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Abstract

Surface tension of silicon based and zirconium based alloys is one of the most
important parameters for reactive melt infiltration of SiC and/or ZrC based
ceramic composites. However, the high melting points and reactivity of these
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alloys with oxygen make it difficult and expensive to experimentally measure
these alloys’ surface tension. The aim of present work was to calculate the
surface tension of these alloys based on thermodynamic data and Butler model.
The surface tension of silicon based alloys increased with an increase in
zirconium concentration while that of the zirconium based alloys decreased with
an increase in silicon concentration. Both silicon based and zirconium based
alloys were found to have negative coefficients of temperature for surface
tension. The calculated surface tension values were in good agreement with
published experimental data, which indicated that the calculation model and
database were effective for calculating surface tension of silicon based and
zirconium based alloys.

1. Introduction

Calculation of phase diagrams base on thermodynamic functions has
been widely used in the last two decades [1]. The general acceptance of
the unary data of thermodynamic functions issued by SGTE (Scientific
Group of Thermodata Europe) [2] makes it possible to create large
databases, which are compatible with each other and internally
consistent. Such databases can be used for calculating phase diagrams of
binary and multi component systems. The ‘quality’ of the prediction of
phase equilibrium and thermodynamic properties in such multi
component systems reflects the ‘quality’ of the database and verifies the
thermodynamic assessments of lower order systems [3]. It is however also
possible to use such reliable databases for other purposes such as
evaluating the surface tension of mixed solutions. Thus, the range of the
applicability of the thermodynamic databases is considerably widened
and the understanding of the surface tension of molten alloys, salt

mixtures, and oxide mixtures is improved.

Ceramic matrix composites with SiC and/or ZrC based matrix
reinforced by high strength continuous ceramic fibers have attracted
much attention for high temperature applications due to their superior
high temperature strength, low density, improved damage tolerance,
good oxidation, and ablation resistance [4-7]. Reactive melt infiltration
(RMI) has been demonstrated to be an attractive technique for preparing
fiber reinforced SiC and/or ZrC based composite with many advantages

including short fabrication period, low cost, and near net shape [8-12].
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During the RMI process, molten silicon based Si-Zr alloy or zirconium
based Zr-Si alloy infiltrates into a porous carbon fiber reinforced carbon
preform (C/C) in a vacuum or inert atmosphere under the driving force of
capillary. The molten alloy expands to fill the pores and reacts with the
carbon in the porous C/C preform, which ultimately results in a dense
SiC and/or ZrC matrix. The capillary force increases with the magnified
surface tension of the molten alloy according to the Young-Laplace

equation:
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r

where o is the surface tension of the molten alloy, 0 is the equilibrium
contact angle of the molten alloy on the solid, and r is an effective pore
radius characteristic of the preform. It should be mentioned that the
surface tension of the infiltrated molten alloy is a very important
parameter in the practical RMI process and also in the numerical
simulation of the molten alloy infiltration into the porous preform.
Unfortunately, there is very little published information about the
surface tension data for Si-Zr binary system. Only Kostikov and
Tarabanov [13] measured the surface tension of silicon based Si-Zr alloys
and the measured data was limited to very narrow composition and
temperature range. The surface tension of zirconium based Zr-Si alloys is
still unknown and the surface tension of the silicon based and zirconium
based alloys in Si-Zr system needs to be systematically investigated in
order to further understanding the RMI of SiC and/or ZrC based ceramic
composite. However, the melting points of these alloys are quite high,
which makes it difficult and expensive to measure these alloys’ surface
tension by experiments. Additionally, the molten Si-Zr alloys are highly
reactive with oxygen and the substrate material [14], which greatly
affects the accuracy of the experimentally measured surface tension
values of these alloys. Butler [15] built a model to calculate surface
tension of molten alloys based on thermodynamic data, providing a
practical and economical method to calculate the surface tension of

molten alloys.
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In our previous work [16, 17], high performance SiC and ZrC based
ceramic composites have been successfully produced by a quick and low
cost RMI process using silicon based Si-Zr alloys and zirconium based
Zr-Si alloys, respectively. The aim of this contribution is to calculate the
surface tension of the silicon based and zirconium based alloys in the
Si-Zr system, which should help to improve the understanding of the RMI

production of the SiC and ZrC based ceramic composites.
2. Calculation Method

Butler provided a theoretical model to calculate the surface tension of
binary and ternary alloy systems [18]. In that model, the surface is
considered as an additional thermodynamic phase in equilibrium with
the bulk. Based on the Butler’s model, the surface tension of liquid alloys

can be described as shown by Equation (2):

RT . X° 1
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where R, T, o, 0;, and S; are gas constant, temperature, surface
tension of molten alloys, surface tension of pure components, and surface
area, respectively. XL-S and X,B are the mole fraction of a component i in
GES

the surface phase and the bulk phase. and GiE’B are the partial

excess Gibbs energies of a component i in the surface phase and the bulk
phase, respectively, both as functions of temperature and composition.

The surface area of component i is calculated by Equation (3) [19]:

1o
S; = 1.091NO3(% 2'3, 3)
13

where Ng, M;, and p; are Avogadro’s number, the molar mass, and

density, respectively.
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Assuming that the free energy of an alloy is always proportional to

the number of interactive contacts between neighbouring atoms, GiE’S

and GiE’B are related to the respective coordination numbers in the

surface layer and the bulk phase as [20]:
GES - p.gEB, )

where B is the ratio between the two coordination numbers, i.e., a

parameter describing the reduced coordination in the surface phase.
Equation (4) is based on the model proposed by Speiser et al. [20]. This
equation means that the free energy in the surface phase has the same
temperature and composition dependence as that in the bulk phase. In
typical close-packed solid structures, the coordination numbers are 12
and 9 for the bulk and the surface phases, respectively, and thus
B = 0.75 [21]. However, in some cases the value of B might be affected

by other factors, such as the relaxation of the surface structure. In the
literatures, different values ranging from 0.5 <3 < 0.84 can be found

[21].

The thermodynamic data for the Gibbs excess free energies in binary
systems can be given in the form of Redlich-Kister polynomials as follows
[22]:

n
GE =xiijL(k)(xi—xj)k, k=123, ..., n, (5)
k=0

where L®) is the interaction parameter. Based on the Gibbs excess free
energies of binary systems, the partial excess energy of component ¢ and j
in the binary system can be derived from the standard thermodynamic

relation in the form of Equations (6) and (7):

oG¥
GiE :GE+(1—xi)a—xi, (6)
E_,  GE
GE — (G lel ) (7)
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3. Results and Discussion

3.1. Surface tension and density of pure silicon and zirconium

The surface tension of pure component i can be described in terms of
[23]:

do;

dT (T - Tmi )7 (8)

GZGmi-i-

where o,,, is the surface tension at the melting point 7;,; and
do,,; /dT 1is a temperature coefficient of surface tension. Table 1

presents the values of the parameters used in Equation (8) for pure
silicon and zirconium as given in [24, 25]. Based on Equation (8) and the
parameters in Table 1, it is concluded that both the surface tension of

silicon and zirconium decreases with an increase in temperature.

According to [26], the density of pure component i can be calculated

as follows:

d .
P = Pmi +%(T_Tmi)7 ©)

in which p,,; 1s the density at the melting temperature 7,, and
dpn,i 1 dT is a coefficient. The parameters used in Equation (9) are

obtained from [25, 27] and also listed in Table 1. With the same variation
trend of surface tension, the density of pure silicon and zirconium

decreases with an increase in temperature.

Table 1. Parameters used in the calculations

Element Pmi dp; T - G ds; M;
dT mi mi dT 12

(g/cm?) (g/cm®K) (K)  (N/m) (N/mK) (g/mol)

Silicon 2.58 1685 0.84 -0.19 28.08

~0.159x1072

Zirconium 6.24 -0.29 2123 1.459 -0.244 91.22
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3.2. Surface tension calculation of silicon based and zirconium

based alloys

In the present work, the Gibbs excess free energy of the Si-Zr binary
system was calculated by using Redlich-Kister polynomials equation (6)
with a thermodynamic database created for Si-Zr phase diagram
calculations [28]. The optimal interaction parameters are shown in Table 2.
Based on Equation (5), the Gibbs excess free energy of Si-Zr binary

system can be described as Equation (10):
n
GF = xlxgzL(k)(xl — x9 ) = 10Txy, 2%
k=0

+ (= 200000 + 15.2T — 10Tx7, Jxz,xs;. (10)

Combine and solve Equations (2)-(9), and the surface tension of the
alloy can be calculated. A simple computer program was written to
calculate the surface tension of silicon based and zirconium alloys in Si-
Zr system by solving Equations (2)-(9) with a thermodynamic database
and parameters from Tables 1 and 2. Seen from the phase diagram of Si-
Zr system (Figure 1), there are two eutectic alloys, Si-Zr10 and Zr-Si8.8
alloys, which have the lowest melting point. In our previous work
[16, 17], both the eutectic silicon based Si-Zr10 and zirconium based Zr-
Si8.8 alloys showed great potential for preparing high performance SiC
and/or ZrC based ceramic composites by RMI. Thus, our calculation of
surface tension mainly focused on the silicon based Si-Zrl0 and
zirconium based Zr-Si8.8 alloys in order to help understanding the
infiltration process of the said alloys. Even so, the above method can be

used to calculate surface tension of all the alloys in the Si-Zr system.

Table 2. Interaction parameters in the Si-Zr system

Interaction Parameters Expression

10 —200000 + 15.24T

I 107
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Figure 1. Phase diagram of Si-Zr binary system.

Figure 2 shows the surface tension of silicon based Si-Zr10 alloy
calculated at different temperatures. The surface tension calculated by
the mixing rule and the surface tension of pure silicon were also included
for comparison. Surface tension by mixing rule was calculated using the

following equation:
O = XgiO8i + X7xO7;- (11)

As seen in Figure 2, both the calculated surface tension of Si-Zr10 alloy is
larger than that of pure silicon. With increase in temperatures, both the
surface tension of Si-Zr10 alloy and pure silicon decrease linearly. The
calculated surface tension variation of zirconium based Zr-Si8.8 alloy
with temperature changes (Figure 3) is similar to that of Si-Zr10 alloy.
However, the calculated surface tension of Zr-Si8.8 alloy is smaller than
that of pure zirconium, which indicates that the addition of silicon into

zirconium can reduce the surface tension of zirconium based alloys.
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Figure 2. Surface tension of Si-Zr10 alloy and pure silicon versus

temperature.
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Figure 3. Surface tension of Zr-Si8.8 alloy and pure zirconium versus

temperature.
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In order to further understand the effect of silicon addition on the
surface tension of zirconium based alloys and that of zirconium addition
on the surface tension of silicon based alloys, surface tension of silicon
based alloys with different zirconium content and that of zirconium based
alloys with different silicon content were calculated. The results are
shown in Figure 4 and Figure 5, respectively. In the silicon based alloys,
the surface tension increases with an increase in zirconium content while
the surface tension of the zirconium based alloys decreases with an
increase in silicon content. It should be noted that the surface tension
variation with the alloyed element content changes is non-linear, which
is different from the linear surface tension variation of pure silicon and

zirconium with temperature changes.
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Figure 4. Calculated surface tension of silicon based Si-Zr alloys at 1773K.
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Figure 5. Calculated surface tension of zirconium based Zr-Si alloys at 2073K.

Kostikov and Tarabanov [13] experimentally measured the surface
tension of silicon and silicon based Si-Zr alloys in a nitrogen atmosphere.
Their investigation indicated that the surface tension of silicon based
Si-Zr alloys was larger than that of pure silicon. The surface tension of
the silicon based Si-Zr alloys increased with an increase in zirconium
content in the alloy while the surface tension of the silicon based alloy
decreases with an increase in temperature. Their experimental
conclusions are quite consistent with the conclusions we got from the
above calculation. In order to further confirm the validity of the surface
tension calculation method employed in this Si-Zr system, some
published experimental surface tension data was referenced for
comparison, which is shown in Figure 6. The calculated surface tension
values are in good agreement with the published experimental data,
which indicates that the calculation method and thermodynamic data are

effective for calculating surface tension of the alloys in Si-Zr system. By
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contrast, both the calculated value and experimentally measured surface
tension is larger than the surface tension calculated by the mixed rule.
Thus, it is not reasonable to calculate the surface tension of alloys in the

Si-Zr binary system by the simple mixed rule.
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Figure 6. Calculated and experimentally measured surface tension data.

Surface tension of the molten alloys is one of the most important
parameters for RMI. According to Equation (1), capillary force varies
with surface tension of the molten alloys, which should influence the
infiltration process of RMI. In order to further investigate the effect of
alloys’ surface tension on RMI, the capillary force for different alloys
were calculated based on the alloys’ surface tension calculated in this
work. The contact angle and pore radius in Equation (1) was assumed as
20° and 10um, respectively. The capillary force as a function of surface
tension of Si-Zr alloys is shown in Figure 7. As can be seen, the capillary
force of silicon based and zirconium based alloys greatly increases with
the increase of surface tension. It indicates that increasing the surface
tension of alloys greatly helps to improve the infiltration of molten alloys

during RMI process.
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Figure 7. Capillary force as a function of surface tension of alloys in

Si-Zr system (a) silicon based Si-Zr alloys, (b) zirconium based Zr-Si alloy.
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4. Conclusions

(1) The surface tension of silicon based and zirconium based alloys

was calculated based on Butler model and thermodynamic data.

(2) The surface tension of silicon based alloys increases with an

increase in zirconium concentration while that of zirconium-based alloys

decreases with an increase of silicon concentration.

(3) Both the surface tension of silicon based alloys and zirconium

based alloys decreases with an increase in temperature.

(4) The calculated surface tension is in good agreement with some

published experimental data.

(1]

(2]
(3

(4]

(5]

(6]

(7]

(8]

(9]

References

N. Saunders and P. Miodownik, Calphad —-A Comprehensive Guide, Elsevier,
London, 1998.

A.T. Dinsdale, SGTE data for pure elements, Calphad 15 (1991), 317-425.

R. Picha, J. Vrestal and A. Kroupa, Prediction of alloy surface tension using a
thermodynamic database, Calphad 28 (2004), 141-146.

S. A. Chen, C. R. Zhang, Y. D. Zhang, D. Zhao, H. F. Hu and Z. B. Zhang, Mechanism
of ablation of 3D C/ZrC-SiC composite under an oxyacetylene flame, Corros. Sci. 68
(2013), 168-175.

N. Padmavathi, S. Kumari, V. V. B. Prasad, J. Subrahmanyama and K. K. Ray,
Processing of carbon-fiber reinforced (SiC + ZrC) mini-composites by soft-solution
approach and their characterization, Ceram. Int. 35 (2009), 3447-3454.

Y. G. Wang, X. J. Zhu, L. T. Zhang and L. F. Cheng, C/C-SiC-ZrC composites
fabricated by reactive melt infiltration with Sig7Zry 13 alloy, Ceram. Int. 38
(2012), 4337-4343.

W. Krenkel, Application of fibre reinforced C/C-SiC ceramics, Ceram. Forum Int.
80(8) (2003), 31-38.

J. Yang and O. J. Ilegbusi, Kinetics of silicon-metal alloy infiltration into porous
carbon, Composites A 1 (2000), 617-625.

M. Singh and D. R. Behrendt, Reactive melt infiltration of silicon-molybdenum alloys
into microporous carbon preforms, Mater. Sci. Eng. A 194 (1995), 193-200.



(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17)

(18]

[19]

(20]

(21]

(22]

(23]

(24]

(23]

SURFACE TENSION CALCULATION OF ... 129

M. Esfehanian, J. G. Unster, F. Moztarzadeh and J. G. Heinrich, Development of a
high temperature C/XSig-SiC (X = Mo, Ti) composite via reactive melt infiltration,
J. Eur. Ceram. Soc. 27 (2007), 1229-1235.

S. Z. Jiang, X. Xiong, Z. K. Chen, P. Xiao and B. Y. Huang, Influence factors of
C/C-SiC dual matrix composites prepared by reactive melt infiltration, Mater. Des.
30 (2009), 3738-3742.

S. Kumar, A. Kumar, R. Devi, A. Shukla and A. K. Gupta, Capillary infiltration
studies of liquids into 3D-stitched C-C preforms Part B: Kinetics of silicon
infiltration, J. Eur. Ceram. Soc. 29 (2009), 2651-2657.

V. I. Kostikov and A. S. Tarabanov, Metod 1ssl i Svoistva Gran Raz Kontakt faz, AN
UKR SSR, pp: 79-90, edited by V. N. Eremenko, Naukova Dumka, 1977.

B. J. Keene, A review of the surface tension of silicon and its binary alloys with
reference to Marangoni flow, Surf. Interface Anal. 10 (1987), 367-383.

J. A. V. Butler, The thermodynamics of the surfaces of solutions, Proc. R. Soc.
135 (1932), 348-375.

Y. G. Tong, S. X. Bai, H. Zhang and K. Chen, C/C-SiC composite prepared by Si-10Zr
alloyed melt infiltration, Ceram. Int. 38(4) (2012), 3301-3307.

Y. G. Tong, S. X. Bai and K. Chen, C/C-ZrC composite prepared by chemical vapor
infiltration combined with alloyed reactive melt infiltration, Ceram. Int. 38(7) (2012),
5723-5730.

Z.Y. Qiao, Z. M. Cao and T. Tanaka, Prediction of surface and interfacial tension
based on thermodynamic data and Calphad approach, Rare Metals 25(5) (2005),
512-528.

T. Tanaka, K. Hack and S. Hara, Calculation of surface tension of liquid Bi-Sn alloy
using thermochemical application library ChemApp, Calphad 24(4) (2000), 465-474.

R. Speiser, D. R. Poirie and K. Yeum, Surface tension of binary liquid alloys,
Scripta Metal. 21 (1987), 687-692.

I. Egry, E. Ricci, R. Novakovic and S. Ozawa, Surface tension of liquid metals and
alloys: Recent developments, Adv. Colloid Interface Sci. 159 (2010), 198-212.

M. Kucharski and P. Fima, The surface tension and density of liquid Ag-Bi, Ag-Sn
and Bi-Sn alloys, Monatshefte fiir Chemie/Chemical Monthly 136 (2005), 1841-1846.

B. J. Keene, Review of data for the surface tension of pure metals, Int. Mater. Rev.
38(4) (1993), 157-192.

N. Eustathopoulos and B. Drevet, Surface tension of liquid silicon: High or low
value?, J. Cryst. Growth 371 (2013), 77-83.

P. F. Paradis and W. K. Rhim, Thermophysical properties of zirconium measured
using electrostatic levitation, Proc. SPIE 3792, Materials Research in Low Gravity
11, 1999.



130

(26]

(27)

(28]

Y. G. TONG et al.

E. A. Brandes and G. B. Brook, Smithhells Metals Reference Book, 7, London:
Butterworth Heinemann, 1992, 1406-1410.

W. K. Rhim and K. Ohsaka, Thermophysical properties measurement of molten
silicon by high-temperature electrostatic levitator: Density, volume expansion,
specific heat capacity, emissivity, surface tension and viscosity, J. Cryst. Growth 208
(2000), 313-321.

H. M. Chen, F. Zheng, H. S. Liu, L. B. Liu and Z. P. Jin, Thermodynamic assessment
of B-Zr and Si-Zr binary systems, J. Alloy Compd. 468 (2009), 209-216.



