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Investigation of interaction of metal melts

and zirconia

A. V. DUROV,Y. V. NAIDICH, B. D. KOSTYUK

The wetting of zirconia by a number of pure metals was studied.

The wetting of zirconia by Cu-Ga-Ti, Cu-Ga-Zr, Cu-Ge-Ti and Cu-Ge-Zr alloys was studied.
For Cu-Ga-Ti the minimal contact angle was near 60°, for Cu-Ga-Zr it was near 30°. Cu-Ge
based alloys wet the zirconia worse because of the low solubility of titanium and zirconium

in germanium.

The wetting of different zirconia ceramic by a few molten alloys was compared. Contact
angles for equal alloys are close. The substrate structure influences the wetting: polycrystal
zirconia is wetted by active alloys worse than monocrystal form.

The kinetic of ZrO, variation of stoichiometry in contact with active alloys was
investigated. The dark zone dimension was found to very according a to parabolic law; and
the diffusion coefficients of F-centers in ZrO,-ceramic were calculated.

For Cu-Ga-Ti on zirconia adsorption of titanium on the substrate surface and the
formation of a TiO layer close to zirconia was revealed. Similarly, for Cu-Ga-Zr adsorption
of zirconium on substrate was also found. Interface reactions were described, showing
negative Gibbs energy. The average F-centers concentration was calculated.

Metals wet better nonstoichiometric than stoichiometric zirconia. At contact to noble
metals melts in a vacuum nonstoichiometric (black) zirconia becomes white. Obviously
Zr—0 bond are weak in black zirconia and a larger quantity of zirconium/metal bonds forms,
so the black zirconia is wetted better. When in contact to noble metals some part of
zirconium diffuse into metal and so the oxygen deficit disappears.

Finally, The brazing of zirconia to metal was briefly discussed.
© 2005 Springer Science + Business Media, Inc.

1. Main part

Wetting of zirconia by metals was not studied so wide
like one for such materials as alumina or silicon nitride.
So, a research programme was undertaken to study this
question systematically.

As the main object of research monocrystals of 3%
yttria-stabilized zirconia were selected, together with
some polycrystalline ZrO,-ceramic. Samples surface
was polished by 0.3-0.7 um diamond powder. The ses-
sile drop method was used. Wetting experiments were
performed in a vacuum 1073 Pa. In Table I the results
of wetting experiments for pure metals are presented.

Active metals (aluminum and vanadium) wet the zir-
conia, inert metals (tin, copper, silver) do not wet it.
But the dependence of wetting on the affinity to oxy-
gen is not so simple, silicon does not wet the zirconia
whereas germanium wets it. In this last case the interac-
tion of germanium with zirconium cations could play a
major role, because strong intermetallides exist in Ge-
Zr system; a similar picture was observed for germa-
nium and rare-earth elements oxides interaction [7]. As
for silicon, the non-wetting is explained by the forma-
tion, at the interface, of volatile compound (probably,
SiO).

The wetting of zirconia by active alloys was also stud-
ied. The Cu-Ga and the Cu-Ge systems were selected

0022-2461 © 2005 Springer Science + Business Media, Inc.

as the base alloys, titanium, zirconium and vanadium
were used as the active additions.

In Fig. 1 the results of wetting experiments of zir-
conia monocrystals by Cu-Ga-Ti, Cu-Ga-Zr, Cu-Ge-Ti
Cu-Ge-Zr and alloys as a function of the active addition
concentration are represented. The addition of titanium
and zirconium improve the wetting, zirconium influ-
ences the contact angle more than titanium (probably
because it has higher affinity to oxygen) and at a con-
centration near 15 at.% the minimal contact angle was
reached (60° for titanium and 30° for zirconium), fur-
ther additions of active metal do not influence the wet-
ting. Vanadium at concentrations lower than 1.8 at.%
improve the wetting better than Ti and Zr, but at higher
concentrations it does not dissolve in base alloy. For
Cu-Ge-Ti and Cu-Ge-Zr systems a similar behaviour
was observed, but the minimum contact angles were
higher and reached at lower concentrations of active
additions then for Cu-Ga because of low dissolution of
Ti and Zr in this base alloy.

In Table II the wetting of different types of zirco-
nia ceramic by metal melts is presented. As one can
see, for the same melts the contact angles are similar
on different types of ceramic, so, the composition of
ceramic does not influence the wetting significantly.
However, plycrystallyne and monocrystalline zirconia
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TABLE I Wetting of zirconia monocrystals by pure metals

A Hy of metal oxide in

Contact angle, degrees

recalculation on 1/2 Temperature
Metal mole of O, (kJ/mole) [§®)] Our data Literature data and reference
Ga —-359 750 160 —
300 151 —
900 140 —
1000 139 —
1050 139 —
1200 139 —
In -309 160 125 —
900 125 —
Sn —290 900 145 —
1000 145 140 [1]
Al —558 700 110 —
800 90 —
900 84 —
1000 71 40 [2]
1100 55 59 [3]
\'% —410 1900 65 —
Cu —166 1100 131 116 [3]
1150 130 140 [2]
Ag -30,6 1000 126 120 [3]
Au -3,35 1150 125 —
Si —428,5 1430 105 92 [4]
Ge —269,9 1000 95 —
1100 60 —
Ni —244.,6 1500 90 96 [4], 95 [5], 130 [1]
Co —239,5 1500 105 —
Fe —266 1550 93 —
Pd —115,6 1560 98 95 [6]
Pt —41 1800 93 —
Rh —94 2000 105 —

TABLE II Wetting of different types of zirconia ceramic by some metal melts

Contact angle on different types of ZrO;-ceramic

ZrOy 4+ 2.5Y,03

Melt 7Zr0y 4+ 3Y,03 7ZrO; + 3.5Y,03 ZrO, + 15Ca0 + 2.5Cey 03
Cu-17.5Ga 140 140 137 142
(Cu-17.5Ga)-10Ti 91 92 90 96
(Cu-17.5Ga)-15Ti 62 60 63 67
(Cu-17.5Ga)-10Zr 95 92 91 96
(Cu-17.5Ga)-15Zr 38 41 40 44
Brazing filler Cu-Sn-Pb-Ti 20 20 20 25
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’ Figure 2 Wetting of zirconia ceramic and monocrystal by Cu-Ga-Ti
O Cu-Ga-Ti OCu-Ga-Zr 4 Cu-Ge-Ti @ Cu-Ge-Zr melts.

Figure 1 Wetting of zirconia by Cu-17.5Ga and Cu-16.9Ge melts with
active addition of titanium and zirconium.

are wetted to a different extent: in Fig. 2 the wetting of
zirconia by Cu-Ga-Ti alloys is shown, the higher curve
corresponding to zirconia ceramic, the lower one—to
zirconia monocrystals. So, the structure of zirconia ma-
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terial influence the wetting behaviour much more, than
its composition.

Zirconia may lose oxygen (for example at anneal-
ing in vacuum) with formation of nonstoichiomet-
ric phases. Such material contains F-centers (anion
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Figure 3 Darkening of ZrO;-ceramic after contact to active metal (dark
zone has a sharp board).

60 min

Figure 4 Kinetic of dark zone spreading at contact of ZrO;-ceramic and
(Cu-17.5Ga)-10Ti melt, temperature 1150°C.

vacancies, held electrons), which are responsible for
the darkening of the oxide. At simple vacuum anneal-
ing intensive loss of oxygen occurs after 1600°C, but
the darkening of zirconia due to contact to active metal
melt was observed at much lower temperatures—near
1000°C. The monocrystals turn black fully, and on
the polycrystals (ceramic) surface the formation of a
dark zone with sharp edge was observed (probably,
due to breaking of F-centers move at grain bound-
aries), for example as on Fig. 3. The kinetics of dark
zone spreading was studied (Fig. 4) by measuring
the width of dark zone around the drop for different
holding time. The dark zone growth slows down with
time.

Dark zone spreading is due to diffusion of F'-centers
from the ceramic-metal interface to the bulk ceramic
and has to follow to main diffusion laws, namely:

x> = 2Dt (1)

where x—the dark zone width; t—holding time; D—
coefficient of diffusion.

On Fig. 5 dependences of square of dark zone width
on holding time were constructed for some systems. It
is visible, that the initial parts of the curves are straight,
so the Equation 1 is true for dark zone spreading. The
diffusion coefficient of F-centers was calculated in the
order of 107 sm?/sec.

The microstructure of Cu-Ga-Ti/ZrO, interface was
studied. The transition layer was revealed (layer 2 on
Fig. 6a). In this layer only titanium is present in large
amount (Fig. 6b), concentrations of zirconium (Fig. 6¢),
oxygen (Fig. 6d), copper (Fig. 6e) and gallium (Fig. 6f)
are very low. So, titanium adsorbs on zirconia surface.

X-ray phase analysis has shown the presence of TiO
in this system. The layer of TiO forms on zirconia sur-
face and becomes visible at long holding time (layer 2
on Fig. 7).

For Cu-Ga-Zr a picture, similar to Cu-Ga-Ti was
observed: adsorption of the zirconium at the interface
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Figure 5 The dependence of square of dark zone width on the holding
time for different systems: initial parts of lines are straight
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Figure 6 Raster electronic microscopy of interface zone between (Cu-
17.5Ga)—10Ti and ZrO; (a) and distribution of elements in it on data
of a characteristic X-rays: (b) Ti, (c) Zr, (d) O, (e) Cu, (f) Ga. (x7800)
Phase composition of contacting materials: 1 — ZrO,, 2 — «-Ti(O), 3 —
y-Ti;Cu.

Figure 7 The microstructure of the cross-section of the contact couple
(Cu-17.5Ga)-10Ti/ZrO,-ceramic. 1 — ZrO;; 2 — TiO; 3 — «-Ti(0);
4 — y-Tiz(Cu, Ga); 5 — Tip(Cu, Ga) + §-Ti(Cu, Ga). Temperature
1150°C, holding time 90 min.

(Fig. 8). X-ray investigations also revealed the presence
of ZrO in the system.

So, the processes at the interface may be discribed
by the following reactions:

71O, + xTi = ZrO,_, + xTiO 2)
710y + xZr = ZrOy_, + xZrO 3)

The Gibbs free energy for these reactions are AGBZ)

= —20.115 KJ/mol for reaction (2) and AG{ =
—45.45 kJ/mol for reaction (3).
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Figure 8 Distribution of elements near the Cu-Ga-Zr / ZrO; interface .
gallium.

From the micrograph presented in Fig. 7 the aver-
age concentration of F-centers in the substrate may be
calculated if we assume that all oxygen, which has left
the substrate, has reacted with titanium forming of TiO.
The average concentration of F-centers is in the order
of 10'? per cubic centimeter. It is worth reminding that
only 10'7 F-centers per cubic centimeter are necessary
to zirconia becomes black [8].

The stoichiometry influence on wetting of zirco-
nia by metals was investigated. For this aim part of
monocrystal zirconia substrates were annealed in vac-
uum at 1900°C and became nonstoichiometric (black).
The wetting of these substrates by different metal melts
was studied and the results were compared to that on
white monocrystal substrates. The results are presented
in Table III. As one can see, black zirconia is wetted by
inert (Cu, Sn, Ag, Au, Pd, Pt, Cu-Ga, Pd-Rh) and by low
active (Al, Cu-5Zr, (Cu-17.5Ga)-10Ti) melts in some
degree better than the white one, for active melts con-
tact angles on black and on white substrates are close
to each other.

It was also observed, that in wetting experiments with
palladium and platinum the substrates have retained
their white color, although when annealing in a vac-
uum at such high temperatures zirconia has to become
nonstoichiometric. Control samples (without metals on
the surface) really turned black (Fig. 9). Moreover, af-

TABLE III Influence of zirconia stoichiometry on wetting by molten
metals

Contact angle, degrees

Melt Temperature (°C) On white On black
Cu 1150 147 120
Sn 1000 145 100
Ag 1000 148 130
Au 1150 125 115
Ni 1480 90 85
Al 1000 71 67
\Y% 1900 65 60
Pd 1560 98 84
Pt 1800 94 80
Rh 2000 105 105
Pd-35Rh 1850 99 84
Cu-17.5Ga 1150 140 131
Cu-5Zr 1150 66 57
(Cu-17.5Ga)-10Ti 1150 70 65
(Cu-17.5Ga)-10Zr 1150 40 40
(Cu-17.5Ga)-15Ti 1150 60 60
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(a) distribution of zirconium; (b) distribution of copper; (c) distribution of

Figure 9 Zirconia monocrystal substrates, annealed in vacuum together,
on left substrates the piece of platinum was situated and it has remain
the white color, right substrate was clear and became black.

ter contact with gold, platinum and palladium black
samples acquired a white color.

So, on one hand stoichiometry influences the wetting
of zirconia by metals, and on other hand, the contact
with noble metals hinders the reduction processes of
zirconia in a vacuum.

To clarify this phenomenon the distribution of
elements on ZrO,/Pd and ZrO,/Pt interfaces was
investigated. The results are presented in Fig. 10: there
are some quantities of the zirconium present in layers
of noble metals close to oxide surface (the ‘“stair”
on zirconium concentration curves), so noble metals
interact with zirconium in oxide structure an some
of zirconium pass to noble metal from the substrate.
Probably in nonstoichiometric zirconia for some of
zirconium cations the bond to oxygen is weak and
chemical bond to atoms of metals in melt forms with
a higher probability, so inert metals wet the black
zirconia better, than the white one. Also, the oxygen
deficit may by considered as the zirconium surplus,
this surplus zirconium passes to the melt, the oxygen
deficit disappears and black zirconia becomes white.
The process may be described by reaction:

Z10y_y — Z10y + xZr “4)
The same wetting of black and white zirconia by active
melts may be explained as follows: when white zirco-
nia is in contact with an active metal it immediately
starts to lose oxygen and becomes nonstiochiometric
directly under the drop, so the active melts wet the
black zirconia.

So, when contact of zirconia and active metals the
main role play the metal to oxygen interaction, as
result zirconia loses the oxygen and becomes non-
stoichiometric (black), but in case of noble metals
the zirconium to metal interaction take place and
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Figure 10 Distributions of elements on the interfaces Pd — ZrO, (a) and Pt — ZrO, (b)

opposite process is observed: the turning white of black
zirconia.

The question of ZrO,-ceramic to metal brazing was
also touched.

For Cu-Ga-Ti alloy the minimal contact angle on zir-
conia is near 60°, for direct brazing contact angles not
higher 40° are needed. The method of capillary infiltra-
tion was used to braze ZrO,-ceramic with metal, with ti-
tanium powder in gap between joined details and pieces
of Cu-Ga alloy placed near the brazing gap near the top
detail. The Cu-Ga melt impregnate the metal powder
and in such a way fill the brazing gap. After the brazing
the average strength was 250 £ 60 MPa. The Weibull
modulus m = 6.5.

Cu-Ga-Zr alloys give low enough contact angles
for brazing. Three methods were tested for brazing of
ZrO;-ceramic to metal: (1) amixture of copper, gallium
and zirconium powder was used, (2) copper-gallium
plates covered with zirconium powder were applied, (3)
capillary infiltration was selected. In the case of the first
and second methods the filler spreads on the metal much
faster than on the ceramic and the joint strength was
very low. The best results were obtained for capillary
infiltration: joint strength from 220 to 292 MPa, with
an average—260 MPa, Weibull modulus m = 11.3.

When Cu-Sn-Pb-Ti standard filler was used to braze
zirconia and metal a preferred spreading of the filler on
metal was also observed and the joint strength was from
100 to 220 MPa—Ilower than for Cu-Ga-Ti and Cu-
Ga-Zr. So the two stage brazing was used: the ceramic
surface was firstly metallized by the filler alloy and after
that ceramic was brazed to metal. The joint strength was
higher: 166-274 MPa.

2. Conclusion
The complex investigation of zirconia to metal melts
interaction was performed.

The wetting of zirconia by lot of pure metals (Ga,
In, Sn, Al, Cu, Ag, Au, Ge, Si, Fe, Co, Ni, V, Pd, Pt,
Rh) was studied. The main part of metals does not wet
the zirconia. Just aluminum, germanium and vanadium

show lower than 90° contact angles, probably because
its high affinity to substrate components (oxygen for Al
and V and zirconium for Ge).

The wetting of zirconia by Cu-Ga-Ti, Cu-Ga-Zr, Cu-
Ge-Ti and Cu-Ge-Zr alloys was studied. For Cu-Ga-Ti
the minimal reached contact angle was near 60°, for
Cu-Ga-Zr it was near 30°. Cu-Ge based alloys wet the
zirconia worse because of low solubility of titanium
and zirconium in melt.

The wetting of different zirconia ceramic by a few
melt alloys was compared, contact angles for the same
alloys are close. Substrate structure influences the wet-
ting: polycrystal zirconia is wetted by the active alloys
worse than monocrystal one.

It was revealed, that when zirconia contact with metal
melt containing the element with the chemical affinity
to oxygen the nonstoichiometric zirconia with deficient
of oxygen forms. The kinetic of this process for ZrO,-
ceramic was investigated. The dark zone spreading sub-
ordinates to parabola law.

The microstructure of the ceramic—metal interface
was investigated. For Cu-Ga-Ti alloy on zirconia the
adsorption of the titanium on substrate surface and for-
mation of TiO layer close to zirconia was revealed.
For Cu-Ga-Zr alloy on zirconia the adsorption of zirco-
nium on substrate was revealed also. Interface reactions
when active metal melts contact to zirconia were de-
scribed, the thermodynamics consideration of this pro-
cesses was given. The average F-centers concentration
was calculated.

The influence of stoichiometry on wetting of zir-
conia by liquid metals was researched. It is es-
tablished, that nonstoichiometric zirconia is wetted
by metals in some degree better than stoichiomet-
ric. For contact of zirconia to inert metals (Au, Pd,
Pt) destoichiometrization does not occurs, moreover,
black (nonstoichiometric) zirconia substrates becomes
white after wetting by noble metals at high temper-
ature (up to 1600°C). These phenomena were ex-
plained by interaction of metal melts and zirconium
in ZrO, structure. It was confirmed by microstructure
investigation.
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The brazing of ZrO,-ceramic to metal was studied.
The mathod of capillari infiltration of the Cu-Ga melt
through the layer of active metal (Ti, Zr) powder situ-
ated in brazing gap was elaborated, joint strength was
near 250 MPa. Standard Cu-Sn-Pb-Ti filler was tested
for brazing of ZrO;-ceramic to metal, when direct braz-
ing was used the joint strength was just 100-220 MPa,
when preferably metallization of the ceramic surface
by brazing filler was applied, the results was improved
to 166-274 MPa.

References

1. Y. V. NAIDICH, B. D. KOSTJUK, V. V. KHRISTOV
and A. V. SHEVCHENKO, Adgjezi. Rasplav. Pajka Matjerialov
27(53) (1992) (in Russian).

2. V. M. PEREVERTAJLO, O. B. LOGINIVA, A. V.
IACMIRSKIJI, N. G. BAGNO and V. I. KORBANJ, Sv-
Jjerhtvjordije materiali 3(15) (1998) (in Russian).

2178

3. M. UEKI, M. NAKA andI. OKAMOTO, J. Mater. Sci. Lett. 5
(1986) 1261 .

4. M. HUMENIK and W. KINGERY, J. Amer. Cer. Soc. 37 (1954)
18.

5.J. G. DUH, W. S. CHIEN and B. S. CHIOU, J. Mat. Sci.
Lett. 8(4) (1989) 405 .

6.C. D. QIN, C. C. YU, H. L. NGO, L. C. LIM and M.
C. LAI, Mater. Lett. 26(12) (1996) 17 .

7. N. I. FRUMINA , Wetting and Contact Interaction of Metal Melts
and Oxides of Rear Metal Melts, Aluminia and Monocrystall Mate-
rials on These Base. Abstract of Thesis on Competition of Academic
Degree of Candidate of Science (Kiev, Ukraine, 1985) p. 21 (in Rus-
sian) .

8. T. JALOVETS and V. A. BORODIN, in Proceedings of the
Academy of Sciences of USSR. Inorganic materials., 1988, Vol. 26,
No. 16, p. 946. (in Russian).

Received 31 March
and accepted 20 October 2004



