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Abstract Ionocovalent oxides such as alumina, silica or

magnesia are not wetted by Si and Si-rich alloys, the

contact angles being close to 90�. The aim of this work is to

study the effect of submicron carbon layers on wetting in

this type of system. In principle, silicon reacts with carbon

to form silicon carbide, a compound wettable by Si alloys.

However, the formation of silicon carbide at the interface

can be affected by the dissolution of this compound into the

molten alloy occurring in order to saturate the melt in

carbon. These phenomena are studied using a model sys-

tem consisting of Ni–63 at.%Si alloy and monocrystalline

alumina substrate coated with carbon layers. Wetting

experiments are performed by the dispensed drop tech-

nique in high vacuum varying the parameters: thickness of

coating (from 0 to 100 nm), temperature and degree of

carbon saturation of the alloy. The surfaces and reactive

interfaces are characterised by SEM, X-ray microanalysis

and XPS.

Introduction

Pure Si and Si-based alloys wet various non-oxide

ceramics, such as SiC, Si3N4, C or again AlN (contact

angle h � 90� [1]) and can be used for brazing these

ceramics (see for example Ref. [2]). However, these alloys

do not wet oxide ceramics such as alumina, silica or

magnesia, the contact angle being close to or higher than

90� [1]. The aim of this work is to study the effect of thin

carbon layers on the oxide on wetting in this type of

system.

The idea of improving wetting in a carbide-forming

metal/oxide system by carbon coating is not new. Twenty

years ago John and Hausner [3] attempted to improve

wetting of Al on monocrystalline alumina by depositing

thin carbon layers a few tens of nm thick on the alumina

surface. In this way, the contact angle h of Al in a vacuum

of 4 9 10-5 Pa at 700� was 85�, more than 35� lower than

the value of 122� observed on uncoated alumina. At

1000 �C the difference between these two types of angle

was 15�–20�. The authors reported the formation of very

small crystals at the interface, supposed to be Al carbide or

Al oxicarbide (Al2OC or Al4O4C), and attributed the

beneficial effect of carbon on wetting these compounds.

However, the results of these authors, especially those

obtained at 700 �C, where the contact angle of clean Al is

close to 90�, strongly suggest that a large part of the

decrease in h comes from a beneficial effect of carbon in Al

deoxidation.

Weirauch and Krafick [4] also studied the effect of 100–

200 nm thick carbon layers on Al2O3 on wetting by Al at

950 �C in a vacuum of 10-2 Pa. After long-term holding at

this temperature (24 h), the contact angles on uncoated

alumina observed in two experiments were 63� and 71�
while three experiments with coated alumina gave values

of 35�, 31� and 61�. No direct evidence of a new phase at

the Al/C-coated alumina interface was obtained. The ben-

eficial effect of carbon coatings on wetting was attributed

to the dissolution of carbon into Al and/or to the formation
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of Al carbide. Note that h values as low as 30–35� mea-

sured with coated alumina are much lower than the contact

angles of 70–75� observed by John and Hausner [3] for

coated alumina at 1000 �C. Moreover, the values of 30–35�
are even lower than the contact angles observed in the same

study with bulk graphite (54� and 57�). It is possible that

evaporation of Al occurring in high vacuum may affect

contact angle measurements in long-term experiments.

In a recent study, Sobczak et al. [5] found that, at

1000 �C in a vacuum of 10-4 Pa, the contact angle of Al

on alumina coated by a 1 lm thick carbon layer is 78�,

which is 10–15� lower than on uncoated alumina, in good

agreement with the findings of John and Hausner.

To summarise, the three mentioned studies have shown a

significant improvement in alumina wetting by Al resulting

from C coatings. However, the mechanism involved in this

improvement has not yet been determined. A reason for this

is the well known difficulty in wetting experiments arising

from Al oxidation [1]. A further reason is the absence in the

above studies of direct characterisation of the interface.

The aim of this study is to determine the fundamental

issues of wetting of C-coated alumina (and more generally

of ionocovalent oxides) by carbide-forming alloys. The

system chosen for this study is a model system consisting

of the Ni–63 at.%Si alloy and monocrystalline alumina.

Like Al, molten Si reacts with carbon to form SiC, which is

a predominantly covalent ceramic wettable by liquid met-

als [1, 6]. The advantage of Ni–63 at.%Si alloy is that its

wetting behaviour on bulk C substrates is known and well

understood [7, 8]. A point experiment was performed with

a Zr–Si alloy. A difficulty arising when working with Si

alloys is that these alloys, such as Al, are also oxidisable. In

the present study, this difficulty is overcome using the

‘dispensed drop’ version of the sessile drop technique.

Experimental procedure

The nickel–silicon alloys used are prepared from pure Ni

(99.997 wt%) and Si (99.9995 wt%) by melting and alloying

in an alumina crucible during experiments performed in high

vacuum (10-5 Pa). The Zr–10 at.%Si alloys are prepared in

situ, by direct melting in high vacuum of the appropriate

quantities of ZrSi2 (99.5%) and Si (99.5%) powders.

High purity (99.995%) a-alumina single crystals with a

randomly oriented surface were used. Their surface was

polished to an average roughness of about 1 nm measured

by high resolution optical profilometry.

Wetting was studied by the ‘dispensed drop’ method,

which is derived from the classical sessile drop technique,

in a metallic furnace under a vacuum of 5 9 10-5 Pa. The

apparatus consists essentially of a molybdenum heater

surrounded by molybdenum radiation shields, located in a

water-cooled stainless-steel chamber. The chamber is fitted

with two windows enabling the illumination of the sessile

drop on the substrate.

The drop images were produced using an optical system

fitted with a zoom (magnification 930). The time-depen-

dent change in linear dimension (drop base radius R) and

contact angle h of the drop were filmed by a CCD video

camera and recorded on videotape at a film speed of 25

frames per second. After the experiment, h and R were

measured from the drop profile using a drop shape analysis

software with an accuracy of ±2� for h and ±1% for R.

Once the experiment temperature is attained, the liquid

is extruded from the crucible and deposited on the substrate

surface, and spreading then occurs as in the classical sessile

drop configuration. The main advantage of this technique is

that it allows the process of melting and spreading to be

separated so that fully isothermal experiments can be per-

formed. Another advantage is that, during extrusion, any

oxide layer on the liquid surface alloy is broken.

After the experiments, the drop and substrate surfaces,

as well as the metal/ceramic interface were characterised

by optical and electronic microscopy and by X-ray pho-

toelectron spectroscopy (XPS).

Carbon deposition on alumina was performed by evap-

oration of a carbon braid under vacuum (10-2 mbar). For a

given evaporation time, the thickness of the deposited

carbon layer was varied by varying the distance between

the carbon source and the substrate. The carbon layers are

deposited simultaneously on an alumina substrate and on a

monocrystalline silicon substrate used as a reference sam-

ple in order to measure the carbon layer thickness.

The carbon layer thickness is measured by electron

probe micro-analysis (EPMA). Here, the method used is

based on the relation existing between the layer thickness

and the ratio kratio = Isample/Ireference, where I is the inten-

sity of the Si line (SiKa). In order to probe more or less the

deposited carbon layer and the silicon substrate and so to

obtain different kratio for each sample, EPMA measure-

ments were carried out using various accelerating voltages

(between 3 and 5 kV). Under these conditions of analysis,

the probe volume is lower than 0.12 lm3 at 5 kV.

For carbon layers more than 50 nm thick, their thickness

is also measured by high resolution optical profilometry.

The difference in layer thickness obtained by these meth-

ods is 15%.

Results

Typical curves

A plot of the variation in contact angle h and droplet base

radius R versus time for an experiment conducted at
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1200 �C for a Ni–63 at.%Si alloy by the dispensed drop

technique is given in Fig. 1. The carbon layer thickness

deposited in alumina is 84 nm.

The contact angle in this system varies non-monotoni-

cally between 180� and a contact angle close to 90�
observed after 6200 s. Note that when the experiment was

stopped, the contact angle was not steady but continued to

increase very slowly. The spreading regime between 180�
and the first measured contact angle of 156�, noted h0, is

too fast to be followed by the CCD camera used in this

study with a time resolution of 40 ms. Thereafter, the

contact angle decreases, first rapidly (from h0 to hN, where

the contact angle changes from 156� to about 50�), then

more slowly (from hN to hm = 38�).

After h = hm, a receding regime of the droplet triple

line is observed with existence of triple line jumps. During

this receding regime the contact angle increases from hm to

the last measured contact angle of 90�. Hereafter, hm is

called the minimum contact angle.

Reproducibility of results

Figure 2 presents the h(t) curves obtained in three different

experiments performed for the same alloy composition and

mass droplet at 1200 �C, and for the same carbon layer

thickness e = 14 ± 4 nm.

The values of initial h0 and final or steady hF contact

angles observed for these three experiments are well repro-

ducible with h0 = 152 ± 4� and hF = 98 ± 3�. As for the

minimum contact angle hm, this varies from 54 to 42�.

Although the final contact angle hF is the same for these

three experiments, the paths followed by the drops in order

to attain hF may be different as shown by the existence, in

one experiment, of triple line pinning followed by jumping

(see Fig. 2).

Characterisation

For all samples cooling at room temperature leads to

interfacial rupture as shown schematically in Fig. 3a. Both

contact surfaces, i.e. the alumina side and the alloy side

(noted 1 and 2, respectively, in Fig. 3a) could thus be

characterised. XPS was used for this purpose in two cases,

before the drop recedes, t \ tm (h[ hm) and after complete

receding of the drop, t [ tF.

Taking into account the fact that the lateral resolution of

the XPS technique (noted by danalyse in Fig. 3a) is greater

than the dimensions of the zone to be analysed (noted by

Ddrop), the analysed zone on the alumina side contains not

only the part which has contacted the liquid alloy, but also

a part covered by the carbon layer.

In the case where the experiment was stopped just

before the contact angle has attained hm (see Fig. 1) the

characterisation of surface 1, shows only the presence of C,

Al and O but not Si. The analysis of surface 2 clearly

shows the presence of Ni and Si but in this case the Si

signal may be due to Si in the Ni–Si alloy as well as to SiC.

The evidence of SiC formation is given by carbon peak

situated at E & 281.5 eV (see Fig. 3b) which is charac-

teristic of SiC [9]. Note that the peak at E & 285 eV in

this figure is typical of carbon pollution produced during

sample transfer from the wetting furnace to the XPS

chamber. This characterisation shows that SiC is present at

the interface at t \ tm and that the drop detachment

observed during cooling occurred at the SiC/alumina

interface, not at the Ni–Si/SiC interface.

The same type of analyses performed on the alloy side

of a drop in the case where complete receding has occur-

red, i.e. at t [ tF, shows the absence of the carbide peak at

E & 281.5 eV (see Fig. 3c).
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Fig. 1 Contact angle h and drop base radius R versus time curves for

the Ni–63 at.%Si alloy on carbon-coated alumina at 1200 �C. Carbon

layer thickness e = 84 nm, mass drop m = 17 mg
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Fig. 2 Variation in contact angle h with time for an Ni–63 at.%Si

alloy droplet (m = 31 ± 5 mg) on carbon-coated alumina at

1200 �C. Three sets of data are included to show the reproducibility

of the data. In one of these data sets the droplet process was not filmed

continuously. Carbon layer thickness e = 14 ± 4 nm
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Figure 4 is a plan view of the substrate surface after

complete dewetting of the drop. The letters indicated in this

figure correspond to those of Fig. 1. The triple line has

receded from A (h = hm) to C (h = hF) and two different

zones can be distinguished in this area: zone a from A to B

which contains micrometric droplets and zone b from B to

C which presents corrosion lines (rings) of alumina.

The Energy Dispersive Spectrometry (EDS) analysis of

the surface substrate ahead of the triple line, area indicated

by the letter d in Fig. 4, clearly shows the presence of Ni

and Si. The spectrum also indicates the presence of carbon

in this zone (elementary carbon or more likely carbon

transformed into carbide).

Reference wetting curves

In order to analyse the experimental results, two reference

wetting curves with the same alloy (Ni–63 at.%Si) are

needed, the first on monocrystalline alumina and the sec-

ond on bulk carbon.

The contact angle on a monocrystalline alumina sub-

strate at 1200 �C decreases rapidly from an initial value

h0 & 110� and attains a steady value close to 95� in 20 s

(Fig. 5a). Thereafter, oscillations of the triple line around

its equilibrium position, corresponding to a variation in h
of ±3�, are observed. These oscillations are due to slight

corrosion of the alumina substrate near the triple line evi-

denced by the formation of typical rings a few tens of nm

deep (Fig. 5b). Corrosion in this system is caused by the

reaction between alumina and Si with the formation of the

volatile oxide SiO [10].

Figure 6 gives the experimental results obtained by

Dezellus et al. [7] for the wetting of the same alloy (Ni–

63 at.%Si) on a vitreous carbon substrate (CV) at 1200 �C,

by the same experimental technique (dispensed drop). The

reaction between Si and carbon in this system leads to the

formation of a continuous layer of SiC 1 lm thick [8].

As discussed in Refs. [7, 8], the contact angle in this

system varies between an initial value of h0 & 150� which
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Fig. 3 a Schematic presentation of surfaces (1 and 2) analysed by

XPS. b and c XPS spectra of surface 2 for two different experiments:

b the experiment is stopped just before tm (see Fig. 1) and c after

complete dewetting (t [ tm). The extra peak at E & 281.5 eV in b is

characteristic of SiC [9]

Fig. 4 SEM micrograph, taken from above, of the substrate surface

after complete dewetting of the drop (backscattered electron image).

The wetting and dewetting kinetics corresponding to this experiment

are described in Fig. 1. The letters A, B and C correspond to those

indicated in Fig. 1
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is the contact angle on the unreacted carbon substrate and a

final value of heq & 35� which is the equilibrium contact

angle of the alloy on the reaction product—SiC. The

spreading kinetics is governed by the reaction kinetics at

the triple line but coupling between reaction and wetting is

different before and after hN.

Before hN the liquid may directly access the substrate

surface ahead of the triple line resulting in a strong cou-

pling and a high spreading rate. For h\ hN the liquid no

longer has direct access to a fresh substrate surface, and as

a result coupling is weak and spreading rate decreases

strongly [11].

Effect of different parameters

Carbon presaturation of Ni–Si alloy

An experiment has been carried out with a Ni–63 at.%Si

alloy presaturated in carbon. In this case, the Ni–Si alloy is

prepared by melting and alloying Ni and Si in a graphite

crucible (instead of an alumina crucible) during the

experiment. The liquid alloy is maintained for 130 min at

1200 �C before extruding the droplet from the crucible and

initiating contact with the carbon coated alumina.

Figure 7 compares the wetting kinetics on carbon-

coated alumina for two experiments performed under the

same conditions (temperature, mass drop and carbon

coating thickness) with and without carbon presaturation of

the Ni–63 at.%Ni alloy. Note that for the carbon presatu-

rated alloy, no receding occurs for contact times up to

250 min.

Carbon coating layer thickness

Figure 8 compares the wetting kinetics obtained for two

experiments carried out with carbon coating layers differ-

ing in thickness by a factor of almost 4 (e1 = 18 nm and

e2 = 67 nm). Note that for the thicker carbon layer the
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Fig. 7 Variation in contact angle h with time for Ni–63 at.%Si alloy

droplets (m = 50 ± 2 mg) on carbon-coated alumina (e = 62 ±

5 nm) at 1200 �C. (?) Ni–Si alloy presaturated with carbon, (h) not

saturated with carbon. hAl2O3
and hCV indicate the values of

equilibrium contact angles on Al2O3 and CV, respectively
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minimum contact angle hm attained is lower and the

receding process occurs much later. On the contrary, the

carbon layer thickness has no influence on the other char-

acteristic contact angles h0 and hF.

Temperature

Figure 9 presents the h(t) curves obtained for three dif-

ferent experiments performed with the same alloy com-

position, the same mass droplet (m = 33 ± 7 mg) and the

same coating thickness (e = 10 ± 3 nm) for three differ-

ent temperatures. It is found that an increase in temperature

leads to an acceleration in spreading kinetics as well as in

receding kinetics. As a consequence, the time tm at which

receding starts, corresponding to the minimum of the h(t)

curve, decreases considerably with temperature: from

about 800 s at 1200 �C to 220 s at 1300�.

Note that for an experiment performed at 1150 �C, not

presented in Fig. 9, no significant dewetting is observed

even after a 12,600 s holding time.

Wetting of Zr–Si alloy

In order to check the general character of the conclusions

drawn in this study (see ‘‘Discussion’’) a further experi-

ment was performed at 1395 �C with the ZrSi2–Si eutectic

alloy on sapphire covered by a carbon coating 15 ± 5 nm

thick. In this system, the minimum contact angle hm

attained after about 60 s is 62� and dewetting starts before

reaching the second (slow) spreading stage, i.e. at h[ hN.

A final contact angle of 83� is attained in only 140 s. A

second experiment carried out with the same composition

alloy on non-coated sapphire gives a contact angle of

85 ± 2� in 25 s.

Discussion

Drop spreading

From the experimental wetting curves and XPS charac-

terisations, it may be concluded that spreading of the drop

on the carbon-coated alumina occurs with the same

mechanism as on vitreous carbon, i.e. by lateral extension

of the interfacial reaction product (SiC).

Given that the SiC layer formed during spreading of

Ni–Si alloy on the bulk vitreous carbon is about 1 lm thick

[8], it is concluded that, for all C-coated alumina samples

used in this study, the carbon layer (less than 100 nm thick)

is completely transformed into SiC.

Spreading occurs in two stages, first rapidly from h0 to hN

and then very slowly from hN to hm. Indeed, the spreading

rate around hN changes by one order of magnitude (see

Table 1 and ‘‘Reference wetting curves’’ section.).

Table 1 compares the characteristic contact angles, the

spreading rates (U) and the activation energies of spreading

obtained on the C-coated alumina (this study) and on the
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Fig. 8 Variation in contact angle h with time for Ni–63 at.%Si alloy

droplets on carbon coated alumina at 1200 �C for two different

carbon layer thicknesses
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Fig. 9 Variation in contact angle h with time for Ni–63 at.%Si alloy

droplets on carbon-coated alumina (e = 10 ± 3 nm) for three

different temperatures

Table 1 Comparison of wetting results of the Ni–63 at.%Si alloy on

carbon-coated alumina (this study) and on bulk vitreous carbon [7] at

1200 �C. Activation energy Ea was calculated from results obtained in

the temperature range 1150-1300 �C. U (h C hN) and U (h B hN) are

the triple line velocities at point N just before and just after the regime

change

Carbon-coated

alumina

Bulk vitreous

carbon

h0 (�) 152 ± 6 151 ± 2

hN (�) 57 ± 3 48

hm (�) 54 - 27 35

U (h C hN) lm s-1 3.5 ± 0.7 1.5

U (h B hN) lm s-1 0.27 ± 0.11 0.36

Ea (h[ hN) kJ mol-1 268 255

Ea (h\ hN) kJ mol-1 443 365
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bulk vitreous carbon substrate obtained by Dezellus et al.

[7]. In order to calculate the activation energies, the

spreading rate values for the quasi-linear and linear stages at

h = hN are used. The minimum contact angle hm on vitre-

ous carbon is equal to the equilibrium contact angle on this

substrate (heq) while hm on C-coated alumina is close to or

higher than heq. Indeed, on C-coated alumina dewetting can

start before reaching the equilibrium contact angle heq. The

activation energies Ea of reactive spreading on vitreous

carbon and on C-coated alumina are comparable. Note that,

for h C hN, the spreading rate U = dR/dt on the carbon-

coated alumina at 1200 �C is 3–4 lm s-1. This value is

higher than that obtained on the bulk vitreous carbon

(1.5 lm s-1) which in turn is about 5 times higher than the

spreading rate observed on the bulk graphite CGr [11], i.e.

U C-coated Al2O3ð Þ ¼ 3�4 lm s�1 [ U CVð Þ
¼ 1:5 lm s�1 � U CGrð Þ

These results strongly suggest that the carbon coating

layer structure is much closer to that of vitreous carbon

than to graphite. This deduction is logical for a carbon

layer obtained by evaporation of a carbon braid and

condensation on alumina at room temperature which is

expected to be an amorphous layer. Moreover, the

experimental temperatures in this study (1150–1300 �C)

are too low to enable densification or graphitisation of the

carbon layer during the experiments.

Beyond the triple line

EDX analysis of the film ahead of the triple line showed

that this film consists of Ni, Si and C. It can thus be con-

cluded that the film is not unreacted carbon but a mixture

of SiC and Ni. This mixture is formed by reactive infil-

tration of liquid Ni–Si in the porous carbon coating layer at

time t close to tm, i.e. when the triple line velocity becomes

very small. (The mechanism of reactive infiltration of Ni-Si

alloys in porous graphite is studied in Ref. [12].) This film

is a particular case of secondary wetting [1].

Dewetting and SiC stability

In order to simplify the analysis of the dewetting process, the

liquid drop is considered in the first instance to have attained

its equilibrium contact angle defined by the equilibrium

contact angle on the reaction product SiC (hSiC). At this

moment, at the liquid/solid interface far from the triple line,

dissolution of SiC can occur leading to the formation of

alumina areas and thus locally transforming an alloy/SiC

interface into an alloy/alumina interface (cf. Fig. 10a). When

the formation of these alumina areas takes place at the triple

line (cf. Fig. 10b), receding of the triple line can occur under

the effect of a return force F, the value of which per unit

length of the triple line is given by the following equation:

F ¼ r cos hSiC � cos hCassie aðtÞð Þ½ � ð1Þ

where r is the liquid–vapour surface energy; hCassie aðtÞð Þ is

the contact angle on a composite surface consisting of

Al2O3 and SiC areas. This angle is given by the classical

Cassie equation

cos hCassie aðtÞ½ � ¼ 1� aðtÞ½ � � cos hSiC þ aðtÞ � cos hAl2O3

ð2Þ

In the case in question, a(t) is the fraction of the triple line

which passes through the alumina areas and hAl2O3
is the

equilibrium contact angle of liquid on Al2O3.

Note that drop receding does not necessarily mean that

the drop has attained its equilibrium on the carbon layer,

i.e. a contact angle h & hSiC. Receding in fact becomes

possible when the spreading rate becomes low compared to

the dissolution rate of the SiC layer. As the spreading rate

decreases by about one order of magnitude when h & hN

(see Table 1), the probability of the drop receding strongly

increases for h\ hN. The experimental results with

carbon SiC

alumina triple line position 

(a) (b) (c) (d)

Fig. 10 Different stages of spreading and receding of the triple line:

a dissolution of SiC layer far from the triple line leads to the

formation of alumina areas (in contact with the liquid), b formation of

alumina areas takes place at the triple line (h = hm), c receding of the

triple line hm \ h\ hF, d h = hF
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Ni–63 at.%Si alloy show that, when receding takes place, it

starts systematically after the break in slope observed on

the R(t) curve at h = hN = 57 ± 3�. The only exception

was for the Zr–Si alloy.

Dewetting is governed by the progress of the dissolution

process (i.e. the variation in a as a function of time) and

occurs continuously or by jumps (in the case of pinning of

the triple line—see Fig. 1) up to h = hAl2O3
(Fig. 10d).

This explains the presence of Ni–Si droplets (clearly

attached on undissolved SiC) inside the dewetting zones

situated close to the periphery of the contact surface, while

only corrosion lines (rings) of alumina are observed in

dewetting areas lying in the central part of the contact

surface (see zone BC in Fig. 4).

The kinetic parameter quantifying the stability of the

SiC layer at the triple line is the time tm at which receding

starts, i.e. the time corresponding to the minimum of the

h(t) curve.

In Fig. 11, the neperian logarithm of tm is plotted versus

1/T for experiments performed with the same coating

thickness, e = 10 ± 3 nm. The apparent activation energy

obtained from the slope of the straight line is E* =

335 kJ mol-1. The different contributions to E* can be

evaluated by calculating the dissolution time tdiss of a SiC

layer of thickness e in the Ni–Si alloy

hSiCi ! Sið Þ þ Cð Þ ð3Þ

This time is equal to e/Udiss, where Udiss is the dissolution

rate.

Assuming that the dissolution rate is limited by the

atomic process at the SiC/alloy interface (see ‘‘Appen-

dix’’), Udiss is given by

Udiss ¼ k C
eq
C � CC

� �
ð4Þ

C
eq
C is the carbon concentration in the Ni–Si alloy in

equilibrium with SiC, CC is the real concentration of car-

bon in the alloy and k is a kinetic constant.

The calculation of tdiss (see ‘‘Appendix’’) leads, for

CC � C
eq
C , to

tdiss ¼ b exp
E�

RT

� �
ð5Þ

where b is a constant. E* is equal to Ea ? DH�, Ea being

the true activation energy of the dissolution process and

DH� is the standard enthalpy of reaction (3) with reference

states solid SiC, liquid carbon and liquid silicon. Given that

DH� = 230 kJ mol-1 [13] a value of Ea = 335–230 =

105 kJ mol-1 is obtained. This value, which is much

higher than the activation energy for diffusion in liquid

alloys (10–30 kJ mol-1 [14]), is compatible with the

hypothesis of limitation by the interfacial process.

Note that, at the low temperature, where C
eq
C tends

towards CC, the dissolution rate tends to zero (see Eq. 4).

For a given system, this absolute stability limit is attained

when C
eq
C becomes close to the concentration of carbon

present in the alloy as impurity.

Conclusions

The contact angle–time curves of molten silicides on

C-coated alumina pass through a minimum for a time tm
lying between some tens and a few thousands of seconds,

depending on the temperature and coating thickness. At

t \ tm the drop wets the substrate with a spreading rate

governed by the reaction of formation of silicon carbide at

the triple line. At t [ tm dewetting occurs, controlled by the

dissolution rate of silicon carbide in the molten silicide. tm
which can be considered as a measure of the lifetime of a

liquid alloy deposited on coated alumina, decreases with

temperature exponentially with a high apparent activation

energy (335 kJ mol-1). At low temperature the absolute

stability limit of the liquid film is attained when the equi-

librium concentration of the carbon in the alloy becomes

close to the concentration of carbon contained in the initial

alloy as an impurity or introduced into it from the furnace

atmosphere.

Appendix: Calculation of the dissolution rate of an SiC

layer in the Ni–Si alloy

This calculation is performed assuming that the dissolution

rate (Udiss) of a SiC layer of thickness e in the Ni–Si alloy:

hSiCi ! Sið Þ þ Cð Þ ð6Þ

is limited by the atomic process at the SiC/alloy interface.

In this case, the driving force of dissolution is equal to

the difference between the chemical potential of carbon in

SiC (equal to the chemical potential of the carbon in a

3

4

5

6

7

5,8 6 6,2 6,4 6,6 6,8

104/T (K-1)

ln
t m

 (
s)

Ea = 335 kJ.mol-1

Fig. 11 Effect of temperature on the time tm at which the dewetting

process starts (j experiment with a Zr–10 at.%Si alloy)
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liquid alloy in equilibrium with SiC, corresponding to Ceq
C )

and the actual chemical potential of carbon in the bulk

liquid (corresponding to CC). The chemical potential of

carbon in SiC and in the bulk liquid is referred to pure

liquid carbon. Therefore, Udiss is given by

Udiss ¼ k C
eq
C � CC

� �
ð7Þ

where k is a kinetic constant which is expressed classically

as a function of temperature by

k ¼ k0 exp �Ea

RT

� �
ð8Þ

Ea being the activation energy of the dissolution process.

The concentration Ceq
C is related to the standard Gibbs

energy (DG�) of the dissolution reaction (6) (with reference

states solid SiC, liquid Si and liquid C), by

C
eq
C ¼

Vm

aSic1C
exp �DG�

RT

� �
ð9Þ

where Vm is the molar volume of the liquid alloy and aSi is

the activity of silicon in the Ni–Si alloy. c1C is the activity

coefficient of carbon at infinite dilution in Ni–Si alloy

(activities of Si and C are referred to pure liquids Si and C,

respectively). The last quantity is related to the partial

enthalpy DH
1
C and excess entropy of mixing DS

xs;1
C of

carbon in the alloy by

c1C ¼ exp
DH

1
C � TDS

xs;1
C

RT

� �
ð10Þ

As for DG�, it is related to the standard dissolution

enthalpy DH� and entropy DS� by: DG� = DH� - TDS�,

therefore,

C
eq
C ¼ m exp �DH

� þ DH
1
C

RT

� �
with

m ¼ Vm

aSi

exp
DS

� þ DS
xs;1
C

R

� �
ð11Þ

Then, taking into account that the dissolution time tdiss is

equal to e/Udiss, the following expression for tdiss is

obtained for CC � C
eq
C :

tdiss ¼ b exp
E�

RT

� �
ð12Þ

where b = (ek0)/m is a constant and E� ¼ Ea þ DH
� þ

DH
1
C is the apparent activation energy of the process. The

partial enthalpy of mixing of carbon in the Ni–63 at.%Si

alloy at infinite dilution is given by [15]

DH
1
C ¼ xNiDH

1
ðCÞNi
þ xSiDH

1
ðCÞSi
� DmHðNi;SiÞ ð13Þ

The enthalpy of mixing of Ni–Si alloy, DmHðNi;SiÞ, can be

represented as a function of the mole fractions and the

exchange energy kNi–Si of the Ni–Si solution by considering

this alloy as a regular solution DmHðNi;SiÞ ¼ kNi�SixNixSi. The

application of Eq. 13 with DH
1
ðCÞNi

= -110 kJ mol-1 [16],

DH
1
ðCÞSi

= 25 kJ mol-1 [16] and kNi–Si = -103 kJ mol-1

[17] leads to DH
1
C � 0. In this case, the apparent activation

energy becomes E� � Ea þ DH
�
.
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