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The wettability and infiltration of molten ZrSi, and ZrSi,-Lu,O3 alloys into C¢/SiC and B,C-infiltrated C¢/SiC
composites were investigated to understand the interfacial interactions that occur during the development of C¢/
SiC-ZrC and C¢/SiC-ZrB,-ZrC-Lu,O3 materials. A significant evaporation of Si from the liquid affected the wetting
behaviour of the alloy when tested in a vacuum at 1670 °C. The better wetting and spreading of the alloy over the
surface was observed for the composites with lower overall porosity (12 %). On the other hand, the formation of

an outer dense layer, followed up by the uniform infiltrated region up to ~ 1 mm was observed for the C¢/SiC
with higher porosity (21 %). The infiltrated alloy reacted with SiC matrix to form ZrC or with B,C-infiltrated SiC
matrix to form ZrB,-ZrC-SiC. The Lu,O3 particles were not wetted by the melt, and were pushed away of the
reaction zone by the solidification front.

1. Introduction

Development of new low-cost space launch systems and hypersonic
vehicles requires advanced materials for Thermal Protection Systems
(TPS) with temperature capabilities well above 2000 °C, as hypersonic
vehicles with velocities above Mach 5 experience high aerodynamic
and thermo-chemical loads on their surface [1-3]. Ceramic Matrix
Composites (CMCs), such as C¢/C and C¢/SiC, are materials of great
interest for aerospace applications, including TPS, aero-engine parts,
and hot gas valve parts, due to their superior mechanical properties,
damage tolerance and light weight [4]. However, their maximum
temperature application is limited to 1600 °C in an oxygen-rich en-
vironment, or 1800 °C in a low oxygen atmosphere [5]. There is an
increasing interest in improving the capability of current CMCs to
withstand harsh environmental conditions [6]. Transition metal com-
pounds with extremely high melting points (so called “ultra-high tem-
perature ceramics — UHTCs”), particularly borides of Zr and Hf — ZrB,
and HfB,, are considered as the alternative materials for TPS and other
demanding aerospace applications [1]. Their application is also limited
due to the low thermal shock resistance, lack of flaw tolerance and
relatively high density.

In recent years, therefore, a new class of materials, so called Ultra-
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High Temperature Ceramic Matrix Composites (UHTCMCs), has been
developed by the combination of CMCs and UHTCs in order to utilize
both the high mechanical reliability of CMCs and the ultra-high prop-
erties of UHTCs into one material system [6,7]. In such a way, problems
arising from the brittleness and low thermal shock resistance of UHTCs,
and the limited oxidation resistance of CMCs can be mitigated. Several
techniques have been used to produce this class of materials, including
slurry infiltration and Chemical Vapour Infiltration (CVI) [8], slurry
infiltration and Hot Pressing (HP) [7], slurry infiltration and Spark
Plasma Sintering (SPS) [9], Polymer Infiltration and Pyrolysis (PIP)
[10], or Reactive Melt Infiltration (RMI) [11,12]. Among these tech-
niques, RMI has attracted attention because of great advantages that lie
in a fast densification and low cost. RMI technique has been successfully
used either to infiltrate C; preforms with molten Zr to form C¢/C-ZrC
composites [13], or C¢/B4C-C preforms with molten ZrSi, alloy to form
C¢/SiC-ZrB,-ZrC composites [12,14], or C; preforms with molten Zr-B
eutectic to form C¢/ZrC-ZrB, composites [15]. RMI has also been used
in combination with PIP to produce 3D C¢/ZrC-SiC composites, in which
a molten Zr-Si alloy was infiltrated into the C¢/C-SiC substrate, prepared
by PIP [16]. Similarly, CVI combined with RMI of Zr-Si alloy was used
to develop C¢/C-ZrC composites [17].

During the fabrication of UHTCMCs by RMI, a UHTC matrix is
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obtained through the in-situ reactions between a reactive alloy melt and
active filler inside the preform. An alloy is infiltrated into preforms
under the driving force of capillary pressure, if the contact angle at the
pore walls is significantly lower than 90° [18,19]. At the same time,
RMI process is significantly affected by the preform structure (porosity,
pore size), viscosity of the alloy, infiltration temperature, and atmo-
sphere. However, it is rather difficult to identify and control the in-
terfacial phenomena occurring at the metal/ceramic interfaces, because
diffusion and reaction may concur, or even compete with wettability
[20]. These interactions may cause interfacial instability, decomposi-
tion of a reinforcement phase, or the presence of brittle interfacial re-
action compounds, which all can deteriorate the thermo-mechanical
properties of the composites. It has been reported that the presence of
Zr-species in the melt results in a strong corrosive medium, which
causes a significant erosion of C fibres in the final composites [11,12].
One way of avoiding the undesired degradation of the materials is to
protect carbon fibres with an inert interface, such as SiC or BN [20].
Therefore, in order to design and manufacture new types of UHTCMCs,
it is extremely important to investigate the wetting and reactivity be-
haviour of a molten alloy on the CMC materials at different conditions.
Despite this, only a few recent studies have been focused on the wetting
and infiltration behaviour of molten Zr-based alloys, e.g. ZrSi, in con-
tact with C¢/B4C-C preform [11], or Si-10Zr and Sig 92Zr1¢ 0g alloys on
SiC substrates [20,21]. On the other hand, no wetting and interfacial
investigation of molten Zr-Si alloy on C¢/SiC substrate has been re-
ported. Such a study might be of a great interest because the carbon
fibres are protected against the effect of reactive Zr-Si alloy by the
surrounding SiC matrix. This is expected to lead to the significantly
improved overall performance of the final UHTCMC composites, when
compared to the infiltration of molten Zr-Si alloy into C; preforms, in
which carbon fibres are just covered by active fillers (PyC, B4C, SiC,
etc).

It was the aim of the present work to investigate the wetting and
interfacial reactivity of molten ZrSi,-based alloys on C¢/SiC substrates
with two different porosities prepared by PIP. The current paper pro-
poses a new type of UHTCMC material, in which a C¢/SiC matrix is
reinforced with the in-situ formed ultra-high temperature phase ZrB,-
SiC-ZrC-Lu,O3 by reactions of molten ZrSi; — 5 wt.% Lu,O3 alloy with
the B,C-infiltrated C;/SiC substrate. In the first step, the wettability and
reactivity of pure molten ZrSi, alloy in contact with CVD-SiC and C¢/SiC
substrates were investigated to understand the effect of ambient at-
mosphere (vacuum or argon) and porosity of the matrix. The CVD-SiC
was used to study the interfacial reactivity and the liquid distribution of
molten ZrSi, over the SiC surfaces without the effect of porosities and
surface roughness, typical of CMCs. In the second step, the wetting and
infiltration of ZrSi, — 5wt.% Lu,Os3 alloy on the B4C-infiltrated C¢/SiC
substrates were investigated. The addition of Lu,O3 was used to further
improve refractoriness of the in-situ formed UHTC matrix in the C¢/SiC
composites. It has been reported that the addition of rare-earth oxides
(RE,O3) into the UHTCs may lead to the improved oxidation resistance,
due to the formation of refractory pyrochlore RE,Me,0, phase (where
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RE is a rare earth element, and Me is Zr or Hf) with melting tempera-
tures above 2200 °C [22-25]. During oxidation, RE oxides react with
the oxidation products of ZrB, and HfB, to form phases with a pyro-
chlore structure. Their presence in the in-situ formed oxide layer in-
creases immiscibility (also known as phase separation) and viscosity of
the glassy layer, leading to the reduced oxygen diffusion rate through
the oxide layer [22]. In addition, the immiscibility and viscosity of the
in-situ formed glass phase (during the oxidation of diborides) increase
with decreasing size of RE** cations, due to the increased cation field
strength (CFS) [23,24]. The extraordinary effect of RE element with the
smallest RE>* cation (Lu®™) was reported to significantly improve the
oxidation resistance and other high temperature properties of silicon
nitride [26,27]. However, such an additive has never been used to re-
inforce UHTCs and/or UHTCMCs. In addition, rare earth oxides have
been primarily used in UHTC materials based on Zr- or Hf-diborides
[22-24], but only several works have been focused on the utilization of
RE (mainly La or Y) while producing UHTCMCs [25,28]. This is prob-
ably caused by more complex and difficult incorporation of RE elements
into UHTCMC s, when compared to UHTC matrices.

This work was aimed to investigate the wettability and infiltration
of molten ZrSi, and ZrSi,-Lu,O3 alloys into C¢/SiC and B4C-infiltrated
C¢/SiC composites, thereby understanding the interfacial interactions
that occur during the development of C/SiC-ZrC and Cg/SiC-ZrB,-ZrC-
Lu,03 materials, respectively. To the best of our knowledge, this is the
first time such a material system has been proposed and investigated.

2. Experimental procedure
2.1. Substrate materials

With the aim to determine the real interfacial behaviour between
SiC and ZrSi, as a function of working atmosphere, the wetting ex-
periments were first performed on the high purity (99.9995 at. %), fully
dense (3.21 g/cm®) Chemically Vapour Deposited (CVD) B-SiC sub-
strates (The Dow Chemical Company, USA). The samples with dimen-
sions of 10 x 10 x 4 mm? were used as the substrates. In order to avoid
pinning phenomena at the drop triple line and to remove the oxide
native layer, the substrates were polished with a 1 pm diamond paste to
reach a surface roughness Sa =4nm, which was measured using an
optical confocal profilometer (Sensofar S-neox) over a 1.75 X 1.32 mm?
surface area.

The C/SiC substrates (supplied by Airbus Defence and Space GmbH,
Germany) were manufactured using polymer impregnation and pyr-
olysis (PIP) of C; preform. The carbon fibres were coated by a PyC layer
(~ 400 nm). The samples consisted of 16 layers in alternating 0°/90°
fibres orientation. Either 3 PIP cycles (C¢/SiC-I3) or 6 PIP cycles
(C¢/SiC-16) were employed to produce the final C¢/SiC composites with
two different densities (1.84 g/cm® for C¢/SiC-13; and 2.07 g/cm?® for
C¢/SiC-16) and overall porosities (21 % for Cg/SiC-13; 12 % for
C¢/SiC-16). The samples with the dimensions of 10 x 10 x 3 mm? were
received from the supplier. The SEM microstructures of both as-

Fig. 1. Back-scattered SEM microstructures of the as-received C¢/SiC substrates manufactured by different number of PIP cycles: a) C¢/SiC-I3; b) C;/SiC-I6.
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Table 1

Summary of the material combinations investigated in the present work, along
with the corresponding apparent contact angles (if measured) after the wetting
tests at 1670 °C for 5 min.

Substrate Pellet Atmosphere Angle
CVD SiC ZrSiy Vacuum 50°
ZrSi, Argon 38°
ZrSi, - 5wt.% Lu,03 Argon 50°
C¢/SiC-13 ZrSiy Vacuum -
ZrSi, Argon -
C¢/SiC-16 ZrSiy Vacuum -
ZrSi, Argon 23°
C¢/SiC-13 + B4C ZrSi, - 5wt.% Lu,03 Argon -
C¢/SiC-16 + B4C ZrSiy - 5wt.% Lu,03 Argon 43°

received C¢/SiC samples are shown in Fig. 1. It can be clearly seen that a
higher number of PIP cycles eliminated the small micropores and led to
the microstructure with a less porous SiC matrix. No polishing or other
surface treatment were employed prior the wetting tests.

In order to form a desired composition of ZrB,-SiC in the surface
layer, both C¢/SiC samples were infiltrated by B4C powder using pres-
sure infiltration. The B,C powder (grade HD20, d50 ~ 0.3—0.6 um,
H.C. Starck, Germany) was used to prepare isopropanol-based suspen-
sion (solid loading of 4 vol. %). The C¢/SiC samples were submerged
into the suspension and the B,4C slurry was infiltrated into the sample
bodies by pressure infiltration using the pressure of 15 MPa for 20 min.
This infiltration process was repeated 5 times. After each infiltration
cycle, the samples were dried in an oven at 70 °C for 4 h. The weight
gain after the last infiltration cycle was ~ 1wt.% for the C¢/SiC-I3
sample, while ~ 0.5 wt.% for the C;/SiC-16 samples. This indicates that
a higher amount of B4C was infiltrated into the sample with a higher
open porosity (~ 18 %), when compared to the C¢/SiC-16 sample with a
lower open porosity (~ 9 %).

2.2. Alloys

Commercially available ZrSi, powder (ABCR GmbH, Germany) with
the purity of 99.5 % and the average particle size of 2.12 pm, and Lu,O3
powder (Treibacher Industrie AG, Austria) with the purity of 99.99 %
(d50 = 4.7 uym) were used as raw materials in this work. The powder
mixture was prepared using a planetary ball mill (PM 100, Retsch) in a
250 mL WC jar with WC balls (@ 10 mm) for 2h at a speed of 250 rpm.
The use of WC ball milling media led to the contamination of the
powder mixture, which at the end contained ~ 2.1 wt.% WC (de-
termined by Rietveld analysis). Both the pure ZrSi, powder and the
ZrSi, + 5 wt.% Lu,03 powder mixture were compacted into the pellets
with dimensions of @ 4mm x 2mm by Cold Isostatic Pressing (EPSI
CIP 400 — 300 *750Y, Belgium) using the pressure of 400 MPa for 60 s.
No further heat treatment of the pellets was performed before wetting
tests.

2.3. Wetting experiments

To perform the wetting experiments the compacted pellets were
placed onto the substrate surfaces and placed in a wetting apparatus.
The equipment used for these tests consists of a furnace heated by a
high-frequency generator coupled with a vitreous carbon susceptor
[29]. The temperature was measured using an optical pyrometer, which
was calibrated by melting a piece of pure iron (T, =1538 °C) before the
tests. After setting up the samples and having assured a clean atmo-
sphere by inserting pure Ar (Air Liquide, Alphagaz 2) and evacuating
for three times, the samples were heated up and kept at 500 °C for 5 min
in a vacuum (5102 Pa). Then, the tests were conducted either in a
vacuum, with a maximum pressure of 3-10° Pa at high temperatures, or
under a protective Ar atmosphere. The samples were heated up to the
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maximum temperature of 1670 °C, followed by the dwell of 5 min. The
heating of the samples from the temperature of 500 °C to the final
testing temperature was done within 400 s (i.e. heating rate was 3 °C/s).
The oxygen partial pressure in the chamber, PO,, is dictated by the
equilibrium imposed by the graphite constituting the experimental
chamber. Considering the reactions involving C and O- and the purity
of the gas used (HyO, O, < 0.5ppm), the PO, level did not
exceed 2:107'° Pa at the maximum testing temperature. The whole
wetting process was continuously recorded by a CCD camera connected
to acquisition and calculation software, which allows the samples to be
observed and the contact angles to be measured.

The wetting behaviour was evaluated by the measurement of a
contact angle (8) and drop dimensions (height and base diameter) using
the sessile-drop technique [30]. The ad hoc designed ASTRAView
image analysis software was used to obtain surface tension, drop di-
mensions and contact angle data during each experimental run [31].

2.4. Characterisation of the samples after wetting tests

The microstructures of the samples were characterised using SEM
equipped with EDX (AURIGA Compact, Zeiss) on the polished cross
sections of the wetted couples (using a final 1 pm diamond suspension).
When the alloy detached from the substrate upon cooling down from
the testing temperature, it was placed back onto the surface and glued
at the previous position.

The crystalline phases in the samples after the wetting tests were
determined by the XRD analysis (Panalytical Empyrean, Cu Ka radia-
tion) of the top surfaces of the alloys in the range of 26 from 20° to 80°.
The individual phases present in the samples after wetting tests were
then identified taking into account the results of both XRD and EDX
analysis.

3. Results

3.1. Wetting of molten ZrSi on CVD-SiC and Cy/SiC substrates in different
atmospheres

Table 1 shows a summary of the contact angles of the ZrSi, pellets in
contact with the CVD-SiC and C;/SiC substrates, while Fig. 2 shows the
high temperature contacts of the wetting couples after 5 min at 1670 °C
in a vacuum or argon atmospheres. As can be seen in Fig. 2, incomplete
melting of the pellets occurred in all cases, so the liquids did not reach
the shape of an equilibrium drop according to the Young’s law.
Therefore, the final contact angles reported here must be referred as
apparent contact angles [32]. Moreover, for several samples, no liquid
in contact with the solid surface was observed, so no contact angles
were measured.

During the high-temperature tests of pure ZrSi, in contact with the
CVD-SiC substrates, the formation of a liquid at about 1620 °C was
observed, but a part of the metal remained solid even after the tem-
perature was increased to 1670 °C, followed by the dwell of 5 min. The
same situation occurred in both vacuum and argon atmospheres as can
be seen in Fig. 2a and b, respectively. In both cases, the liquid spread
over the CVD-SiC surfaces with a contact angle well below 90°, but the
use of argon led to a lower contact angle (38°), when compared to the
test done in a vacuum (50°). A very similar contact angle (39°) was also
measured for the non-reactive wetting of Si-10Zr alloy on SiC substrate
at the temperature of 1450 °C in argon [20].

Unlike the CVD-SiC substrate, no liquid phase formation was ob-
served when the ZrSi, pellets were tested on the surface of C¢/SiC-I3 at
1670 °C for 5 min in a vacuum (Fig. 2c) or argon (Fig. 2d). Therefore, no
contact angle was measured for this substrate (Table 1). Despite the
absence of any liquid on the surface, the in-situ observation during the
tests showed that the height of ZrSi, pellets decreased while the dia-
meter of the pellet remained constant (see the video of the wetting of ZrSi,
on C¢/SiC-I3 in Ar in the supplementary material). This suggests that the
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Fig. 2. Pictures of the pure ZrSi, pellets after 5min at 1670 °C in contact with CVD-SiC in: a) vacuum, b) argon; C¢/SiC-I3 in ¢) vacuum, d) argon; C¢/SiC-I6 in e)
vacuum, f) argon.

infiltration of the alloy into the composite occurred during the test [19].
Upon cooling from the testing temperature, the alloy detached from the
C¢/SiC-13 substrate. The same behaviour (shrinkage of the pellet with
the absence of the liquid on the surface) was also observed when the
C¢/SiC-16 substrate was tested in vacuum, Fig. 2e. However, a com-
pletely different situation occurred when the wetting test of pure ZrSi,
on the C¢/SiC-16 sample was performed at 1670 °C for 5 min in argon.
The alloy melted and spread over the surface of the composite, Fig. 2f
(also see the video of wetting of ZrSi; on Cs/SiC-16 in Ar in the supple-
mentary material). This all led to the far best wetting and spreading
behaviour of the alloy among all of the investigated substrates, leading
to the lowest apparent contact angle of 23° (Table 1). In this case, the
ZrSi, pellet was strongly attached to the surface of C¢/SiC-16 after the
wetting tests in both atmospheres. The reason of such different beha-
viour of the alloy when two different CMCs were applied will be ana-
lysed and discussed below.

Fig. 3 shows the back-scattered SEM micrographs of the cross-sec-
tions of the wetting couples after the tests conducted at 1670 °C for
5min in a vacuum or argon. In the case of C¢/SiC-I3 sample, the alloy
had to be glued to the composite surface in order to observe the in-
teraction of the alloy with the matrix. The SEM analysis revealed that
molten ZrSi, uniformly infiltrated into the C¢/SiC-I3 body, leaving be-
hind an extremely porous alloy on the surface of the substrate. This
occurred in both the vacuum (Fig. 3a) and argon (Fig. 3b) atmospheres.
Although the same phenomenon was observed regardless the atmo-
sphere, a slightly better infiltration (up to ~ 1020 um) and a more
porous alloy was observed in a vacuum atmosphere (Fig. 3a) than in
argon (Fig. 3b). A worse infiltration in argon compared to vacuum is
usually observed due to gas entrapment within the pores of the com-
posite [33]. When the C¢/SiC-16 substrate was used, molten ZrSi, in-
filtrated into the similar distance as occurred for the C¢/SiC-I3 sample,
but this time no homogenously infiltrated sub-surface region was
achieved neither in a vacuum (Fig. 3¢) nor in argon (Fig. 3d). Therefore,
a significantly lower amount of the alloy infiltrated into the C¢/SiC-16
composites when compared to the C¢/SiC-I3 substrates, resulting in a
less porous solidified alloy on the surface. In this case, the infiltration
was suppressed due to significantly lower open and overall porosities of
the Cg/SiC-I6 substrate. Since the solidified remaining alloy was
strongly attached to the surface of C¢/SiC-I6 when tested in both at-
mospheres, chemical interactions between molten ZrSi, and C¢/SiC-16
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substrate could be investigated in more details.

Fig. 4a and b show the back-scattered SEM micrographs of the in-
terface between ZrSi, and C¢/SiC-16 after the tests performed in a va-
cuum and argon, respectively. The solidified alloy after the test in a
vacuum contained some light grey phase (Fig. 4a), which are also
highlighted by arrows in Fig. 3c. Such a phase was not detected in the
alloy after the test in argon (Fig. 4b and 3 d). The EDX point analysis
(shown in the supplementary material, Fig. S1) revealed that the light
grey phase contained Zr and Si, but the amount of Si was lower than in
the surrounding matrix. This indicated the presence of ZrSi phase in the
matrix of remaining unreacted ZrSi, alloy. A comparison of the XRD
patterns of the alloys after the test conducted in a vacuum and argon is
shown in Fig. 5a. It is obvious that only ZrSi and ZrC phases were de-
tected after the wetting test in vacuum (but some unreacted ZrSi, could
be found by SEM; see above), while ZrSi, and ZrC phases were present
after the test in argon. This clearly confirmed the formation of ZrSi
during the high temperature interactions between the ZrSi, pellet and
the C¢/SiC surface at 1670 °C in a vacuum. The EDX analysis (see the
supplementary material, Fig. S1) also showed that the reactively formed
ZrC grains were mainly located in the solidified alloy close to the in-
terface with the composite, but also as single phase layers in the in-
filtrated zone of the composite (not shown here). Fig. 4b shows that the
amount of ZrC grains in the solidified alloy decreased with the in-
creasing distance from the substrate (see the inset in Fig. 4b). Regard-
less the atmosphere, quite a large volume of free Si (EDX result is shown
in the supplementary material, Fig. S1) was also present in the solidified
alloy, Fig. 4.

The formation of ZrSi during the test in a vacuum can be explained
as follows. According to the binary Si-Zr phase diagram [34], ZrSi,
undergoes a peritectic reaction at 1620 °C, which forms a Si-rich liquid
(75 at.% of Si) and ZrSi (solid). However, it was reported that the
evaporation of Si from Zr-Si alloys may occur under a vacuum [21].
This was confirmed in the present work, as the weight change of the
ZrSi, alloy before and after the tests in a vacuum was about 12 wt.%,
while only a marginal change (~ 1wt.%) was observed for the same
sample when tested in argon. The evaporation of Si in the present work
can be explained by a relatively high vapour pressure (2 Pa) of pure Si
at the temperature of 1670 °C [35], when compared to a vacuum in the
chamber during the tests (< 3.102 Pa). Similar observations were
reported for the wetting of molten eutectic Si-Zr alloy on the carbon and
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iltrated area

Fig. 3. Back-scattered SEM microstructures of the cross sections of ZrSi, on: C¢/SiC-I3 substrate after the wetting experiments done at 1670 °C for 5 min in a) vacuum,

b) argon; or C/SiC-16 substrate after a test in ¢) vacuum, b) argon.

C/SiC-16

Fig. 4. Back-scattered SEM micrographs of the interface between ZrSi, and C¢/SiC-I6 after the wetting tests at 1670 °C for 5 min in a) vacuum, or b) argon. The inset

shows the interface at a higher magnification, confirming the formation of ZrC.

SiC substrates [21], or for the test of molten Si-10Zr alloy in contact
with SiC [20]. The evaporation of Si affected wetting and spreading
behaviour of the alloy in a vacuum, leading to a slightly higher contact
angle than the one measured in argon (Table 1). When the temperature
was increased up to 1670 °C during the wetting experiments in a va-
cuum, the overall composition of the metallic phase was enriched by Zr
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due to the evaporation of Si. This shifted the equilibrium and left be-
hind a large part of solid ZrSi, as was observed by SEM analysis after the
high-temperature tests (Fig. 4a), and confirmed by the XRD analysis
(Fig. 5a). At the same time, the interfacial reaction of the Zr-rich liquid
phase with SiC occurred and, according to the isothermal section at
1600 °C of the ternary C-Si-Zr phase diagram proposed by Chen [36],
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Fig. 5. a) Comparison of the XRD patterns of the top surfaces of solidified alloy on the C¢/SiC-I6 substrates after a wetting test done at 1670 °C in vacuum and argon;
b) XRD patterns of the top surface of C¢/SiC-I3 and B4C-infiltrated Cs/SiC-I3 samples after a wetting test at 1670 °C in argon.
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Fig. 6. Back-scattered SEM micrograph of the interface between ZrSi, and CVD-
SiC after a wetting test at 1670 °C for 5 min in argon.

the ZrCy phase and a Si-rich liquid are formed in equilibrium with SiC.
This is the reason why a significant amount of the solidified Si was also
observed in the alloy, further away of the interface with the substrate
(Fig. 4).

When the wetting test was performed in argon, no extensive eva-
poration of Si occurred, so no solid ZrSi was formed. However, the ZrSi,
liquid reacted with the matrix to form ZrC phase, leaving behind quite a
large amount of free, unreacted Si in the alloy (Fig. 4b). Although this
time a Zr-rich liquid was not formed by evaporation of Si, thermo-
dynamic results of possible reactions showed that Zr-species of the in-
filtrated Zr-Si alloy have a higher reactivity than Si-species during
erosion process [12]. Taking this result into account, the formation of
ZrC would be expected at the interface between SiC and ZrSi,. This was
confirmed by the SEM analysis of the cross section of the ZrSi,/SiC
couple after the wetting test at 1670 °C, Fig. 6. The formation of both
the ZrC phase right at the interface with SiC and the remaining soli-
dified free Si in the alloy was clearly observed. The SEM analysis
showed that the reactive wetting behaviour was observed when molten
ZrSi, was in contact with the CVD-SiC substrate at the temperature of
1670 °C (Fig. 6). Despite the reactive behaviour of the alloy accom-
panied by dissolution of the SiC substrate in the present work, the
contact angle (38°) was at the same level as the angle measured for non-
reactive wetting of the Si-10Zr alloy on SiC at the temperature of
1450 °C (39°) [20].

In addition, the SEM analysis revealed a relatively significant cor-
rosion of the surface of C¢/SiC-16 composites after the interaction with
molten ZrSi, at 1670 °C for 5min, regardless the atmosphere (Fig. 4).
On the other hand, no significant corrosion of the C¢/SiC-I3 surface was
observed after the contact with the ZrSi, pellet at 1670 °C for 5 min in a
vacuum or argon (Fig. 3a and b). This strongly suggests that a sup-
pressed infiltration in the C¢/SiC-I6 composites provided a more time
for the alloy to be in contact with the outer surface of the composite,
leading to a more extensive reaction of the molten alloy with the sub-
strate. On the contrary, the alloy homogenously infiltrated into the
C¢/SiC-13 composite matrix rather than reacted with its outer surface.
This, along with a higher porosity of the solidified alloy, was re-
sponsible for the detachment of the alloy from the C¢/SiC-I3 surface
after the wetting test, while strong chemical interactions between ZrSi,
and Cg/SiC-16 surface led to a strong adhesion.

However, a different situation was observed inside the C¢/SiC ma-
trices. Fig. 7a and 7b show the back-scattered SEM images of the in-
filtrated zone in C¢/SiC-13 and C;/SiC-16 matrices, respectively. It can be
seen that carbon fibres were significantly eroded in the C¢/SiC-I3 ma-
trix, as a typical circular shape of all the fibres was lost (compare
Figs. 1a and 7 a). On the contrary, the shape of carbon fibres remained
circular even in the highly infiltrated region of C¢/SiC-I6, although
some erosion of the carbon fibres coating was observed (Fig. 7b). The
SEM results suggested that a more porous SiC matrix in the C¢/SiC-I3
allowed more alloy to be infiltrated, which could more easily reach the
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fibres. On the other hand, a denser SiC microstructure effectively hin-
dered alloy from coming into contact with carbon fibres in the C¢/SiC-16
composite. In this case, the alloy reacted with a denser SiC matrix to
form ZrC, which suppressed a further infiltration of the alloy towards
the fibres. This was the reason of the presence of some non-infiltrated
areas in the C¢/SiC-16 composite (Fig. 7b). Such a corrosive nature of Zr-
containing alloy to carbon fibres have been reported in many other
works, and was considered as a typical phenomenon occurring during
reactive melt infiltration process [11-14].

It can be concluded that both the atmosphere and the porosity of
C¢/SiC substrates played a significant role in wetting behaviour of ZrSi,.
The use of a vacuum atmosphere led to the formation of solid ZrSi in the
remaining, unreacted ZrSi, alloy. On the other hand, no ZrSi formation
was observed when argon was used. At the same time, a significant
effect of different porosities of C¢/SiC substrates was observed. The
melted alloy rather infiltrated into the C¢/SiC-I3 substrate with a higher
overall porosity (21 %), and no apparent melting and spreading of the
alloy over the surface was observed. The infiltrated alloy formed a
homogenous infiltrated sub-surface region with a thickness of ~ 1 mm,
reaching both edges of the sample. The infiltrated layer was mainly
composed of ZrC and some remaining ZrSi, alloy. On the contrary,
significant melting and spreading of ZrSi, alloy over the surface of the
C¢/SiC-16 substrate with a lower overall porosity (12 %) was observed
when tested in argon. However, a uniform infiltration of the alloy into
the sub-surface layer was not observed. At the same time, the alloy
extensively reacted with the composite surface, leading to a less sig-
nificant erosion of both fibres and the matrix. Since no ZrSi formation
and better wetting behaviour was observed when the alloy was tested in
argon, this atmosphere was selected to be used for further experiments
in this work.

3.2. Wetting of ZrSiz — 5 wt.% Lu,03 on B,C-infiltrated C;/SiC substrates

In order to simulate the chemical interactions between ZrSi,-based
alloys and C¢/SiC substrates during the development of UHTCMCs with
the final matrix composition of ZrB,-SiC, the wetting tests were per-
formed on the C¢/SiC substrates after the pressure infiltration of B4C
powder. Due to the different porosities of the starting C¢/SiC materials,
a higher amount of B4,C (~ 1 wt.%) was infiltrated into the C¢/SiC-I13
substrate than into the C¢/SiC-16 substrate (~ 0.5 wt.%). With the aim
to form the final composition of ZrB,-SiC-Lu,O5; with potentially im-
proved high temperature properties, the Lu,O3 additive (5 wt.%) was
incorporated into the ZrSi, pellets before the wetting experiments.

Similar to the wetting of pure ZrSi, on the C¢/SiC-I3 substrate, no
melting and spreading of the ZrSi, -5wt.% Lu,O3 alloy on the B4C-in-
filtrated C¢/SiC-I3 composite was observed when tested at 1670 °C for 5 min
in argon. After the test, the alloy detached from the surface of the compo-
site, as it always happened for this substrate. On the other hand, in the case
of C¢/SiC-I6 composite, a partial melting of the ZrSi, — 5 wt.% Lu,0O5 alloy
was observed without any significant spreading of the alloy over the surface
(see the wetting video of ZrSiz-Lu,03 on Cy/SiC-I6 + B4C in the supplementary
material). The melting of the alloy resulted in strong attachment of the alloy
to the composite surface. Therefore, the contact angle could only be mea-
sured for the B4C-infiltrated C¢/SiC-16 substrate. It can be noticed that the
apparent contact angle significantly increased in this case, reaching an al-
most double value (43°), when compared to the apparent contact angle
(23°) obtained for the wetting of pure ZrSi, on the as-received Cg/SiC-16
surface (Table 1). However, it must be pointed out that the wetting angle
was still far below 90°, suggesting a good interaction between the molten
ZrSi, — 5 wt.% Lu,O5 alloy and the B4C-infiltrated C¢/SiC-16 substrate.

In order to find out whether the presence of B,C compound in the
composite, or the presence of Lu,O3 additive in the ZrSi, alloy was
responsible for a higher contact angle, a model wetting experiment of
the ZrSi, — 5 wt.% Lu,O3 alloy on the monolithic CVD-SiC substrate (so
the effect of B4,C was eliminated) was conducted at the same conditions,
i.e. 1670 °C, 5min, argon. In this case, the apparent contact angle also
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non-infiltrated
area

Fig. 7. Back-scattered SEM micrographs of the infiltrated region after a wetting test done at 1670 °C for 5min in argon: a) C¢/SiC-I3 composite; b) C¢/SiC-16

composite. The infiltrated alloy is bright, shining phase.

increased from 38° to 50°, when compared to the wetting of pure ZrSi,
on the same substrate (Table 1). This clearly confirms the inhibiting
effect of Lu,O3 particles on the wetting and spreading of molten ZrSi,
on the surface of CVD-SiC at 1670 °C in argon. However, the increase in
the contact angle was far less significant than in the case of C¢/SiC-16
composite after the infiltration of B4C, suggesting that the presence of
B,C in the composite matrix also played a role in wetting, which was
investigated further by the SEM analysis.

Although the maximum infiltration of the melt into the B,4C-in-
filtrated C¢/SiC-I3 composite was observed up to ~ 770 um (Fig. 8a),
the spreading of the alloy inside the composite was slightly inhibited
when compared to the infiltration of pure ZrSi, into the as-received
C¢/SiC-13 composite (Fig. 3a and b). This time, the infiltration of the
alloy did not reach the edges of the sample, as it occurred in the pre-
vious case. After the test, the alloy detached from the surface again,
leaving behind a continuous, dense outer coating layer (up to ~ 15 pum)
on the surface of B4C-infiltrated C¢/SiC-I3 sample (Fig. 8b). At the same
time, the infiltrated melt filled up the micropores in the SiC matrix to
form a dense sub-surface layer in the matrix, Fig. 8c. Some erosion of
carbon fibres was observed again, similar to what was found in the
previous case (Fig. 7). A comparison of the XRD patterns taken from the
top surface of the C¢/SiC-I3 and C¢/SiC-I3 + B4C composites after the

C/SiC-13

wetting test at 1670 °C for 5 min (after the alloy was detached) is shown
in Fig. 5b. The XRD results showed that while the top surface was
formed mainly by ZrC and remaining unreacted ZrSi, in the case of
C¢/SiC without B4C, a desired composition in the form of ZrB, and SiC
was found for the B,C-infiltrated C¢/SiC-I3 matrix. Only a very small
amount of ZrC was detected in this case. In addition, no unreacted ZrSi,
was identified, confirming its very low amount in the composite body.
Based on the XRD and SEM results, it can be concluded that the in-
filtrated alloy reacted with B,4C in the SiC matrix and the carbon fibres
to form ZrB, and SiC according to the reaction (1) [37]. This was
confirmed by the EDX analysis of the composite after the wetting ex-
periment (shown in the supplementary material, Fig. S2). The newly
formed SiC grains can be seen as well separated grains in the ZrB,
matrix, as shown in Fig. 8c.

27rSi, + B4C + 3C = 2ZrB, + 4SiC eh)
AG = -547.686 + 0.049078 T

where AG is Gibbs free energy [KJ/mol], and T is temperature [°C].
On the other hand, no Lu,O3; was found in the composite body by

XRD or SEM analysis. Fig. 8d shows the microstructure of the alloy,

which detached from the surface of C¢/SiC-I3 composite. It is clear that

Fig. 8. Back-scattered SEM microstructures of the cross sections of ZrSi, — 5 wt.% Lu,O3 alloy on the B4C-infiltrated Cs/SiC-I13 substrate after a wetting test done at
1670 °C for 5 min in Ar: a) alloy/composite interface showing the infiltration of the alloy into the composite; b) detail of the continuous outer coating followed by the
infiltrated sub-surface region in the composite (the infiltrated alloy is bright, shining phase); c) detail of the in-situ formed phases in the SiC matrix of the composite;

d) microstructure of the remaining alloy.
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Fig. 9. Back-scattered SEM micrographs of the contact between the ZrSi, — 5 wt.% Lu,Os3 pellet and the B,C-infiltrated C¢/SiC-I6 substrate after a wetting test done at
1670 °C in argon: a) overview showing a limited infiltration; b) interface between the alloy and the composite.

the Lu,Os; particles were homogenously distributed inside the re-
maining unreacted ZrSi, alloy, but further from the interface with the
matrix (also see the EDX results in the supplementary material, Fig. S3). The
SEM analysis revealed two important results. Firstly, the Lu,O5 particles
were inert and they did not react either with the alloy or the matrix.
Secondly, the results indicated that the Lu,O3 particles were pushed
away of the interface by the solidification/reaction front; similar phe-
nomenon is commonly observed during solidification of ceramic par-
ticles reinforced Metal Matrix Composites [38]. This suggests that, be-
sides being inert, the Lu,O3 particles were not wetted by the melt.
Interestingly, the same situation was observed for the WC phase, which
was incorporated into the alloy by ball milling process. As mentioned in
the experimental part, the WC contamination was detected by XRD of
the milled powder, and its amount was estimated to ~ 2 wt.%. How-
ever, no WC from ball milling was detected by the XRD analysis of the
C¢/SiC-13 surface after the wetting test (Fig. 5b). Instead, a very small
amount of WC was found in the bulk of the solidified alloy, which
detached from the surface (see the EDX mapping in the supplementary
material, Fig. S3). This all indicates that, similar to the Lu,O3 particles,
the WC phase was also inert and did not react with the alloy or the
substrate, leading to its pushing away of the interaction zone towards
the remaining body of the alloy.

Fig. 9 shows the back-scattered SEM micrographs of the interface
between ZrSi>— 5wt.% Lu,O3 alloy and C¢/SiC-16 + B4C composite after
the wetting test at 1670 °C in argon. Despite the melting and partial
spreading of the alloy over the top surface, no significant infiltration of
the alloy into the composite body was observed (Fig. 9a). However,
some corrosion of the top surface when in contact with the molten alloy
was observed (Fig. 9a and b); similar to the previous case when pure
ZrSi, on the composite substrates without B,C was used (Fig. 4). Such a
strong chemical interaction of the alloy with the B4,C - infiltrated
C¢/SiC-16 substrate prevented the detachment of the remaining solidi-
fied alloy from the composite surface. On the contrary, no significant
corrosion of the surface of the C¢/SiC-I3 + B4C composite was observed
(Fig. 8). The microstructure of the solidified alloy after the contact with
the C¢/SiC-I6 substrate consisted of the same phases as found for the
C¢/SiC-13 substrate. Again, the Lu,03 particles were pushed away from
the interface by the solidification/reaction front, Fig. 9b. In other
words, the Lu,O3 particles did not affect chemical reactions between
the alloys and the substrates, but stayed homogenously distributed in
the remaining unreacted ZrSi, alloy. The same behaviour was observed
for the test of ZrSi, — 5wt.% Lu,O3; on the monolithic CVD-SiC sub-
strate, but this time the reaction layer consisted of pure ZrC. The pre-
sence of the homogenously distributed Lu,O3 particles outside the re-
action zone was the only difference when compared to Fig. 6; therefore,
the SEM micrograph is not shown here.

It needs to be pointed out here that the motivation of adding Lu,O3
into the materials was to improve the oxidation/ablation resistance of
composites. Taking this motivation into account, the presence of Lu,03
particles in the upper parts of the solidified alloy may look

advantageous, as this part of the alloy would be exposed to oxidizing
environment first. On the other hand, the effect of Lu,O3 particles on
both wetting and infiltration could significantly change when an ap-
propriate amount of the ZrSi,-based alloy would be uniformly dis-
tributed in the form of a homogenous coating on the surface of C¢/SiC.
This is an ongoing work and will be published separately, along with
the mechanical properties of the final UHTCMC composites.

It can be concluded that the porosity of the C¢/SiC matrix played a
significant role in wetting and infiltration of the ZrSi,-based alloys into
the composites. The C;/SiC-16 material with lower overall (~ 12 %) and
open (~ 9 %) porosities showed significantly better wetting behaviour
than the C¢/SiC-I3 composite with higher overall (~ 21 %) and open
(~ 18 %) porosities. The alloy obviously melted and the contact angle
could be measured only in the case of C¢/SiC-I6 samples. On the other
hand, no apparent melting and spreading of the alloy over the top
surface occurred in the case of C¢/SiC-I3 substrates. When the interac-
tions of the outer surface of the composites with ZrSi,-based alloys at
high temperatures are considered, the C¢/SiC composite with a lower
porosity (I6) seemed to be superior to the C¢/SiC-I3 composite with a
higher porosity. However, the remaining unreacted ZrSi, alloy strongly
adhered to the surface of the composite, which can have a negative
effect on the high temperature properties of the materials.

On the other hand, when the results of infiltration are taken into
account from the point of view of developing new types of UHTCMCs,
the opposite conclusion can be made. A higher porosity of C¢/SiC (I3)
was beneficial for both the infiltration of B,C into the composite body
and the infiltration of the molten alloy into the B,C-infiltrated C¢/SiC.
Moreover, in the case of C¢/SiC-I3 sample, the remaining unreacted
alloy was detached from the surface of the composite on its own. This
resulted in the formation of a dense, continuous ZrB,-SiC outer layer
with a thickness of ~ 15 pm, followed up by the infiltrated region up to
the thickness of ~ 770 um. In the infiltrated region, the presence of
ZrB,, SiC and a very limited amount of unreacted ZrSi, was confirmed
to filled up the micropores in the SiC matrix. In this way, the desired
UHTCMC s composition in the upper part of the C¢/SiC composites (up
to ~ 800 um) was formed. This is believed to improve high temperature
mechanical properties of C¢/SiC composites [6-11], as the high tem-
perature properties would not be affected by the presence of a sig-
nificant amount of unreacted ZrSi, (as in the case of C¢/SiC-16).

The present results on the investigation of wetting behaviour and
high temperature interactions of molten ZrSi,-alloys with C¢/SiC sub-
strates can be found very useful for the development of final UHTCMC
compositions, but their actual development was out of the scope of the
present work.

4. Conclusions
This work proposed a new type of UHTCMC material, in which

C¢/SiC matrices are reinforced with the in-situ formed ultra-high tem-
perature phase ZrB,-SiC-ZrC-Lu,Os. Since the process relies on the
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reactive melt infiltration, the effect of different porosities of C¢/SiC and
different atmospheres (vacuum or argon) on the wetting behaviour of
pure ZrSi, at the temperature of 1670 °C was firstly investigated.
In the next step, the wetting and infiltration behaviour of molten
ZrSi, — 5wt.% Lu,03 in contact with the B4C-infiltrated C¢/SiC sub-
strates at the temperature of 1670 °C was studied. The following con-
clusions can be made:

Wetting of ZrSi, on C¢/SiC substrates:

A significant evaporation of Si in a vacuum inhibited the wetting of
the alloy and led to the formation of solid ZrSi in the remaining
unreacted ZrSi, alloy.

The molten ZrSi, alloy uniformly infiltrated into the Cg/SiC-I3
composite with a higher overall porosity (~ 21 %) up to ~ 1 mm,
while a non-uniform infiltration was found for the C¢/SiC-I6 with a
smaller overall porosity (~ 12 %).

The matrix of the infiltrated area consisted of the in-situ formed
ZrC-SiC composition.

In the case of C¢/SiC-I3 composite, no significant corrosion of the
surface was observed, but the carbon fibres were eroded by the
molten alloy.

A denser SiC matrix in the C¢/SiC-I6 composite suppressed the in-
filtration, leading to the melting and spreading of ZrSi, over the
C¢/SiC composite surface with the apparent contact angle of 23°.

Wetting of ZrSi, — 5 wt.% Lu,03 on B,C-infiltrated C¢/SiC:

A higher porosity of the matrix was beneficial for both the infiltra-
tion of B4C slurry into the C¢/SiC composite and the infiltration of
molten alloy into the B4C-infiltrated C¢/SiC.

While a homogenously infiltrated region was formed in the upper
part (up to ~ 800 um) of the C¢/SiC-I13 + B4C composite, almost no
infiltration of the alloy occurred in the case of B,C-infiltrated
C¢/SiC-16 with a lower porosity. The desired UHTCMCs composition
(ZrB,-ZrC-SiC) was formed in the infiltrated region.

The Lu,O3 particles were not wetted by the melt, and the solidifi-
cation front pushed them away of the reaction zone towards the
body of the remaining unreacted alloy.
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