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The influence of interfacial wetting and adhesion on
the formation of voids at metal-ceramic interfaces

G. LEVI, W. D. KAPLAN
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High temperature sessile drop experiments were conducted to evaluate the wetting (contact
angle, surface/interface energies) on the basal C and prismatic A surfaces of sapphire by pure
liguid Ni, and Ni alloyed with Al or S. After solidification of the drops, inspection of samples
showed the presence of millimetre-sized voids at the interface between pure nickel and the
basal surface of the sapphire substrate. However, no voids were found at the interfaces of pure
Ni with the prismatic surface of sapphire, or at the interfaces of sapphire with Ni alloyed with
0.03at.%S or 2at.%Al, or if the pure Ni drops were significantly smaller in size. It is proposed
that the voids form to release strain energy stored in the system, due to the dissimilar thermal
expansion coefficients of Ni relative to sapphire. Alloying with Al and/or S retards interfacial
void formation by enhancing the metal-ceramic interfacial wetting and adhesion.
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1. Introduction

The properties of metal-ceramic interfaces are among the
important factors limiting the potential applications of
various metal-ceramic joins and composites. In this con-
text, composites and joins of nickel and nickel-based al-
loys with «-Al,O3 are the subject of research in recent
years, attributed to potential applications demanding high
temperature strength and oxidation resistance [1, 2]. For
example, strong bonding of «-Al,O3 to Ni and Ni al-
loys is desired, because «-Al,O3 scales provide protec-
tion against oxidation in high temperature environments
[3, 4]. Also, the combination of «-Al,0O3 and Ni may
provide ceramic matrix or metal matrix composite ma-
terials for high temperature applications with improved
mechanical properties [5—7].

The mechanical strength of a join correlates to the
thermodynamic work of adhesion (W), which is a
nominal part of the interface fracture energy, ['iy [8, 9].
Small changes in the thermodynamic work of adhesion
may have a significant effect on the resistance to fracture
[10]. As such, there has been a long tradition of trying
to extract thermodynamic data from contact angles of
molten metals on ceramic substrates, and then attempting
to relate thermodynamic properties to the strength of the
solid metal-ceramic interfaces formed by the same mate-
rials [11]. Unfortunately, no straightforward correlation
between the thermodynamic properties of a liquid/solid
metal-ceramic interface (contact angle, work of adhesion)
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and the mechanical strength of a join/composite formed
by the same materials has been found. However, there
are experimental results suggesting that the strength
of alumina-FCC metal joins increases in a non-linear
fashion with increasing W,q [8, 12].

In this work we propose a qualitative correlation be-
tween the metal-ceramic interface thermodynamics and
mechanics via analysis of interfacial voids, which form
during cooling of (Ni) sessile drops on the basal surface
of sapphire. In addition, we examine the influence of al-
loying Ni with Al or S on interfacial wetting and adhesion
in Ni-Al,O3 systems.

2. Experimental methods

Pure Ni (99.997%), Al (99.997%) and S (99.999%)
(Johnson-Matthey, Materials Technology U.K.), and pure
single crystal «-Al,O3 (sapphire) were used as raw mate-
rials. Substrates were cut from 19 mm diameter sapphire
rods, in slices of ~1 mm, parallel to the (0001) or (1210)
plane of the crystal, i.e. the basal C or prismatic A sur-
faces of sapphire, respectively. The sapphire substrates
were ground and polished in 1/4 yum diamond polishing
media to minimise surface roughness. After polishing,
the substrates were cleaned in high purity solvents in the
following order: acetone, ethanol and water. To elimi-
nate defects induced by polishing, the cleaned substrates
were annealed for 2 h at 1600°C in air. Ni(2at.%Al) and
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Ni(0.03at.%S) alloys were prepared from pure Ni, Al and
S in an induction furnace (12 kW, ~300 kHz), under a
protective atmosphere of argon (94%Ar + 6%H,) in cru-
cibles from pure alumina (99.99%, Akino, Japan). The
Ni and Ni alloys were cut and polished in cubic sections
weighing between 0.14 and 3.0 g.

Prior to the sessile drop wetting experiments the native
oxide layer on the surface of the metal samples was re-
moved in-situ, by Ar" ion sputtering at 1.5 kV for 1-2 min
for each side of the sample, in a special section of a UHV
furnace. The metal samples were then transferred to a
tungsten stage located in the heater region, without break-
ing vacuum. The system was heated to the desired temper-
ature, at a rate of 20°C/min under a controlled atmosphere
by introducing pure Ar (99.999%) into the chamber at a
constant flow rate of 4.0-4.2 cm?/min, while pumping the
chamber with a turbo-molecular pump. Ar was purified
by passing it through a catalytic filter (AERONEX, USA)
prior to entering the UHV chamber (the total capacity of
the UHV chamber is ~0.011m?). The partial pressure of
the main gases (O, H,O, N,, Ar and CO,) was moni-
tored in-situ during the experiments, using a residual gas
analyser (RGA; Ferran Scientific, USA), mounted on the
UHV chamber. During the actual experiments the total
pressure was 10~ Pa, and the partial pressure of water
ranged between 107°—1073 Pa. According to the pro-
ducer, the catalytic filter reduces the oxygen content of
the gas to ~1 ppb, corresponding to P(0,)~10~'° Pa
for the total working pressure (10~! Pa), which falls
beneath the limit of detection of the RGA (10~ Pa).
The drop profiles were recorded in-situ at 1500°C over
a period of ~50 min, through a quartz window using
a CCD camera (150 dot per inch resolution) connected
to a computer. At the end of the actual experiments,
the samples were cooled at a rate of 20°C/min to room
temperature.

3. Results

The contact angle on the basal surface of sapphire and the
surface energy of Ni and Ni(2at.%Al), corresponding to
the working conditions from the present work, were pre-
viously reported [13]. Here, using the methods described
in reference [13], these parameters were determined for
Ni(0.03at.%S) on the basal surface of sapphire, and for
pure Ni on the prismatic A surface of sapphire. Table I
summarises the main wetting parameters for the studied
Ni alloy-sapphire systems, measured by the authors or
other researchers [13-17].

Other works reported no significant difference in the
contact angle of Ni on the C or A surfaces of sapphire
[14, 18, 19]. However, in this work a significant difference
was observed (=112 £ 3° on C and 6=102 & 3° on A).
Although we do not rule out the effect of hysteresis, we
emphasise that the measurements were conducted in-situ,
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Figure 1 Photograph showing the interface of a large pure Ni sessile drop
with the basal surface of a sapphire substrate, viewed through the transparent
sapphire substrate, after cooling. The image shows the presence of a void in
the Ni drop, at the interface. The sapphire substrate cracked during handling
at room temperature. (The wetting experiment was conducted at 1500°C,
Pror=10"! Pa, and P(02)<10~7 Pa.).

on samples undergoing identical preparation and working
conditions.

To the authors’ best knowledge, this is the first time
that the surface energy of Ni(S) and its contact angle on
alumina are being reported in the literature. However, a
qualitative comparison is possible with Fe, where alloying
with a similar quantity of ~0.03at.%S results in a decrease
of y1v from 1.780 to ~1.350 J/m? at 1600°C [20].

Inspection of the relatively large Ni sessile drops from
the wetting experiments, revealed the presence of voids at
the interface made with the basal surface of the sapphire
substrate (see Fig. 1). Sometimes, 2-3 smaller voids were
observable, instead of one large void. In addition, the
dimension of the voids increased with increasing size of
the sessile drop.

In contrast, no voids were observed at interfaces with
the basal surface of sapphire made by smaller Ni sessile
drops, having a drop base diameter less than or equal to
Smm. In addition, no voids were detected for the alloyed
Ni sessile drops, or at interfaces made by Ni sessile drops
with the prismatic A surface of sapphire. Some of the sub-
strates bonded to relatively large Ni-alloy drops cracked,
with the main crack running parallel to the interface in the
substrate. This most probably occurred during cooling.
Some of the substrates bonded to relatively large pure Ni
drops also cracked, but this occurred during handling at
room temperature, and the crack was found to propagate
along the interface rather than through the substrate.

The drop base diameter of the smallest pure Ni sessile
drop found to contain a void was ~6.5 mm, and the cor-
responding void base diameter was **2 mm, so the void
volume is relatively large, representing about 1% of the
volume of metal (calculated, based on the dimensions of
the sample measured in cross-section).
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TABLE I  Wetting parameters of Ni, Ni(2at.%Al), Ni(3at.%Al) and Ni(0.03at.%S) in contact with the C-(0001) or A-(1210) surface of sapphire at
1500°C (Pror=10"1, P(0,)<1077 Pa)

Sapphire substrate orientation C C C C A

Metal alloy Ni Ni(2at.%Al) Ni(3at.%Al) Ni(0.03at.%S) Ni

ymy [J/m?] 1.755 4 0.020% 1.726 4 0.020¢ 1.711 & 0.020¢ 1.300 & 0.050© 1.755 4 0.020¢)
6 [deg] 112 +3W 100 4 3™ 95 +2® 95 +£3© 102 +3©
yums [J/m?] 1.657 £0.113 1.300 £ 0.112 1.149 £ 0.081 1.113 £ 0.092 1.485 £ 0.167
Waa [J/m?] 1.098 +0.113 1.426 £0.112 1.562 + 0.081 1.187 £0.122 1.390 £0.114

References for data from this table: ) [13]; ® [14]; © this work. yMs=Ysv—ymy-cosf (from Young’s equation). Wyg=ymv-(1+cos6) (Young-Dupré
equation). For the basal surface of sapphire y sy (C)=1.000 £ 0.020 J/m? [15, 16], and extrapolated to 1500°C according to [15]). For the A prismatic plane

of sapphire ysy(A)=1.120 £ 0.073 J/m? ([17] gives ysv(A)/ysyv(C)=1.12 + 0.05 at 1600°C).

4. Discussion

Given the experimental conditions, three possible causes
may account for formation of the voids; (i) inclusion of
gases from the raw materials or from a reaction between
the metal and the substrate; (ii) heterogeneous nucleation
of the void during solidification (shrinkage); or (iii) the
action of stresses due to the elastic strain induced within
the system during cooling, especially at the interface.

The experiments were conducted under a relatively low
pressure in the gravitational field, i.e. under conditions in
which buoyancy and degassing are enhanced. Therefore
it is concluded that inclusion of gases is unlikely to be the
cause for void formation at the interface.

The thermodynamic interfacial balance yyv+
Ysv<2ymvtyms, (¥Yms, ¥sv, ymv are the metal-
substrate, substrate-vapour and metal-vapour interface en-
ergies, respectively; see Table I) suggests that formation
of a shrinkage (solidification) void at the interface might
be favoured versus its formation within the bulk metal.
However, the experimental results from this work show
that no voids form at the interfaces of either Ni on the A
surface of sapphire, small Ni drops on the C surface, or
Ni(Al) and Ni(S) on the basal surface of sapphire, pro-
duced under identical working conditions, and for which
the above energetic balance is maintained. Still, one may
argue that since the energy of the interface made by Ni on
the basal surface of sapphire is the largest among the sys-
tems investigated in this study (see Table I), the energetic
barrier for heterogeneous nucleation of solid Ni on the
basal surface of sapphire is the highest, which conversely,
favours formation of a void at this interface. However, this
is not sufficient to explain the systematic absence of voids
from the interface of small Ni drops with the C surface of
sapphire.

Radiation is likely to favour a faster advance for the
solidification front moving from the free surface than
for the solidification front moving from the interface,
which eventually could result in the formation of a void at
the interface. However, the thermal conductivity of sap-
phire above 1000°C is still relatively high and there is no
data indicating anisotropy of this parameter with crystal-
lographic direction at temperatures close to the melting

temperature of Ni (1453°C) (=6 W/mK for pure alumina
[21] versus ~105 W/mK for W [22] and ~85 W/mK
for Ni (extrapolated) [22]). Thus, the sapphire substrate
may convey a significant amount of heat out of the metal
sessile drop during the course of solidification, under the
applied working conditions. This suggests that the first
(solid) Ni nuclei forms at the triple junction region of
the sessile drop, where heat transfer takes place by both
radiation and conduction, and heterogeneous nucleation
is favoured by contact with the sapphire substrate. Next,
it may be considered that nucleation of the solid phase
continues along the interfaces, and proceeds towards the
centre of the drop. Finally, it is reasonable to assume that
for the Ni drops from this study, the last pocket(s) of
liquid is more likely to solidify within the drop. In fact,
close to the melting temperature, Ni has a predominantly
plastic behaviour ([23]; see also Fig. 2), so that although
the volume contraction during solidification of Ni is rel-
atively high (4-5%), it is not clear whether solidification
of the central region of the drop plays a role at all in the
formation of voids at the Ni-sapphire interface. Hence it
is concluded that formation of the void at the interface is
unlikely to occur during solidification of the Ni.

In conclusion, it may be considered that formation
of the void takes place at a relatively high temperature,
but after solidification of the metal. This process would
involve two main stages (i) flawing and disjoining of the
interface, under the action of the elastic strain (stress),
and (ii) contraction and deformation of the metal to form
a void such as shown in Fig. 1. As a reinforcement, note
that AT*, the relative change in temperature to produce a
void at the interface in solid Ni, with a volume of ~1%
of the metal drop, is 178 <AT*<361°C (the lower value
corresponds to the free contraction of Ni; the higher value
corresponds to the contraction of Ni fully constrained
by alumina; also see Table II), which is consistent with
the above assumption. Since sapphire contracts less than
solid Ni [21, 24], the sapphire substrate may hinder the
contraction of solid Ni during cooling, inducing a strain
within the metal (also see Table II). Part of the strain may
be released through plastic deformation and/or formation
of pores within the (solid) metal. However, the elasticity
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TABLE II
within the text are marked by (*)

The average coefficients of thermal linear expansion (CTE) for nickel and polycrystalline alumina. The data actually used in the assessment

Measured data [21, 24]

Interpolated or extrapolated data

Temperature range [°C]

Temperature range [°C]

Material From to CTE[10~%m-°C~!]  From to CTE [10~%.m-°C~1]
Nickel 20 100 13.30 20 1000 16.45
200 13.90 20 1400 17.11
300 14.40 1000 1400 (*) 18.74
400 14.80
500 15.20
900 16.30
Alumina 0 20 4.60 1000 1400 (*)9.50
500 7.10
1000 8.10
1200 8.30
1400 8.50

Note. For interpolation: if 1} — 1o = ao1-(T1 — To) and 1, — lg = «ga-(T2 — To), thenly — Iy = a1 (To — T1) = an (T2 — To) — o1 -(T1 — Tp), where lj [m]
is the length of the system at temperature Tj [°C], a;; [107® m °C~ '] is the CTE of the system for the temperature range from T; to T;. For extrapolation a
logarithmic trend is assumed for ag;. The coefficient of thermal volume expansion is 3e, and thus AV/Vo=3(tnickel —alumina)- AT for Ni bonded to alumina,

and AV/Vo=3aickel AT for unconstrained Ni.
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Figure 2 The yield strength and Young’s modulus of elasticity of Ni, as a function of temperature, according to reference [23].

of the metal increases with decreasing temperature (see
Fig. 2), and an elastic strain may produce stresses within
the metal, especially in the interfacial region. Eventually,
when these stresses become sufficiently high, they may
overcome the bonding strength of the metal-ceramic join,
and cause flawing and disjoining at the interface. This
is consistent with the experimental results indicating that
the interfacial voids form only when the drop dimension
is above a critical value, as the stresses within the metal
increase with the drop dimension. Finally, since alloying
with Al or S prevented formation of interfacial voids, it is
concluded that alloying with these elements enhances the
mechanical strength of the Ni-sapphire join (in contrast
with what was previously believed for S at Ni-Al,O3 in-
terfaces [25, 26]). Similarly, it appears that the join made
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by Ni with an A surface of sapphire is stronger than that
made with a C surface.

5. Summary and conclusions

Sessile drop wetting experiments of liquid Ni,
Ni(2at.%Al) and Ni(0.003at.%S) on the basal surface
of sapphire were conducted under extremely controlled
working conditions, at 1500°C. Inspection of large pure
Ni sessile drops from the wetting experiments revealed
the presence of voids at the interface made with the basal
surface of sapphire substrates. To the authors’ best knowl-
edge, this is the first report on the formation of voids at the
interface of a metal sessile drop with a ceramic substrate.
The results from this work indicate that voids form at the



Ni-sapphire interface only above a critical dimension of
the sessile drop, to relieve residual thermal stresses in the
metal drop. Alloying with Al or S hinders formation of
voids at the interface by reducing the metal-sapphire inter-
face energy. Thus formation of interfacial voids depends
on the volume of the drop, which affects the total strain
energy; and on the composition of the drop, which affects
interfacial wetting and adhesion.
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