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bstract

etting of ceramics by liquid metals is often promoted using alloying elements which form at the interface, by reaction with the ceramic, continuous
ayers of a better wetted compound. These layers can, in turn, improve or be detrimental to the mechanical performance of the interface, depending
n their microstructure and thickness.

The aim of this investigation is to determine the factors governing the growth kinetics in metal/non-oxide ceramic systems in which strong

eactivity is often observed. The study system consists of a predominantly covalent ceramic, AlN, and a Ni-based liquid alloy containing Ti.
xperiments are performed by varying the temperature, Ti content of the alloy and level of vacuum in the furnace. Point experiments were also
arried out for a Au based alloy–Ti/AlN and AgZr/AlN couples.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Iono-covalent ceramics such as oxides, carbides or nitrides
re generally poorly wetted by liquid engineering metals such
s nickel, copper or tin: contact angles are typically higher (and
ften much higher) than 90◦.1 The complications that produces
n material processes such as infiltration or brazing have moti-
ated the search for ways of lowering the contact angle in such
ystems.

One approach to this end is to alloy the metal with elements
hat, by reacting with the ceramic, form a better wetted com-
ound at the interface. On alumina substrates for example, the
itanium alloyed in a molten copper–silver eutectic reacts with
he alumina to form the metallic Cu3Ti3O compound that is well
etted by the alloy.2

As has been argued previously (see for instance the recent
eview in Ref.3), the spreading kinetics in such systems is con-

rolled by the rate at which the reaction product layer can grow
arallel to the interface at a region of submicronic size around
he solid/liquid/vapour triple line (TL). As the liquid has a direct

∗ Corresponding author.
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ccess to a fresh solid surface at this line, the reaction rate par-
llel to the interface is much higher than the reaction rate at
he interface behind TL where the reaction product thickening
ccurs by diffusion through the layer. Note that while the inter-
acial reaction behind the triple line does not affect (or affects
nly weakly) wetting and spreading, it can affect other proper-
ies of the metal/ceramic couple, namely the thermal resistance
f the junction or again the mechanical behaviour of the system.
or instance several experimental results, reviewed in Ref.4 indi-
ate that exacerbating the thickening of the reaction layer can
e detrimental to the mechanical properties of the system.

This study is focused on the reactivity at interfaces behind
he triple line formed by liquid metals and non-oxide, predomi-
antly covalent ceramics. A common feature of these ceramics
s the high reactivity observed in many cases with alloys contain-
ng Ti, Cr or V. For example, at temperatures close to 1100 ◦C,
eaction layers several tens of microns thick were observed to
orm in a few minutes or tens of minutes at interfaces between
hese alloys and SiC,5,6 Si3N4,7–9 AlN9,10 or BN.9,11 Of par-
icular interest are the results obtained at the same temperature

ith SiC for two Cr containing alloys, one solid12 the other

iquid.5 In this case, while the thermodynamic driving force for
he reaction is higher for the solid alloy, the reaction rate for this
lloy is one order of magnitude lower than for the liquid alloy.

mailto:fhodaj@ltpcm.inpg.fr
dx.doi.org/10.1016/j.jeurceramsoc.2008.06.004
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radius R versus time for an experiment carried out at 1250 C
with a M–12Si–4.5Ti (at%) alloy on AlN. It can be seen that R
increases from R = R0 corresponding to the complete melting of
the alloy to R = RF at the end of the experiment. For points lying
46 A. Koltsov et al. / Journal of the Euro

his example underlines the role of kinetic factors in interfacial
eactivity.

The ceramic studied in the present investigation is sintered
lN. The liquid phase consists of a Ni-based matrix contain-

ng a few per cent of Ti. The results concerning wetting and
preading kinetics of these alloys on AlN, obtained by the ses-
ile drop technique, were presented previously.13 It was found
hat, by reaction with AlN, Ti forms a continuous layer of TiN, a
itride of partly metallic character relatively well wetted by the
etal. The spreading rate in this system is limited by the AlN

issolution in the molten alloy in the immediate vicinity of the
riple line and it is strongly affected by oxygen pollution of the
ery first surface layers (few nanometres) of the ceramic.13 This
aper presents results on the growth kinetics of the TiN layer
t the interface behind the triple line and on the influence of
emperature, Ti content of the alloy and level of vacuum in the
urnace on this kinetics. Point experiments were also carried out
or AuNiTi/AlN and AgZr/AlN couples. The results are used in
rder to determine the factors that govern reaction kinetics in
his type of interface.

. Experimental procedure

Experiments were performed by the sessile drop technique
n two different furnaces: (i) a metallic furnace, under a vac-
um of 10−5 Pa, consisting essentially of a molybdenum heater
urrounded by molybdenum radiation shields, located in a water-
ooled stainless steel chamber, and (ii) an alumina chamber
urnace, under a vacuum of 10−4 Pa, heated externally by a
ilicon carbide resistor.

AlN samples were produced by isostatic compression
Ceramiques & Composites, France) starting from AlN powder
ontaining 1 wt% of oxygen with 3–5 wt% Y2O3 as sintering
id. The residual porosity is less than 2% and the grain size is in
he range 4–10 �m. AlN substrates contain about 1 wt% oxygen
ither in the AlN lattice or at grain boundaries.14 AlN samples
.7 mm thick were mechanically polished using diamond paste
p to an average roughness Ra of about 30 nm measured over
n area of 250 �m × 200 �m. From the XPS and SIMS analy-
is of AlN surfaces given previously,15 it was concluded that,
fter polishing, they are made up of oxide secondary phases at
rain boundaries and AlN grains covered by a pollution layer of
lOxNy a few tens of nm thick.
The main reactive alloy used in this study is a Ni-based

lloy containing 12 at% Si and 4.5 at% Ti named hereafter
–12Si–4.5Ti, the composition of the master alloy M is
i–3.1Fe–7.8Cr (at%). The M–12Si–4.5Ti alloy was prepared
y inductive melting of pure elements Ni (99.99%), Fe (99.99%),
r (99.97%), Si (99.999%) and Ti (99.7%) under pure Argon in
cold crucible.

Standard sessile drop experiments consist in placing a piece
f M–12Si–4.5Ti alloy on an AlN substrate and monitoring by
CDD camera the time-dependent variation in contact angle

and drop base radius R during continuous temperature rise

nd isothermal holding in high vacuum.13 Some experiments
ere also performed with a M–12Si–10Ti (at%) alloy prepared

n situ by melting a piece of a M–Si alloy with a piece of Ti

F
e
f
f

Ceramic Society 29 (2009) 145–154

ver M–Si on the AlN substrate. The M–Si alloy was prepared
y processing first the master alloy M from pure elements Ni,
e and Cr by melting in an alumina crucible at 1500 ◦C under
2 and, then melting M and pure Si on an alumina substrate at
320 ◦C under secondary vacuum.

Experiments were performed at T = 1250 ◦C with alloy
asses varying from 40 mg to 90 mg. Two specific experiments
ere performed at 1215 ◦C and 1300 ◦C, respectively.
For comparison purposes, a limited number of experiments

ere also performed with reactive alloys Ag–1 at% Zr and
u–Ni–5 at% Ti on AlN. The Ag–1 at% Zr was prepared in situ
y melting a piece of pure Ag with a piece of Ag–3 at% alloy
ver Ag on the AlN substrate. The Ag–3 at% alloy was prepared
y melt-spinning high purity silver (99.999 wt%) and zirconium
99.99 wt%). The Au–Ni–5 at% Ti alloy was prepared in situ by
elting a piece of Au–42.5 at% Ni alloy with a piece of Ti over
u–Ni alloy on the AlN substrate. The Au–42.5 at% Ni alloy,

orresponding to the azeotropic composition in the phase dia-
ram, was prepared prior to the experiments by melting pieces
f Au–Ni alloy on pure alumina substrates in high vacuum.

After the experiments, specimens were sectioned, embedded
n resin and polished for optical and SEM observation on the
ross-section and microprobe analysis.

. Results

.1. Description of a typical experiment

Fig. 1 gives the variation in contact angle θ and drop base
◦

ig. 1. (a) Schematic droplet profiles: at complete melting (R = R0) and at the
nd of experiment (R = RF). (b) Contact angle θ and drop base radius R as a
unction of time for a M–12Si–4.5Ti (at%) alloy on AlN at 1250 ◦C, metallic
urnace. t = 0 is taken to be complete melting.
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AlN substrate to form titanium nitride according to the reac-
tion: (Ti) + 〈AlN〉 → (Al) + 〈TiN1−x〉. The notations 〈 〉 and ( )
designate the solid and liquid states, respectively. The subscript
ig. 2. (a) SEM micrograph of a cross-section of a M–12Si–4.5Ti (at%) alloy
icrograph (a). (c) Enlargement of zone C in the micrograph (a). T = 1250 ◦C,

roduct (TiN). The thicknesses ecentre and emax are also indicated in this figure.

t the interface at a distance X from the centre of the drop, the
eaction time is equal to the holding time for −R0 ≤ X ≤ +R0
nd it decreases from holding time at R = R0 to zero at R = RF. In
he following, reactivity at the interface centre is taken to mean
eactivity at −R0 ≤ X ≤ +R0. The other wetting experiments are
iven in Ref.13

.2. Metallic furnace (P = 10−5 Pa)

All experiments in this furnace were carried out with the
–12Si–4.5Ti alloy. The influence of reaction time and tem-

erature on the morphology and growth kinetics of the reaction
roduct was studied for contact times up to 300 min and tem-
eratures varying from 1215 ◦C to 1300 ◦C.

.2.1. Morphology, microstructure and interface
omposition

Fig. 2a and b give SEM micrographs of an
–12Si–4.5Ti/AlN sample after an experiment lasting

00 min at 1250 ◦C showing that a reaction product layer is
ormed at the interface. The thickness (e) of this layer is almost
niform over most of the interface around the drop centre
ecentre ≈ 30 �m) and has a maximum value in a region close to
he triple line (emax ≈ 45 �m). The drop bulk microstructure is

ade up of a eutectic matrix and grey dendrites (see Fig. 2c)
ach of which represents about 50% of the total alloy volume.
ccording to the microprobe analysis the grey dendrites contain
.3 at% Ti and 3.3 at% Al, while the matrix about 0.2 at% Ti
nd 1.6 at% Al.

Two cross-sections of the interfacial region close to the drop
entre are shown in Fig. 3a and b for experiments performed

t 1250 ◦C for 20 and 50 min, respectively. In Fig. 3a, the reac-
ion zone appears to consist of titanium nitride grains separated
y metallic films a few hundreds of nm thick. These films are
ich in nickel alloy and contain significant amounts of alu-

F
T
t

lN substrate. The crack path is inside AlN. (b) Enlargement of zone B in the
0 min, metallic furnace (backscattered electron image). P denotes the reaction

inium. A careful examination of the reaction product zone
lose to AlN showed that this zone in fact also consists of tita-
ium nitride grains surrounded by metallic films but with a finer
icrostructure. Moreover, at the AlN/layer interface, several
etallic inclusions a few micrometers in size can be seen. These

nclusions cover a large part of this interface. Fig. 3b shows that
he inert micrometric Y2O3 particles, initially included in the
lN substrate, are observed over the entire reaction layer.
In this system, Ti contained in the alloy can react with the
ig. 3. SEM micrographs of cross-sections of M–12Si–4.5Ti/AlN samples.
= 1250 ◦C, metallic furnace (a) t = 20 min, (b) t = 50 min (backscattered elec-

ron images).
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Table 1
Thickness of the reaction layer formed at the M–12Si–4.5Ti/AlN interface at the centre of the drop (ecentre) and maximum of this thickness observed at regions close
to the triple line (emax) – see Fig. 2a and b – for different reaction times at 1250 ◦C

t (min) 0 10 20 35 50 300
ecentre (�m) 0.9 ± 0.7 5.3 ± 1.5 11 ± 2 10.9 ± 2.5 16.5 ± 2 29 ± 2
e a (�m) – – Broken sample 22.8 ± 1.6 24 ± 0.4 44 ± 0.7

E an experiment stopped immediately after the temperature attained 1250 ◦C.
interface (see Fig. 2a).
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performed in the metallic furnace (see Fig. 3a). Moreover, the
reaction layer presents a similar profile to that observed pre-
viously (metallic furnace) with the emax/ecentre ratio varying
between 1.5 and 3. Table 2 summarises the experimental results

Table 2
Thickness of the reaction layer formed at the M–12Si–4.5Ti/AlN interface at the
centre of the drop (ecentre) and maximum of this thickness observed at a region
close to the triple line (emax) – see Fig. 2a and b – for different reaction times at
1250 ◦C

t (min) 30 60 120 360
ecentre (�m) 2 ± 1.5 4 ± 2 7.2 ± 2 9.6 ± 3
max

xperiments performed in a metallic furnace (P = 10−5 Pa). t = 0 corresponds to
a Mean value calculated from two maxima formed to the left and right of the

denotes the deviation from the stoichiometric composition of
iN. The value of x is determined by the thermodynamic activity
f Ti in the alloy.16

It should be noted that, during this reaction, titanium con-
umption in the drop can be considerable, especially for
ong-term experiments, thereby leading to aluminium enrich-

ent of the drop. For example, in the sessile drop configuration
nd for contact angles close to 70◦ (Fig. 1), a simple mass bal-
nce indicates that when a 10 �m thick TiN layer forms at the
nterface, the expected decrease in Ti content of the drop would
e about 1.4 at% Ti or 0.7 at% for a 45 or 90 mg droplet, respec-
ively. This is in agreement with the final Ti content of about
.3 at% Ti measured by microprobe analysis in a 45 mg droplet
fter an experiment lasting 300 min at 1250 ◦C (Fig. 2c) showing
hat a significant Ti depletion in the drop (from 4.5 at% to about
.3 at% Ti) occurs when an interfacial layer of about 30 �m thick
s formed at the interface (see Fig. 2a).

A final remark concerns the curvature of metal/reaction prod-
ct interface which can be easily seen in Fig. 2a. This curvature is
he result of mechanical stresses generated during cooling due
o the very different thermal expansion coefficient of ceramic
nd metallic phases.

.2.2. Effect of reaction time
Regardless of the reaction time at 1250 ◦C, the microstructure

f the reaction layer is similar to that described previously (see
ig. 3a) and the layer thickness is almost uniform over most of

he interface around the centre of the drop.
Table 1 summarises the mean values of ecentre and emax

btained for reaction times up to 300 min. The maximum reac-
ion layer thickness is always observed close to the triple line
Fig. 2a and b) for long-term experiments (t ≥ 35 min), with a
max/ecentre ratio varying between 1.5 and 2. Conversely, for
hort-term experiments (t ≤ 10 min), is not easy to detect such a
aximum because of the relatively high scattering of e values

see Table 1).
The values of the reaction product thickness at the centre of

he drop (ecentre) are plotted against time in Fig. 4 (black points).
rom this figure, it is difficult to describe the growth kinetics of

he layer by a simple law (parabolic or linear), even if the Ti
epletion in the drop during the reaction is taken into account.
he black points in Fig. 4 show that the growth kinetics of the

ayer is rapid for reaction times lower than 50 min (growth rate
e/dt ≈ 5 nm s−1) and afterwards it slows down significantly.
.2.3. Effect of temperature
Experiments with the same Ni–12Si–4.5Ti alloy on AlN were

erformed at three different temperatures for the same reaction

e

E

i

olding time at 1250 ◦C for experiments performed in a metallic furnace under
vacuum of 10−5 Pa (�) and in an alumina chamber furnace in a vacuum of

0−4 Pa (�). M–12Si–4.5Ti alloy on AlN.

ime of 50 min. The effect of temperature on the thickness of the
eaction layer at the centre of the drop was found to be weak,
he layer thicknesses being ecentre = 16.2 ± 3.9 �m, 16.5 ± 2 �m
nd 19.9 ± 4.1 �m at T = 1215 ◦C, 1250 ◦C and 1300 ◦C, respec-
ively. In view of the scattering of these reaction layer thickness
alues, it is difficult to quantify the temperature effect on the
rowth kinetics of the layer, however from these results it appears
hat the activation energy of the growth process is some tens of
J mole−1 or less.

.3. Alumina furnace (P = 10−4 Pa)

.3.1. Effect of time
Regardless of the reaction time, the microstructure of the

eaction product is very similar to that observed for experiments
max
a (�m) Broken sample 7.2 ± 2 18.5 ± 2 29.5 ± 10.8

xperiments performed in an alumina chamber furnace (P = 10−4 Pa).
a Mean value calculated from two maxima formed to the left and right of the

nterface (see Fig. 2a).
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ig. 5. Thickness of the reaction product at the centre of the drop (e) versus
olding time at 1250 ◦C for experiments performed in an alumina chamber
urnace. M–12Si–4.5Ti/AlN (�) and M–12Si–10Ti/AlN (�) samples.

thickness of reaction layer at the drop centre and its maxi-
um close to the triple line) for M–12Si–4.5Ti alloy on AlN

t 1250 ◦C for reaction times varying from 30 min to 360 min.
Fig. 4 compares the variation with time of ecentre for exper-

ments performed in both furnaces. This figure clearly shows
hat, for short-reaction times (<60 min), the growth kinetics of
he reaction layer for experiments performed in the alumina
urnace (de/dt ≈ 1 nm s−1) is lower by half an order of mag-
itude than for experiments performed in the metallic furnace
de/dt ≈ 5 nm s−1).

.3.2. Effect of Ti content
Experiments performed at 1250 ◦C with M–12Si–10Ti alloy

n AlN showed that an increase in the Ti content from 4.5 at% to
0 at% leads to a dramatic increase in the interfacial reactivity
reaction layer 60–100 �m thick after 30 min at 1250 ◦C com-
ared to only 10 �m thick for M–Si–4.5Ti alloy after 360 min
t the same temperature). Nevertheless, the morphology and
icrostructure of the reaction product are similar to those

bserved with M–12Si–4.5Ti alloy and described previously.
A plot of reaction layer thickness at the drop centre versus

eaction time is shown in Fig. 5 for both alloys. This figure
hows that the growth kinetics of the layer for M–12Si–10Ti
lloy (de/dt ≈ 30 nm s−1) is more than one order of magnitude
igher than that of the M–12Si–4.5Ti alloy (de/dt ≈ 1 nm s−1).
ote that with M–12Ni–10Ti alloy the reactivity is so high

hat during heating, between the melting point of the alloy
≈1170 ◦C) and the working temperature (1250 ◦C), the reac-
ion layer grows up to 18 �m in less than 6 min. A Ti mass
alance based on the formation of a 100 �m thick reaction
ayer for a 70 mg droplet shows that the quasi-totality of Ti
10 at%) initially contained in the alloy has reacted with the AlN
ubstrate.

.3.3. Experiments with Ag–Zr and Au–Ni–Ti alloys
Fig. 6 gives SEM micrographs of a cross-section of
u–Ni–5 at% Ti/AlN sample after 30 min at 1020 ◦C (Fig. 6a)
nd of Ag–1% Zr/AlN sample after a 10 min experiment at
70 ◦C (Fig. 6b). Both experiments were performed in an alu-
ina furnace with alloy masses of about 50 mg.

-
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For the Au–Ni–5 at% Ti alloy, the reaction product is
0–25 �m thick and it appears to consist of titanium nitride
rains separated by metallic films a few hundreds of nm thick
cf. Fig. 6a). Moreover, the inert micrometric Y2O3 particles,
nitially included in AlN substrate, are observed all over the
eaction layer.

In the case of Ag–1 at% Zr alloy, a continuous reaction layer,
.2–0.5 �m thick, appears at the interface after 10 min at 970 ◦C
cf. Fig. 6b). (This short time was used to minimise evapora-
ion of silver occurring in high vacuum.) The layer is too thin
o allow a quantitative determination of its composition by X-
ay micro-analysis. However, a line analysis by EDS clearly
ndicates the presence of Zr in the layer and the absence of
g. In order to determine the phase formed at the interface,
second experiment was performed with the same alloy but
ith a larger mass (150 mg) leading to a larger interfacial area,

hereby allowing a low-angle X-ray diffraction analysis to be
arried out. This analysis performed on the interfacial layer
fter elimination by chemical dissolution of the Ag–Zr alloy
learly showed the formation of the ZrN compound. Note that
or this system the reaction layer thickness is one to two orders
f magnitude lower than for the Au–Ni–Ti/AlN system. This
ifference is not due to different reaction times (10 min against
0 min). Indeed, by assuming parabolic growth of the ZrN layer,
he ZrN thickness after 30 min would be of the order of 1 �m
hich is still much thinner than the 20–25 �m observed with the
u–Ni–Ti alloy.

.4. Summary of experimental results

The main experimental results of this study, in terms of reac-
ivity at the centre of the drop and for short-time experiments
t ≤ 60 min), are summarised as follows:

The reaction layer at the M–Si–Ti/AlN interface consists
of titanium nitride grains separated by metallic films a few
hundreds of nm thick. Inert micrometric Y2O3 particles, ini-
tially included in AlN substrate, are observed all over the
layer.
The reactivity between the M–12Si–4.5Ti alloy and AlN under
high vacuum (metallic furnace, P = 10−5 Pa) at 1250 ◦C is very
high: the average growth rate of the TiN reaction layer is about
5 nm s−1 leading to a thickness of about 16 �m after only
50 min of reaction.
When the vacuum pressure in the furnace increases from
10−5 Pa to 10−4 Pa the initial growth rate decreases by a factor
5.
The effect of temperature on the reaction layer growth rate is
very small corresponding to activation energy of some tens of
kJ mole−1 or less.
An increase in the Ti content in the alloy from 4.5 at% to
10 at% leads to an increase in the reaction product growth rate
by more than one order of magnitude.

The thickness of the reaction layer formed with the
Au–Ni–5% Ti alloy is one to two orders of magnitude
higher than with the Ag–1 at% Zr alloy at temperatures close
to 1000 ◦C.
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ig. 6. SEM micrographs of a cross-section (a) of Au–Ni–5 at% Ti on AlN, 10
mages). Experiments performed in an alumina furnace.

For all M–Si–Ti/AlN samples, the reaction layer thickness
s almost uniform over most of the interface and presents a

aximum in a region close to the triple line.

. Discussion

.1. Thermodynamics

Titanium contained in the alloy, reacts with AlN to form
itanium nitride (which, for simplicity, is assumed to be stoi-
hiometric):

Ti) + 〈AlN〉 → (Al) + 〈TiN〉 (1)

t equilibrium, the mole fractions of Ti and Al in the alloy are
elated by:

x
eq
Ti

x
eq
Al

= x
eq
Ti

x0
Ti − x

eq
Ti

= exp

(
�rG

◦ + �Ḡxs
Al − �Ḡxs

Ti

RT

)
(2)

here x0
Ti is the initial Ti mole fraction in the alloy, �rG◦ is the

tandard Gibbs energy of reaction (1) and �Ḡxs
Ti and �Ḡxs

Al are
he partial excess Gibbs energies of mixing of Ti and Al in the
lloy, respectively.

The composition of the alloy at equilibrium will be evaluated
emi-quantitatively by assuming that the alloy is diluted in Ti and
l. In this case the quantities �Ḡxs

Ti and �Ḡxs
Al can be approxi-
ated by their values at infinite dilution �G
xs,∞
Ti and �G

xs,∞
Al .

oreover, the presence of Fe and Cr in the master alloy M is
gnored, i.e., the M–Si alloy will be replaced by the Ni–Si alloy.
Ḡ

xs,∞
R (R = Ti or Al) is taken to be approximately equal to the

3

u
t

, 30 min and (b) of Ag–1% Zr on AlN, 970 ◦C, 10 min (backscattered electron

artial enthalpy at infinite dilution of R in the Ni–Si alloy �H̄∞
R

hich, in turn, is evaluated from the partial enthalpies at infinite
ilution of R in pure Ni and Si according to the equation17:

Ḡ
xs,∞
R ≈ �H̄∞

R = xNi�H̄∞
(R)Ni

+ xSi�H̄∞
(R)Si

− �mH(Ni,Si)

(3)

mH(Ni,Si) in Eq. (3) is the enthalpy of mixing of the Ni–Si alloy.
Combining Eqs. (2) and (3) and using the data of Table 3,

he following relation between mole fractions of Ti and Al at
quilibrium is obtained at T = 1250 ◦C:

x
eq
Ti

x
eq
Al

= x
eq
Ti

x0
Ti − x

eq
Ti

= 0.12 (4)

The application of Eq. (4) with x0
Ti = 0.045 leads to x

eq
Ti ≈

.005 (i.e., 0.5 at% Ti). This result confirms the concentra-
ion of Ti in the drop bulk measured by microprobe analysis
xTi ≈ 0.3 at% Ti) for M–12Si–4.5Ti/AlN sample maintained for
00 min at 1250 ◦C in the metallic furnace. Therefore, it can be
oncluded that thermodynamic equilibrium is nearly attained
or the M–12Si–4.5Ti/AlN sample after 300 min at 1250 ◦C in
he metallic furnace and for the M–12Si–10Ti/AlN sample after
0 min at 1250 ◦C in the alumina furnace. On the contrary, the
–12Si–4.5Ti/AlN system at 1250 ◦C in the alumina furnace

s far from equilibrium even for long-term experiments (up to

60 min).

The same thermodynamic approach as described above is
sed for the Au–Ni–5 at% Ti/AlN and Ag–1 at% Zr/AlN sys-
ems. In the latter, zirconium contained in the alloy reacts with
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Table 3
Summary of thermodynamic data used, the notations 〈 〉, ( ) and [ ] designate the
solid, liquid and gaseous states, respectively

Reaction �G◦ (in J) Refs.

970 ◦C 1020 ◦C 1250 ◦C

(Al) + 1/2[N2] → 〈AlN〉 −183,360 −177,495 −150,548 [18]
〈Ti〉 + 1/2[N2] → 〈TiN〉 −220,126 −215,385 −193,852 [18]
〈Zr〉 + 1/2[N2] → 〈ZrN〉 −249,716 −245,219 −224,274 [18]
〈Ti〉 → (Ti) 3,518 3,336 2,472 [18]
〈Zr〉 → (Zr) 6,899 6,615 5,164 [18]

Reaction �Ḡ
xs,∞
i (in J mol−1) Refs.

(Ti) → (Ti)Ni �Ḡ
xs,∞
(Ti)Ni

= �H̄∞
(Ti)Ni

= −130, 000 [19]

(Ti) → (Ti)Si �Ḡ
xs,∞
(Ti)Si

= �H̄∞
(Ti)Si

= −146, 000 [20,21]

(Ti) → (Ti)Au �Ḡ
xs,∞
(Ti)Au

= �H̄∞
(Ti)Au

= −98, 500 [22]

(Al) → (Al)Ni �Ḡ
xs,∞
(Al)Ni

= �H̄∞
(Al)Ni

= −127, 000 [19]

(Al) → (Al)Si �Ḡ
xs,∞
(Al)Si

= �H̄∞
(Al)Si

= −10, 000 [17]

(Al) → (Al)Au �Ḡ
xs,∞
(Al)Au

= �H̄∞
(Al)Au

= −121, 400 [17]

(Zr) → (Zr)Ag �Ḡ
xs,∞
(Zr) = �H̄∞

(Zr) = −13, 000 [23]
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Ni) + (Si) → (Ni,Si) �mH = −132,000xNixSi [24]
Au) + (Ni) → (Au,Ni) �mH = 8600xAuxNi [17]

lN to form zirconium nitride:

Zr) + 〈AlN〉 → (Al) + 〈ZrN〉 (5)

The combination of Eqs. (2) and (3), with data from Table 3,
eads to values of x

eq
Al/x

0
Ti = 0.993 for Au–Ni–5 at% Ti/AlN at

020 ◦C and x
eq
Al/x

0
Zr = 0.999 for the Ag–1 at% Zr/AlN sys-

em at 970 ◦C meaning that reactions can proceed fully in both
ystems.

.2. Kinetics

.2.1. Reactional scheme
As described above in Section 3, regardless of the experimen-

al conditions (atmosphere, temperature, time, Ti content), the
icrostructure of the reaction layer formed between M–12Si–Ti

lloys and AlN is similar (see Fig. 3a): it consists of TiN grains
eparated by metallic films a few hundreds of nm thick. In addi-
ion, inert micrometric Y2O3 particles can be observed. In this
ystem, Y2O3 particles can play the role of inert markers in order
o determine the interface where reaction (1) takes place:

(i) if reaction (1) takes place at the liquid/TiN interface, Y2O3
particles initially contained in the AlN substrate will accu-
mulate at the AlN/TiN interface, otherwise;

ii) if reaction (1) takes place at the TiN/AlN interface between
AlN and Ti arriving by diffusing through the reaction layer,
these particles will stay dispersed throughout this layer.
The experiment clearly indicates that Y2O3 particles are
observed all over the reaction layer (see Fig. 3b) proving
that reaction (1) takes place at the TiN/AlN interface.
The very high reactivity observed in this system is likely to
ome from the fast liquid-state diffusion of reactive species in
he liquid channels, several hundred nm thick, separating TiN

t
i
s
t

ig. 7. Schematic representation of the M–Si–Ti alloy/AlN substrate system
howing the reaction layer microstructure consisting of TiN grains separated by
etallic films and the reactional zone (2) (see also Fig. 3a).

rains in the reaction zone (see Fig. 3a) and not by solid-state
iffusion. The diffusion coefficients in the liquid alloys are in fact
everal orders of magnitude higher than the diffusion coefficients
n the non-stoichiometric mono-crystalline titanium nitride (see
able 4).

The same conclusions can be drawn for the
u–Ni–5 at%Ti/AlN system for which the high value of

he reaction layer thickness (20–25 �m) obtained after only
0 min at 1020 ◦C (see Fig. 6a) is close to the expected thick-
ess at thermodynamic equilibrium (30–35 �m) indicating that
eaction in this system is not far from equilibrium. Conversely,
he observed thickness of the ZrN layer formed at the Ag–1 at%
r/AlN interface (0.2–0.5 �m) is at least one order of magnitude

ower than its value expected at thermodynamic equilibrium
about 5 �m). This considerable difference in reactivity between
hese two systems cannot be due to the difference in the driving
orce of transformation which is in fact much higher in the
g–Zr/AlN system. Indeed, the thermodynamic activity of Ti

n the Au–Ti–5 at% Ti alloy (aTi = 1.5 × 10−6) is three orders
f magnitude lower than that of Zr in the Ag–1 at% Zr alloy
aZr = 2.8 × 10−3). Moreover, the standard Gibbs energy of
eaction (1) �G0

1 = −41226 J mol−1 is in absolute value much
ower than that of reaction (5) �G0

5 = −73255 J mol−1 (the
bove thermodynamic quantities are calculated by using data
rom Table 3). This marked difference between reactivities in
hese two systems is in reality due to differences in reaction
roduct microstructure. Indeed, in the Au–Ni–Ti/AlN system,
he grain boundaries of the reaction product (TiN) are perfectly
etted by the liquid alloy thus allowing fast liquid-state
iffusion through the reaction layer, whereas in the Ag–Zr/AlN
ystem, the ZrN reaction layer is impervious and constitutes a
iffusion barrier, which makes sense given that the diffusion
oefficient in ZrN is very low (see Table 4).

Based on these observations and statements, the M–Si–Ti
lloy/AlN system can be schematically represented as shown in
ig. 7 (the same scheme also applies for the Au–Ni–Ti/AlN sys-
em). In view of Fig. 3a, showing that a large part of the AlN/layer
nterface is covered by metallic inclusions a few micrometers in
ize, and for the sake of simplicity, it has been assumed that, at
his interface, AlN is totally covered by the liquid alloy. Accord-
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ng to this scheme, the overall reaction of Ti with AlN leading
o the formation of TiN, initially involves the dissolution of AlN
n the liquid alloy at the dissolution interface (d), after which

migrates by short-range diffusion towards the growth inter-
ace (g) where it reacts with Ti arriving from the liquid bulk by
ong-range diffusion.

In the framework of this description, the growth rate of the
eaction layer in a “clean system” (i.e., without intervention of
ny impurity), may by limited by one of the two possible phe-
omena: (i) Liquid-state diffusion of species participating in the
eaction (1), i.e., of Ti from the drop bulk to the reaction interface
or of Al in the opposite sense), or (ii) Local reaction kinetics at
he AlN/liquid interface, i.e., AlN dissolution at the AlN/liquid
nterface or TiN growth at the liquid/TiN interface (see Fig. 7).

The activation energy for liquid-state diffusion in metal-
ic alloys is low (up to some tens of kJ mole−1). This fact is
ompatible with the weak effect of temperature on reaction
inetics found experimentally. However, as shown in Appendix
, the limitation by liquid-state diffusion of Ti (or Al) is highly
nlikely. Moreover, none of the above two mechanisms is com-
atible with the following experimental facts:

(a) When the vacuum pressure decreases (from 10−4 Pa to
10−5 Pa) the reaction layer growth rate increases by a factor
of 5 while the microstructure of the layer does not change.

b) The existence of a maximum reaction layer thickness at a
region close to the triple line despite the fact that the reaction
time in this zone is lower than that in the centre of the drop.

.2.2. Limitation by liquid-state diffusion of oxygen
Conversely, the experimental facts (a) and (b) are compatible

ith the assumption of kinetic control by liquid-state diffusion
f oxygen from the AlN/reaction layer interface to the furnace
tmosphere. We recall that AlN substrates contain about 1 wt%
xygen either in the AlN lattice or at grain boundaries (see Sec-
ion 2). If the evacuation of oxygen from the reaction interface
o the furnace atmosphere is slow, its accumulation at this inter-
ace can lead to the formation of Al oxynitrides which can act
s barrier to AlN dissolution.13

Fig. 8 gives a schematic representation of the reactional zone
here AlN is considered to be partially covered by Al oxyni-

ride particles. The AlN dissolution rate in the liquid alloy then
epends on the dissolution rate of these particles in the alloy
ccording to the reaction (6):

AlOxNy〉 → (Al) + x(O) + y(N) (6)
The following section discusses successively in more detail
he effect of the furnace atmosphere, Ti content in the alloy as
ell as geometrical configuration of the alloy/AlN system on

he growth kinetics of the reaction layer where this growth is

a
a
e
t

able 4
ome values of diffusion coefficients in liquid alloys and in non-oxide ceramics at T

Liquid alloys Cr3C2 TiN

(m2 s−1) 10−9 to 10−8 3.4 × 10−15 7 × 1
efs. [25] [26] [27]
ig. 8. Schematic representation of the reactional interface (noted (2) in Fig. 7)
here AlN is considered to be partially covered by Al oxynitride particles.

ontrolled by liquid-state diffusion of oxygen contained as an
mpurity in AlN.

.2.2.1. Effect of furnace atmosphere. The dissolution of AlN
n the liquid alloy at the AlN/liquid alloy interface leads to

local increase in oxygen content at this interface. The oxy-
en then diffuses through the liquid channels of the reaction
ayer towards the drop and afterwards towards the liquid/vapour
nterface. When a quasi-steady state is attained, the variation in
xygen content in the liquid alloy from the AlN/reaction product
nterface (x∗

O) to the liquid/vapour surface (xLV
O ) can be repre-

ented schematically as shown in Fig. 9 (xLV
O is affected by the

urnace atmosphere whilex∗
O is fixed by reaction (6)). This quasi-

teady state is defined by the equality of diffusion flux (Φdiff) and
issolution flux of oxygen (Φdiss) at the AlN/reaction product
nterface:

diss = Φdiff = DO · x∗
O − xLV

O

V m
liq · h

(7)

here h is the drop height, DO is the diffusion coefficient of
xygen in the liquid alloy and V m

liq is the liquid alloy molar
olume.

When the vacuum pressure decreases, xLV
O decreases too, con-

equently, according to Eq. (7) and for a given x∗
O, the oxygen

issolution flux (i.e., the AlN dissolution flux) will increase, thus
eading to an increase in the growth kinetics of the reaction layer.

.2.2.2. Effect of Ti content. An increase in Ti content in the
–Si–Ti alloy leads to a huge decrease in the thermodynamic
ctivity of oxygen (aO) in this alloy. Indeed, the very strong inter-
ctions between titanium and oxygen atoms in molten nickel,
xpressed by a very negative value of their first-order interac-
ion coefficient εTi

O = −86,31 lead to a significant decrease in the

= 1200 ◦C except for SiC (T = 1850 ◦C)

ZrN TiC SiC

0−19 1.2 × 10−16 10−16 2.3 × 10−18

[28] [29] [30]
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Fig. 9. (a) Schematic representation of the drop/AlN substrate system. (b)
Schematic representation of oxygen concentration profiles across the system
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t the centre of the drop for e � h. e is the thickness of the reaction layer and h
he drop height. x∗

O and xLV
O are the oxygen content in the alloy at the AlN/layer

nterface and liquid/vapour interface, respectively.

ctivity coefficient of oxygen (γO) with Ti mole fraction:

n γO = ln γ∞
O + εTi

O xTi = ln γ∞
O − 86xTi (8)

here γ∞
O is the infinite dilution activity coefficient of oxygen

n liquid Ni.
It is assumed that thermodynamic equilibrium is reached for

eaction (6) at the AlNxOy/liquid alloy interface (see Fig. 7),
.e., for a fixed temperature the oxygen activity (a∗

O = γ∗
Ox∗

O) is
xed at this interface. Moreover, for the sake of simplicity, a
iluted solution behaviour for Ni–Ti alloys is also assumed, i.e.,
q. (8) is considered to be valid (at least semi-quantitatively)

or a Ti content as high as 10 at%. Then, according to Eq. (8),
f Ti content in the alloy increases from 4.5 at% to 10 at%, the
xygen coefficient activity (γO) decreases by a factor of about
00 meaning that, for a given T (i.e., for a fixed a∗

O), the oxygen
ontent at the AlNxOy/liquid alloy interface (x∗

O) will increase by
he same factor. Consequently, according to Eq. (7) the oxygen
issolution flux will increase, thus leading to an increase in the
rowth kinetics of the reaction layer.

.2.2.3. Effect of geometrical configuration of the
lloy/substrate system. If oxygen diffusion through the
rop (from the reaction interface to the liquid/vapour surface)
s a limiting factor, then the thickness of the reaction product
n a wetting experiment would vary between the centre of the

rop and the triple line. This is because the thickness of the
eaction product at any point of the interface in a sessile drop
xperiment is the result of two effects acting in the opposite
ense:

t
T
c
C
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(i) The first is the effect of the reaction time. This reaction time
is maximum at the drop centre and zero at the triple line and
as a consequence the layer thickness is maximum at the drop
centre and zero at the triple line.

ii) The second effect results from the oxygen diffusion dis-
tances in the drop. These distances are maximum at the
centre of the drop and zero at the triple line.

During real wetting experiments these two effects occur
imultaneously thus providing a possible explanation for the
aximum thickness of the interfacial layer between the centre

f the drop and the triple line observed experimentally.

. Concluding remarks

The results obtained in this study have revealed the pre-
ominant role in interfacial reactivity of oxygen and wetting
f reaction product grain boundaries by the liquid alloy. Oxy-
en is a common impurity of furnace atmospheres and it is well
stablished that it can have a considerable effect on the sur-
ace properties of metals and non-oxide ceramics even at partial
ressures as low as 10−10 bar.1 Moreover, oxygen is contained
n most predominantly covalent ceramics, especially when these

aterials are processed by sintering. Until now it has been estab-
ished that even nanometric oxide layers formed on the surface
f these ceramics can act as barriers to wetting, especially at
ow (≈600 ◦C) and moderate (≈1200 ◦C) temperatures.1,32 The
resent work demonstrates that this factor can also affect and
ven control reactivity at metal/ceramic interfaces.

The perfect wetting of reaction product grain boundaries by
he liquid alloy provides fast diffusion paths for reacting species
nd can, as a consequence, exacerbate reactivity. For example,
iffusion coefficients D in molten alloys at T ≈ 1200 ◦C are 6–10
rders of magnitude greater than typical values of D in ceram-
cs such as TiC, ZrN or SiC (see Table 4). As a consequence,
n the absence of perfect wetting of grain boundaries, once a
ontinuous layer of such a compound has formed at the inter-
ace, the growth rate is substantially reduced and may even drop
o zero. This type of layer therefore acts in a similar way as
assive oxide films formed on stainless steels or silicon carbide
urfaces which protect the underlying materials from further
xidation.

Transitions from partial wetting to perfect wetting of grain
oundaries by liquid metals have been observed for several
iquid metal/solid metal couples, occurring as a function of tem-
erature or system composition.33–35 However, to the author’s
nowledge, no similar studies exist for liquid metal/ceramic sys-
ems. One can only anticipate that, for a given ceramic, i.e., for a
iven grain boundary energy σGB, good wetting of its surface by
he liquid metal or alloy (θ � 90◦) indicates a low metal/ceramic
nterfacial energyσMe/Cer thus making it more likely that the con-
ition of perfect wetting of grain boundaries σGB > 2σMe/Cer will
e satisfied. Low acute contact angles are often observed when

he reaction product presents metallic features as in the case of
i, Zr and Cr carbides, nitrides and borides.1,36 The Cu3Ti3O
ompound also exhibits a metallic character and its formation at
uAgTi/alumina interfaces is responsible for the very low con-
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act angles obtained in this system.2 Moreover, at a relatively
ow temperature (900 ◦C), thick layers of this compound were
bserved in the above system, while its microstructure clearly
hows perfect wetting of its grain boundaries by the CuAgTi
lloy.

ppendix A

If it is assumed that liquid-state diffusion of Ti (or Al) is the
ate-limiting step of reaction (1), then thermodynamic equilib-
ium of this reaction is reached at the AlN/layer interface (see
ig. A.1) and, as long as xTi remains close to the initial Ti con-

ent x0
Ti, the variation in reaction layer thickness e with time t

ill obey a parabolic law:

2 ≈ α · (x0
Ti − x

eq
Ti ) · DTi · t ≈ α · x0

Ti · DTi · t (A.1)

here α = 2(Sc/Stot)(V m
TiN/V m

liq). Stot is the total area of the
iN/layer interface and Sc the liquid channel area in a section
arallel to the interface. V m

TiN and V m
liq are the molar volumes of

iN and liquid, respectively. DTi is the diffusion coefficient of
i in the liquid alloy.

The application of Eq. (A.1) for short-term experiments
t < 60 min, xTi > 0.023), with V m

TiN = 11.7 cm3 mol−1, V m
liq =

.4 cm3 mol−1,37 Sc/Stot > 0.05 and DTi ≈ 5 × 10−9 m2 s−1

eads to a calculated value of e2/t ratio: (e2/t)calc > 20 �m2 s−1.
his value is several orders of magnitude higher than

he experimental values (e2/t)exp ≈ 6 × 10−3 �m2 s−1 and
× 10−2 �m2 s−1 obtained for M–12Si–4.5Ti/AlN samples in
etallic and alumina furnaces, respectively.
This clearly shows that reaction product growth kinetics is not

ontrolled by liquid-state diffusion of Ti (the same conclusion

olds for diffusion of Al). As a consequence, the Ti and Al
ontents in the alloy at the AlN/reaction layer interface, x∗

Ti and
∗
Al, are almost equal to the Ti and Al contents in the drop bulk,
espectively.

ig. A.1. Schematic representation of Ti and Al content profiles across the reac-
ion layer in the M–Si–Ti/AlN system when the rate-limiting step of the reaction
1) is assumed to be the liquid-state diffusion of elements participating in reac-
ion (1) (Ti or Al). xi and x

eq
i are the concentrations of i (i = Ti, Al) in the drop

ulk and at the AlN/layer interface, respectively.
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