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Wetting and adhesion of Ni-Al alloys on
o-Al,O; single crystals

V. MERLIN, N, EUSTATHOPOULOS
LTPCM, INP Grenoble, BP 75, D.U., 38402 Saint Martin d’Heéres Cedex, France

The effect of Al additions on the wetting and adhesion of Ni on an «-Al,05 single crystal was
studied. Contact angles were measured by the sessile drop technique under vacuum or in He
atmosphere. The morphological and chemical features of metal-vapour and metal-oxide

interfaces were determined by scanning electron microscope (SEM), microprobe analysis
and profilometry. The work of adhesion of Ni—-Al alloys on Al,O3 substrates was significantly

higher than for pure Ni and Al components. This result was explained by co-operative
adsorption of aluminium and oxygen atoms at the Ni-Al.O; interface. The influence of
oxidation of the alloy on wetting and bonding is also discussed.

1. Introduction

In metal-ceramic multimaterials sessile drop experi-
ments have a double interest. First, values of the
contact angle, 6, are needed to describe liquid-state
processing, for example infiltration of ceramic fibre
performs by liquid metals, and secondly, by combin-
ing values of 6 and surface tension of the liquid metal,
oLy, the work of adhesion, W, of the metal on the
ceramic can be evaluated. W is given by the
Young-Dupre equation

W = ogv + oy — o5z = opv(l + cosB) (1)
where ogy and oy represent the solid—vapour and the
solid-liquid surface energies. W, which quantifies the
strength of interactions at the metal—ceramic inter-
face, is a component of any model of mechanical
properties of metal-ceramic multimaterials.

Many studies have been devoted to wetting in the
pure Ni—Al,O; system, as well as the effect of different
alloying elements (Cr, Ti, Sn, etc.) on this property
[1-4]. However, little information is available con-
cerning the effect of Al. At low concentrations, this
element enters the composition of several Ni-based
super alloys while, at high concentrations, it is a basic
component of Ni-Al intermetallic compounds, such
as NisAl and NiAl

For the NijAl compound, a point sessile drop
experiment performed by Champion et al. [5] on
o-Al,O; single crystals under vacuum at 1823 K led to
marginal wetting (6 = 83°). Kanetkar et al. [6] carried
out a number of sessile drop experiments under vac-
uum for several Ni-based alloys on different polycrys-
talline oxides. They observed that additions of 1 wt %
Al in NiCr alloys strongly deteriorated wetting on
Al,Oj; and Y,0;; while, with 4 wt % Al, the detri-
mental effect of Al disappeared and contact angles
typical of alloys without Al were found.
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In this study, sessile drop experiments were per-
formed on an o-Al, 05 single crystal under vacuum or
inert gas atmosphere for pure Ni, NizAl intermetallic
and two NiAl alloys of intermediate composition. The
metallic surfaces and metal-alumina interfaces were
chemically and morphologically characterized by
electron microprobe, SEM and interferometric pro-
filometry. A thermodynamic analysis of Ni—Al-oxide
interactions is presented and used to explain the
change in 6 and W with alloy composition. The mech-
anical behaviour of solidified drops under the ther-
momechanical stress produced during cooling is also
discussed and correlated with interfacial features.

2. Experimental procedure

Contact angles were measured using the sessile drop
method. The experiments were performed in a metallic
molybdenum resistance furnace [7] fitted with two
windows, enabling illumination of the sessile drop on
the substrate and projection of its image on a screen.
Contact angles were measured directly from the image
of the drop section, with an accuracy of + 2°.

In order to reduce metal evaporation, experiments
were conducted in an He atmosphere. The He gas was
purified before introduction in the furnace by passing
through a Zr—Al getter. The experimental atmosphere
was either a dynamic vacuum of 1072 Pa caused by
controlled helium microleaks or a static helium pres-
sure of 10° Pa. For the first mentioned atmosphere
the partial oxygen pressure, (P )furnace, measured by
an eclectrochemical gauge, was found to be about
10712 Pa. For the static helium atmosphere the value
(Po )rurnace = 1077 Pa has been estimated [4].

The temperature of the experiments was 1755 + 15K
for pure Ni and low aluminium concentration, and
1670 + 15K for Ni—0.25A1 alloy (X, = 0.25 denotes
the mole fraction of Al in Ni).
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TABLE I Results of sessile drop experiments for pure Ni and Ni-Al alloys on monocrystalline a-alumina

X1 Atmosphere T 0 Drop surface Behaviour on
(K) (deg) cooling
Nature Gas P (Pa)
0.00 Static He 10° 11243 Metallic Weak bonding
0.03 Static He + 5%H, 10° 1755 + 15 95-130 Oxide layer Strong bonding
0.08 Dynamic He 1072 120-148 Oxide layer Strong bonding
0.25 Dynamic He 1072 1670 £+ 15 82-106 Metallic + oxide Adhesive rupture
83 +3° particles

? Pre-elaborated alloy.

The substrates used were cylinder platelets of
monocrystalline o-alumina (sapphire of 99.993%
purity). The sapphire surface had a random crystallo-
graphic orientation. After mechanical polishing, the
average roughness measured by a computer-assisted
interferometer was R, =2 nm. Before the experi-
ments, the substrates were ultrasonically cleaned in
acetone and then annealed under vacuum at 1473 K
for 2 h in order to eliminate any hydroxyl groups that
may have adsorbed on the surface. About 150 mg
drops of alloys were formed by melting in situ nickel
and aluminium on the substrate. Metals were mechan-
ically cleaned just before experimentation. Ni con-
tained 20 p.p.m. metallic impurities and an equal
concentration of oxygen; while Al contained 5 p.p.m.
metallic impurities and less than 1 p.p.m. oxygen. An
experiment was conducted with an Ni—0.25A1 alloy
pre-elaborated on a sapphire substrate in the same
furnace under He microleaks.

The experiments consisted of monitoring the time-
dependent variation in contact angle as the liquid
spread out on the substrate at a constant temperature.
Holding periods lasted for about 20 min, this time
being sufficient to obtain steady angles in the system
studied. By simultaneously measuring the contact
angle, the base diameter, d, and the height, A, of the
drop, it is possible to check that the angles measured
are advancing angles (a true decrease in 6 is observed
when d increases and h decreases).

After cooling the metal-alumina interface was
chemically and morphologically characterized by
means of microprobe analysis and SEM, respectively.
When the solidified drops did not adhere to the sub-
strate, an interferometer was used to record the shape
of the ceramic surface after metal contact.

3. Results
Results on contact angles are given in Table I. The
value 0 = 112 + 3° was obtained for pure Ni under
purified He. This is in good agreement with the value
of 109° measured at the same temperature under high
vacuum [8]. However, in the latter case, evaporation
of Ni caused an apparent decrease in 6 with time.
After cooling, the surface of the drop has a metallic
reflection and there is no detectable oxide on SEM
observation. The solidified drop adhered to the sub-
strate. However, sometime during preparation of the
samples for SEM (cutting, polishing, etc.) decohesion
occurred just between the metal and the substrate,
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Figure I Base of a solidified Ni-0.03Al drop adhered to an alumina
single crystal as observed through the transparent substrate ( x 15).
The drop base is black. Part of the surface drop is also seen in grey.
The dissymmetrical wetting is due to oxidation.

i.e. by adhesive rupture. For this reason bonding of Ni
on Al,Oj3 has been characterized as “weak™.

Additions of Al in Ni have two opposing effects
on wettability. For higher additions (mole fraction
X1 = 0.25), the wettability is improved. The contact
angles obtained were in fact 30° lower than with pure
Ni. For lower Al additions the wettability is worse.
The drops are highly dissymmetrical as indicated by
the minimum and maximum 6 values observed along
the solid-liquid-vapour triple line (Table I), Fig. 1.

After cooling, the surface drops of Ni—0.03Al and
Ni—0.08Al alloy are covered by a matt oxide film. On
the other hand, the surface of Ni—0.25Al drops has
a metallic aspect. Even in this case, however, SEM
characterization of the drop surface shows some oxide
particles (about 0.5 um in diameter) next to clean
metallic areas (Fig. 2). When these oxide particles are
situated near the triple line, they may pin it and lead
locally to higher contact angles (Fig. 3).

After cooling, adhesion is strong for Ni—0.03Al and
Ni—0.08Al alloys (Fig. 4), but not for Ni—0.25Al alloys
for which interfacial rupture occurred. In the latter
case, analysis by energy dispersion confirms that there
1s no trace of nickel on the substrate surface previously
covered by the drop. SEM observations of the drop
base showed no trace of oxide. Observation of the
substrate surface shows dissolution of alumina over
a depth of about 50 nm in the Ni—0.25Al alloy (Fig. 3),
more pronounced near the triple line. This phenom-



Figure 2 Surface of a solidified Ni—0.25Al drop (SEM). Oxide par-
ticles in white are clearly apparent next to metallic areas.

0 um 117 um 234 um

Figure 3 Topography of the a-alumina surface after interaction
with Ni—0.25Al. Region (a) corresponds to the substrate surface in
front of the drop, region (b) to the surface under the drop;
(c) indicates the position of the triple line and (d) pinning of the triple
line by oxide particles.

Figure 4 Cross-section of an Ni-0.93A1 drop (white) on a-alumina
(grey) : the interface is strong despite oxidation, indicated by non-
wetting (SEM).

enon is similar to the reaction rings originally ob-
served in the Al-Al,O; system [9].

4. Discussion

4.1. Thermodynamics

The chemical interactions between an Ni—Al alloy and
alumina are described by dissolution equilibrium of

alumina in the alloy:
ALO; — 2(Al) + 3(0) (2)

where (Al) and (O) are dissolved aluminium and oxy-
gen in the liquid Ni. The thermodynamic equilibrium
condition for Equation 2 is written as

RT In(azi xad) = AG(T) 3)

where AGY(T ) is the standard Gibbs’ energy of forma-
tion of alumina, ay, is the thermodynamic activity of
Al in the alloy (reference state: pure liquid Al) and a, is
that of dissolved oxygen (reference state: pure gaseous
oxygen at a pressure of 0.1 MPa). For small values of
mole fractions, X, ( < 0.1), the activity coefficient,
Yar> 18 approximately constant (Henry’s law)

—E.
RT Inyy = AGAI(Ni) “)

where AGE{’EM) is the partial Gibbs energy of mixing at
infinite dilution of Al in Ni

This approximation is not true for oxygen because
of strong interactions between dissolved Al and
O atoms in Ni. These interactions are taken into
account by the following expression

—— Ewx
Inye = AGoni/RT + €ar0x Xa;
+ 12parox XA+ - - &)

where AG;EOO;)Ni is partial Gibbs’ energy of mixing at
infinite dilution of O in Ni. The quantities g4, ¢
and paro are first and second order Wagner inter-
action parameters between O and Al solutes in Ni.
The values of g5, 0= —210 and ps o = 2400 at
T = 1873 K [10] indicate very strong interactions be-
tween Al and O atoms dissolved in the Ni matrix.
Combining Equations 3,4 and 5 and using the data in
Table IT and the above & and p values, the variation of
Xo with Xy, is obtained and plotted in Fig. 5. In this
semi-quantitative calculation any change with tem-
perature of € and p parameters was neglected. In the
Ni—Al,O; system, the equilibrium values of X, and
X, are given by the point N, intersection of the curve
A and the straight line B, representing the stoichio-
metric dissolution of alumina (3X; = 2X,).

For any value of X, in the Ni-Al alloy, when
X, Increases, aluminium activity, a,;, increases and
oxygen activity, ao, decreases in proportion to
ax?”? (see Equation 3). For low X,; values in the
Ni-Al alloy, the oxygen solubility, X, also decreases.
But for X, > 5% 1073, X,, increases rapidly as a re-
sult of strong Al-O interactions. Thus, for alloys rich

TABLE II Values of partial Gibbs® energy of mixing of Al* and
O," at infinite dilution in Ni and of standard Gibbs’ energy of
Al,O; formation® used to calculate the curve on Fig. 5 and values of
Table III

Reaction Gibbs’ energy (kJ mol™1)

T =1650 K T =1750K Ref.
Al = (A" —84 — 81 [11]
1/2 0, = (O)® —24 ~20 [12]
2A1 + 3/20, = Al,0;° — 1150 — 1118 [13]
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Figure 5 Calculated values of oxygen dissolved mole fraction in the
Ni—Al alloy as a function of Al mole fraction, T = 1650 K, logarith-
mic scale (curve A). The straight line B represents the stoichiometric
disssolution of alumina.

TABLE II1 Equilibrium partial pressure of O, and Al,O at the
liquid—solid—vapour triple line and mole fraction of oxygen dis-
solved in the alloy calculated for X,; = 0.01 and 0.25

TK) X P,o(Pa) P, (Pa) X,

1650 001 1074 10-13 3% 107°
0.25 10-1 2% 1016 ~ 10"

1750 001 5x107* 5%10712  16x1077
025  5x107! 4x10715 ~5x1074

in Al, the value of X, fixed by Equilibrium 2 may be
higher than in pure Ni; for such alloys, dissolution of
alumina will be enhanced by aluminium additions.

At the drop surface, dissolved oxygen can combine
with Al to produce volatile suboxides, mainly Al,O,
according to the reaction

(O) + 2(Al) - Al O[G] (6)

Thus, the overall reaction of alumina with the liquid
alloy is the addition of Equation 2 and 6, i.e.

ALO; + 4Al) — 3AL,0[G] )

As the thermodynamic variance of Equation 7 is two,
atfixed T and X, the variables P, X and Py o are
fixed too. Some calculated values of these variables
are given in Table III where the X, values have been
converted into equivalent Pq, values by writing
Py, = (Yo X Xo).

This Equation 7 is responsible for the corrosion of
Al,O5 by liquid alloy. It would occur preferentially at
the solid-liquid—vapour triple line where no diffusion
is required to eliminate dissolved oxygen by Equa-
tion 6. This is in agreement with experimental obser-
vations, as illustrated by Fig. 3.

4.2. Contact angles and thermodynamic
adhesion

The measured contact angle of pure Ni on a-alumina

is in good agreement with the results given in the

literature which lie in the range 107-111° at temper-
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TABLE IV Contact angles of pure Ni on monocrystalline o-
alumina

T(K) Atmosphere Orientation 6(deg) Ref.
of surface

1773  HV* 1012 108 [2]

1773 HV, Ar, H, 1012 109 + 2 [3]

1773  HV 0001 110 [14]

1853 Ar Not specified 107 [15]

1755 HV Random 109 +2 8]

1755 He Random 112+ 3 This work

* HV, high vacuum.

atures close to 1773 K (Table I'V). These values do not
seem to vary significantly with the furnace atmosphere
(high vacuum, H,, inert gas) or with the orientation of
the alumina substrate.

Additions of aluminium in nickel have two op-
posing effects: at low aluminium concentrations
(Xa1 = 0.03 or 0.08), the aluminium leads to a higher
contact angle than for pure Ni. But at high Al concen-
tration, the contact angle is significantly lower than
for pure Ni. Large non-wetting angles (6 > 90°) ob-
tained for low Al additions are obviously due to an
oxide film on the drop surface inhibiting wetting, as
also observed for pure Al [16] and aluminium alloys
(for example Sn—Al-Al, O3 [17] ). This oxide film is
also responsible for the drop dissymmetry leading to
significant variations of 0 along the triple line. Accord-
ing to the work of Laurent et al. [16] for the pure
Al-Al, O, system, a fragmented thin oxide film can be
eliminated under vacuum through Equation 7. The
condition for such a mechanism to be effective is that
the evaporation flow of oxygen, proportional to Py,,o,
is higher than the impinging flow of O,, proportional
to (Po_)rurnace- AS shown by the values in Table II1, this
condition is always verified in the furnace, where
(Po,)rurnace 15 lower than 1077 Pa. Moreover, the
deoxidation time varies according to 1/Pa; 0. Thus, if
a time, t, equal to 10°s is needed to deoxidize an
Ni-0.25A1 alloy, then more than 10°s would be re-
quired for the two low Al concentration alloys studied.
Obviously, this is much longer than the duration of
normal sessile-drop experiments (roughly 30 min).
However, the use of a reducing atmosphere, as in
experiments with X,; = 0.03, limits oxidation during
temperature rises. Partial deoxidation has been ob-
tained for this alloy leading locally to 8 = 95°. For this
alloy, the value of 95° is therefore an upper limit of the
equilibrium contact angle value. This reduction—evap-
oration mechanism can explain the observation that
the higher the Al concentration in the alloy, the easier
the deoxidation becomes. However, this observation is
also compatible with a mechanism based on simple
dissolution of the oxide film in liquid (Equation 2).
Indeed, it can be seen from the data in Table III, that
additions of Al significantly enhance oxygen solubility
in the alloy.

The previous analysis helps to explain the results
obtained by Kanetkar et al. [6] for wetting of Ni-
based alloys on various oxide substrates, where the
strong increase in 0 observed with low Al additions
(1 wt %) in Ni—Cr alloys from 85 to 135° is obviously



TABLE V W values at T = 1750 K calculated using the authors
experimental © values for pure Ni and Ni—Al alloys, except for pure
Al [19]. oy values are from [18]

Xai 0(deg) oLv(mImol™?) W (mJ mol %)
0.00 112 1750 1100
0.03 95 1720 1570
0.25 83 1570 1760
1.00 65 750 1070

due to oxidation of the drops. At higher Al concentra-
tions, dissolution of the oxide film (Equation 2) fol-
lowed by evaporation of oxygen as Al,O (Equation 6)
can occur.

It may be concluded that under conditions avoiding
the effect of oxide film on wettability (using high
vacuum or reducing gas atmosphere or mechanical
disruption of the oxide), aluminium, even at low con-
centration, significantly improves wetting of Ni on
alumina. Moreover, using o values from [ 18], 0 values
are converted into W values (Table V). The W values
of the alloys are clearly higher than the values of both
pure Ni and Al

The intrinsic effect of Al on 8 and W will be dis-
cussed using the model of Li et al. [20]. From this
model, adsorption energies, Eg, and E;v, of Al from
the Ni bulk at the Ni—-Al,O; interface and at the
Ni free surface, respectively, can be calculated. These
quantities are given by Equations 8 and 9

E

It

<c’£“v — c&)ﬂ — (WA‘ ~ WNi)Q — mk (8)

E = (Gﬁ{, — cf{,)ﬂ — m\ (9)

where oty is the liquid—vapour surface tension of the
pure metal i (Al and Ni); W' the work of adhesion of
i on alumina; Q the molar interfacial area of the liquid
[ = (Vw)*", Vy being the molar volume of the liquid];
m a structural parameter equal to 1/4; and A the
exchange energy of the Ni-Al alloy assumed to be
a regular solution. Significant adsorption of alumi-
nium at the Ni—alumina interface or at the Ni surface
could be possible only if Eg; and Ey are strongly
negative (several tens of kJmol ™! [20] ).

Taking Q = 4x10"*m?mol ™!, A = — 96kJmol ™!
[21] and ofy and W' the values given in Table V, it is
found that Eg, =~ E;y =~ — 16 kJmol ™%, respectively.
These slightly negative values indicate a limited ad-
sorption of Al at the Ni—alumina interface and at the
Ni surface. For these values, Li’s model predicts
a slight decrease in 0 and a negligible change in W be-
tween pure Ni and pure Al. Obviously, these predic-
tions are in disagreement with experimental results,
which indicate a strong decrease in 0 and a net in-
crease in the work of adhesion. This contradiction
between model and experimental results can be re-
moved if the effect of Al on W and 0 is not attributed
to interfacial adsorption of Al alone, but to the com-
bined effect of Al and dissolved oxygen. It has recently
been proposed that, for any metal-oxide combination,
wetting and thermodynamic adhesion can be greatly

TABLE VI Values of linear thermal expansion coefficient, o, at
room temperature [23]

Solid Ni Ni;Al Al O,

ax10% (K1) 13.4 123 54

enhanced by adding to a liquid matrix a metallic
solute chosen so that it develops strong solute-solute
interactions with oxygen [4]. Under this condition,
which is well satisfied for Al and oxygen solutes in
nickel matrix (g4;- o < 0), oxygen—metal clusters, such
as OAl, can be formed and acquire an iono-covalent
character as a result of charge transfer from metal to
oxygen. This kind of cluster can develop Coulombic
interactions with any iono-covalent ceramic and,
as a consequence, it would adsorb strongly at
metal-oxide interfaces.

From the above discussion it appears that the max-
imum value of the W (X,,) curve can be explained by
the combined adsorption of Al and O at the Ni-Al,O;
interface. Note that the maximum value of W iso-
therms has already been observed, but not explained,
in previous work concerning wettability of alumina by
Cu-Al [20] and Au-Si [22] alloys.

4.3. Mechanical adhesion

During cooling, thermomechanical stress is generated
as a result of differences in thermal expansion coeffic-
ient between alumina and metallic phases (Table VI).
This stress leads to interfacial fracture during cooling
in Ni3Al-AlL,O; and during SEM sample prepara-
tions for pure Ni—-Al,O;. Conversely, bonding ap-
pears to be strong for both Ni—0.03A] and Ni—0.08Al
alloys.

From TablesI and V, it can be seen that, when
W increases from pure Ni to Ni—-0.03Al alloy, bonding
increases too. But for the intermetallic compound
Ni3Al, having the higher W value, no bonding is
observed. Obviously, this is due to the brittle charac-
ter of this compound which does not allow for stress
relaxation by plastic deformation. Such deformation is
possible for Ni and for Ni—Al solid solution (the max-
imum solubility of Al in Ni is about 20 at % at 1650 K
and 10 at % at 900 K).

From the results of Table I the question of the effect
on mechaunical adhesion of an oxide film on metallic
surfaces is raised. From the results obtained with
Ni-0.08Al alloy, it can be seen that, although the
oxide film inhibits wetting, the resulting bonding is
strong. This can be explained by the fact that thin
oxide layers on liquid metals at high temperature are
easily deformable and can establish an intimate con-
tact with the substrate without any porosity. In this
case, the true physico-chemical discontinuity is not
between the initial substrate surface and the oxide film
on the drop, but between the oxide film and the
metallic phase. On the other hand, thick oxide layers
at Jow temperatures are brittle so that true interfaces
cannot be established between the drop and the ce-
ramic substrate: it is well known that no adhesion is
observed after cooling in such cases (Fig. 6).
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Thick oxide film Thin oxide film

Substrate

Substrate
(a) {b)

Figure 6 Schematic representation of oxidized metallic drops on
a ceramic substrate in the case of thick brittle oxide film (a) and thin

flexible oxide film (b). In both cases no wetting will occur, but
bonding is possible only in case (b).

5. Conclusion

Al additions in Ni have two opposing effects on wetta-
bility of the Al,O, substrate. At low concentrations,
Al deteriorates wetting because of oxidation of the
liquid alloy by this element. At high concentrations,
deoxidation of the liquid alloy occurs by a dissolu-
tion—evaporation mechanism. True equilibrium con-
tact angles of Ni-Al alloys are then measured and
found to be significantly lower than the contact angle
of pure Ni.

Under conditions allowing the effect of the oxide
film on wetting to be avoided, Al additions to Ni lead
to a rapid increase in the work of adhesion of the
Ni—Al,O3 couple. The curve of work of adhesion
versus Al mole fraction passes through d maximum
which cannot be explained by simple adsorption of Al
to the metal-oxide interface. Only the combined ad-
sorption of Al and dissolved oxygen, i.e. of OAl clus-
ters, can explain this maximum.

Despite its higher value of work of adhesion to
alumina the solidified drops of intermetallic com-
pound NizAl did not adhere to the alumina during
cooling, while some adhesion was observed for pure
Ni. This behaviour results from the different capacity
of relaxation of thermomechanical stress of ductile Ni
and brittle NizAl The stronger bonding was in fact
observed for Ni—Al solid solutions having high work
of adhesion values (in comparison with Ni) and high
ductility (in comparison with the NizAl intermetallic
compound).

Thin oxide films on liquid metals at high temper-
atures inhibit wetting, but at room temperatures do
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not have any detrimental effect on mechanical ad-
hesion on oxide substrates.
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