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Abstract

The contact angles of two different systems, molten silicon and a eutectic Si-8 at. pct Zr alloy
and their evolution over time on vitreous carbon and polycrystalline silicon carbide (SiC)
substrates were investigated at 1500°C under vacuum, as well as in argon using the sessile drop
technique. The contact angle and microstructure of the liquid droplet/solid substrate interface were
studied to understand fundamental features of reactive wetting as it pertains to the infiltration
process of silicon and silicon alloys into carbon or C/SiC preforms. Both pure Si and the eutectic
alloy showed good wettability on vitreous carbon and SiC characterized by equilibrium contact
angles between 29° and 39°. The eutectic alloy showed a higher initial contact angle and slower
spreading as compared to that of pure Si. On vitreous carbon both silicon and the eutectic alloy
formed SiC at the interface, while no reaction was observed on the SiC substrates.

1 Introduction

Silicon infiltrated silicon carbide (Si-SiC) manufactured by means of the so-called liquid silicon
infiltration process (LSI) has drawn considerable attention from different industrial sectors, due to
the possibility of an industrial scale production of nearly net-shaped large complex components
with very low porosity [1]. The first step in LSI consists of producing a carbon-based microporous
medium known as a preform (which may already contain a-SiC particles), which is easy to mold
into the desired final shape. Later, in the furnace, the liquid silicon is pulled into the preform by
capillary forces and reacts exothermally with the carbon preform to form a B-SiC body via reactive
wetting and diffusion controlled conversion [2]. However, there are still some undesired aspects
of LSI. Firstly, the presence of residual unreacted silicon in the composite impairs the mechanical
properties above 1300°C [3]. Secondly, if carbon fibers are used as reinforcement, their reaction
with silicon may result in the weakening of the composite [4, 5]. Finally, depending on the pore
characteristics and the preform’s reactivity, the solid phase reaction products could cause capillary
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obstruction and incomplete infiltration [6]. As a result of the diffusion of carbon through solid SiC
being faster than that of silicon, the growth of the solid phase occurs into the capillary channel,
therefore potentially obstructing liquid transport [7-9]. Additionally, the unreacted silicon expands
during solidification and may create internal stresses and/or cracks.

One way of avoiding the unwanted reaction and obstruction of channels is to protect the
reinforcement with an inert interphase, such as SiC or BN. Although being effective, this technique
is expensive in terms of equipment and process time. Furthermore, it fails to solve the problem of
the limited operation temperature due to residual silicon. Another solution is to use metal — silicon
alloys, as they have shown to reduce reactivity [10, 11] and lower the amount of residual silicon,
as well as the infiltration temperature [12]. The alloying element must be chosen based on the
liquid-phase equilibria and its ability to form refractory silicides, which have a higher melting
temperature than pure silicon. This has been shown to be feasible for Si-Mo alloys infiltrated into
carbon preforms [13, 14]. Apart from increasing the melting point, the refractory silicides were
found to improve mechanical properties and oxidation resistance at high temperatures [15]. Among
most recent studies [12, 16], one example of refractory silicides used was Si-Zr alloys. Si-Zr alloys
have been used to infiltrate carbon preforms as to obtain a ceramic matrix composite (CMC)
characterized by high strength, good oxidation resistance, and excellent ablation resistance.
Several studies focussing on different aspects of metal-silicon alloy infiltrated CMCs can be found
in literature [11-19], however, these works have mainly focussed on practical and applied aspects.
More fundamental features of reactive wetting and capillary infiltration in reactive systems have
been overlooked or not analysed in depth. Several groups have studied the wetting properties of
silicon and silicon alloys on various types of graphite materials and SiC [20-33]. To our
knowledge, there hasn’t been any study yet featuring the fundamental wetting properties of any
composition of Si-Zr alloy on carbon or SiC substrates. The present work aims at filling this gap
by performing classical sessile drop experiments to study the spreading of pure silicon and Si-Zr
alloy at 1500°C on vitreous carbon and polycrystalline SiC substrates and study the effect of
reactive wetting.

2 Experimental procedure

The experiments were performed in an alumina tube furnace (Gero GmbH Neuhausen, Germany)
under a controlled atmosphere. The furnace can be operated at a maximum temperature of 1600°C,
both under vacuum and an inert gas (Ar or N2) atmosphere. The vitreous carbon (Sigma-Aldrich
Chemie GmbH, Germany) and polycrystalline SiC (3M Technical Ceramics, Germany) substrates
measuring 15 mm x 15 mm x 3 mm were manually polished using SiC paper with the following
grit sizes: 800, 1200, 2000 and 4000. Next, semi—automatic polishing using 1pm diamond
suspensions and final polishing with an acidic aluminum oxide suspension were performed. The
surface roughness was measured by means of a NanoFocus psurf explorer confocal microscope
(NanoFocus AG, Germany) using puSoft Analysis XT software. The pieces of pure silicon and Si-
8 at. pct Zr alloy (henceforth: Sio.92Zr0.08) were carefully cleaned using a HNO3 (65%), HF (40%)
and CH3COOH (100%) solution in the ratio of 5:3:3, to remove the oxide layer, followed by rinsing



with water then drying in a vacuum oven. The silicon and Sio.92Zr0.0s alloy pieces with the weight
in the range of 50-80 mg were put on the substrates and placed into the alumina tube, as shown in
Fig. 1. The small alumina tube, in which the samples were placed, was approximately half the
length of the furnace, ensuring that the sample was near to the thermocouple situated in the middle
of the furnace. The tube furnace had glass caps on both sides, while the light source and digital
camera were placed on opposite sides. The image acquisition was carried out by means of a
computerized digital image analyzer. The values of the height and the diameter of the droplets
were taken directly from the images of the droplets during the experiments.
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Fig. 1 Schematic of metal droplet on substrate placed in a tube furnace with both sides covered by glass to observe
and measure the contact angle using a digital camera.
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The contact angles of silicon and Sio.92Zro.0s alloy on vitreous carbon and sintered silicon carbide
(SiC) were determined at 1500°C for 1 h. The measurements of the contact angles were started
immediately after the formation of a liquid droplet after complete melting of the sample. For the
calculations, it was assumed that the droplets took the form of a spherical cap, due to their tiny
volume. The contact angles 0cal were deduced from binary pictures using equation (1) where /4 is
the measured height and d is the measured diameter of the droplet.

2h
Ocal =2 arctanF (1)

The first set of experiments were performed under vacuum at 5 x 107> mbar, using a
turbomolecular pump (BOC Edwards, Munich, Germany), while the second set of experiments
were performed under a static argon atmosphere (99.999 %, sourced from Linde) at 500-600 mbar.
Furthermore, an Oxisorb® cartridge from Messer Group GmbH (Krefeld, Germany) was used
before introducing the argon into the furnace, which should have provided a final purity of less
than 5 ppb Oz within the argon. To ensure the cleanliness in the alumina tube, the furnace was
repeatedly flushed with argon and pumped to high vacuum for at least 3 times before beginning
the experiments. For the experiments carried out under vacuum, the furnace was heated to 1500°C
with a heating rate of 350°C/h and was held at 1500°C for 1 h. For the experiments in argon, the
furnace was heated to 1400°C with a rate of 350°C/h, later at 100°C/h until reaching 1500°C and
was held at 1500°C for 1 h. Additionally, a few pieces of titanium sponge were placed near the



substrate to act as an oxygen getter and reduce the oxygen partial pressure in furnace below the
level caused by impurities in argon. The cross-sections of the solidified droplets and substrates
were later studied using a SEM (Tescan VEGA3 SBU, EO Elektronen-Optik-Service GmbH,
Germany) and EDX (BR AXS Quantax 200 EDX, Bruker Nano GmbH, Berlin, Germany) to
analyze the morphology and composition of the reaction layer between the droplet and the
substrate.

3 Results

3.1 Surface roughness
The surface roughness values determined in accordance with ISO 4287 for Ra and ISO 25178 for
Sa values are summarized in Table 1.

Table 1 Surface roughness of substrates measured by NanoFocus confocal microscope using uSoft Analysis XT

software.
Substrate | Ra(nm) Sa(um)
Vitreous carbon 55-6.8 0.04 - 0.07
SiC 8.8-10.1 0.10-0.17

3.2 Contact angles under vacuum

The contact angles of pure silicon and the Sio.92Zro.0s alloy measured under vacuum at 5 x 107
mbar on vitreous carbon and SiC substrates are shown in Fig. 2. The time on X-axis begins with
the initial formation of the liquid droplet from a solid piece, as observed by the camera. The contact
angle measured immediately after formation of the liquid droplet will be further referred to as the
initial contact angle. The increase in pressure with increasing temperature is expected, however, it
was observed that the pressure in the tube furnace kept rising with time, even though the
temperature was constant at 1500°C. Moreover, the height of the droplet kept reducing, whereas
the diameter of the droplet remained unchanged. These two observations were interpreted as the
vaporization of the droplet during the experiment, which apart from the initial contact angle, makes
the measured contact angles incorrect. The accuracy of the contact angle measurement is estimated
to be £2°. The estimation is based on the uncertainty of diameter and height measurement. The
accuracy of the measurement was determined by repeating the calculation of one contact angle
more than 20 times. The initial contact angle contact angles measured immediately after formation
of the droplet are summarized in Table 2 for pure silicon with their respective melting
temperatures. The Sio.92Zro.0s alloy showed a slightly different behavior compared to pure Si. The
initial contact angle on vitreous carbon and SiC was 51° and 52°, respectively, followed by slow
spreading of the droplet for 120 s until it reached the final contact angle of 43° and 44° (Table 2).
Since the spreading time is relatively short for the considerable effect of evaporation and change
in diameter and height of droplet was clearly noticeable. The temperature change is also nominal
for 120 s. The measured contact angle at this time is referred to as the final contact angle after the
droplet is formed. The equilibrium contact angle at 1500°C could not be measured due to the
decrease in droplet height due to evaporation.



Table 2 The initial and final contact angle of silicon and Sig.9,Zr¢ s on vitreous carbon and SiC substrates and
respective temperatures measured under vacuum.

: o
1 Melting temperature Contact angle (°)
Sample Substrate o — -
(°O) Initial Final
Silicon Vitreous carbon 1452 45 -
SiC 1446 42 -
Sio0aZ10.08 Vitreous carbon 1404 51 43
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Fig. 2 Development of the contact angle, diameter and height of the droplet of (a) silicon on vitreous carbon (b)
Sip.92Z10,0s alloy on vitreous carbon (¢) silicon on SiC (d) Sig92Zro.0s alloy on SiC with changing temperature and
vacuum pressure.

3.3 Contact angles under an argon atmosphere

The contact angles of silicon and Sio.92Zr0.0s alloy measured under and argon atmosphere at 500
mbar on vitreous carbon and SiC substrates are shown in Fig. 3. The partial pressure of Ar changed
to ~ 600 mbar upon heating to 1500°C and raised further by 5 — 8 mbar during the 1h holding time
at 1500°C. The initial contact angle of silicon on vitreous carbon and SiC was 41° and 42°,
respectively which decreases within 60 s to the final contact angles of 35° and 40°, respectively.
The latter is not a significant decrease considering its still in the range of experimental accuracy.
Once the temperature reached 1500°C, the contact angle on vitreous carbon steadied at 36° and to
38¢° on SiC. The virtually constant contact angle therefore considered as equilibrium contact angle

at 1500°C.



The Si0.92Zr0.0s alloy showed a very different behavior under Ar compared to that under vacuum.
The initial contact angle on vitreous carbon was 46° at 1404°C and stayed almost constant for
28 min, then suddenly dropped to 29° at 1452°C and then stayed nearly constant throughout the
experiment at 1500°C. In contrast, Sio.92Zr0.08 alloy on SiC had an initial contact angle of 52° at
1400°C, which decreased rapidly to 46° in 2 min and kept decreasing slowly to 39° until the
temperature reached 1500°C and then remained almost constant for the time of hold at that

temperature. The initial, final and equilibrium contact angle for pure silicon and Sio.92Zro.0s alloy
are summarized in Table 3.

Table 3 Initial, final and equilibrium contact angle of pure silicon and Sig.9:Zro.0g on vitreous carbon and SiC
substrates and respective temperatures measured under an argon atmosphere.

) Contact angle (°)
Melting ——
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C) Initial Final (at 1500
OC)
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Fig. 3 Development of the contact angle, diameter and height of the droplet of (a) silicon on vitreous carbon (b)
Sip.92Z10 03 alloy on vitreous carbon (c) silicon on SiC (d) Sig.92Zro.08 alloy on SiC with changing temperature and Ar
pressure.

3.4 SEM and EDX analysis

The experimental systems can be classified into two categories, namely reactive systems, where
the metal or alloy can react with the substrates to form reaction products at the interface, and non-



reactive systems where the metal or alloy cannot react with substrates to form any reaction product.
Fig. 4 (a) and (b) show the SEM images of the cross section of solidified silicon droplet on vitreous
carbon. The reaction layer is composed of SiC, as analyzed by EDX (Fig. 6 (a), (b)), and has an
average thickness of ~ 5 um. As for the non-reactive system, as was previously mentioned, no
reaction layer appeared between pure silicon and the SiC substrate, as seen in Fig. 5 (a) and (b).
There is, however, a slight erosion of the SiC substrate at the silicon and SiC interface.

Fig. 4 SEM images of the cross section of (a), (b) the solidified silicon droplet (gray) on vitreous carbon (black) with
the visible SiC reaction layer formed at the pure silicon/carbon interface, (c), (d) the solidified Sio.9:Z1¢.0s droplet on
vitreous carbon (black), exhibiting needle-shaped Si-Zr phase in silicon and the SiC reaction layer formed at the
interface.

The solidified droplet of the Sio.92Zroos alloy on vitreous carbon is characterized by a typical
eutectic microstructure with needle-shaped Si-Zr phase within the Si matrix (Fig. 4 (c), (d)). The
reaction layer at the interface is primarily composed of SiC as seen by EDX analysis in Fig. 6 (c),
(d). On the SiC substrate, the Sio.92Zro.08 alloy did not exhibit any continuous reaction layer (Fig.
5 (¢), (d)), as was expected (Fig. 7 (c), (d)).
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Fig. 5: SEM images of the cross section of (a), (b) solidified silicon droplet on the SiC substrate showing no
reaction layer and slight erosion at interface, (¢), (d) the solidified Siy 922103 alloy on the SiC substrate exhibiting
needle-shaped Si-Zr phase and slight erosion at the interface.
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Fig. 6: EDX analysis of the interface of (a), (b) solidified silicon droplet on the vitrieous carbon substrate showing a
SiC layer at the Si/C interface, (¢), (d) solidified Sig9:Z10.08 droplet on the vitreous carbon substrate showing a SiC
layer at the C/Si-Zr eutectic phase interface.
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Fig. 7 EDX analysis of the interface of (a), (b) solidified silicon droplet on the SiC substrate showing no reaction
layer at the Si/SiC interface, (c), (d) solidified Siy.92Z10.08 droplet on the SiC substrate showing no reaction layer at
the SiC/Si-Zr eutectic phase interface.

4 Discussion

The measurements of the contact angles of the pure silicon droplet on vitreous carbon conducted
under vacuum were affected by vaporization of the liquid droplet. This resulted in an apparent
decrease in the contact angle from 40° to 33° within 50 min, as seen on Fig. 8 (captured at 1500°C,
50 min interval). It was observed that the droplet’s height decreased while the diameter remained
constant, which is a clear indicator of liquid volume reduction. Additionally, the vacuum pressure
continued to increase during the measurements, due to vaporization (Fig. 2). Nevertheless, the
initial contact angle can still be considered to be a valid measurement as no significant evaporation
was registered at the moment when the liquid droplet formed. It is worth mentioning that the
formation of silicon vapor has significant implications during the liquid metal infiltration of porous
carbon preforms. If the silicon vapors are in contact with carbon preform long time before the
liquid silicon infiltration process begins, silicon vapors could infiltrate the pores and react with the
carbon to form a thin layer of SiC. This may result in the formation of a diffusion barrier slowing
down further conversion of carbon into SiC by liquid silicon.

Dezellus et. al observed the contact angle of silicon on vitreous carbon by the dispensed drop
method [33]. The initial contact angle was about 150° at 1430 °C which is much higher than
contact angle observed in this study by using the classical sessile drop technique. There is an
inherent problem with the classical sessile drop technique where the metal is melted on the
substrate directly, significant part of the wetting process is absent or concealed by the melting
process. Therefore the initial contact angle reported here are not corresponding to the non-reacted



carbon substrate but rather most likely to be on reaction formed SiC layer during the melting
process.

The melting temperature and formation of the droplet of the Si0.92Zro.0s alloy occur at 30°C lower
than that of pure Si, which is favorable to lower the infiltration temperature. The initial slow
spreading of the Sio.92Zro.0s alloy droplet was observed on both the vitreous carbon and SiC
substrates. The higher initial contact angle of the Si0.92Zr0.0s alloy compared to that of pure silicon
may affect the infiltration kinetics adversely. The higher the contact angle, the more unfavorable
the wetting becomes.

Fig. 8 Silicon droplet on vitreous carbon at 1500°C, (a) contact angle 40°, (b) pseudo decrease in contact angle to
33° due to evaporation.

The contact angles measured under the argon atmosphere were more reliable due to negligible
evaporation of liquid droplet evident through the negligible change in the volume of the droplet
with the time, measured using the height and the diameter of the droplet. The pressure in the tube
remained nearly constant during the holding time. Therefore, the contact angles measured can be
considered valid even after the initial contact angle as opposed to the ones measured under vacuum.
However, the measurement of contact angle is very sensitive to residual oxygen in the tube, as a
result of impurities in Ar. The smallest amount of oxygen could form a thin solid oxide layer,
resulting in a non-spherical droplet, as seen in Fig. 9. The titanium sponge placed near the sample
helped to eliminate the solid oxide film formation of the liquid sample droplet by preferential
oxidation.

Fig. 9 Silicon droplet layer on SiC at 1500°C with a non-spherical surface due to formation of a solid oxide layer on
the surface.

The contact angle showed a typical trend, i.e. that the contact angle decreased with the increase in
temperature from the melting point to 1500°C and then reaching its equilibrium value shortly after
reaching a constant temperature of 1500°C. The measured initial contact angle of pure silicon on



vitreous carbon and SiC substrates are in good agreement with previous work of Whalen et al.
[23]. However, those authors did not consider the effect of evaporation due to high vacuum.
Moreover, the contact angle varies significantly, depending on the type of graphite substrates,
porosity and roughness [20]. The reasons for choosing the vitreous carbon substrate instead of
graphite are its fully dense structure and isotropy. In some graphite substrates the liquid melt seeps
through the pores by capillary forces, resulting in false contact angle measurements due to
reduction in net volume of the droplet on the surface. The vitreous carbon substrates used in the
experiments were fully dense preventing infiltration of silicon into porosity (Fig. 4). The Si0.92Zr0.08
alloy was characterized by a relatively slow initial droplet spreading when compared to the
almost instantaneous spreading of pure Si, where, additionally, the initial contact angle was
much higher. The slower initial spreading may be caused by the homogenization process
occurring during the transition from the solid eutectic phase to liquid phase or the time
required for the Si from the Si0.92Zr0.0s alloy to form the SiC reaction layer at the interface due
to lower activity of Si in the alloy than in the pure Si. This could also help to explain the
sudden drop of contact angle of the Si0.92Zr0.0s alloy on vitreous carbon substrate from 46° to
30° (Fig. 3 (b)), although a more in-depth study is needed to understand this phenomenon.
Even though the initial contact angle exhibits good wettability on both the vitreous carbon
and SiC substrates, the kinetics of wetting will strongly affect the reactive infiltration process.

The SEM images showed the formation of a distinct SiC layer along both of the vitreous
carbon/pure silicon and vitreous carbon/Si0.92Zro.0s alloy interfaces (Fig. 4). The formation and
growth of the SiC layer occurs in three stages, as explained by Voytovych et al. [22]; (i) a
permeable micron thick layer of SiC is formed by means of nucleation and growth (ii) rapid
growth of the reaction layer occurs via diffusion of carbon in liquid state silicon and a
threshold layer thickness of ~10 um is reached (iii) the reaction layer becomes impervious to
liquid silicon, resulting in negligible growth via grain boundary diffusion of carbon where
only coarsening of the reaction layer’s microstructure occurs thereafter. The value of the
reaction layer thickness depends on the type of carbon and its reactivity. The similarity
between the contact angle of silicon on vitreous carbon and SiC substrates can be explained
by the rapid formation of the solid SiC layer at the interface that controls the spreading. This
results in further spreading of the liquid on the micron-thick SiC layer rather than directly on
the vitreous carbon. Interestingly enough, the spreading on SiC substrate is slower than on the
vitreous carbon. It might indeed be that the larger surface roughness of the SiC substrate slows
down the triple line. Another possible explanation could have been the contamination by
oxygen of Sio.92Zro.0s alloy or the surface of SiC substrate. In long duration experiments at
1500 °C, the alumina tube might act as oxygen source. However, we did not see any indication
of oxide film formation on droplet which causes non uniform surface of droplet, where pieces
of titanium sponge used as oxygen getter were absent (Fig. 9). Also, there is no change in contact
angle during 1h holding time at 1500°C. In the case of the Si0.92Zro.0s alloy, a similar reaction
layer is observed. It is however worthwhile noting that the final contact angle of the Sio.92Zro.08
alloy on the SiC substrate is larger than the one on vitreous carbon, albeit both contact angles



are for the contact of the liquid with SiC. These differences might again be caused by the
difference in surface roughness between the SiC reaction layer and the SiC substrate.

The SiC substrates did not form a reaction layer at the interface with either pure silicon or the
Si0.92Zr0.08 alloy, as seen in Fig. 5. This is in agreement with the thermodynamic assessment of
Si-C-Zr system done by Chen et al. [34]. A few SiC grains can be seen to have become
dislodged from the substrate. The surface roughness at the interface also seems to have
increased when compared to the measured surface roughness (Ra = 8.8 - 10.1 nm Table 1) of
the polished substrates before the experiment. This can be interpreted as a slight erosion of
the SiC substrates’ interface, caused by the dissolution of SiC in the molten droplet.

5 Conclusion

The contact angles measured under vacuum are affected by evaporation from the surface of the
liquid droplet, resulting in a pseudo decrease in the contact angle over time. The Si0.92Zro.0s alloy
showed good wettability on both the vitreous carbon (equilibrium contact angle 29° at 1500°C)
and the polycrystalline SiC substrates (equilibrium contact angle 39° at 1500°C). However,
the Sio.92Zr0.0s alloy droplet was characterized by a higher initial contact angle and slow spreading
when compared to the instantaneous spreading of the pure silicon droplet on the substrates. The
formation of the continuous reaction layer of SiC was confirmed along both of the vitreous
carbon/pure silicon and vitreous carbon/ Sio.92Zro.0s alloy interfaces. The SiC reaction layer growth
was limited to a maximum value of ~5 pm in both cases, due to a newly formed SiC diffusion
barrier layer, which prohibits the further reaction of liquid Si with the carbon substrate.
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