
HAL Id: hal-01728175
https://hal.science/hal-01728175

Submitted on 10 Mar 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

SiC/Si composites elaboration by capillary infiltration of
molten silicon

Jérôme Roger, L. Guesnet, A. Marchais, Y. Le Petitcorps

To cite this version:
Jérôme Roger, L. Guesnet, A. Marchais, Y. Le Petitcorps. SiC/Si composites elaboration by cap-
illary infiltration of molten silicon. Journal of Alloys and Compounds, 2018, 747, pp.484 - 494.
�10.1016/j.jallcom.2018.03.024�. �hal-01728175�

https://hal.science/hal-01728175
https://hal.archives-ouvertes.fr


1 
 

SiC/Si composites elaboration by capillary infiltration of molten silicon 

J. Roger a,*, L. Guesnet a, A. Marchais b,  Y. Le Petitcorps a 

a Université de Bordeaux, CNRS, Laboratoire des Composites ThermoStructuraux, UMR 

5801, 33600 Pessac, France 

b Safran Ceramics, rue de Touban Les 5 chemins, 33185 Le Haillan, France 

* Corresponding author: e-mail: jerome.roger@lcts.u-bordeaux.fr 

Abstract 

Infiltration of molten metal into ceramic performs without external pressure is a promising 

fabrication method for metal-matrix composites. Thus, this research is focused on the kinetic of 

capillary infiltration in the processing of Si/SiC composites. The calculation of the infiltration 

kinetics for a liquid in a porous material is possible by applying the modified-Washburn 

equation which involves the effective diameter of the pores. This equation implies a K value 

depending on the wetting angle, the density, the viscosity and the surface tension of the liquid at 

a given temperature. In this study, the main aim was to measure the KSi value of molten silicon 

infiltration into porous SiC at 1500°C. On this way, consolidated β-SiC powder compacts were 

prepared for infiltration experiments. The effects of the SiC particles presintering on the pore 

size were examined as they can affect molten silicon infiltration. So, the monitoring of the mass 

increase during hexadecane rise was used to determine the effective diameter of the pores. It 

was evidenced that an increase of 15.5% of the initial effective diameter occurs. Consequently, 

a corresponding correction has to be applied to the initial effective diameter of the silicon-

infiltrated compacts. Infiltrations of pure molten silicon into SiC compacts were successfully 

carried out at 1500°C under high vacuum (5.10-3 mbar) and the average value of KSi was found 

equal to (5.8±0.4)×10-6 cm5.s.g-2. The effect of molten silicon rise on the porosity was also 

considered. 
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1. Introduction 

The need for increasing the strength and the stiffness, and decreasing the weight of materials for 

transport and high temperature structural applications has attracted much activity in metal 

matrix composites. As proposed by Aghajanian et al., pressureless infiltration of liquid metals 

into packed ceramic particulates or fiber preforms is obviously an efficient process for the 

fabrication of this kind of composite [1-2]. It offers the potential to be an alternative, simple and 

low-cost processing route for the manufacture of ceramic reinforced metal matrix composites 

without remaining porosities. Recently, special interest has been focused on SiC ceramic-

reinforced metal-matrix composites. Indeed, SiC is important in a broad range of technological 

applications because of its good oxidation resistance, high thermal conductivity, low density, 

high stiffness and adequate toughness. SiC is a promising material for ceramic-matrix 

composites for the hot parts of the structures in engines [3,4]. It was demonstrated that high SiC 

volume fraction composites can be produced by infiltrating liquid metals into packed SiC 

powder. This way was applied at relative low temperatures with aluminum and copper [5,6]. 

These composites have a considerable benefit in electronic packaging and thermal management 

applications due to their low coefficient of thermal expansion, high thermal conductivity, high 

elastic modulus and improved wear resistance. But the poor wettability for pure Cu and pure Al 

on sintered SiC and severe interfacial reaction between the liquid and SiC grains are the main 

problems [7,8]. However, spontaneous infiltration is believed to be a promising route for the 

fabrication of SiC reinforced metal-matrix composites owing to its advantages of simple 

equipment, low cost and the near-to-shapes complex parts [9-12]. Silicon is commonly used as 

alloy element to copper and aluminum to enhance the wettability and to limit the reactivity 

between ceramic and liquid metal [6,12-14]. On this way, one can easily consider the possibility 

to use melt silicon as liquid metal. This way commonly called LSI (Liquid Silicon Infiltration) 

implies an elaboration temperature higher than the melting point of Si (1414°C). Some studies 

reported the feasibility and the interest of the LSI process [15,16]. Dense composites were thus 

obtained by infiltrating molten silicon between 1450 and 1600°C into porous preforms prepared 

from SiC powders. The SiC particles appear well preserved during the preparation of the 

composite. To optimize the LSI process, it is important to know the infiltration kinetic of molten 
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silicon in porous SiC preforms. Up to now, no experimental measurements are available in 

literature about the capillary rise of molten silicon into this kind of material. In a previous paper 

we estimated the kinetic range of molten silicon infiltration in porous SiC from: 1) the physical 

data of the literature about liquid silicon; and 2) Washburn measurements with organic solvent 

[17]. But this method was not completely satisfying as the data about liquid silicon are strongly 

dispersed. Consequently, the aim of the present study is to investigate the kinetics of 

pressureless infiltration of molten silicon into SiC preforms by the in-situ measurement of the 

weight gain versus time. The effects of the SiC particles presintering on the pore size have been 

studied as they can affect the liquid infiltration. In this aim, the influence of the heating on the 

pore size of the SiC compacts is established by mercury porosimetry and by hexadecane 

capillary infiltration at room temperature. Then, a mathematical correction can be applied to the 

infiltration of molten silicon to establish the most accurate kinetic description of this process. 

 

2. Background on the capillary infiltration of silicon into porous SiC  

Prior to experimental investigations, a preliminary thermodynamic analysis of the equilibrium 

in the Si-C system was performed with the help of the ThermoCalc software [18]. The relevant 

thermodynamic descriptions of this binary system reported by Grobner et al. was used for these 

calculations [19]. The so-calculated phase diagram is shown in Figure 1-a). The particularity of 

the Si-C system is the formation of only one binary compound SiC which incongruently 

decomposes at a temperature of 2700°C. At the working temperature of 1500°C, silicon is in the 

liquid state and in equilibrium with SiC. Furthermore, according to literature data, the maximum 

value of carbon solubility into liquid silicon at 1500°C is found equal to 170 ppm in mass as 

shown in Figure 1-b) [19-23]. From this very low value, the interaction between pure molten 

silicon and SiC can be considered a priori as negligible. The capillary infiltration of liquids into 

porous materials depends on several factors influencing the experiments. These factors can be 

classified into four groups: (a) the particulates (size, shape, and volume fraction); (b) the liquid 

metal (density, surface tension and viscosity); (c) the liquid/solid interface (contact angle); and 

(d) the experimental conditions (applied pressure, time at pressure, temperature, and atmosphere 

in which the infiltration takes place). In the present case, the main difficulty is relative to the 
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characteristic physical values of molten silicon. Indeed, several values are reported in literature 

for the surface tension [24-35], for the density [30,34-39] and the dynamic viscosity [30,35,40]. 

The contact angle of liquid silicon on SiC being reported close to 38° at 1500°C [41]. As 

evidenced in Figure 2, the values relative to the surface tension, the density and the dynamic 

viscosity are very scattered. From these values, the capillary infiltration data can be analyzed 

using the Washburn equation (Equation 1) relative to the porosity radius: [42-45]. 
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where t is the time, r is the medium radius of the pores, h is the infiltration height, ρ is the 

density, σ is the surface tension, θ is the contact angle, and η the dynamic viscosity. Equation 1 

can be simplified in the case of small radii capillaries with creeping flow. Then,  
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where deff is the effective diameter of the porosity equal to 2r. From the linear fit of the h2 = f(t) 

curves, it is possible to determine the effective diameter deff of the porosity. The mass increase 

during the infiltration of the liquid can also be used to calculate the value of the effective 

diameter deff by modifying Equation 4:  
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       Equation 5 

where m is the infiltrated mass of the liquid, ρ is the density of the liquid, ε is the initial porosity 

of the sample, and S is the infiltration section obtained by multiplying the width and the 

thickness of the sample. Consequently, the infiltration kinetic of molten silicon depends directly 
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on quantities that are not precisely established. We decided to define a characteristic quantity 

called K corresponding to Equation 6: 




2
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K       Equation 6 

On the basis of the previously mentioned data, one can identify the upper and lower values of 

the density, the surface tension and the dynamic viscosity of molten silicon at 1500°C. From 

these extreme values, one can calculate the upper Kmax and lower Kmin limits of K. They are 

given in Table 1. The corresponding error on this quantity is of 30%. It is consequently 

necessary to specify this characteristic quantity defining the infiltration kinetic of liquid silicon 

into porous SiC materials.  

 

3. Experimental procedures 

3.1 Starting materials 

Commercial green β-SiC powder (99.8% purity, Alfa Aesar GmbH & Co KG, Germany) was 

used as raw material. This powder exhibits a bimodal distribution with a population centered at 

0.2µm and a larger population centered between 1 and 2µm as shown in Figure 3. From the X-

ray diffraction pattern, SiC powder was found to contain mainly cubic 3C-SiC polytype (β-SiC). 

The X-ray diffraction pattern of the powder, shown in Figure 3-c), exhibits two additional peaks 

at 2θ = 34.182° and 38.217° corresponding to 6H-SiC polytype (α-SiC). A high background 

intensity around the (111) peak at 2θ = 35.644° is moreover observed. As reported by Pujar and 

Cawley [47] these features are due to stacking faults in the powders and are not due to the 

presence of other polytypes. The porous SiC compacts were obtained from mixtures composed 

of 3g of β-SiC powder and 1cm3 of commercial ethanol as lubricant which were uniaxially 

pressed into rectangular specimens of about 50×5×5mm3 at 100MPa using stainless steel die. 

Then, after drying in atmosphere for 12h, the green β-SiC compacts were presintered at 1400°C 

for 3h under high vacuum (2×10-4 mbar) to obtain strengthened porous SiC ceramics. Some 

compacts were cut in the length into two equivalent parts by using a fine diamond saw (0.5µm), 

the dimensions of these compacts were then close to 50×5×2mm3. All compacts were settled by 

polishing with a precision of at least 100 µm to homogenize the section. This stage is of 
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importance as the capillary infiltration kinetic of a liquid depends on the cross section. One half 

of the compacts was used for the infiltration experiments of liquid silicon; the other half was 

used as a reference to identify the effects of the heat treatment on the porosities. Laboratory 

grade hexadecane provided by Sigma Aldrich Co. (USA) was used for the capillary infiltration 

experiments at 20°C. Silicon of commercial purity (99.9999%, Strem Chemicals, Inc., 

Germany) was used in the experiments. The melt silicon infiltration experiments were carried 

out in high vacuum (5×10-3 mbar) at 1500°C. In Table 1 we give the contact angle on SiC, the 

dynamic viscosity, the density and the surface tension of hexadecane [48]. 

 

3.2 Infiltration experiments of hexadecane solvent 

The capillary infiltration experiments were performed on a self-made equipment at 20°C in a 

temperature-regulated room. Figure 4-a) represents the experimental setup for the column of the 

wetting experiments and the visual aspect of a compact. The SiC compacts were hanged along 

their largest dimension to a modified analytical balance, which was connected to a computer. A 

crystallizer containing the solvent (hexadecane) was manually raised until the contact with the 

solvent. The mass variations were recorded up to 9000 seconds by steps of 1 second. The liquid 

height reached approximately one third of the total height of the samples. Losses due to solvent 

evaporation were measured and estimated to be less than 1% of the imbibed solvent mass and 

were hence considered as negligible. The time dependence of hexadecane infiltration in the SiC 

compacts was recorded by monitoring the weight gain. A typical curve of a compact is plotted 

in Figure 5-a). One can note that for the shortest durations, hexadecane rises very quickly in the 

blocks by capillary action. Then, the infiltration kinetic is lower for longer durations. 

 

3.3 Heat treatment and pressureless infiltration of liquid silicon 

The heat treatments with or without silicon capillary infiltration experiments were performed at 

1500°C in a self-made equipment. The natural infiltration processing was carried out in an 

inductively heated furnace fitted with a graphite susceptor at a vacuum better than 5×10-3 mbar. 

The temperature was regulated with a bichromatic pyrometer (Modeline 5, Ircon, USA). The 

temperature was increased to 1500°C at a heating rate of 20°C.min-1, kept constant for 15 
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minutes to melt the silicon and to stabilize its temperature. Then, either the temperature is 

directly decreased at a rate of 30°C.min-1 or molten silicon is put in touch with the compact 

during 4 minutes to ensure a complete filling. The ensuing cooling is performed in the same 

manner than indicated above. The typical shape of silicon-infiltration curves is shown in Figure 

5-b,c). In any cases, the graphite crucible, coated with a protective boron nitride (BN) layer, 

contained 8g of silicon. This crucible was raised through an automatic jack controlled by a step 

motor system to keep the contact between the compact and the liquid. The SiC compacts were 

drilled to be hold with a graphite hanger and a SCS-6TM fiber. This assembling is suspended to 

an analytical balance with a resolution of 0.3µg (ANR DS1070, Setaram Instrumentation, 

France) with a numerical record of the weight variation versus time every second. Figure 4-b) 

represents the schematic setup of the silicon infiltration experiments and the visual aspect of 

compacts not covered or covered with a BN layer applied by spraying (HeBoCoat 21E, Henze 

Boron Nitride Products AG, Germany). A BN layer limits the rise of the liquid along the faces. 

It was verified that the BN powder remains on-surface and do not penetrate into the compact.  

 

3.4 Characterization of the compacts 

The evolutions of the porosities and grains size distributions were scrutinized as any variation 

could have a noticeable effect on the rise of liquid silicon. Consequently, the porosities of the 

SiC compacts were determined from weight and geometric measurements at the consolidated-

state. The porosity ε of the samples analyzed by mercury porosimetry (Autopore IV, 

Micromeritics Instrument Corp., USA) and by helium pycnometry (AccuPyc1340, 

Micromeritics Instrument Corp., USA) was calculated by applying the formula ε = 1 - da/dt, with 

da the apparent density obtained from mercury porosimetry and dt the true density measured 

from helium pycnometry for a sample volume of about 0.2 cm3. For the silicon-infiltrated 

compacts, infiltrated silicon was removed by immersing during 20h in a bath made of 50 vol.% 

of distilled water, 25 vol.% of nitric acid (37% concentration) and 25 vol.% of hydrofluoric acid 

(40% concentration). The degradation of the SiC compacts by the acid etching was also 

examined. Thus, a consolidated and a heat-treated compact were also treated in the same way. 

The pore size distribution was also measured by mercury porosimetry on the samples 
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characterized by helium pycnometry. The microstructures of the resulting porous SiC ceramics 

and SiC/Si composites were performed with a FEI Quanta 400FEG scanning electron 

microscopy (SEM) operated at 5 kV. The heat-treated and infiltrated compacts were cut and 

embedded in epoxy resin under vacuum. The cross-section was ground and polished to a 1µm 

diamond finish. From the SEM micrographs, it was possible to estimate the SiC particles sizes 

variation during the heat treatment prior to silicon infiltration and after it. Qin’s method [49] 

was used by identifying the circumference of each particle and automatically determining the 

equivalent diameter of a circle of equal area with Image Analysis System (ImageJ) [50]. The 

successive steps of an image analysis consist in adjusting the threshold, determining the particle 

boundary outlines by using the Watershed analysis process implemented in ImageJ, setting the 

scale of the considered image; and finally realizing the analysis of the particles to obtain their 

surface and equivalent diameter. The curve plot of the cumulative surface fraction versus the 

normalized diameters (d/d50) is obtained by adding for each normalized diameter value the 

surface of the particles having at least the considered normalized diameter. Examples of so-

obtained micrographies are given in Figure 6-a) and Figures 7-a,b), these pictures corresponding 

respectively to Compact 0, Compact 1 and Compact A. It was found that SiC particles, bright 

grains in Figures 6-a) and 7-a) and dark grains in Figure 7-b), kept their original shape very 

well. From Figure 7-b), one can note the complete filling of the porosities by silicon. For each 

sample, at least 10000 particles were measured from several images. Considering the resolution 

and the background noise of the micrographics used in this study, the minimum surface 

threshold was found equal to 20000 nm2 corresponding to 20 neighboring pixels. The minimum 

equivalent diameter threshold of the measured particles is then equal to 80 nm. An example of 

the SiC grains detection is given in Figure 6-b).  

 

4. Results and discussion 

4.1 Effect of the heat treatment 

The effects of the increase, the dwell and the decrease of the temperature on the SiC compacts is 

of importance in this study because any evolution of the porosity rate and size has an effect on 

the infiltration kinetic of molten silicon. Indeed, the modified Washburn equation (Equation 5) 
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depends on the porosity rate ε and the effective diameter of the pores deff. In the aim to 

determine the influence of the heat treatment, the reference samples called Compacts 0, 1, 2, 3 

and 4 were analyzed by SEM to determine the SiC granular network. This was done by 

measuring the grains size distribution with the help of Image J software in order to quantify the 

d10, d50 and d90 characteristic values. Figure 8-a) shows an apparent unimodal distribution of the 

grain size distribution measured on a compact without any heat treatment. To maximize the 

reliability of these characterizations, the same analyses were realized on several images for all 

samples infiltrated or not by molten silicon. By this way, it was possible to plot the variations of 

the d10, d50 and d90 values, as shown in Figure 8-b). It appears that no noticeable evolution 

occurs here independently of the sample. However, the consolidation effect generated during the 

heat treatment at 1400°C for 3h is marker of a presintering process without densification since 

the dimensions of the compacts remain constant. The porosities of the samples measured by 

helium pycnometry and by geometrical measurements using the theoretical density of β-SiC i.e. 

3.21 g.cm-3 are mostly in good agreement. But, because of the smallness of the samples 

analyzed by helium pycnometry compared to the volume of the compacts, some results obtained 

from this method were inconsistent. It is also obvious that the compacts contain a given level of 

heterogeneity, the porosity fluctuating locally of a few percent within a given compact. This 

could be induced by the presence of less-packed areas or of some cracks generated within the 

green compacts. So, the porosity extracted from helium pycnometry is not completely relevant 

for the capillary infiltration analysis by Washburn model as this method implies the average 

porosity within a compact. That is why all the porosity values given here were obtained from 

the geometrical consideration. We assume that this approach is not completely satisfying but it 

constitutes the most convenient way in the present case. The average porosity of the as-prepared 

porous SiC compacts was found equal to 46±2%, the porosity rates were stable whatever the 

applied heat treatment. Moreover, according to Equation 5 applied to hexadecane and molten 

silicon for a given compact, one can deduce a simplified relationship implying only the K value 

of molten Si at 1500°C, the K value of hexadecane and the square weight variations for 

hexadecane and molten silicon per time unity. Consequently, a stable porosity has no direct 

influence on the quantification of the value of K for molten silicon. Negligible mass and 

dimension variations were measured for all heated-treated compacts so that the porosity is 
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considered as constant. The pore size distribution of the SiC consolidate-state compact 

(Compact 0) is shown in Figure 9. The pore size distribution of the porous SiC compacts 

presents a single peak with a narrow width, signifying a uniform pore size distribution centered 

on 0.26µm. This pore distribution of the consolidated SiC compact also indicates that pores are 

all connected mutually to form an open pore-network. The heat treatment (HT) at 1500°C for 15 

minutes applied to Compact 2 has a little effect on the pore size distribution with a very slight 

sliding of the peak towards higher values as shown in Figure 9. This could be justified by the 

progression of the sintering mechanism. From theses analyses, the effect of the heating on the 

porosity size of the SiC compacts is moderate. The variation of the effective diameter deff during 

the heat treatment was also studied on Compacts 1, 2, 3 and 4 by measuring its values on each 

sample before and after applying the heat treatment at 1500°C for 0.25h without LSI. The 

hexadecane solvent was evaporated from the compacts in an oven at 100°C for 24h. As 

expected from the Washburn model, the plots of the normalized squared-mass gain of 

hexadecane rise linearly with time as shown in Figure 10-a) and Figure 10-b), corresponding, 

respectively, to the hexadecane infiltration before and after the heat treatment. These plots are 

normalized to the squared values of the porosity (ε) and the section (S) of the compacts 

according to Equation 5. The weight (wm) and the time of formation (tm) of the solvent meniscus 

were also deducted for a greater accuracy [43,44,51]. The effective diameter deff is determined 

from the linear regression of these curves as the slopes are equal to deff/Khexadecane. The so-

obtained deff values of the four reference compacts before (deff,initial) and after the heating at 

1500°C for 0.25h (deff,HT) are reported in Table 2. From these values, it was determined that the 

effective diameters increase of about 15.5% during the heat treatment. Such a variation of the 

effective diameter must be taken into consideration for the silicon infiltration as it clearly affects 

the filling kinetic as demonstrated by the higher slopes in Figure 10-b) compared to the 

corresponding ones in Figure 10-a). It is probably a manifestation of the porosity size increase 

evidenced by mercury porosimetry. 
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4.2 Infiltration of liquid silicon 

Prior to molten silicon infiltration experiments, the initial effective diameters of Compacts A, B, 

C and D were determined by hexadecane infiltration. The corresponding curves of the 

normalized squared-mass gain versus the corrected time are shown in Figure 11-a). The initial 

effective diameters were deduced from the slopes of the curves and are reported in Table 3. 

Compacts A, B, C and D exhibits initial deff,initial values comprised between 64.2 and 73.2nm. 

Those values are close to the ones of the reference compacts which are included in the 65.6 - 

71.8nm range. This adequacy allows to apply the correction identified previously i.e. the 

effective diameters of the silicon-infiltrated compacts are multiplied by 1.155 to take into 

account the modification of these values during the heating, the corresponding values are called 

deff,HT and are given in Table 3. Moreover, the images analyses performed on these samples after 

silicon melt infiltration show no evolution of the apparent particles distribution (Figure 8-b)). 

The silicon infiltration measurements were performed on the Compacts A, B, C and D at 

1500°C. The curve of Compact A without BN coating is shown in Figure 5-b). The curve of 

BN-coated Compact B is shown in Figure 5-c) which is similar to the curves of Compacts C and 

D also coated by BN. The most striking fact is the importance of the silicon meniscus mass 

which represents almost half of the mass gain at the saturation of Compact A. The meniscus 

weight is reduced for Compacts B, C and D thanks to the BN coatings. This indicates that liquid 

silicon progresses on the uncoated faces of the compacts and interferes with the capillary rise. 

The measures of infiltration have to be as much as possible corrected from this effect to be 

adequate for the kinetic analysis of silicon capillary rise. That is why, the three others Compacts 

B, C and D were BN-coated. Thus, Figure 11-b) shows the variation of the square-corrected 

mass gain (m-mmeniscus)2 versus ε2.S2.deff,HT.(t-tm), so that the slope of the curve corresponds to 

1/K. The linear fits of the curves give satisfactory reliability factors. But, the shape and the slope 

of the curve of Compact A differ from the ones of the others silicon-infiltrated compacts. This 

measurement is decisively not convenient for analyzing the capillary rise of molten silicon 

because of the liquid spreading on the faces of the compact shown in Figure 4-b). So, it was not 

taken into account for the determination of the K coefficient. The so-obtained KSi coefficients 

are equal to 6.200×10-6, 5.889×10-6 and 5.417×10-6 cm5.s.g-2 for, respectively, Compacts B, C 
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and D. The average value was found equal to KSi
average = (5.8±0.4)×10-6 cm5.s.g-2 for an 

operating temperature of 1500°C. This value is included within the limits of the extreme values 

Kmin and Kmax evaluated from the literature data (Table 1). As previously reported, liquid silicon 

promotes the growth of SiC crystals by dissolution-reprecipitation, what may induce an 

evolution of the pores during and after their filling by the liquid [52]. It is of importance to 

consider such a behavior as it obviously influences the infiltration kinetic. In order to reveal the 

prospective existence of this effect, the infiltrated silicon was removed from the SiC compacts 

by acid etching. Thus, the true porosity and the distribution of the pore size are determined from 

helium pycnometry and mercury porosimetry. Moreover, from these analyses, a more detailed 

description of the porosity shape can be applied. Indeed, for a capillary tube, the effective 

diameter corresponds to the real diameter. However, for a porous medium, the effective 

diameter is the size of an equivalent capillary having the same behavior. Some attempts have 

been made to theoretically model the effect of multiple radii and interconnections on capillarity 

flow. Dullien et al. [53-54] suggested the following equation:  
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where n is the number of different capillary sizes present in the unit cell of the equivalent 

porous medium and dk and dj are the corresponding diameters. For a packed powder, a two-sizes 

model is considered as sufficient to describe the porosity with accuracy [55]. The equation for a 

two-size capillary model is: 
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where dneck is the pore neck diameter and dbulge is the pore bulge diameter. A schematic 

representation of this model is given in Figure 12. The effective diameter deff is obtained from 

solvent impregnation experiments, and the neck diameter dneck is determined from the mercury 

intrusion measurements. The neck diameter is the smallest pore diameter obtained for half of the 

mercury saturation [53]. To established the effect of liquid silicon and acid etching on the dbulge 

and dneck values, compacts with and without heat treatment and/or acid etching were also 

examined by this way. The corresponding deff, dbulge and dneck values are reported in Table 3. In 
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this case, it was possible to determine the porosity by combining helium pycnometry and 

mercury porosimetry results as earlier described. As demonstrated by the analyses on Compact 

0, a good agreement between porosity from geometrical measurements and the porosity 

obtained from helium pycnometry and mercury porosimetry. The effect of acid etching is found 

negligible on consolidated Compact 5 as the porosity rates are close. For the heat-treated 

Compact 2 and for the heat-treated and acid-etched Compact 1, the porosity varies in a not 

significant way. The comparison of Compact 0 and Compact 2 indicates an increase of both 

dbulge and dneck values, this is coherent with the effect of the presintering without densification. 

The influence of the acid etching is evidenced by comparing the dbulge and dneck values of 

Compact 0 and 5 but also the ones of Compact 1 and 2. In each case, an increase of these values 

is revealed, what is in adequacy with the shifting of the pore-size distribution to larger sizes 

(Figure 9). This demonstrates that the acid etching modifies slightly the size of the pores. At this 

stage, it is found that both the heat treatment and the acid etching increase the dbulge and dneck 

values. When considering the evolution of these values for the silicon-infiltrated compacts, i.e. 

Compacts C and D, the so-obtained values are quite similar and are larger than the ones of 

Compact 1 which was only heat-treated and acid-etched. So, the corresponding gap could be 

attributed to the influence of molten silicon. As no variation of the apparent grain size could be 

evidenced after silicon filling (Figure 8-b)), this effect can be reasonably awarded to the grains 

ripening by transport of carbon atoms through the liquid. It should be noted that the pore-size 

distributions of these two silicon-infiltrated compacts are shifted to larger values with a 

significant increase of the distribution asymmetry (Figure 9). This behavior must be confirmed 

and more carefully examined as it may affect the capillary rising by modifying the shape of the 

pores. 

 

5. Conclusion 

The kinetic of molten silicon capillary infiltration was investigated through β-SiC powder 

compacts. Therefore, the main aim was to refine the value of the KSi constant characteristic of 

molten silicon infiltration into porous SiC materials at 1500°C. As expected, the monitoring of 

the mass increases during silicon infiltration in packed-SiC powder is a convenient method for 

characterizing the porosity by applying the Washburn-modified equation. In this way, the 
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effective diameter of the porosity in SiC compacts can be obtained by infiltrating hexadecane as 

fully wetting solvent. It was evidenced that a correction relative to the impact of the heating on 

the effective diameter is required. Thus, the variation of the effective diameter was examined on 

four SiC compacts during the heating preceding the LSI. An average increase of 15.5% of the 

effective diameter was measured corresponding to a noticeable increase of the mean pore size 

without variations of the porosity rate and the particulate network. The corresponding correction 

was applied to the initial effective diameter of the silicon-infiltrated compacts. It was identified 

that a coating of BN as a non-wetting medium must be applied on the sides of the compacts 

prior to the LSI to prevent the spreading of the liquid on these faces. From the LSI experiments 

realized on the three BN-coated compacts it was confirmed the validity of the Washburn model 

for the rise of liquid silicon. Consequently, the average value of the KSi constant was found 

equal to (5.8±0.4)×10-6 cm5.s.g-2 at 1500°C. So, it was possible by this approach to succeed in 

refining the value of this quantity which is of importance for the development of silicon-

infiltrated materials. The examination of the effect of the heat treatment and silicon rise on the 

pore size distribution was realized by applying the Dullien model providing a more significant 

description of the pores. This model was applied with two characteristic diameters, defined as 

the bulge and neck diameters of the porosity. By this way, a probable influence of liquid silicon 

on the pore distribution was revealed. This fact must be examined with more attention in further 

works. 
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Table 1: Physical properties of hexadecane at 20°C and liquid silicon at 1500°C [27,30,35,37,48] 

Physical properties Hexadecane (20°C) Liquid silicon (1500°C) 

Contact angle on β-SiC (°) 0 38 

Dynamic viscosity η (g.cm-1.s-1) 3.04×10-2 5.1×10-3 7.4×10-3 

Density ρ (g.cm-3) 0.77 2.565 2.490 

Surface tension σ (g.s-2) 27.42 860.9 715.7 

K (cm5.s.g-2) 7.48×10-3 Kmin = 4.58×10-6 Kmax = 8.46×10-6 

 

 

 

 

 

Table 2: deff initial values and deff values after a heat treatment at 1500°C for 0.25h of 
the reference samples to determine the deff average variation 

Samples deff,initial (nm) deff,HT (nm) ∆deff/deff,initial (%) 
Mean deff 

variation 

Compact 1 65.6 75.4 14.9  

 

+15.5% 

Compact 2 71.8 83.7 16.6 

Compact 3 66.1 76.8 16.2 

Compact 4 70.2 80.3 14.4 
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Table 3: Porosity and values of deff, dbulge and dneck of the compacts depending on the applied 
treatments 

(HT = Heat Treatment at 1500°C for 0.25h, AE = Acid Etching, LSI = Liquid Silicon Infiltration) 
 

Samples  

(Successive 

treatments) 

Dimensions 

(mm) 

Porosity ε (%) 
deff,Initial 

(nm) 

deff,HT 

(nm) 

deff,AE 

(nm) 

dbulge 

(nm) 

dneck 

(nm) 
Initial Hg/He 

Compact 0 50.00x5.18x5.67 46.6 46.5 72.1 - - 375 259 

Compact 1 (HT/AE) 49.27x5.55x2.17 43.8 42.9 65.6 75.4 84.9 503 329 

Compact 2 (HT) 50.28x5.64x2.38 44.2 45.1 71.8 83.7 - 424 296 

Compact 3 (HT) 50.05x5.36x4.81 46.8 - 66.1 76.8 - - - 

Compact 4 (HT) 49.80x5.31x4.94 44.7 - 70.2 80.3 - - - 

Compact 5 (AE) 47.24x4.97x4.82 50.0 48.7 92.8 - 101.8 435 329 

Compact A (LSI) 49.95x4.95x1.92 46.2 - 64.2 74.2 - - - 

Compact B (LSI) 50.42x5.62x2.43 44.9 - 65.5 75.7 - - - 

Compact C (LSI/AE) 49.74x5.04x2.29 47.6 44.7 73.2 84.5 92.7 612 384 

Compact D (LSI/AE) 50.14x4.94x4.16 48.0 46.7 71.2 82.3 93.5 611 385 
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a) b) 
Figure 1. Si-C system: a) calculated Si-C diagram [18,19] and b) solubility of carbon in molten silicon 

from literature [19-23]. The values from Grobner et al. were calculated by using ThermoCalc 
software [18]. 

 
 
 
 

 
a) 

  
b) c) 

Figure 2: Characteristic physical variables of liquid silicon versus temperature: a) surface tension [24-35], 
b) density [30,34-39] and c) dynamic viscosity [30,35,40]. 
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a) b) 

  

c) 

Figure 3: Starting SiC powder:  
a) grain size distribution, b) secondary electrons image (magnification x30000); and c) 

X-ray diffraction pattern (Kα Cu). 
 

  
a) b) 

Figure 4: Schematics of the experimental set-up for the capillary rise tests in SiC compacts: 
a) with hexadecane solvent and b) with molten silicon at 1500°C. Samples pictures from the 

left to the right correspond to Compact 1, Compacts A and B. 
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a) 

  
b) c) 

Figure 5: Typical time dependence of capillary infiltration into consolidated compacts:  

a) hexadecane weight gain, b) liquid silicon weight gain of uncoated Compact A at 1500°C and 

c) liquid silicon weight gain of BN-coated Compact B at 1500°C. 

 

 

  
a) b) 

Figure 6: Consolidated compacted β-SiC powder (Compact 0): a) backscattered 

electrons image and b) focus of the highlighted area of the image analyzed with ImageJ 

software. 
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a) b) 

Figure 7: Backscattered electrons image of: a) Compact 1 heat treated at 

1500°C/15min and b) Compact A heat treated at 1500°C/15min and infiltrated by 

silicon. 

 

  
a) b) 

Figure 8: Apparent particles size distribution of the β-SiC powder and its variation: a) initial distribution 

and b) variation of the d10, d50 and d90 values after heating at 1400°C for 3h and 1500°C for 0.25h 

estimated on at least 10000 particles (HT = heat-treated, LSI = liquid silicon infiltrated). 
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Figure 9: Pore-size distribution of SiC compacts at the successive stages: consolidation 

(1400°C/3h), heat treatment at 1500°C for 0.25h without LSI and heat treatment at 

1500°C for 0.25h with LSI with or without acid etching. 

 

 

  
a) b) 

Figure 10: Time dependence of the squared and normalized weight gain curves of infiltration 

experiments of hexadecane in Compacts 1, 2, 3; and 4: a) before the heat treatment at 1500°C for 0.25h 

and b) after the heat treatment. 
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a) b) 

Figure 11: Time dependence of the squared and normalized weight gain curves of infiltration experiments 

in Compacts A, B, C and D: a) of hexadecane and b) of liquid silicon at 1500°C. 

 

 

 

 

 
Figure 12: Schematic representation of a two-size capillary repeating unit with pore 

neck diameter dneck and pore bulge diameter dbulge used to describe the porosities of 

the compacts. 

 


