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Cobalt-silicon based carbon composites (Co–Si/C) have established a noteworthy consideration in recent years as a
replacement for conventional materials in the automotive and aerospace industries. To achieve the composite, a reactive
melt infiltration process (RMI) is used, in which a melt impregnates a porous preform by capillary force. This method
promises a high-volume fraction of reinforcement and can be steered in such a way to get the good “near-net” shaped
components. A mathematical model is developed using reaction-formed Co–Si alloy/C composite as a prototype system
for this process. The wetting behavior and contact angle are discussed; surface tension and viscosity are calculated by
Wang’s and Egry’s equations, respectively. Pore radii of 5 µm and 10 µm are set as a reference on highly oriented pyrolytic
graphite. The graphs are plotted using the model, to study some aspects of the infiltration dynamics. This highlights
the possible connections among the various processes. In this attempt, the Co–Si (62.5 at.% silicon) alloy’s maximum
infiltration at 5 µm and 10 µm radii are found as 0.05668 m at 125 s and 0.22674 m at 250 s, respectively.

Keywords: cobalt-silicon/carbon composites, Co–Si alloy, reactive melt infiltration (RMI), carbon preforms

PACS: 61.25.Mv, 47.70.Fw, 83.80.Ab DOI: 10.1088/1674-1056/abeee7

1. Introduction
Cobalt-silicon/carbon composites are lightweight and

heat resistant, and show quite a resistance from wear and
tear. They are the replacement of the conventional materials
in aerospace, automobile and heavy industries. Co–Si/C com-
posites have been successfully commercialized particularly for
the protection of friction parts.[1–4] To study the RMI dynam-
ics of these composites, the wetting behavior is vital, which
is the intermolecular interactions between the liquid and solid.
If the reactive melt does not wet the substrate (θ > 90◦), the
forced infiltration can also be performed.[5]

Unlike coating which is just an additional layer of a ma-
terial onto a different material and involving the surface only,
the RMI technique is much deeper, in which a liquid perme-
ates into porous material and chemically reacts with the walls
of the cavities, throughout the rise. This not only enriches the
material but changes it into a composite by altering its chemi-
cal and physical features and capabilities. To ensure that there
is no foreign contamination, a vacuum is very important so
that the infiltration can occur without any disturbance. Usu-
ally, infiltration is performed using the matrix in molten form,
meanwhile, many metals such as silver, nickel, cobalt, cop-
per, magnesium, and aluminum are easily melted and han-
dled as a liquid. These are used in metal matrix composite’s
production.[6–13]

The complexity of this technique makes it worthwhile due
to its products. Many studies are currently in progress and new
technologies and techniques are being achieved and developed
in the pursuit of advanced materials. Figure 1 illustrates an
experimental setup; describing the infiltration process within
the capillary of the porous carbon performed by molten metal-
silicon (M–Si) using a conventional furnace in a vacuum.[13,14]

To investigate the infiltration kinetics, study of this pro-
cess is essential, by assuming that the formation of SiC at
interface only depends on the Si content rather than C, the
threshold activity, asi (SiC), can be calculated using the fol-
lowing equations:[15–21]

Si(in liquid Co)+C(s)→ SiC(s),

∆H =−48.9
[

kJ
mol

]
, (1)

asi (SiC) =
1

ametal
c

exp
[

∆G0
f (SiC)
RT

]
, (2)

∆G0
f (T ) =−113482

[
J

mol

]
+37.4872

[
J

mol ·K

]
T [K], (3)

where ametal
c is the activity of C in liquid metal C, ∆G0

f (T ) is
the Gibbs energy in the formation of Si–C, T is the tempera-
ture, and R is the gas constant.
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Fig. 1. Three-dimensional schematic diagram of (a) RMI experimental setup and (b) capillary-rise in the carbon perform (3D-view).

2. Infiltration process
The RMI techniques offer a dimension, which predicts

the infiltration height, and the time to reach a certain or a de-
sirable height. Theoretical models can determine the height of
the infiltrant in a porous system. In this study, the “infiltrant” is
liquid Co–Si and carbon is used as a porous system. The infil-
tration occurs when the reactive melt engages with the walls of
the capillary (chemically combining throughout the impregna-
tion); eventually fabricating the metal-silicon/carbon compos-
ite. The choking (termination) occurs in the Co–Si/C systems,
as the melt rises to a certain height. The SiC formation results
in a volumetric expansion leading to pore shrinkage. Theoreti-
cal calculations provide an insight into the experiment, helping
in choice of the material (carbon performed) and the concen-
tration of the metal alloys used for the impregnation. In this
study, we discuss theoretical calculation on the desired metal-
Si/C composite. Figure 2 illustrates a 3D-schematic diagram
of the infiltration of liquid Co–Si into a carbon perform, with
(a) the chocking of the moving front and (b) smooth infiltra-
tion. Since the silicon-carbon interface is responsible for the
termination of the reaction, a time-dependent model is essen-

tial, which could predict the maximum impregnation before
the termination occurs.

There is no doubt that the effectiveness, usefulness and
fruitfulness of the Co–Si/C composites using RMI techniques
are unparallel, and they can replace other materials that are
being used in mechanical and aviation industries.
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Fig. 2. Three-dimensional schematic diagram of (a) chocking of the
capillary, (b) infiltration of reactive melt before the chocking (termina-
tion).
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3. Numerical procedure
This research focuses on infiltration of Co–Si alloy front

into porous carbon performs. Infiltration in the capillary is a
distinctive “contact line” problem. Chibbaro et al.[22] revisited
this issue with a basic model, also considering inertial effects,
except the “vena contracta”. The differential equation describ-
ing impregnation of the capillary by two fluids with the same
density ρ , dynamic viscosity µ , and surface tension σ into a
single channel in 2D reads[23,24]

d2h(t)
dt2 +

3µ

r2ρ

dh(t)
dt

=
σ cosθ

rρl
. (4)

The opening term on the left-hand side speaks for inertial
forces and the subsequent term represents the viscous forces.
On the right-hand side the term is due to capillary action. Here
r is the radius of the channel, h designates the position of the
invading front, and l is the channel’s length.

The models related to capillary action assume the process
with a capillary of a uniform cross-section. If the wetting oc-
curs, the liquid-vapor will develop a meniscus inside the cap-
illary depending upon the pore size and contact angle. Across
this meniscus, a capillary pressure will develop thus driving
the liquid into the porous perform. Considering the hypothesis
of a uniform cross-section of the bore, Calvimontes,[25] fol-
lowing Washburn,[22,26,27] developed an equation, describing
the parabolic dependence of infiltration distance h on time t.

Furthermore, Einset[28] replaced the average radius by ef-
fective radius in the Washburn model, which gave even better
success. Dullien et al.[29] extended the Washburn model to
a real porous medium in which the effective channel radius
was described by knowing the fact that in general the capil-
lary should be considered for the varying cross-sections and
the varying segments of a real porous medium. In this model
(Eq. (4)) when inertial forces are neglected, for a shrinking
radius, the radius is rewritten as r(t) = r0 − kt (where r0 is
the initial radius and k is the reaction-rate constant). The es-
timated value of the reaction rate constant may be taken as
k ≈ 4×10−8 m·s−1.[13]

A solution to Eq. (4) is given as

3µ

r2ρ

dh
dt

=
σ cosθ

rρl
, (5)∫ h

h0

dh =
σ cosθ

3µl

∫
rdt, (6)

∴ r = (r0− kt), (7)

h−h0 =
σ cosθ

6µkl
[r0− kt]2

∣∣∣t
0
, (8)

h(t) =
σ cosθ

6µkl

[
(r0)

2− (r0− kt)2
]
+h0, (9)

where h0 is the initial position.
The two important parameters are the surface tension and

viscosity for finding the infiltration height h(t). To determine

the surface tensions for specific temperatures and silicon per-
centages of the Co–Si alloy, Wang et al.[30] proposed that the
surface tension of Co–Si alloy should be a function of both
temperature (∆T ) and content of silicon (C) in cobalt-silicon
alloy. As a result, the surface tension of the Co–Si alloy sys-
tem can be inferred as

σ (T,C)

= 1.882−1.12×10−2C

−
(

3.37×10−4 +2.97×10−6C
)
·∆T [N ·m−1], (10)

where ∆T = |1607−T | was experimentally suggested.[30]

The viscosities can be determined by the relation given
by Egry[31] as follows:

σ

µ
=

15
16

√
kT
M

, (11)

where k is Boltzmann’s constant, T is temperature, σ is the
tension, M is molecular weight, and µ is viscosity.

Based on Eqs. (10) and (11), Fig. 3 illustrates the surface
tensions and viscosities calculated and extrapolated at differ-
ent percentages of silicon in Co–Si alloy by keeping the tem-
perature at 1723 K.
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Fig. 3. Surface tension and viscosity of Co–Si alloy vs. silicon content.

4. Results and discussion
To calculate the infiltration height, experimental data

is needed. Therefore, we choose the concentration (wt.%
Si) for which the values of contact angles were known
experimentally.[21,32] The contact angles (θ ) can be calculated
theocratically by[13,33]

θ(t) = θ∞ +θ∞ exp(B−A), (12)

where A and B are material constants and θ∞ is the equilibrium
value of the contact angle.

The data from Table 1 show surface tension, viscosities
and molecular mass calculated with the help of Eqs. (10) and
(11). The carbon substrate used is the highly oriented pyrolytic
graphite.[21,30,32]
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Table 1. Data for cobalt-silicon wetting on carbon substrates at 1723 K.

Sample Silicon content (wt.%) Contact angle θ (◦) Surface tension σ (N/m) Viscosity µ (mPa·s) Absolute atomic mass M (kg)
1 32.2 120 1.4712 2.9029 8.1365×10−26

2 62.5 < 15 1.1214 1.9905 6.5844×10−26

3 75 40±2 0.9771 1.6478 5.9442×10−26

4 90 40±2 0.8039 1.2651 5.1758×10−26

The computational outcomes based on Eq. (9) are in
Figs. 4 and 5, displaying the height of the reactive melt as a
function of time and initial pore radius taken as r0 = 5 µm and
10 µm. Material systems are studied at temperatures around
1723K for the Co–Si alloy. The infiltration kinetics depends
on two factors: chemical reaction and properties of the liquid
melt. The moving flow front shows an elliptical shape in the
initial stage of the infiltration. As the process continues, the
infiltration front encounters the conduit, the liquid melt grad-
ually changes from a radial flow to a uniform flow due to the
vena contracta. For given r0 and k, time for the peak value
remains the same for all concentrations:

tmax(h) =
r0

k
(time for maximum infiltration). (13)

For a specific cobalt-silicon alloy, the larger radius (r0 =

10 µm) of the capillary yields more swift and larger infiltra-
tion height, than those for the smaller radius (r0 = 5 µm).
The nature of reaction in this system could take the form
of dissolution, inter-metallic formation, or a combination of
both processes. For this system, numerical studies provide the
best prediction of optimal parameters for minimum conversion
time.[14]
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The greatest infiltration height is shown for the Co–Si
alloy occurring at 62.5% of silicon. The infiltrations are
0.056685 m and 0.226738 m for 5 µm and 10 µm, respec-
tively. The reason why the cobalt-silicon alloy with 32.2 wt.%
Si has the lowest infiltration, only 0.026396 m and 0.105583 m
for 5 µm and 10 µm, respectively, because of a higher con-
tact angle (120◦) that results in a lower wettability (weak solid
to liquid interaction), higher surface tension (1.47 N/m) and
higher viscosity (2.90 mPa·s), which creates resistance for the
capillary action. On the other hand, the Co-75 wt.% Si and
Co-90.8 wt.% Si alloys have the infiltrations of 0.047314 m
and 0.050704 m for the capillary radius of 5 µm, respectively,
and 0.189256 m and 0.202817 m for 10 µm, respectively. For
a better understanding, a combined view is given in Figs. 6 and
7. In Fig. 6 the infiltration is shown after 25 s till 125 s, which
is the time at which the infiltration is maximal for different
percentages of Si content having the capillary radius of 5 µm.
Similarly, In Fig. 7 the infiltration is shown after every 50 s till
250 s, which is the time at which the infiltration is maximal for
different percentages of Si content having the capillary radius
of 10 µm.
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5. Conclusions

Carbon does not usually react with metal. To address this
problem a silicon interface is used for effective bonding. In
regarding this, a mathematical model is developed to repre-
sent the infiltration dynamics of the liquid-metal-silicon/solid-
carbon system (Co–Si/C). The present model constitutes an
important contribution to understanding of the highly dynamic
process of liquid Co–Si infiltration on highly oriented py-
rolytic graphite. This model is based upon the infiltration be-

havior of a single capillary system which is linked with the
macroscopic infiltration dynamics. The advantage of the mod-
eling is that it could provide an insight into the designing of
Co–Si/C composites ranging over the desired parameters with
minimal effort and allowing more precise optimization. The
infiltration height depends upon the concentration of com-
ponents of alloy and its temperature and wettability. In the
above data, the infiltration heights are calculated at four dif-
ferent concentrations for given temperature and wettability. It
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is found that the maximum infiltration height occurs for a con-
centration of 62.5 wt.% Si. For given wettability and tempera-
ture the time at which the maximal infiltration height occurs is
the same, which implies that this time is independent of con-
centration.

The prospect of this study is to ensure a balanced per-
centage of cobalt-silicon alloys to have a good and effective
infiltration so that a desirable Co–Si/C composite is fabricated
for a desirable purpose. These composites have a variety of
applications, enhancing the appearance, strengths, and other
physical and chemical properties.
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