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Abstract The aim of this investigation is to study the

mechanism of spontaneous infiltration of AlSi alloys into

porous graphite with emphasis on the role of the reaction of

carbide formation in the infiltration process. Results are

obtained using the sessile drop technique that enables the

variation of the infiltration depth with time to be monitored

in situ. In addition to the infiltration data, this method

provides quantitative information on wetting thus allowing

the values of wetting and infiltration rates measured in the

same experiment to be compared.

Introduction

Several studies have been published, concerning the infil-

tration of porous ceramic preforms by AlSi alloys [1–5].

Due to the absence of wettability, infiltration in these

studies has been usually performed under an excess pres-

sure in order to overcome the capillary pressure acting as a

barrier at the infiltration front. It has been found that the

infiltration depth increases parabolically with time [6, 7]

attesting that the infiltration rate is limited by the viscous

resistance of the liquid alloy, in agreement with the

Washburn model (see below). The case of graphite pre-

forms is of particular interest because AlSi alloys wet

carbon, the contact angles being close to 30� [8]. For

porous media with cylindrical pores, spontaneous infiltra-

tion occurs if the equilibrium contact angle is lower than a

threshold angle u equal to 90�. For real porous solids,

calculations give u values in the range 50–85� depending

on the pores shape [9, 10]. Therefore, pressureless infil-

tration of AlSi alloys into carbon performs is possible. For

the AlSi alloys, it is well established that at any tempera-

ture 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 (SiC) [3, 11]. For instance, at 1100 �C

x�Si is close to 0.15. For alloys more diluted in Si, the

system is still reactive but the reaction product formed at

the interface is aluminium carbide (Al4C3). In this study,

pressureless infiltration experiments are performed with

two alloys, Al30 at.% Si and Al40 at.% Si, at temperatures

between 1000 and 1125 �C. For these compositions and

temperatures SiC is expected to form at the interface. At

temperatures lower than 1000 �C, the surface of AlSi

droplet is still oxidized, even in high vacuum [12], and the

oxide layer covering the surface can hinder the infiltration

process. As will be shown later, at temperatures higher than

1125 �C, the stress generated by the formation of the

reaction product leads to extensive cracking. It is important

to note that as it was found by Jacquier et al. [13] and

confirmed in [8], the reactivity between carbon and AlSi

alloys decreases with increasing concentration of Si in the

alloy.

The dynamics of pressureless infiltration into carbon

performs by silicon carbide forming melts was studied

previously for pure silicon [14–17] and NiSi alloys [18].

According to [14] the process of infiltration of Si can be

described as consisting of a rapid, non-reactive, infiltration

followed by the reaction between Si and C to form SiC.

The rate of infiltration is assumed to be controlled by the

viscous flow of the liquid and the infiltration depth h
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varying parabolically with time t according to Washburn’s

equation [19]

h2 ¼ reff �
r � cos he

2 � g � t ¼ reff � K � t ð1Þ

where r and g are the surface tension and viscosity of the

liquid, he the equilibrium contact angle of the liquid on

the solid and reff an effective pore radius characteristic of

the preform [14]. Experimental results obtained recently

for the reactive infiltration of NiSi alloys into porous

graphite [18] led to a very different description of reactive

infiltration. Infiltration in this system does not show a

parabolic trend as predicted by Washburn’s equation, but is

linear in time. Moreover, the activation energy of infiltra-

tion is one order of magnitude higher than the activation

energy for viscous flow of metallic melts in porous media.

Therefore, it was concluded that reactive infiltration is not

limited by the viscous flow but by the process at the infil-

tration front where the formation of the reaction product is

coupled with the wetting of the pore walls by the alloy.

The aim of this investigation is to establish the mecha-

nism of spontaneous infiltration of AlSi alloys into porous

graphite (Cgr) with emphasis on the role of the reaction of

carbide formation in the infiltration process. Results are

obtained using the sessile drop technique that enables the

variation of the infiltration depth with time to be monitored

in situ [18]. In addition to the infiltration data, the method

provides quantitative information on wetting thus allowing

the values of spreading and infiltration rates measured in

the same experiment to be compared. The experiments are

performed in high vacuum.

Experimental procedure and materials

Infiltration experiments were carried out in a horizontal

alumina tube furnace under a static atmosphere in high

vacuum ðP\2 � 10�4PaÞ by the sessile drop method.

Porous graphite preforms of 5 9 20 9 20 mm3 used for

the infiltration experiments were supplied by Schunk Ko-

lenstofftekcnikk GmHb. These preforms have a geometri-

cal density of 1.39 g/cm3 and a purity of 99.7%, the

remaining 0.3% being hydrogen. The material has an open

porosity of 35%, negligible closed porosity (0.07%) and a

bending strength of 6 MPa. The degree of graphitization as

found by X-ray diffraction was 88%. The pore size distri-

bution determined by mercury porosimetry showed that

95% of pore diameters are in the 1–6 lm range, with a

median value of 4 ± 0.2 lm. The effective radius reff,

which may be much lower than the median value [14], was

obtained by measuring the infiltration kinetics of an aux-

iliary, low temperature, non-reactive liquid (polyethylene

glycol (PEG)) with known values of surface tension,

viscosity and contact angle (Table 1) [11, 20–23]. Using

these values and the slope of the straight line expressing the

squared infiltration depth as a function of time, reff was

found to be 0.14 lm. The surface condition of preforms

measured by a mechanical profilometer shows an average

roughness Ra & 3 lm. Prior to infiltration, porous graphite

preforms are treated up to 1200 �C during 30 min in high

vacuum in order to remove adsorbed species.

The AlSi alloys were prepared in situ during the sessile

drop experiment from the pure elements Al (99.9997%

purity) and Si (99.9995% purity) supplied by Johnson

Matthey. The Si piece was placed over the porous graphite

preforms and the Al on top of the Si in order to avoid the

contact of the molten Al with the substrate before complete

formation of the alloy (Fig. 1).

The temperature cycle consists in an initial heating up to

900 �C at 10 �C/min followed by a faster heating (at 25 �C/

min) up the nominal infiltration temperature in order to

minimize the time between the complete melting and the

holding temperature. The change of the drop shape (having a

mass of about 100 mg) with time is monitored by a CCD

camera linked to a video recorder. The video system is

linked to a computer allowing the contact angle h, drop base

diameter 2R(t) and visible drop volume V(t) to be calculated

using specific software. The infiltrated volume Vinf is cal-

culated as (V0 - V(t)) where V0 is the initial drop volume. In

this way, the height of infiltrated liquid hL can be deduced,

for each increment of time, by dividing Vinf by the contact

area pR(t)2. Then the infiltration depth h is obtained by

dividing hL by the volume fraction of pores ap. Details of the

hL and h calculation are given in [16] where it is shown that

the quantity hL can be used to determine the general trend of

the infiltration curves (linear, parabolic or other). As for the

infiltration rate Uinf, its average value is more accurately

evaluated by Uinf ¼ h�f
�

tinf , where h�f is the infiltration depth

at the end of the experiment measured directly on metallo-

graphic sections (Fig. 2) (the symbol * is used to distinguish

it from the calculated infiltration depth h).

Results and discussion

Preliminary experiments performed at 1000 �C with a

30 at.% Si alloy led to a negligible infiltration after 1 h

Table 1 Physicochemical properties of AlSi (40 at.% Si) alloy at

1100 �C and of polyethylene glycol (PEG) at room temperature

Contact angle

(deg)

Surface tension

(mN/m)

Viscosity

(mPa s)

PEG 15 [20] 44 [21] 64 [21]

AlSi 30 [8] 800 [22] 7.0 [23]
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holding, indicating that at this temperature droplet oxida-

tion prevents infiltration. At 1083 �C, with the same alloy,

significant infiltration occurred. However, after 25 min of

holding, stress generated by the reaction provoked cracking

and detachment of the infiltration zone (several hundred of

microns thick) from the graphite bulk. In view of the above

results and the findings in the literature about the reactivity

between AlSi alloys and graphite (see introduction) next

experiments were performed with 40 at.% Si alloys at

temperatures in the range 1050–1125 �C.

Wetting

Figure 3 presents the curves h(t) and R(t) together with the

temperature profile during experiment performed for a

holding temperature of 1083 �C. Since the experiment was

performed according to the classical sessile drop method,

where the alloy and the substrate are in contact during

heating, the melting of the drop as well as the beginning of

spreading started before the holding temperature was

attained. The arrows mark the receding of the liquid drop

after the complete formation of the alloy, which is char-

acterized by a sudden increase of the contact angle and a

decrease of the drop base radius. Dotted line marks the

beginning of the isothermal stage.

The contact angle varies from 155� to the value of 60�
observed after 60 min of isothermal hold. However, the

angle of 60� is not yet the steady contact angle since the

spreading was still occurring at the moment when heating

was stopped. (It must be noted that the equilibrium contact

angle of AlSi alloys on the reaction product, i.e. on SiC, is

close to 30� [24].) During the isothermal stage, spreading

occurred with a rate decreasing continuously with time.

However, at h\90
�

a quasi-linear spreading is observed

where the spreading rate Uspr ¼ dR=dt becomes nearly

constant and equal to Uspr ¼ 0:36 lm=s. This value is close

Fig. 1 The different stages of in situ alloy formation and wetting: initial configuration (a), Al melting (b), drop formation (c) and wetting (d)

Fig. 2 a SEM micrograph of the droplet cross section. Due to stress

generated by the reaction the interface is curved. b Schematic

drawing of the drop with the beginning and the end of the wetting

process. The infiltrated zone at the end of the experiment is also given

θ

Fig. 3 Evolution of contact angle and drop base radius (top) and of

temperature (bottom) with time for Al40 at.% Si at a plateau

temperature of 1083 �C. The arrows mark the receding of the liquid

drop after formation of the alloy and the dotted line the beginning of

the isothermal stage
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to the spreading rate at the quasi-linear spreading stage

measured for AlSi alloys on smooth surfaces of vitreous

carbon [8]. Such spreading rates are several orders of

magnitude slower than the spreading rates measured pre-

viously in non-reactive liquid metal/solid systems [25–27].

Therefore, in agreement with [8], it is concluded that the

spreading rate of AlSi on graphite is not limited by the

viscous flow of the liquid but by the chemical reaction at

the solid–liquid–vapour triple line where the growth of

wettable SiC takes place parallel to the liquid/substrate

interface (Fig. 4a). In turn, it was shown that this reaction

is controlled by the transfer of carbon atoms from the initial

substrate to the liquid at the graphite/alloy interface [8].

Infiltration

The variation of drop volume V(t) and infiltrated volume

Vinf(t) during the infiltration experiment depicted in Fig. 3

together with the temperature profile are presented in

Fig. 5. The infiltrated volume Vinf(t) is calculated taking for

the initial drop volume V0 the value of drop volume at the

beginning of the isothermal stage. The infiltration depth h

is calculated from hL taking ap = 0.35. The infiltration

zone under the drop of this experiment is shown in Fig. 2.

By comparing the curves of Figs. 3 and 5, it can be seen

that infiltration starts when the macroscopic contact angle

is as high as 140–150�. It must be emphasized that this

contact angle is different from the local contact angle

formed on the pore walls at the perform entrance. This

local contact angle is expected to attain quasi-instanta-

neously the equilibrium contact angle he.

These results show that infiltration is not limited by the

viscous flow of the alloy into the porous media. Indeed, the

infiltration is basically linear with time, i.e. infiltration does

not obey the parabolic law of Washburn (Eq. 1). Further

evidence is obtained by comparing the experimental infil-

tration time (3600 s) with the time predicted by Eq. 1 for

the same value of h (1 mm). The last time, calculated using

the value reff = 0.14 lm determined with PEG (see

‘‘Experimental procedure and materials’’ section) and

physico-chemical properties of the AlSi alloy given in

Table 1, is *10-1 s. This is four orders of magnitude

smaller than the experimental time.

The linearity of h(t) strongly suggests that similarly to

the wetting process, infiltration is governed by the reaction

of formation of SiC on the pore walls at the infiltration

front (Fig. 4b)

Wetting versus infiltration

Reaction-controlled infiltration implies a corresponding

activation energy value of the order of some hundreds of

kJ/mol, as in reaction-limited wetting [8, 28] whilst control

by the viscous flow of AlSi alloys would lead to a value of

a few tens of kJ/mol [23]. Table 2 presents results obtained

at four temperatures lying between 1065 and 1125 �C. It

can be seen that a very limited increase in temperature

leads to a strong increase in the infiltration rate (as well as

in the spreading rate) corresponding to an activation energy

of several hundreds of kJ/mol. However, due to the narrow

interval of temperatures explored, an accurate value of the

activation energy of infiltration cannot be deduced.

As indicated in Fig. 4, the rate of both infiltration and

quasi-linear wetting processes is equal to the growth rate of

silicon carbide at the triple line parallel to the graphite

Fig. 4 Schematic representation of reaction-controlled wetting (a)

and infiltration (b) processes. Note that the scales in these two cases

are very different, millimetric (a) and micronic (b). For simplicity

purposes, a cylindrical pore is considered

μ

μ

Fig. 5 Infiltration kinetics for Al40 at.% Si at 1083 �C. Evolution

with time of drop volume and infiltrated volume (top) and of

temperature and depth of infiltration (bottom) for the experiment

given in Fig. 3. The dotted line marks the beginning of the isothermal

stage
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surface. Accordingly, the infiltration rate Uinf and the

wetting rate Uspr at a given temperature must be equal or at

least of the same order of magnitude. This is confirmed by

the experimental values of Uinf and Uspr showing that the

ratio Uinf

�
Uspr lies between 0.58 and 1.11 (Table 2). As

argued in [16], the departure of Uinf

�
Uspr from unity is due

to the tortuosity of porous graphite. The tortuosity is

defined as the ratio between the real distance covered by a

fluid between two points lying inside the porous body and

the geometrical distance between these points. The tortu-

osity is per definition higher than one implying for the ratio

Uinf

�
Uspr values lower than one. This disagrees with the

value 1.11 found for this ratio at 1125 �C. The cause of this

disagreement is likely cracking of the infiltration zone and

detachment of this zone from the graphite bulk (Fig. 6).

These phenomena are due to stress generated by volume

change accompanying carbide formation associated with

the low mechanical resistance of the graphite used in this

study (see also [17]).

Infiltration zone: shape and composition

As shown in Fig. 2, the shape of the infiltrated zone is close

to a truncated cone. The diameter of the flat bottom of this

zone corresponds to the drop base diameter 2R0 at the

beginning of the infiltration process whilst the upper

diameter is equal to the final diameter 2RF of the drop base.

For any value of R \ R0, the infiltration depth is constant

and equal to its highest value because the infiltration time

is the largest (3600 s in this experiment). For R0 \ R \ RF,

the infiltration depth decreases continuously and becomes

equal to zero at R = RF where the infiltration time is equal

to zero.

As it can be seen in Figs. 2, 6 and 7 the graphite infil-

trated by 40 at.% Si alloy (the same for the 30 at.% Si

alloy) consists actually in two zones (noted 1 and 2) with

different compositions and graphite conversions. Zone 1,

closer to the drop, has a higher content of unreacted

graphite. This zone is a graphite/silicon carbide composite

containing small quantities of unreacted alloy (Fig. 7). In

zone 2, closer to the graphite bulk, almost all the graphite

particles were consumed by the reaction. This zone con-

tains both silicon carbide and aluminium carbide (evi-

denced by EDX micro-analysis) together with unreacted

alloy. The formation of aluminium carbide can be

explained by the decrease of silicon content in the alloy,

due to consumption of this element by the reaction of

formation of silicon carbide occurring behind the infiltra-

tion front. The presence of an AlSi alloy rich in Al at the

infiltration front does not cause a strong change in the

spreading rate. For instance, a careful inspection of h(t)

curve in Fig. 5 shows that indeed an increase in the slope

of h(t) curve occurs above the transition from zone 1 to

zone 2 (which takes place for h & 0.7 mm) but this

increase is very slight. This very limited effect of rather

large variations in the alloy composition can be understood

taking into account the two following conclusions drawn in

[8]:

Table 2 Data obtained in the infiltration experiments of porous

graphite with Al40 at.% Si at different temperatures

T (�C) tinf (s) h�f lmð Þ Uinf (lm/s) Uspr (lm/s) Uinf
�
Uspr

1065 3100 450 0.15 0.26 0.58

1083 3600 1011 0.28 0.36 0.78

1100 2700 1150 0.43 0.55 0.77

1125 780 1000 1.28 1.15 1.11

tinf infiltration time, h�f depth of infiltration, Uinf infiltration rate, and

Uspr spreading rate. (For the values in parentheses, see comments in

the text)

Fig. 6 SEM micrograph of the droplet cross section of graphite

infiltrated with Al40 at.% Si at 1125 �C

Fig. 7 a SEM micrographs of

the cross section of Al30 at.%

Si/Cgr infiltrated at 1083 �C

during 27 min. Infiltrated area

showing two zones with

different conversion of carbon

into reaction product. b A detail

of zone 1 close to the interface
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(i) The reaction rate at the triple line is determined by the

transfer of carbon atoms at the graphite/alloy inter-

face, i.e. by a process that does not depends directly

on the type of carbide (Al4C3 or SiC) formed at the

interface(although, the type of carbide determines the

equilibrium contact angle of the alloy on the graphite),

and

(ii) The reaction rate at the triple line depends on the

alloy composition weakly (logarithmically).

From the point of view of applications, it is well

established that the presence of Al4C3 in the composite is

detrimental for the mechanical integrity of the material due

to the reaction of this carbide with humidity to form CH4 as

is well illustrated in Fig. 8.

Conclusions

Spontaneous infiltration of porous graphite by Al40 at.% Si

alloys forming silicon carbide was performed successfully at

temperatures in the range 1050–1100 �C under high vacuum

conditions. At lower temperatures oxidation of the alloy

prevents infiltration whilst at higher temperatures stress

generated by the reaction associated with the low mechan-

ical resistance of the graphite used in this study led to

extensive cracking. With more resistant graphite preforms

higher infiltration temperatures can be used. Consumption of

silicon by the chemical reaction behind the infiltration front

yields a depletion of Si in the alloy during infiltration

resulting ultimately to formation of aluminium carbide, a

compound which is detrimental for the mechanical integrity

of the composite.

From the point of view of mechanisms, it is concluded

that the processes of wetting and infiltration are both

governed by the chemical reaction at the triple line. This

leads for the drop base diameter and the infiltration depth to

linear dependencies with time. Moreover it is shown that

the infiltration rate is equal to the spreading rate corrected

by a factor taking into account the tortuosity of porous

graphite.
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