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Abstract The wetting dynamics of silicon carbide

forming AlSi alloys on carbon substrates is studied by the

dispensed drop technique in high vacuum by varying the

parameters: alloy composition, temperature and type of

carbon (vitreous carbon, pyrocarbon and pyrographite).

The results on wetting are analysed in relation to those on

interfacial reactivity and compared with model predictions.

Introduction

Wetting of ceramics by liquid metals is often promoted

using alloying elements which form continuous layers of

a better-wetted compound at the interface, by reaction

with the ceramic [1]. In wetting experiments, two types

of reactivity must be distinguished: reactivity at the

solid–liquid–vapour triple line (hereafter referred to as

the reactivity at the triple line) and reactivity at the

interface behind the triple line (referred to as interfacial

reactivity). The reactivity at the triple line is relevant for

wetting while the interfacial reactivity has no or only

limited effect on wetting dynamics [2]. However, the

interfacial reactivity is important for other properties of

the metal/ceramic junction, for instance, for its mechan-

ical properties. Indeed, thickening of the reaction layer is

often detrimental to the mechanical properties of the

system [3].

In this work, the wetting dynamics and interfacial

reactivity of AlSi alloys on carbon substrates are studied in

high vacuum using the dispensed drop technique. The AlSi/

graphite system is a candidate for the processing of metal

matrix composites [4] and also presents an interest in

processing by liquid phase epitaxy of SiC monocrystals

growing from AlSi alloys in contact with a carbon source

[5]. In relation with this application, Jacquier et al. [6]

performed an extensive study on reactivity for a poly-

crystalline graphite rod immersed in AlSi alloys for times

ranging from 1 to 48 h at 1100 �C under a static Ar pres-

sure. Although our study is for the same system, it involves

a different geometry (the alloy/carbon interface is flat) and

different contact times (less than 1 h, i.e. times typical of

wetting experiments).

For the AlSi/carbon system, it is well established that

at any temperature there is a critical value x*Si of silicon

mole fraction in the liquid alloy above which silicon

reacts with carbon to form silicon carbide [7]. For alloys

more diluted in Si, the system is still reactive but the

reaction product formed at the interface is aluminium

carbide. In the present study, experiments are performed

with two alloys, Al–25 at. %Si and Al–40 at. %Si, at 850

and 1000 �C. For these compositions and temperatures

SiC is expected to form at the interface. Note that at

temperatures higher than 1000 �C, pollution of the fur-

nace by Al evaporation occurring in high vacuum

becomes significant while at temperatures below 850 �C

spreading becomes too slow.
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Although most of the experiments were carried out with

vitreous carbon substrates, two other types of carbon with

different densities and microstructures were also used.

Experimental procedure

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. Once

the experiment temperature is attained, the liquid is

extruded from the crucible and deposited on the substrate

surface, then spreading occurs as in the classical sessile

drop configuration. In this way, the processes of melting

and spreading are separated and fully isothermal experi-

ments can be performed. Note that during extrusion any

oxide layer on the liquid surface alloy is broken and

remains in the crucible.

The drop images were produced using an optical system

fitted with a zoom (magnification of 930). The wetting

process was filmed by a CCD video camera and recorded

on videotape at a film speed of 25 frames per second. All

contact angles measured are advancing contact angles.

After the experiment, contact angle h and drop base radius

R were measured from the drop profile using a drop shape

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

for R.

The aluminium–silicon alloys used are prepared in situ

from pure Al (99.9997 wt%) and Si (99.9995 wt%) by

melting and alloying in an alumina crucible prior to drop

deposition.

Vitreous carbon (Cv) substrates of V25 grade, featuring

no open porosity, an ash content of less than 50 ppm, a

density q = 1.50–1.55 9 103 kg/m3 and a graphitisation

degree (GD) of 0, were provided by Carbone–Lorraine.

Their surface was polished to an average roughness Ra of

less than 10 nm. In addition to vitreous carbon two other

carbon substrates without open porosity but with different

GD (measured by XR-diffraction) and q values were

studied, namely a pyrolytic carbon denoted PC (q =

2.20 9 103 kg/m3, GD = 27%, Ra = 3 lm) and a highly

oriented pyrolytic graphite, denoted HOPG (q = 2.26 9

103 kg/m3, GD = 99%). Note that the HOPG substrate is

the commercially available material with the properties

closest to monocrystalline graphite. Its average roughness

measured on areas of 20 9 20 lm2 is 2–4 nm.

After cooling, the specimens were cut perpendicular to

the interface. The first half was embedded in resin and

polished for optical and SEM observations while on the

second part of the specimen, the metal droplet was dis-

solved using a NaOH solution so as to reveal the interfacial

area.

Results and discussion

Spreading kinetics

A typical plot of drop base diameter and contact angle h
versus time for an experiment conducted at 1000 �C with

an Al–25 at% Si alloy on vitreous carbon is given in Fig. 1.

The contact angle in this system decreases from high

non-wetting contact angles close to 150� to wetting contact

angles near 50� in about 103 s. This time exceeds by five

orders of magnitude the spreading times observed for

metallic droplets in non-reactive liquid/solid systems

[8–10]. This clearly shows that wetting of Cv by AlSi alloy

is controlled by the reaction between Si and carbon and not

by viscous dissipation.

Two reactive kinetic stages can be distinguished on the

d(t) curve (Fig. 1b). During most of the spreading kinetics

(up to the angle hN & 50�), the spreading rate U = dR/dt

decreases continuously (very rapidly during the first 100 s

and then much more slowly) and tends to a nearly constant

value, noted U*, in the h range from about 90� to 50�
(Fig. 1b). This fact indicates that the spreading kinetics is

not controlled by long-range diffusion of the reactive ele-

ment (Si), but by the local reaction process at the triple line

[11, 12]. The second stage appears abruptly at h = hN and is

accompanied by a sevenfold decrease in spreading rate.

Indeed, a careful examination of the R(t) curve of the

experiment presented in Fig. 1 shows that at h\ hN the

spreading rate was very small (0.1 lm/s) but not nil. As

argued by Dezellus [13], during this stage the liquid has no

direct access to the substrate surface resulting in slow

reaction rate. According to [14] the steady contact angle in a
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Fig. 1 Contact angle h, drop base diameter d and spreading rate U
versus time for an experiment conducted on vitreous carbon with an

Al–25 at% Si alloy at 1000 �C
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reactive system is the contact angle on the reaction product,

i.e. on SiC. This angle, measured by Ferro and Derby [15] at

1100 �C using sintered SiC, was found to be equal to 26�
both for a- and b-SiC. In the present study contact angles

close to 30� were achieved after 6500 s at 1000 �C (see

section ‘‘Effect of carbon structure’’).

In order to reveal the microstructure of SiC growing at

the interface close to the triple line, three wetting experi-

ments were interrupted, by cooling rapidly (by more than

100 �C/min), after 60 and 600 and 1800 s. After removing

the droplets by dissolution, the samples were observed with

SEM. Figure 2b is a top view of the interface surface in an

area belonging to the quasi-linear stage (t = 600 s). The

microstructure is columnar and the growth direction of SiC-

faceted dendrites is towards the triple line. This can be

easily explained by the fact that in the triple line region,

where the liquid has direct access to the solid substrate,

dissolution of the substrate into the alloy provides the car-

bon needed for dendrite growth. This microstructure is very

different from that at t = 60 s where the SiC layer consists

of small, micronic sized, particles (Fig. 2a). These results

confirm the findings of Dezellus et al. [16] that, in reactive

wetting, after a transient stage at the beginning of spreading,

where the microstructure is predominantly equiaxed, a

steady state is established featuring quasi-linear wetting

associated with columnar growth. As for the microstructure

of the reactive zone corresponding to the last, very slow

final stage of spreading, this is presented in Fig. 2c. This

zone was revealed, thanks to receding of the triple line

produced during cooling. Figure 2c shows the transition of

SiC microstructure from zone B (quasi-linear regime) to

zone C as well as the formation in front of the triple line of a

film a few microns wide (zone D). Figure 3 shows that both

zone C and the film (zone D) consist of very small particles,

a few tens to a few hundreds of nanometres in size. X-ray

microanalysis of the film reveals the presence of Al and Si

together with carbon. The film is either a mixture of Al and

Si carbides or more probably a ternary carbide formed by

diffusion of Al and Si from the droplet over the carbon-free

surface. When the liquid alloy comes into contact with the

film, its composition must change to SiC, because neither

Al4C3 nor ternary carbides of Al and Si are stable in contact

with an Al–25 at.% Si alloy at 1000 �C [7].

The quasi-linear reactive stage was modelled in [16, 17]

for the case where the spreading rate is controlled by the

process of atom transfer occurring at the substrate/liquid

alloy interface close to the triple line. The following

equation was derived for the relation between the spreading

rate U and the cosine of the instantaneous contact

U

FðhÞ ¼ k
3V

p

� �1=3

ðcos hE � cos hÞ ð1Þ

with

FðhÞ ¼ �cos h ð2� 3 cos hþ cos3 hÞ � sin4 h

sin h 2� 3 cos hþ cos3 hð Þ4=3

Fig. 2 Top view of the reaction layers close to the triple line for the

experiments interrupted after 60, 600 and 1800 s of spreading (a, b,

and c, respectively). T = 1000 �C, vitreous carbon

Fig. 3 Top view of the interface showing the transition between the

reaction zones C and D for the experiment interrupted after 1800 s of

spreading. T = 1000 �C, vitreous carbon
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V being the volume of the droplet, hE the contact angle

when the capillary equilibrium is attained and k a constant

proportional to the kinetic constant of the dissolution pro-

cess Kd and to the driving force of the dissolution process

Dl. This driving force is equal to the difference between

the chemical potential of carbon in the solid and the liquid

and is related to the thermodynamic activity of Si in the

alloy aSi by the equation:

Dl � RT ln
aSi

aI
Si

� �
ð2Þ

where aI
Si is the minimum value of Si activity necessary for

SiC formation by reaction between Si in the alloy and pure

solid carbon. Figure 4 shows a plot of U/F(h) as a function

of cos h. The experimental results verify the linear trend

predicted by Eq. 1 for contact angles lying between 110�
and 45�, i.e. for a domain corresponding to dendritic

growth. Extrapolation of the straight line to U = 0 gives a

value of hE = 30� for the contact angle on SiC which is in

good agreement with the experimental value of Ferro and

Derby [15].

Spreading kinetics controlled by the atomic transfer

process at the substrate/liquid alloy interface close to the

triple line implies a high activation energy, i.e. a strong

effect of T on the spreading rate U*, a relatively weak

effect of the concentration of the reactive element on U* as

indicated by Eq. 2 and a spreading rate depending on the

substrate structure (here carbon).

Interfacial reactivity

The micrographs in Figs. 2 and 3 present the microstruc-

ture of the reaction layer close to the triple line during the

spreading process. The micrographs given subsequently

concern exclusively the reaction layer at the centre of the

interface (where the interface results from direct contact

between the liquid alloy and the carbon substrate) observed

at t [ tF (i.e. after a contact time of several tens of minutes.

Figure 5a shows a cross-section of the reaction zone

observed after 30 min at 1000 �C. This consists of an

apparently continuous layer 3–4 lm thick and of several

crystals growing on top of the layer. By increasing the

holding time to 60 min, a limited but significant thickening

of the layer takes place (layer thickness e & 5–6 lm)

(Fig. 6a). It can be easily shown, using literature data

[18, 19], that grain boundary diffusion of Si or carbon in

SiC at 1000 �C is too slow to explain such a thickening. As

shown elsewhere [20] thickening of this layer occurs by

liquid state diffusion of carbon. Indeed, according to this

study, pockets of liquid are formed between the equiaxed

layer and solid carbon, which communicate with the out-

side liquid through pores existing in the equiaxed layer.

This enables carbon diffusion to occur from the dissolution
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Fig. 4 U/F(h) as a function of cos h for an experiment performed on

vitreous carbon with Al–25 at% Si alloy at 1000 �C

Fig. 5 Cross-section of the reaction layer for an experiment

performed for 30 min at 1000 �C with an Al–25 at% Si alloy on

vitreous carbon (a) and schematic presentation of the reaction layer

according to [20] (b)

Fig. 6 Cross-sections of the reaction layers in the middle of the drops

for experiments performed on vitreous carbon at 1000 and 850 �C

with an Al–25 at% Si alloy (a,b) and at 1000 �C with an Al–40 at%

Si alloy (c). The holding time is 60 min for all samples
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interface (i.e. the solid carbon/liquid layer interface, point

F in Fig. 5a) towards the outside liquid where carbon reacts

with Si to form SiC (point G).

Effect of temperature

For spreading controlled by the reaction process at the

triple line, a strong effect of temperature on the spreading

rate is expected. This is confirmed by the results of Fig. 7

showing that a decrease in T of 150� leads to threefold

increase in spreading rate U*. Although it is not possible to

calculate an accurate value of activation energy of wetting

from only two values, the above results indicate that this

energy is high (more than 100 kJ/mol). The effect of T on

the thickness e is less pronounced (decrease by a factor of

1.5 (Fig. 6b)), corresponding to an apparent activation

energy of diffusion of about 30 kJ/mol. This value is in the

range of activation energy of diffusion in liquid alloys [21],

thus confirming that the layer growth is controlled by liquid

state diffusion.

Effect of alloy composition

The increase in silicon content of the alloy from 25 to

40 at.% has a weak effect on spreading kinetics (Fig. 8).

The comparison of U* values (Table 1) indicates an

increase by a factor of 1.25. In order to compare this result

with a prediction based on Eq. 2, we have to calculate aI
Si;

the minimum value of Si activity necessary for SiC for-

mation by the reaction

Sið Þ þ C ! SiC

where the round brackets mean that Si is in a liquid

solution. Then aI
Si is related to the standard Gibbs energy

DG�f of SiC formation from pure graphite and pure molten

Si by

DG0
f ¼ RT ln aI

Si

Using the thermodynamic quantities of mixing of AlSi

alloys given in [22] in order to calculate the aSi(xSi) values

and taking for DG�f the value -62264 J/mol [22], the ratio

d = U*(xSi = 0.40)/U*(xSi = 0.25) is found to be equal to

1.21. Alternatively, taking the value -75573 J/mol for

DG�f given in [23], we find d = 1.16. Both d values show

that model Eq. 2 predicts a limited effect of alloy
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Table 1 Effect of Si content of AlSi on the spreading rate of the

quasi-linear stage U*

Si content U* (lm/s)

25 at% Si 0.77

25 at% Si 0.80

40 at% Si 1.00

40 at% Si 1.03

Two experiments per composition were performed at 1000 �C with

Cv
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concentration on spreading rate in the quasi-linear stage, in

good agreement with the experimental results.

The results on the interfacial reactivity are rather sur-

prising. The increase in Si content not only does not pro-

duce an increase in the layer thickness e but causes a very

significant decrease in this quantity, by a factor of 4–5

(Fig. 6c). Jaquier et al. [6] argued that when the Si con-

centration in AlSi alloy increases, the carbon concentration

in the alloy in metastable equilibrium with solid carbon

(point F in Fig. 5b) decreases. This implies a decrease in

the driving force of diffusion of carbon from F to G and, as

a consequence, a decrease in SiC growth rate.

Effect of carbon structure

As mentioned in section ‘‘Spreading kinetics’’, for spread-

ing controlled by the reaction process at the triple line the

spreading rate would depend on the type of carbon sub-

strate. This is confirmed by the wetting curves of Fig. 9

showing that the spreading rate U* varies in the order

Cv [ PC & HOPG (U* for Cv is higher by a factor of 2–3

than U* for PC and HOPG). As argued in [24] for the

Al/carbon couple, the transfer of C atoms from the sub-

strate to the liquid is controlled by the breaking of C–C

bonds on the substrate surface. This process is affected by

the atomic defects in carbon which are more numerous in

vitreous carbon than in pyrographite and in HOPG.

Figure 10a presents the reaction layer observed for the

Al–25 at.% Si alloy with PC at 1000 �C after 72 min. The

thickness e is 40–50 lm compared to 5–6 lm for Cv.

Similarly, a 30 lm thick layer was formed with HOPG

after 155 min. Note that the difference in e between Cv and

HOPG cannot be explained by the differences in the

holding time. Indeed, assuming that thickening in Cv fol-

lows a parabolic law, the reaction layer in 155 min would

be equal to 9 lm, which is still much lower than the 30 lm

measured for HOPG. EDS analysis indicates the presence

inside SiC of some Al-rich inclusions parallel to the

interface (Fig. 10b). It seems that, with PC and HOPG

substrates, the alloy penetrates between the graphitic

domains bonded only by weak Van der Waals forces,

thereby considerably increasing the contact area between

the alloy and the carbon material. Note that in a sessile

drop experiment performed with pure Si on HOPG,

Dezellus et al. [25] observed a progressive decrease in drop

visible volume caused by Si penetration between the

graphite basal planes.
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Fig. 10 Cross-section of the reaction layer observed on pyrocarbon

after 72 min at 1000 �C with Al–25 at% Si alloy. SEM image a X-ray

map of Al (b)
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Conclusions

Wetting dynamics of silicon carbide forming AlSi alloys

on carbon substrates is governed by the reaction between Si

and carbon. After a transient stage, during which the

reaction product microstructure is equiaxed, spreading

occurs in two stages. In the first, spreading is controlled by

the atomic process at the substrate/alloy interface close to

the triple line resulting in quasi-linear spreading and den-

dritic growth. In agreement with model predictions, the

spreading rate in this stage increases strongly with tem-

perature and weakly with Si content in the alloy and is

sensitive to the carbon substrate structure. The second

spreading regime occurs at low contact angles and with

significantly lower spreading rates (order of magnitude).

During this stage the moving triple line is preceded by a

thin reaction layer a few microns wide. Concerning the

reactivity behind the triple line, this is limited by the dif-

fusion of reactive species through the reaction layer. As the

processes limiting the two types of reactivity, at the triple

line (reflected by the spreading rate) and behind the triple

line, are basically different, the effect of parameters such as

temperature, alloy composition or again substrate structure

on these types of reactivity can be very different.
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