204
1908 121.20 +1.34 0.821 1.945

2003 111.30 +0.66 1.067 1.598

ALO;—Co 1888 128.20 +2.281 0.601 2.053
1973 123.91 +2.12 0.686 1.877

2023 126.10 +1.53 0.766 1.743

2113 116.68 +0.88 0.832 1.580
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Table 3 Wetting angles (8), work of adhesion (W,). interfacial energies (v, ) in the ZrO,-lignid metal

systems
System T.K 8, deg Standard W PsLo
deviation J-m~2
Zr0,-Sn 623 170.04 +0.63 0.008 1.568
773 169.4¢ +0.88 0.009 1.511
923 149.73 +5.93 0.070 1.395
1073 134.92 +2.87 0.148 1.261
ZrO,-Pb 673 154.88 +2.73 0.043 1.441
773 139.73 +0.87 0.106 1.335
873 136.36 +0.53 0.120 1.278
973 121.58 +3.81 0.200 1.155
Zr0,—Cu 1473 122.18 +1.28 0.602 1.471
1573 121.31 +2.43 0.609 1.414
1673 11838 . +1.09 0.655 1.318
1773 116.73 +2.07 0.676 1.247
ZrO,-Ni 1740 122.33 +0.81 0.814 1.641
1773 119.71 +1.85 0.878 1.558
1833 118.82 +1.65 0.893 1.508
1953 1715 +1.69 0.919 1.412
Zr0,—Co 1823 123.21 +1.78 0.721 1.553
1923 120.38 +0.57 0.774 1.441
1973 116.53 +0.69° 0.858 1.328
116.06 +0.52 0.858 1.226
4
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Table 4 Linear temperature functions of the interfacial energy |ys(T) = ysu(T)dysL
d7(T—-Tm)! in the Al, O,- and ZrO, -liquid metal systems (R = correlation coefficient)

System Interfacial energies, J-m~2 R
AlO, -Sn 2.710—1.014- 1072 (T-505) 0.9999
-Bi 2.492-—1.083-1073 (T-544) 0.9998
-Pb 2.552—1.112- 1073 (T-600) 0.9998
—Cu 2.528 —2.141-1073 (T-1356) 0.9943
~Ni 2.641—3.778-1073 (T-1726) 0.9997
—Co 2.305—2.126-1073 (T-1768) 0.9978
7o, ~Sn 1.671—0.691- 1073 (T-505) 0.9857
-Pb 1.506—0.915-1073 (T-600) 0.9914
—Cu 1.568 - 0.768- 1073 (T-1356) 0.9957
—Ni 1.628 —-0.992-1073 (T-1726) 0.9715
—Co 1.622—1.274-1073 (T-1768) 0.9818
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interfacial energies with a.given ceramic substrate vary in a restricted region, no
matter what type of metal is concerned. The mean values and the standard deviations
of these interfacial energies are y5; = 2.538+0.139 J-m 2 for Al,0;-liquid metals
systems, and yg = 1.5994+0.064 J-m ™2 for ZrO,-liquid metal systems, which
compares reasonably well with the literature data for the UO,-liquid metal systems
[11] (compare Fig. 7): y5, = 1.676+£0.142 J-m™2.

This justifies the conclusion that the use of an average value for the interfacial
energy between one ceramic material and various liquid metals at the melting point of
the metal allows a reasonable approach to the wettability in these systems,
independently of the type of the metal it applies in particular, for those metals with
high melting points and high surface energies.
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Zusammenfassung — Grenzflichenenergien zwischerr festen Oxidkeramiken und flissigen Metallen
wurden fiir eine Reihe von Systemen untersucht. Beim Schmelzpunkt des Metalls: (1) variieren die
Grenzfliichenenergien yg, zwischen einer Keramik und verschiedenen Metallen um weniger als 10%:
fir

Al,O, — Metali
ZrQ, — Metall
UO, - Metall

75 =(2.538+0.139) J-m™!
ys. = (1,599 0,064) ] m~2
ye. =(1,676£0,142) J m~?

(2) zeigen die Kontaktwinkel (> 90°) keiné Benetzung.

Die Grenzflichenenergien in Oxidkeramik-Metallschmelze-Systemen hingen linear von der Tempe-
ratur ab. Temperatuikoeffizienten der Grenzflichenenergien nicht untersuchter Keramik-
Metallschimelze-Systeme lassen sich durch Extrapolation ermitteln. Aus den Grenzflichenenergien und
den Oberflichenenergien der beteiligten Materialen wird die Adhdsionsarbeit fiir die untersuchten
AL, O,- bzw. ZrO,-Metallschmelze-Systeme erhalten.

Pesiome — JI1s psjia CHCTeM GbiTH HCCIICAOBAHB! SHEPTHH MOBEPXHOCTH Pa3jesia MeXIY TBEpAOTe b~
HOM OKCH/HOH KEPAMHKO#H H XHIKHMHA METAIaMH. Y CTAHOBJIEHO, YTO B TOYKE INTARICHHA META/UIA
IHEPTHH TOBEPXHOCTH Pa3jieNia OKCHAHON KEPaMHKH H PA3THYHLIX METAIUIOB HIMEHMIOTCH MEHEE, YeM
Ha 10%:
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P50 =2,538 40,139 mx - M~ 2 s cucremul Al, O, — xuaxne MeTamm
ps.= 1,599+ 0,064 nok - M~ 2 as cucteMut ZrQ, — XnOKHe METaJLInl
voL= 1,676 £ 0,142 pox - M™% s cucremsl UQ, — XHAKHE METAIUTRL

Yxa3ausl COOTBETCTBYIOLIHE KOHTAKTHBIC YInt (P > 90°) HecMaYHBaeMOCTH.

YCTaHOBJIEHB! JIMHERHBIE TEMIIEPATYPHEIC 3aBHCUMOCTH 3HEPIHH [OBEPXHOCTH pa3fiena B CHCTEMax
OKCHIHA KepaMMxa — KHAKHHA MeTal. MeTonoM JKCTPanoJsu#K OwTh YCTAHOBIEHBI TEM-
nepaTypHhic KO3(XpULMEHTE 3HEPTHH NOBEPXHOCTH Pa3sfesia g HEMIMEPEHHHIX A0 HACTOALLErO
BPEMEHH CHCTEM OKCHAHA KepaMHKa — KHIKMH MeTalUl. JHaYCHHMA SHEPrUH NOBCPXHOCTH pasjena
BMeECTE C IOBEPXHOCTHOM JHEprueil ITHX MATEPHAIOB IPEAOCTABNRIOT JAHHSIE [IG AAT€3UH JUIS BCEX
KOMOHHALKHA OXCHIHAA KEPAMMKA — XKHIKKH METAILI.
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