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Abstract: Currently, the production of complex SiC and SiC/SiC parts through reactive infiltration
is one of the most widely used technologies, due to its versatility and cost-effectiveness compared
to more conventional technologies such as Hot Isostatic Pressing (HIP). This technology, while
widely adopted, still faces some debate regarding the mechanisms of infiltration. Questions persist
about what determines how infiltration occurs and whether the process is governed by physics (flow
dynamics) or chemistry (reactions at the triple line (LT: (contact line between the solid, liquid and
gas phases)). The present work provides new strong/consistent proof that reactive infiltration is
mainly controlled by chemical reaction.

Keywords: SiC; reactive infiltration; model

1. Introduction

Si-based ceramics (SiC, SisN4, SiAION, ...), also called non-oxide ceramics, are a
group of materials with exceptional properties, among which SiC stands out as the prime
example [1,2]. SiC is characterized by its high decomposition temperature, remarkable
hardness, thermal conductivity surpassing any metal, and a moderate thermal coefficient
of expansion [3-5]. Consequently, SiC has been used in a variety of applications, serving
as a reinforcement in composite materials [4-6], in the electronics industry [7-9], and more
recently in the manufacture of graphene [10,11], used in nuclear applications [12-14] and
in the manufacture of furnace heating elements [15]. While the production of powder
manufacturing, such as in monocrystalline whiskers, has been effectively addressed [16—
21], the manufacture of pieces remains a challenge.

Depending on the size and desired characteristics, monolithic SiC materials are
mainly produced through three methods: sintering of SiC particles, reactive infiltration,
or chemical vapor deposition (CVD) [2].

At the small centimeter scale, high-quality pieces can be obtained through Chemical
Vapor Deposition (CVD) [22-25]. Through this process, it is possible to produce a solid
form of SiC from a reactive gas-phase precursor at a comparatively low temperature com-
pared to other methods (900 °C-1100 °C).

Among the different methods for synthesizing SiC monoliths, sintering is one of the
most commonly used. The most developed sintering processes are Hot Pressing (HP) and
Hot Isostatic Pressing (HIP) [26-29]. The raw material used in both processes is very fine-
grained SiC powder, previously synthesized by the Acheson process [1]. During sintering,
densification is achieved by simultaneously heating and pressing the material in a mold
with the desired shape. Industrially, temperatures between 1900 °C and 2300 °C are used,
and materials are typically subjected to an extensive period of time to achieve high-quality
materials (more than 2 h). The pressure strongly depends on the selected method; for HP
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processes, pressures between 10 MPa and 40 MPa are used, while for HIP processes, the
pressure is in the range of 100 MPa to 400 MPa.

Given the extreme temperature and pressure conditions required for sintering, these
processes are technically complex and are very costly from an economic standpoint.

The great revolution in manufacturing came from Popper [30], with the development
of an alternative method for obtaining dense SiC materials known as reactive infiltration,
also called RBSC (Reaction-bonded SiC) [31]. Later, the evolution of the microstructure
was developed by Professor Page [32,33], who showed that two types of SiC are produced
in association with the dissolution process of C in Si, and a subsequent precipitation of
SiC, with a third associated with the epitaxial growth of the beta phase on the original SiC.
The original idea was to join a-SiC with 3-SiC [34]; for this purpose, a-SiC preforms were
made with polymeric materials or pitches that, when treated at a high temperature, gen-
erated a porous network of carbon material between the carbide particles. These preforms
were infiltrated with liquid silicon at temperatures between 1450 and 1600 °C because the
infiltration is spontaneous, and during infiltration, the silicon react with carbon to form
the new (3-SiC that glues to the previous alpha SiC. It is not necessary to apply external
pressure; normally, this process is carried out in an inert atmosphere or vacuum [35].

In general, the reactive infiltration method involves the infiltration of liquid silicon
into a porous preform of carbon or carbon/a-SiC, where silicon reacts with carbon to form
a dense SiC material [1,2]. This new manufacturing modality, in contrast to other SiC syn-
thesis procedures, has proven to be more cost-effective from its inception because it uses
lower temperatures than sintering (temperatures between 1450-1600 °C), does not require
the application of external pressure (using an inert atmosphere or vacuum), and achieves
synthesis of parts with complex geometries. For these reasons, the reactive infiltration
method has established itself as one of the most attractive processes in the manufacturing
of SiC materials [30], as well as C/SiC and SiC/SiC composite materials [34,35].

There are two variants of the infiltration method, which depend on the nature of the
preform and determine the reaction that occurs in the process. In the case of preforms
composed solely of carbon, the process is called RFSC (Reaction-formed SiC). In this pro-
cess, silicon infiltrates the carbon preform, which produces an in situ reaction between
these elements, forming 3-SiC. In the second case, when the preform is composed of car-
bon and a-SiC, we have the RBSC method, as mentioned earlier. Here, the carbon that
bonds the a-SiC particles transforms into 3-SiC, forming a compound of a-SiC/B-SiC.

In recent years, the reactive infiltration process, has become increasingly popular;
SiC/SiC parts are being manufactured using this technique for use in jet engines [36,37]
and for brake discs in high-end cars [38,39]. However, there is still a great deal of contro-
versy as to how the infiltration process occurs, with those from the school of engineering
postulating that the process is controlled by fluid dynamics, meaning that the pores are
closed and, therefore, infiltration is much slower [40-43]. However, the school of Professor
Eustathopoulos proposes that it is controlled by the chemical reaction rate [44-50].

The present investigation is a continuation of previous research [51,52], with the aim
of showing new evidence that the reactive infiltration process is controlled by chemical
reaction and not by the fluid dynamics of the process.

2. Theoretical Background

The infiltration process in porous systems has been studied for more than 170 years,
and some of these findings remain relevant today. Initially, the agricultural engineer
Henry Darcy experimentally deduced the law that now bears his name [53], which was
later deduced formally using the reduced Navier-Stokes equation [54], which is the for-
malism we will use in the present investigation.

The viscous flow of liquids is controlled by the Navier-Stokes equation. This differ-
ential equation is famously known to lack a general solution. However, under certain con-
ditions, such as those present in this case, it is solvable by assuming an incompressible
fluid in laminar flow (characterized by a low Reynolds number). Additionally, if the time
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derivative of the fluid velocity is much smaller than its spatial derivatives and the effects
of gravity are considered negligible, the equation can be simplified to:

Vp=puviy, (1)

where v is the speed of the fluid, i is the dynamic viscosity, and p is the pressure. Assum-
ing unidirectional flow (which is not so realistic in a standard porous system), it is possible
to reduce the expression to Darcy’s law. This equation can be re-written in the most com-
monly used form to analyze the flow of incompressible fluids through porous media:

dz__Kdp
dt u dz’ (2)

where z is the flow direction, dp/dz is the pressure gradient along the infiltration front, ¢
is the porosity, and K is the permeability of the porous media. It must be pointed out that
the permeability of the porous media is proportional to the square of the average pore
radius, meaning we can rewrite the equation where a is only the proportional constant:
dz_ _ Rldp
ar a ou dz’ (3)
Since we are going to work with regular systems, we can use the Poiseuille equation
in cylindrical coordinates where r is the radius, which takes this form:

10 ou\ _1ldp
ror (1’ 6r) Tpdd 4)

Solving this, we can obtain the variation of the velocity, where R is the radius of the
cylinder (pipe):

—_Lp2_ 2%
z 4u (R r )dz' ®)
Therefore, the maximum velocity would be:
__Rd
Uzmax™ — EZ/ (6)

Further, as it is well known, if the average velocity is 0.5 of the maximum velocity,
the equation would be as follows:

dz_ Rdp
dat 8udd )

which is the same as what we have previously deduced using Darcy’s law. Then, we make
the following consideration:

1
Y 8)

1=

which tells us that regardless of the equation we solve, the evolution is the same—only
one scalar varies. In order to relate the present investigation with the previous ones of our
group, we will use the Darcy equation in its integrated form:

p=2KE )

wo

where 1 is the infiltrated distance. In the case of systems where the liquid wets the solid
and infiltration proceeds spontaneously (contact angle, 6 < 90°), the pressure drop is the
capillary pressure (Pc), given by:

2:Ay,,c0s0(1 — D)

c - ¢
where A is a geometrical factor, ywv is the surface tension of the liquid, 6 is the contact
angle of the liquid on the solid, @ is the porosity of the system, and r is the average pore

(10)
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radius. Table 1 shows the parameters for the SiC systems used to calculate the infiltration
time.

Table 1. Parameters used for the calculation of the infiltration time of liquid Si on the different pre-
forms at 1450 °C.

Symbol Magnitude Value SI Units References
A Geometrical factor 2 - [52,55,56]
a Proportionality constant 4 x10* - [57]
Vi Surface tension 0.750 N/m [58-60]
0 Contact angle of Si on C 40 ° [45]
U Viscosity of liquid Si 6.05 x 102 Pa-s [58]

This model suggests that vertical infiltration of a preform of 5 mm thickness (pene-
tration depth) should be achieved within a fraction of minute, 54 s. That is 2 orders of
magnitude lower than what we observe experimentally [44-53].

Then, we can assume that the infiltration rate is much lower due to pore closure, and
the closing of the pores is due to the fact that each C atom generates a SiC molecule, which
causes an increase in volume of almost double, so we can reformulate the equation and
assume that both radius and porosity are time-dependent, according to the following
equation, assuming a cylindrical pore:

2
= L 11
o=, (Z), (11)

Taking this relationship into account, and the fact that the pressure will be the thresh-
old pressure, we can obtain the following differential equation:

2_ 2alyy, r%cos@

VA
d by

drdt, (12)

At this point, the only problem is to know the relationship between the radius and
time. In the 1950s, the decreasing core model was proposed, one of the most widely used
in chemical engineering, which could be controlled either by diffusion or by chemical re-
action [61,62]. The equations derived are as follows:

¢ Diffusion
_ MSiQsiCr% [ _ T 2+ T 3]
6Dc/sicMg;-Psi ! 3(r0) 2(70) ¢ (13)

where Dcrsicis the diffusion coefficient of C atoms in SiC, Msiand Msic are the molecular
mass of Si and SiC, respectively, and p is the density of both.

Ms;og; r
R N P P
Dc/sicMg;-Psi 0 (14)
. Chemical reactions
MSiQs'CrD [ r

= Moty s ]

KsMgicpsi 0 (15)
Ms;og;

dt= — ——3C (r,

KsMg;psi (16)

If we group the constants into a single term (A or A"), we would obtain the following
equations to be solved:

dz2=A (—%+ %) drdr, (17)
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dz2=A" ( ) drdr, (18)

Both equations are simple to solve with the appropriate boundary conditions, which,

in any case, do not give linear equations, as observed experimentally [50]. Another simple
way of looking at it is the time it would take to reduce the radius so that the velocity is of
the order of that observed. To do this, we only have to substitute in the Equations (13) and
(15) and we would obtain, in the first case, 2 h of diffusion time, and in the latter, a 1 h
reaction time. In both cases, the rate of decrease of the pores is excessively small and does
not fit the observed experimental data.

Figure 1 shows the experimental data from [53], together with the simulations as-
suming that the decrease in velocity depends on the fluid dynamics and not on the chem-
ical reaction. In the case where the decrease is controlled by diffusion, it clearly shows that
there is very little variation (compare the black and green dotted lines), although a consid-
erable decrease is observed in the case where it is controlled by the chemical reaction rate
(see the black dotted line). It can therefore be inferred that for pores with a radius of the
order of 20-30 microns, the infiltration rate will depend on the growth rate of SiC in the
triple lines [54]. For smaller pore sizes of the order of 5-10 microns, it would be controlled
by the SiC formation reaction rate of wall growth, since both models predict a very similar
evolution of the pore size, especially after 1000 s (compare the red and black dotted lines),
as shown in the simulation in Figure 1b for a radius of 5 microns.
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Figure 1. Evolution of infiltration as a function of time. Red is the experimental, blue is obtained by
Darcy’s equation, green is the modified Darcy’s equation for radius reduction by silicon carbide
formation controlled by Si diffusion in SiC, and black by the SiC formation reaction. (a) 30 micron

pores; (b) 10 micron pores. Insert in (a) is the same graph in logarithmic scale.

The phenomenology of SiC growth is rather more complex, as it has been described
that the process occurs at least in two stages. In the first one, the formation of perfectly
well-defined crystals of the order of 2-5 microns occurs, but they do not form a contin-
uum, leaving the infiltration of silicon between them, which reacts with C to form a series
of smaller SiC, which would form a continuum, and from here on, the growth would be

controlled by diffusion, see Figure 2a-d.
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Figure 2. Micrographs of infiltrated capillary at different augments. Carbon is the black zone, the
dark grey zone is the faceted SiC, the light brown is the “pocket” SiC, and the “white” zone is the
not-reacted Si.

More recent works carried out with capillaries [63,64], in which a detailed study of
all the variables such as temperature and vacuum level was carried out, showing similar
results to those we previously obtained [51,52]. In all cases, they showed an absolute lin-
earity between infiltration and time, and the activation energy was found to be 280 KJ/mol,
very similar to that found by Eustathopoulos et al. [49,50], which was the second major
argument to show that infiltration is controlled by chemical reaction. Other experiments
recently carried out by Ortona et al. [65-68] again highlight the importance of the reaction
in the reactive infiltration process, in this case, even working with much more complex
systems (alloys, creeping capillaries).

3. Experimental

The experiment of [55] has been reproduced. The difference is that the Si evolution is
now followed in an equivalent way to the experiments carried out to determine the surface
tension [46]. The experimental design scheme is shown in Figure 3.
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Figure 3. The setup engineered for the experiments of reactive infiltration.

The experiments are carried out on two types of carbon materials, glassy carbon (sup-
plied by Goodfellow, Huntingdon, UK) on the one hand, and high-density synthetic
graphite (supplied by Schunck, Munich, Germany) on the other. The characteristics are
given in [48] and the silicon used is of electronic quality (supplied by Goodfellow). Precise
control over the infiltration process is attained by utilizing boat-shaped alumina crucibles
for assembling the components. High-density alumina is often selected for high-tempera-
ture applications due to its thermal, mechanical, and chemical durability. Auxiliary ele-
ments consist of graphite block coated with boron nitride to prevent unwanted reactions
with molten silicon. To counteract adverse effects of residual oxygen, the sample is en-
cased in activated carbon particles smaller than 1 mm. All experiments are carried out at
1450 °C in a vacuum of 10 mbar, using a vacuum system (membrane pump + turbomo-
lecular pump, model HiCUBE supplied by Pfeiffer Vacuum, Asslar, Germany). The chan-
nel diameter is 500 x 10 m, using mechanical methods (drilling). At the end of the exper-
iment, the sample was sectioned and polished according to the standard methods of [50].
The sections were analyzed by Scanning Electron Microscopy (SEM) and the analysis was
performed by using a S3000N microscope (Hitachi, Tokyo, Japan) and optical microscopy
(Leica MC170 HD, Wetzlar, Germany).

4. Results and Discussion

The objective of this study is to understand which phenomena govern the infiltration
of SiC/C preforms, defining whether the infiltration is governed by chemical reaction or
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fluid dynamic phenomena. A study of the infiltration kinetics was conducted by analyzing
the evolution of the droplet volume (V) as a function of time.

It is considered that the molten droplet during infiltration maintains a spherical cap
geometry. This fact, combined with knowledge of geometric variables (such as the contact
angle (0), base radius (R), and height (h)), enables the calculation of the droplet volume

(V) at each instant. This calculation is summarized in Equation (19), which describes the

volume of a spherical cap as a function of the droplet height (h) and base radius (Rs):
(19)

vV ="2(3Rs* +h?),

Additionally, knowing the initial volume of the droplet (Vo), it is possible to deter-
mine the volume of liquid infiltrated at any given moment (Vi), calculated as:
(20)

Vinf = VO - Vr

Initially, the sections from various experiments were analyzed, confirming the earlier

observations: well-formed silicon carbide, trapped silicon, and silicon carbide of a signifi-

cantly smaller size, in the range of 100-200 nm (refer to Figure 2, brown zone).
The most interesting results are shown in Figure 4, which shows the evolution of the

infiltrated volume (Vi) with time (t). During the first 40 min, no change is observed; this
is the time of penetration of Si through the capillary, which tells us that the infiltration
velocity is of the order of 2 to 2.1 um/s, which is very similar to that which has been pre-

viously reported [51]. From that moment on, we see a constant increment of the infiltration
volume, which, in principle, would tell us that what is happening is a flow of a liquid
through a pipe. To analyse the data, the boundary conditions must be established and the

pressure exerted must be calculated.

1000
y=178x- 7117
R2=09989 ©®
800 :
:
600 '/
£ ¢
£ :
€ 400 /
> 4
200 6
0 i T = - T = T = T = " T
0 500 1000 1500 2000 2500
time (s)
Figure 4. Evolution of infiltrated volume at function of time.
2v1,€0860 2% 0.75 cos (40
I 2 102 ) = 4500 Pa 1)
(22)

Capillarity P=—+
Hydrostatic P=pgh=2570 x 9.8 x 0.02 =500 Pa,
For capillaries larger than 500 pm in diameter, the hydrostatic pressure is no longer

negligible, so the pressure is 5000 Pa. Then, to calculate the flow rate through the capillary,

we apply the Poiseuille equation:
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m3 mm?
= - =254 x10%—=254 , (23)
8 uL 8 x 6.05 x 10°x 0.005 s s

~ APmr* 5000 x 3.14159 (250 x 10°%)*

The flow rate obtained is an order of magnitude less than 3 mm?/s, as can be inferred
from Figure 4.

No difference has been observed between the two materials. These experiments cor-
roborate those mentioned above; the infiltration rate is controlled by the chemical reaction
in the triple line. As soon as the “porous” zone is covered with SiC, the infiltration pro-
ceeds according to the well-known laws of fluid flow.

5. Conclusions

In the present research, it has been investigated, both from a theoretical and experi-
mental point of view, which factors govern the Si infiltration process of a porous carbon
preform. From a theoretical point of view, the equations have been formulated assuming
that the infiltration process is controlled by fluid dynamics and that the experimentally
low infiltration rate is due to the formation of SiC on the walls, which decreases the pore
size. In no case has it been found that the infiltration rate is linear and that the rate is
similar to that measured experimentally in preforms with an average pore size of 50 mi-
crons. An extrapolation has been carried out for smaller diameters, finding that it could
partially explain the infiltration in only one case, and only as long as the pore is less than
5 microns.

Experimentally for a 500-micron cylindric pore, the data show that SiC formation
occurs in several stages, and that once a continuous layer is formed, infiltration proceeds
according to the classical Poiseuille law. This is only possible if the infiltration rate in the
first stage is controlled by the reaction rate in the triple line.
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