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a b s t r a c t

In designing advanced refractory composites for highly demanding applications, reactive infiltration of
liquid Si-enriched Si-Zr alloys into C-or SiC-based preforms may be a viable cost-less manufacturing
process.

In such cases, in view to optimize liquid assisted processes such as reactive infiltration, fundamental
investigations of the interfacial phenomena occurring when the liquid Si-Zr alloys are in contact with C
and SiC substrates, are key steps.

For this reason, aiming to ‘‘mimic’’ the conventional operating conditions imposed within a reactive
infiltration process, the contact heating sessile drop method was applied to perform a basic study
concerning the interaction phenomena taking place at the interface of Si-10% at Zr alloy/Glassy Carbon
substrate under an Ar atmosphere. Specifically, the contact angle values as a function of time were
measured in the temperature range of 1354e1500 �C.

The final contact angle values decreased slightly with an increase in temperature.Moreover, at
T ¼ 1450 �C, the contact angle increased over a larger time interval before reaching its final value. The
kinetics of SiC crystal growth at the interface and the related processing parameters such as temperature
and time were carefully analysed. The growth of SiC crystals and their packaging phenomenon are time
and temperature-dependent phenomena.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Ceramic matrix and refractory metal matrix composites rein-
forced by high strength continuous ceramic fibers, emerge as ideal
candidates in several high temperature applications because of
their superior high temperature strength, low density and
improved damage tolerance [1e4]. In particular, metal matrix
composites and SiC-based composites reinforced by C and SiC fi-
bers, are promising materials for highly demanding engineering
and industrial applications such as heat shields and thermal bar-
riers, structural components for nuclear reactors and re-entry space
vehicles, highly performant brake discs and even high temperature
heat exchanger tubes owing to their high strength and improved
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thermal shock, wear, hardness and corrosion resistance [2,5e8].
In designing refractory materials for nuclear industry, remark-

able efforts are currently focused into development of fully dense
SiC-based composites and in seeking the suitable method for
joining simple shapes to more complex structures, particularly for
advanced fission systems and even fusion reactor first wall vessels
[7,9e12]. In this context, the materials of interest are “nuclear
grade” SiC/SiCf composites, which consist of high crystalline, near
stoichiometric SiC fibers, high crystalline SiC matrix, and C or
multilayer C/SiC interphase. Among the possible options under
study to densify such materials, the use of a metal phase as a filler
for a SiC/SiCf composite or Cf/SiC, such as the transition metal sili-
cides, emerges as one of the most promising densifying processes
[9e12].

The last mentioned are hard materials, chemically inert, and
exhibit high electrical and thermal stability [13]. Moreover, their
resistance to oxidation, particularly at high temperatures, may be
improved by the formation of a stable passivating oxide scale layer.

Among silicides, zirconium silicide is the most promising
candidate material for the nuclear industry. Indeed, it worth to be
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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pointed out that Zr, Zr-based alloys and Zr combined with Si are
commonly used as cladding materials for nuclear reactors because
of their ultra-high neutron capture cross sections consequently
improving the reactor performance and preventing irradiation
damage to outer structural compounds [14,15]. Concerning Si-Zr
alloys, the Si-Zr phase diagram shows a few intermetallic com-
pounds, some of them with a remarkable high melting point
[16e18]. Moreover, under high temperature and oxidative/corro-
sive working conditions, a Zr-silicide compound can naturally
evolve into a graded multilayered system of ZrO2 and SiO2 sand-
wich that can potentially provide the necessary protection even in
an aggressive ambient [11,19]. For this reason, Si and Zr are used as
alloying elements for several Ti-based alloys with aim to improve
their oxidation resistance and to significantly increase their me-
chanical response of “biomaterials” [20]. In addition, the Zr-8.8 at%
Si alloy, with small addition of Nb, exhibits excellent bio-
compatibility and good mechanical properties to be promising
candidate, in the context of novel bio-materials, as a valid alter-
native to the currently used Ti-6Al-4V alloy, as documented by
Ref. [21].

As structural materials for applications in extreme environ-
ments, it was demonstrated by Ref. [11] that the C/C-ZrC-SiC
composites possess outstanding ablation and erosion resistance
even at temperatures over T ¼ 1600 �C. Specifically, compared to C/
C and C/C-SiC composites, the mass ablation rates of C/C-ZrC-SiC
was more than halved. The Cf/ZrCeSiC composites were fabri-
cated by reactive melt infiltration method using C felt preforms
infiltrated by the liquid Si-8.8 at% Zr alloy as a precursor and
thermally treated at T ¼ 1800 �C for 1 h by Ref. [22]. On the con-
trary, a dense Cf/C-SiC-ZrSi2 was obtained by infiltrating a C/C
preform with liquid Si-10 at% Zr alloy at a T ¼ 1450 �C for 1 h by
Ref. [23]. The compositewas then converted to a C/C-ZrC-SiC and its
ablation resistance was tested. In order to limit C-dissolution
phenomenon occurring within reactive infiltration process, in both
cases, the C fibers were previously coated with pyrolytic carbon by
chemical vapour deposition process. Moreover, dense SiC/ZrSi2
composites were successfully produced by reactive infiltration of
liquid Si-rich alloys of the Si-Zr system into a bi-modal SiC preform
[24]. That composite shown an excellent thermal compatibility
between the metal phase and SiC reinforcement without any evi-
dence of debonding phenomena or residual stress. In addition, the
low CTE value measured on the produced composite, candidates
such material for highly demanding applications.

The excellent thermo-mechanical response and corrosion
resistance exhibited by the as produced composites, combinedwith
the costless route used for their manufacture, make such materials
extremely competitive and marketable. Indeed, it is well known
that the reactive infiltration process or even spontaneous infiltra-
tion possesses advantages over other conventional and costly sin-
tering and hot-pressing techniques i.e. lower processing
temperatures, shorter times and nearly-net shape fabrication ca-
pabilities [25,26]. A “compact” microstructure can be effort-less
obtained by controlling the process parameters (temperature, total
pressure, porosity etc.) and promoting good wetting between the
reinforcement and the matrix, which are crucial for self-
permeation. Whether the molten metal can spontaneously infil-
trate into porous media depends on the contact angle value dis-
played at the pore walls the between the liquid infiltrating media
and the reinforcement, which must be significantly less than 90�.
On the other hand, the interfacial phenomena occurring at the
metal/ceramics interfaces are not easy to be defined and controlled,
since wettability is usually accompanied by concurring phenomena
such as diffusion, reaction, etc. In fact, the “spontaneous” infiltra-
tion process is frequently accompanied by strong reaction phe-
nomena at the pore walls. For this reason, the knowledge and thus,
the control of the overall interfacial phenomena evolving between
reinforcements and metal matrix during the fabrication process or
even in service, are key issues that should be taken into account in
selecting the reactive infiltration as fabrication route or joining
technique for composites. Specifically, some interactions may cause
interfacial instability and decomposition of the C or SiC fibers,
formation and growth of brittle intermetallic compounds, resulting
in a decreasing of their overall thermo-mechanical properties.

The knowledge of the thermodynamic and thermophysical
properties of the liquid phase, such as surface properties (surface
tension and surface segregation), density, viscosity [27e29] and, in
parallel, of the wetting characteristics and reactivity concerning
reacting phases, as pointed out by Refs. [30e32] are essential to be
used as input for optimization of the infiltration process [33e35].

To our best knowledge, there are few basic studies on liquid Si-
enriched Si-Zr alloys concerning calculations [36] and measure-
ments [37] of the surface tension and fundamental wetting char-
acteristics determination of Si-8 at% Zr alloy onto (GC) glassy
carbon and SiC substrates as a function of the operating conditions
(temperature, atmosphere) [38].

Aiming to cover the lack of literature data, a systematic inves-
tigation on the wetting characteristics and reactivity of Si-10 at% Zr
alloy/GC system (from now Si-10Zr alloy/GC) as a function of
temperature and time was performed by contact heating sessile
drop method and the more relevant results are presented and
discussed in this paper. In particular, the wetting experiments on
the Si-10Zr alloy/GC system were carried out at the alloy melting
point (detected at T ¼ 1354 �C) as well as and at T¼ 1400, 1450 and
1500 �C in order to cover the entire range of temperatures
conventionally used for industrial processes. Moreover, in order to
analyse the kinetics of the reactive layer growth (i.e. SiC) at the
alloy/GC interface at T ¼ 1450 �C, the wettability was investigated
as a function of time. To prevent evaporation and oxidation phe-
nomena, the wetting experiments were performed under an Ar
atmosphere. The microstructure characterization of the interfaces
by Optical and Scanning Electron Microscopy combined with an
Energy Dispersive X-Ray analyser was done.

The influence of experimental conditions on the wettability and
spreading kinetics of the Si-10Zr alloy in contact with GC in terms of
the interfacial reactions, formation and growth of reaction layer
and subsequent microstructural evolution was analysed. The pre-
sent research provide new findings helpful to define the key pa-
rameters governing the reactive infiltration process and its
optimization in view of design and microstructure tailoring of C/C-
SiC-ZrSi2 and C/C-ZrC-SiC composites.

2. Wetting tests: Experimental details

2.1. Materials and sample preparation

Glassy Carbon (GC) provided by Alfa-Aesar was selected as C-
substrate material and used with as received surface conditions. A
surface roughness of Ra z 20 nm on a GC area of 3 � 3 mm2 was
measured by an optical confocal-interferometric profilometer
(Sensofar S-neox).

The Si-10Zr alloy samples were prepared from high purity Si and
Zr (99.98%-Goodfellow®) by mixing pure metals of nominal com-
positions, mechanically cleaned and the weighted pieces were
melted by an arc melting furnace under an atmosphere of Ar (N60,
O2 < 0.1 ppm). Previously, a Zr drop was melted and the residual
oxygen content inside the chamber was reduced. To ensure the
homogeneity of the alloy composition, each Si-Zr sample (0,05 g)
was melted 3 times. By checking the final weight of the alloy
samples, no evidences of evaporation or material loss were found.
The microstructure and composition of as produced Si-Zr alloys at
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the cross-sectioned sample were checked by SEM/EDS.
As it is shown in Fig. 1, the typical eutectic microstructure of the

bulk alloy was detected. EDS analysis indicates the eutectic
composition with Zr-content varying from 8.15 to 9 at%. On the
contrary, some ZrSi2 precipitates were detected embedded into the
eutectic matrix at the bottom and as a layered phase segregated at
the surface of the solidified drop. The presence of ZrSi2 precipitates
dispersed into the eutectic matrix is due to an excess of Zr-content
in the alloy with respect to the eutectic composition.

Prior to the experiments, the Si-10Zr alloy sample and GC sub-
strate were weighted, rinsed in an ultrasonic bath and dried with
compressed air.
2.2. Contact heating sessile drop experiments: device and procedure

At room temperature, the assembled Si-10Zr alloy/GC substrate
couple was placed on a graphite sample holder, located at the
central part of the heater and leveled at the horizontal plane, as
shown in Fig. 2.

In order to remove any contaminant from the experimental
environment, the device was degassed under a vacuum
(Ptot < 10�6 mbar) for 2 h.

The alloy sample/substrate couple was heated by an 800 kHz
high frequency generator coupled to a graphite susceptor (Fig. 2a).
The presence of graphite as heating element provides an atmo-
sphere with reduced oxygen content (PO2 << 10�8 mbar).

In order to avoid evaporation phenomena, typically occurring
during measurements of liquid Si-based alloys [30,31,38], mainly
over their melting temperature, the wetting experiments were
performed under an Ar atmosphere (O2 < 0.1 ppm) by following the
procedure described elsewhere [30,31].

During the wetting experiments, as shown in Fig. 2b, the tem-
perature was in real time monitored by a pyrometer (Minolta-
CYCLOPS52), previously calibrated by detecting the melting tem-
perature of high purity metals (Sn, Al, Au, Cu, Si and Ni).

Except for the wetting test performed at T ¼ 1354 �C (detected
alloy melting point), the wetting experiments were performed
under the isothermal conditions with a heating rate of 10 �C/s. The
selected temperature was kept constant for around 15 min, then
the sample was “quenched” (cooling rate 20 �C/s) to “freeze” the
Fig. 1. BSE/EDS images of the cross-sectioned as-prod
formed reaction products and developed interface microstructures.
The evolution of contact angles values over time was monitored

in real-time and recorded (10 frames/sec) by a high resolution CCD-
camera connected to a computer (Fig. 2a).

Every single frame was processed by an image analysis software
ad hoc-developed (ASTRAVIEW®) [39] allowing automatic acqui-
sition of the contact angle values and drop geometric variables (R-
base radius and H-drop height). By analyzing the experimental
method used and all the factors that can affect measured contact
angle value, the accuracy of the data obtained is estimated to be
around ±2� [40].
2.3. Surface and microstructural characterization

After the wetting tests, all the Si-10Zr alloy/GC samples were
embedded in epoxy-resin, cross-sectioned and metallographically
polished and prepared for themicrostructural characterization. The
microstructural evolution was analysed on both the top and the
cross-section of solidified drop by an Optical Microscope (ZEISS)
and a Scanning Electron Microscopy (SEM) equipped with an en-
ergy dispersive X-Ray detectors (EDS).
3. Results

3.1. Wettability tests by the contact-heating sessile drop method as
a function of temperature

The wetting behavior of the liquid Si-10Zr alloy in contact with
GC observed at the alloy melting temperature (T ¼ 1354 �C) is
shown in Fig. 3. The variations of the contact angle values as a
function of time and the sequence of images acquired within the
first 100 s of the experiment (Fig. 3bec), indicate the wetting ki-
netics on GC with an irregular behavior most probably caused by
the progressively melting alloy drop. In spite of the fact that for
t¼ 30 s the alloy was only partially melted, the Si-10Zr/GC interface
was crossing the threshold contact angle value of q ¼ 90� and the
transition between no-wetting to wetting behavior was observed.
The complete melting of the alloy drop took around 50 s resulting
in the contact angle value around q ¼ 75�. A further decrease of the
contact angle value of 19� occurred within the next 15 s, then it was
uced Si-10Zr alloy sample at two magnifications.



Fig. 2. Schematic layout of the a) experimental set-up used and b) Si-10Zr/GC couple assembled for the wetting experiments.

D. Giuranno et al. / Journal of Alloys and Compounds 822 (2020) 1536434
limited to 4� during 60 s, reaching the value of 51�. After t¼ 450 s, a
weak increase of the contact angle value (q ¼ 52�) was recorded
and kept constant until the end of the experiment. At the same
time, at the top drop, the solid phase was detected (Fig. 3c).

Fig. 4 shows the wetting kinetics of the Si-10Zr/GC system
observed at different temperatures. As it can be seen, by increasing
the testing temperature with respect to T ¼ 1354 �C, the achieve-
ment of an equilibrium contact angle of liquid Si-10Zr on GC sub-
strate is evidently dependent on temperature. Moreover, by
analyzing the spreading kinetics (Uspr), without considering the
melting at T ¼ 1354 �C, it results that Uspr (1354 �C) < Uspr
(1400 �C) < Uspr (1450 �C) � Uspr (1500 �C), as shown in Fig. 4a.

The contact angle of the Si-10Zr/GC system was measured at
T ¼ 1400 �C in t ¼ 45 s and the value of q ¼ 55� was obtained. The
same value was found in t ¼ 30 s at T ¼ 1450 �C.

As shown in Fig. 4b where the wetting kinetics observed within
Fig. 3. Wettability of the Si-10Zr/GC couple at T ¼ 1354 �C for 15 min under an Ar atmosphe
recorded during the wetting test.
the first 150 s are displayed, the further decrease in the contact
angles to their equilibrium values occurred in 60 s (q ¼ 51 ÷ 52�),
15 s (q ¼ 49�) and 8 s (q ¼ 43�) at the Si-10Zr/GC interfaces at
T ¼ 1354, 1400 and 1450 �C, respectively.

The wetting experiment performed at T ¼ 1500 �C deserves a
more detailed discussion. As abovementioned, the spreading ki-
netics observed at the Si-10Zr/GC interfaces at T ¼ 1450 �C and
T ¼ 1500 �C are almost overlapped. It might be given by a delay
exhibited by the alloy drop processed at T ¼ 1500 �C in achieving
the same heating rate imposed by the experimental device.
Contrarily, the effect of the different testing temperatures is
strongly evinced by analyzing the equilibrium contact angle values
measured at the Si-10Zr/GC interfaces after 15 min: q ¼ 43� and
q ¼ 40�, at T ¼ 1450 �C and T ¼ 1500 �C, respectively.

BSE/EDS analyses performed at the top drop and at the triple
line of the Si-10Zr/GC sample processed at T ¼ 1354 �C for 15 min,
re: a) and b) contact angle behaviors as a function of time and c) time sequence images



Fig. 4. Wettability of the Si-10Zr/GC couples for 15 min under an Ar atmosphere at: (C) T ¼ 1354 �C; (B) T ¼ 1400 �C; ( ) T ¼ 1450 �C and ( ) T ¼ 1500 �C.
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are shown in Fig. 5. As it can be seen, at the top of the solidified
drop, ZrSi2 as segregated phase was detected (Fig. 5 a). On the other
hand, a “shadow” surrounding the drop perimeter at the triple line
is revealed (Fig. 5 b and c). In particular, several SiC crystals close to
the Si-Zr alloy drop triple line are detected. In addition, moving far
from the triple line, unreacted regions of GC with over-layered
circular and narrowing areas of SiC are found. Due to fast cooling
of the sample at the end of the wetting experiment, a crack at the
interface was observed.

Similarly, at the interface of the alloy samples processed at
higher temperatures, the same “shadow” and the crack were
observed, as shown in Fig. 6.

The crack at the interface was most probably caused by the
mismatch in the thermal expansion coefficients and by the strong
adherence of Si-Zr alloy at the SiC layer. The “shadow” consists of a
thin SiC layer grown beyond the triple line and it is clearly influ-
enced by the temperature, associated with vaporization/
Fig. 5. BSE/EDS analyses performed on the Si-10Zr/GC sample after the wetting test at T ¼ 13
condensation phenomena. The GC circular area surrounding the
alloy drop was completely covered by the thin SiC layer and its
radius is temperature dependent. It seems that the thickness of the
SiC layer and its morphology are also influenced by temperature. As
already observed for the sample processed at the lowest temper-
ature, circular and narrowing areas of SiC with a radius inversely
proportional to the distance from the triple line are noticed.
Moreover, as it can be seen in the Fig. 6d) and e) and f) the presence
of SiC crystals grown up at the triple lines with a size correlated to
the testing temperature are detected.

At the Si-10Zr/GC interface, a SiC layer as unique reaction
product with different microstructural evolution was detected
(Fig. 7). In particular, the crossed-sectioned Si-10Zr/GC samples
processed at T ¼ 1354 �C and T ¼ 1500 �C for 15 min are shown
(Fig. 7aeb). After the wetting test performed at T ¼ 1354 �C, at the
triple line of the Si-10Zr/GC sample, SiC crystals epitaxially grown
up to a size of 2 ÷ 7 mm as well as the presence of C-dissolution
54 �C: a) top of the solidified drop; b) and c) triple line at two different magnifications.



Fig. 6. BSE/EDS analyses performed at two different magnifications at the triple line of the Si-10Zr/GC samples after the wetting tests performed at: a) and d) T ¼ 1400 �C; b) and e)
T ¼ 1450 �C; c) and f) T ¼ 1500 �C.
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pockets, were detected (Fig. 7c). The same type of microstructure
was found in the middle of the drop (Fig. 7e). Moreover, at higher
magnification is possible to identify easily the interface formed at
the initial stage of the reactionwith the C-dissolution pockets at the
bottom, a two phase of ZrSi2þSiC inside, and at the top of the
interface, close to the alloy, the SiC crystals with a size varying from
0.5 to 5 mm. Contrarily, both near and far from the triple line
(middle of the drop) of the Si-10Zr/GC sample processed at
T ¼ 1500 �C, a compact layer generated by the packing of SiC
crystals epitaxially grown up to 10 mm was detected (Fig. 7def). In
both cases, the solidified alloy drop exhibits a Si-ZrSi2 two-phase
microstructure. In particular, needle shaped ZrSi2 crystals
embedded in a Si-matrix were found.

3.2. Wettability by the contact-heating sessile drop method as a
function of time

In Fig. 8, the contact angle values displayed by the liquid Si-10Zr
alloys in contact with GC at T ¼ 1450 �C for 15 min and 45 min, are
shown. As expected, almost the same kinetics of spreading
exhibited by the two couples is observed, as shown in Fig. 8b.

It is worth to highlight that such outcome may be useful in
establishing the reliability of both the results obtained and the
procedure applied.

In both cases, the steady state equilibrium contact angle was
achieved in 40 s after the melting of the alloy drops and, after
15 min, the same contact angle value of q ¼ 43� was measured. On
the other hand, a slight increase in the contact angle up to q ¼ 45�

was shown by the liquid alloy in contact with the GC substrate after
45 min.

As it can be seen in Fig. 9, a compact layer of SiC is detected at
both the triple lines (Fig. 9a and b). However, for the sample pro-
cessed for 15 min, a homogeneous SiC layer with a thickness of
4 ÷ 5 mmwas detected. On the contrary, increasing three times the
duration of the experiment, an irregular SiC layer with a thickness
around 4 ÷ 12 mm, was revealed. In addition, at the triple lines, few
C-dissolution pockets were still present.

Moving in the middle of the drop, different microstructures
were detected, as shown in Fig. 9ced. Indeed, at the Si-10Zr/GC
interface, processed for 15 min, an alternating microstructure of
packed and un-packed SiC crystals was found, generating compact
and less compact reaction layers in contact with the Si-Zr alloy. In
the latter case, at the interface formed during the initial stage of the
reaction, individual SiC crystals with a size of about 5 mm and C-
dissolution pockets were detected. By tripling the time of contact
with the GC substrate, the appearance of a more compact SiC layer
with an average thickness of 5 mm even far from the triple line is
promoted (Fig. 9d).
4. Discussion

The experimental results of the contact angles and average
thicknesses of SiC reaction layers formed during the wetting tests
as functions of operating conditions are collected in Table 1.

Various eutectic compositions in the Si-rich side of the Si-Zr
system and temperatures differing up to 30 �C with respect to the
eutectic melting temperature range, are reported in Refs. [40,41]. In
particular, the analysis of the invariant reactions in the Si-Zr system
indicates the Si-10Zr alloy as the eutectic one [16,17] with a melting
range of 1355.15 ÷ 1370 �C.

In this work, the melting temperature of the Si-10Zr alloy was
detected at T ¼ 1354 �C, is in a very good agreement with literature
data [17]. However, as evidenced by the EDS analyses performed on
as-produced cross-sectioned alloy sample (Fig. 1), a two-phase
microstructure, typical of hypoeutectic alloys, was revealed. In
particular, ZrSi2 phase was rejected during the solidification as a
segregating phase at the surface and embedded at the bottom of
the drop in an eutectic matrix with a content of Zr varying from 8.1
to 9 at%. Indeed, in the Si-rich part of the Si-Zr system, the last re-
assessment of the Si-Zr phase diagram [41] indicates the eutectic
composition of Si-8.19Zr at T ¼ 1345.7 �C.

During the wetting test performed at T¼ 1354 �C, the melting of
the alloy was even promoted and the liquid state preserved by the
occurring exothermic reaction at the alloy/GC interface between Si
and C [43]:



Fig. 7. BSE/EDS analyses performed at three different magnifications at the cross-sectioned Si-10Zr/GC samples after the wetting tests performed at: T ¼ 1354 �C a), c) near the
triple line and e) far from the triple line; T ¼ 1500 �C b), d) near the triple line and f) far from the triple line.
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Si(l) þ C(s) / SiC(s) (1)

However, the presence of a SiO2-native oxide layer at the alloy
surface, usually found during the wetting tests performed by the
contact heating sessile drop [31], may delay to reach the complete
melting of the drop. Nevertheless, the native oxide should be
decomposed by the reaction (2) with the underlying liquid Si,
forming the volatile Si monoxide [43]:

SiO2(s) þ Si(l) / 2SiO(g) [ (2)

When the layer of native oxide completely disappears at the
interface, liquid Si is able to interact with the substrate.

Analyzing the spreading behavior of the Si-Zr alloy on GC
following the evolution of the drop radius over time (R), three
different stages with three different spreading rates can be iden-
tified, as shown in Fig. 10. At the Si-10Zr/GC triple line, the contact
angle value decreased from approximately 149�e110� within the
first 15 s (t0 < t < t1) and a linear spreading behavior was observed
(Uspread z 25 mm/s). During this stage, a strong reaction (1) be-
tween liquid Si and C at the interface occurred. Indeed, linear
spreading behaviors are associated to the reactive wetting [43,44].
In the next 65 s (t1 < t < t2), a decrease in the slope of the spreading
curve over time was observed (Uspread z 15 mm/s) and the Si-10Zr
alloy started to “wet” GC substrate with the contact angle value
decreased down to about q ¼ 55�.

It worth to be pointed out that liquid Si and Si-based alloys do
not wet but strongly react with C by means of the reaction (1).
Actually, the wettable substrate is SiC, which is already present at
the interface as the reaction product defined by (1).

In the third stage (t2 < t < t3) approaching the steady state
condition (with an equilibrium contact angle of about q¼ 51 ÷ 52�),
a decrease of 10 times in the slope of the spreading curve was
observed.

Additionally, the appearance of SiC crystals growing at the
interface, mainly at the triple line (Fig. 7), may reduce the wetta-
bility (by increased roughness). Within this last stage, a further
advancing of the triple line can be promoted by evaporation and
condensation phenomena of Si beyond the drop perimeter.

After 450 s, with the appearance of ZrSi2 solid phase at the top of
the drop, a slight increase (i.e. dewetting) in the contact angle was
observed (Figs. 3c and 5a). Most probably, the interaction between
the alloy and C-substrate within the first 450 s resulted in a



Fig. 8. Evolution of contact angle values of Si-10Zr/GC couples after the wetting tests performed at T ¼ 1450 �C for: a) 900 s (15 min) and b) the first 100 s.

Fig. 9. BSE/EDS analyses performed near and far from the triple lines of the cross-sectioned Si-10Zr/GC samples after the wetting test at T ¼ 1450 �C for: 15 min a) and c); 45 min b)
and d).
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Table 1
Contact angle values and SiC-layer average thickness both at the triple lines (TL) and in the middle of the drop (MD) as functions of temperature and time.

Temperature [�C] time [min] qf [�] SiC-thickness [mm] TL SiC-thickness [mm] MD

1354 15 51 ÷ 52 4.5 5
1400 15 49 5 5
1450 15 43 4.5 5
1450 45 45 8 5
1500 15 40 6 6
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displacement of the alloy composition (with an increased melting
temperature) as a consequence of a decrease in Si-content.
Accordingly, further C-dissolution and epitaxial growth of SiC
crystals were probably suppressed or even impeded.

Concerning the kinetics of spreading, all the interaction phe-
nomena, i.e. the reaction, C-dissolution, growth of SiC at the
interface, mainly at the triple line, are enhanced with an increase in
temperature (see Table 1). Indeed, as shown in the insert of the
Fig. 4, the spreading rate increased with temperature. In particular,
at T ¼ 1450 �C and T ¼ 1500 �C, only two spreading regimes were
found. It let us to conclude that the kinetics of SiC crystals growth
and, in particular, their packaging at the triple line are more favored
at higher temperatures (Fig. 7). Consequently, an equilibrium con-
tact angle is reached faster than at the lower temperatures.

As aforementioned, the evaporation/condensation phenomena
at higher temperatures are more pronounced and may contribute
to the advancing triple line, therefore a decrease in the contact
angle may be observed (Figs. 4 and 6, Table 1).

The growth followed by the packaging of SiC crystals are greatly
influenced by time (Fig. 9), where at the Si-10Zr/GC interface, after
45 min, almost double thickness with respect to that of a short-
term experiment was observed. An increase in the contact angle
value may be explained by higher surface roughness (Table 1).

Under equilibrium conditions, a multi-step mechanism can be
identified, resulting in the evolution of interface microstructure, is
shown in Fig. 11.

In agreement with [45], in the first instance of contact between
liquid silicon and carbon, at the alloy/GC interface, by means of (1),
a very thin quasi-continuous (fragmented) layer is formed (Fig. 11a
and b). In parallel, the dissolution of C is promoted by the presence
of open channels along the thin SiC layer (Fig. 11c). Being Si and C in
Fig. 10. Evolution of the contact angle values (C) and R-drop base radius (—) over t
contact, the C-dissolution generates the formation of cavities
(namely C- dissolution pockets), which are filled by the liquid alloy.
The diffusion between the liquid alloy and GC substrate, favours the
appearance of SiC crystals epitaxially grown over time (1 < t < 15, in
min) close to the C-dissolution pocket (Fig. 11d).

Under equilibrium conditions, the aforementioned phenomena
are strongly influenced by the temperature. In fact, BSE images of
the Si-10Zr samples processed at T ¼ 1354 �C and T ¼ 1450 �C,
respectively, are shown in Figs. 7e and 9c. The presence of a
compact SiC layer alternated with individual SiC crystals above the
C-dissolution pockets were detected. On the contrary, at
T ¼ 1500 �C in 15 min, the microstructure developed at the inter-
face shows an compact SiC layer resulting from the packaging of SiC
crystals on the interface at the initial stage of reaction and further
formation of SiC by the reaction of the Si-Zr alloy with the
remaining C inside the dissolution pockets (Fig. 11e). For the Si-
10Zr/GC system, at T ¼ 1450 �C in t > 15 min, this phenomenon
is identified as the last stage of SiC layer growth, as shown in Fig. 9d.
Additionally, for t � 15 min, parallel SiC dissolution and re-
precipitation over SiC crystals may contribute to the further
growth of the SiC crystals at the interface and their packaging re-
sults in a more compact and thicker SiC discontinuous layer
(Fig. 11f). Such fragmentation allows the Si-Zr alloy to be again in
direct contact with unreacted C by dissolving SiC thin layer and
then, between two SiC compacted fragments, a new C-dissolution
pocket is formed (Fig. 11g and h).

Despite the affinity of the both alloy components for C [46,47] to
produce stable ZrC and SiC (Gibbs free energies of formation: DG�

f

TiC ¼ �300 kcal/mol and DG�
f SiC ¼ - 147 kcal/mol), concerning the

alloy composition with a Zr-content equal to 10 at% together with
the operating conditions applied in this study, the interfacial
ime of Si-10Zr/GC observed within the wetting test at T ¼ 1354 �C for 15 min.



Fig. 11. Schematic of all the possible interfacial phenomena occurring at the Si-10Zr/GC interface and a)-h) their evolution in time.
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reaction of liquid Si to produce SiC is thermodynamically more
favored with respect to the formation of ZrC [42] as confirmed by
EDS analyses performed at the interfaces (Figs. 7 and 9).

Moreover, it is well known that liquid Si and Zr react with ox-
ygen forming the oxides for the temperature range investigated.
However, oxidation and oxygen transport phenomena at the alloy
surface can be neglected if the presence of counter flows of volatile
mono-oxides SiO is taken into account, as demonstrated by
Refs. [48,49]. The appearance of stable oxides at the surface is
further suppressed by the high evaporation tendency of liquid Si
[30,31,46]. In fact, condensed Si and Si-oxide fogs might be present
in the gas phase surrounding the drop, acting as a barrier and
suppressing the O2-flow coming from the atmosphere to the alloy
surface [49]. Such phenomenon can explain the growth of circular
area of SiC detected far from the triple line (Figs. 5 and 6). However,
as already reported in Ref. [31], the pronounced evaporation
observed at the Si-10Zr/GC triple lines with the formation of a thin
reaction layer surrounding the drop perimeter, seems to not pro-
moting further contact angle advancement as contrarily observed
for Si-Co eutectic alloy/GC [32]. It may be explained by different
thermophysical properties of the two liquid systems which prob-
ably allow a higher stability of the Si-Zr alloy respect to the Si-Co
eutectics [50].

The equilibrium contact angle values measured at Si-10Zr/GC
triple line as a function of the temperature are comparable with
the values measured for Si-8Zr/GC system under an Ar atmosphere
[38]. In particular, the contact angle value measured at Si-8Zr/GC
interface is weakly influenced by an increase in temperature from
1404 �C (detected melting point) to 1450 �C. Indeed, during the
heating of the sample, the contact angle increased from 44� to 45�.
This can be attributed to the growth of SiC crystals at the interface
and consequently an increased roughness of the surface. In addi-
tion, as demonstrated in this work, the size of SiC crystals grown at
the interface is influenced by the both operating parameters, i.e. the
temperature and time. Furthermore, the contact angle measure-
ments [38] were performed under dynamic conditions in a unique
experiment and the wettability could be affected by the interfacial
phenomena such as thickening of SiC layer already occurred at
lower temperatures.
5. Conclusions

Wettability and reactivity studies of liquid Si-10Zr alloy in
contact with GC were performed by the contact heating sessile
drop method as a function of temperature and time under an at-
mosphere with reduced oxygen content.

The interfacial phenomena observed in the present study, i.e.
the contact angle behaviors, spreading kinetics, microstructural
evolution, were analysed, discussed and related to the operating
conditions. The final contact angle values measured at the Si-10Zr/
GC interfaces over the temperature range of T ¼ 1354e1500 �C,
were decreased from 52� to 40�.

At higher temperatures, the enhanced growth of the interfacial
layer, mainly at the triple line as well as Si-evaporation/
condensation phenomena were observed.

In particular, the results obtained indicate that the wettability
and spreading kinetics of the Si-Zr alloy on GC, observed at the
interface and at the triple line are controlled by the growing and
thickening of SiC crystals, detected as a unique reaction product.

A careful investigation at T ¼ 1450 �C which is the temperature
usually selected to produce advanced composites by reactive melt
infiltration process was performed. The growth and thickening of
SiC at the interface are time-dependent.

Taking into account the interfacial phenomena, the contact
angle values measured at the Si-10Zr/GC interface are comparable
and in a very good agreement with literature data.

The results obtained can be helpful to identify the key param-
eters affecting the manufacturing of SiC/ZrSi2 and C/C-ZrC-SiC
composite materials. In this context, the interfacial phenomena
related to the liquid Si-Zr alloy/SiC system should be evaluated.
Additionally, to optimize reactive infiltration process, the under-
standing of pore closure/narrowing phenomena and the reactivity
as a function of Si-content is worthy to be investigated, as well as
the thermophysical properties such as the surface tension and
viscosity, which can be used as input data for modelling.
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