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Abstract

The oxidation behaviour of C#/ZrB»-SiC with different fibre architecture, manufactured by slurry
impregnation and polymer infiltration and mild pyrolysis, was investigated. Short term oxidation
tests in air were performed for 1 and 5 min at 1500 and 1650 °C in a bottom loading furnace.
Microstructure, oxide scale thickness and composition were analysed by SEM/EDS/XRD. Results
indicated that a good dispersion of ZrB; particles in the polymer derived SiC(O) matrix promoted
the formation of a compact scale filling surface holes left by fibre oxidation. 20-30 vol% of ZrB: in

the material was found a good compromise between lightness and oxidation resistance.
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1. Introduction

The impelling demand for components able to withstand harsh conditions has been an
important driving force for continuous search of materials possessing always more challenging
properties. Currently used thermal protection systems and rocket motor components of hypersonic
space vehicles, satellite launchers (e.g. VEGA, ARIANE) and brake systems of hyper speed
vehicles such as Formula 1 cars are made of ceramic matrix composites and carbon matrix
composites (CMC and CAMCs, respectively). Recently, other sectors such as aviation and
metallurgy are replacing refractory metals with CMCs and CAMC:s.

On one hand carbon/carbon (C/C) composites have excellent high-temperature strength, low CTE
and deformability, good thermal shock resistance. On the other hand they suffer of poor oxidation
resistance (above 500 °C) and low wear resistance that reduce durability and restrict their
applications in air at elevated temperature [1]. Carbon fibre-reinforced silicon carbide (C/SiC)
composites possess most of the good properties of C/C composites, and in addition a better
oxidation resistance because the diffusion of oxygen can be limited by the formation of a highly
viscous film of silica [2,3]. However, the capability to protect carbon fibres is not effective in a
wide range of conditions of temperature and heat fluxes [4-9].

In the past few years, borides and carbides of the early transition metals (group IV and V),
so called ultra-high temperature ceramics (UHTC), have gained increasing interest to realize a new
class of ultra-high temperature ceramic matrix composite materials for their excellent thermal and
chemical stabilities [10-13]. Among the UHTCs, ZrB: is the most investigated UHTC phase [13—

15] because of balanced characteristics, such as relative low density (~6 g/cm?®), good oxidation and



ablation resistance especially when combined with minor amount of other ceramic phases, such as
SiC [16-18], La203 [19,20] and TaSi» [21]. Such multiphase matrices offer a better oxidation
resistance and self-healing capability in a wider range of temperatures of individual phase matrices
indeed. For instance, the oxidation of pure ZrB. forms porous solid ZrO. and a film of liquid B2O3,
which spreads on the surface and inhibits the inward diffusion of oxygen into the bulk underlying
material (slowing fibre oxidation) up to its temperature of vaporization (~1100 °C). Conversely, a
ZrB; - SiC matrix protect fibres also at higher temperature forming a borosilicate glass above 1100
°C, which is less viscous than pure silica, spreading better along the surface, sealing cracks and
defects but at the same time is more viscous and less volatile than pure B.O3 [22]. Moreover above
1600 °C ZrO improves glass durability (solid particles embedded into the glass induce a physical
modification) while its partial dissolution promote a chemical modification of Si-O bonds [23].
Consequently, the achievement of a homogeneous distribution of ZrB, and SiC phases around
carbon fibres is the goal for improving material durability. Unfortunately, the phase composition
(ceramic phases and carbon fibres) and their distribution in the composite are often the consequence
of the manufacturing process selected rather than a study of the material design. Some examples of
manufacturing method and characterization of oxidation resistance of UHTCMCs are reported in

Table 1.

Table 1. Main results that have been done in this field of ceramic matrix composites and tests at high temperature to
evaluate oxidation resistance.

Techniques Materials Fibre UHTC SiC Testing Authors
(vol%) (vol%) (vol%)

PIP, VSI C/C+ZrB,- n/a n/a n/a Furnace, 1500 °C, 40 min Zhou et al. [24]
SiC coating

CVI, PC C/C+ZrB,- n/a n/a n/a Furnace, 1500 °C, 330 h Haibo et al. [25]
SiO; coating

CVI CIC+ZrBy- n/a n/a n/a Solar furnace, 1700-2600 °C Corral et al. [26]
SiC coating

CVI C/SiC-ZrB, 25 4 71 Electric furnace, 1000-1400 °C,  Tang et al. [27]

5 min
PIP, SI, CVD C/ZrB,-SiC 54 n/a n/a Blow torch, 3000 °C, 20 s Liu et al. [28]



SI, HP C/ZrB2-SiC 42 52 6 TGA Vinci et al. [29]

Sl, HP C/ZrB,-SiC 37 46 12 Fgrnace, 1500 and 1650 °C, 1 Vinci et al. [30]
min
Sl, HP Cl/ZrB,-SiC 53 26 17 Furnace, 1650 °C, 1 min Zoli etal. [31]
Sl, PIP Cl/ZrB,-SiC 30-31 29-19  35-42  Furnace, 1650 °C, 1 min Servadei et al. [33]
SI, PIP Cl/ZrB,-SiC 30-31  29-19 35-42  TGA, furnace, 1500-1650 °C, 1-  Present work
5 min

PIP: Polymer Infiltration and Pyrolysis.
VSI: Vapour Silicon Infiltration.

CVI: Chemical Vapour Infiltration.
PC: Pack Cementation.

SI: Slurry Infiltration.

CVD: Chemical Vapour Deposition.
HP: Hot Pressing.

Some authors applied an environmental barrier coating (EBC), made of UHTCs, on conventional
C/C composites [24-26] and tested the material from 1500 to 2600 °C. The adhesion between the
composite and the coating could be compromised due to the different chemistry of the materials and
the thermal expansion mismatch under severe thermal stresses. Other authors introduced ZrB»
powders into fibre preforms via slurry impregnation and consolidated the material using non-
sintering routes: chemical vapour infiltration (CVI) with methane gas [27], polymer infiltration and
pyrolysis (PIP) with polycarbosilane [28,32—34] and sintering approaches: pack cementation (PC)
[25] and hot pressing (HP) [29-31].

Recently, we presented a novel two-step non-sintering near-net shape route to manufacture
lightweight UHTCMCs (densities of 2.7 - 3.2 g/cm?) containing about 20 - 30 vol% of ZrB;
(depending on fibre architecture) with homogeneous distribution of ZrB and SiC phases around
each carbon fibre, even using 2D cloths [32]. Even though the matrix was consolidated under the
mild conditions of 1000 °C, passivation occurred within few microns below the material surface

after oxidation at 1650 °C for 1 min [32].



Here we presented a deep investigation of the oxidation behaviour of the same material via thermo-
gravimetric analysis (TGA) up to 1350 °C and short oxidation tests in air at 1500 and 1650 °C for 1
and 5 min. The aim of this work is to highlight that a good dispersion of ZrB; particles in the

polymer derived SiC(O) matrix is to promote a fast passivation of the material.

2. Experimental

Commercially available products were used for the preparation of ceramic matrix composites,
I) ceramic powders: SiC (Alpha, Grade UF-25, H.C. Starck, Germany; specific surface area 23-26
m?/g, impurities (Wt.%): 2.6 O), ZrB, (Grade B, H.C. Starck, Germany; specific surface area 1.0
m?/g, particle size range 0.5-6 pm, impurities (wt.%): 2 O, 0.25 C, 0.25 N, 0.1 Fe, 0.2 Hf); 1)
polymeric precursor of SiC (Allyl-hydrido polycarbosilane, StarPCS™ SMP-10, Starfire System
Inc., U.S.A.; density 0.998 g/cm?, viscosity 40—-100 cPs at 25 °C) and the cross-linker catalyst
(trimethyl(methylcyclopentadienyl)platinum(IV), Sigma Aldrich; purity 98%); I11) unidirectional
(UF-XNB80-300, Granoc, Japan; fabric areal weight 330 g/m?) and plain woven (PF-XN80-240,
Granoc, Japan; areal weight 240 g/m?) made of ultra-high modulus pitch-based carbon fibre (XN80-
60S, yarn: 6K, diameter 10 um, density 2.17 g/cm?, tensile modulus 780 GPa, tensile strength 3.4

GPa).

Three Ct/ZrB»-SiC samples with different fibre architecture were fabricated by a cycle of
water-based slurry infiltration of fibre fabrics, using a mixture of ZrB, — 10 vol% SiC powders
according to previous studies [31] followed by repetitive cycles of polymer infiltration and
pyrolysis. A sample was realized by stacking infiltrated plain woven fabrics (sample labelled as
2D); a second sample, with an asymmetric orientation of fibres, was prepared by stacking
unidirectional infiltrated fabrics with the same orientation (sample labelled as 0-0°), while a third
sample, with symmetric configuration of fibres, was obtained by stacking unidirectional infiltrated
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fabrics with 0-90° orientation (sample labelled as 0-90°). Infiltration with SMP-10 (containing 1
wt.% of catalyst) and pyrolysis cycles at 1000 °C under argon flux were carried out six times to

reduce the porosity below 10%. Further details are reported in [32].

Regular samples sized 9 mm x 4 mm x 2 mm were cut from the pellet labelled 0-0°. In order to
identify the critical oxidation temperatures, the oxidation test was carried out in a
thermogravimetric analyser (STA 449 C Jupiter, NETZSCH, Geraetebau GmbH, Germany), in
synthetic air (composition: 80 vol% N2+ 20 vol% O, with 30 mL/min gas flow), up to 1350 °C
with a heating rate of 10 °C/min.

In order to evaluate resistance in extreme environments, short term oxidation tests were carried
out in a bottom loading furnace (FC18-0311281, Nannetti S.r.l., Italy) at 1500 and 1650 °C in air
for 1 and 5 min on 10 mm x 10 mm x as-processed thickness mm plates, which were cut from 0-0°,
0-90° and 2D samples. The plates were put on a porous zirconia sample holder, resting on one of
the two largest surfaces, and introduced in the furnace when the target temperature was reached. At

the end of the oxidation stage, the samples were removed and left to cool naturally in air.

After the pyrolysis cycles, bulk densities were measured by the Archimedes’ method. Open
porosity in the range 0.0058-100 um was determined by mercury intrusion porosimetry (Pascal 140
and Pascal 240 series, Thermo Finnigan, U.S.A.). The fibre volumetric amount was determined
taking into account number of layers, sample area, the fibre areal weight (g/m?) and the fibre
density given by the supplier. The powder amount in the matrix was calculated as the difference
between the weight of the pellet after slurry infiltration (after drying) and fibre weight. The polymer
derived ceramic weight was calculated as the difference between pellet weight after and before six

PIP cycles. The topological characterization of the surface of the as-obtained samples was



performed with a Contour GT-K 3D non-contact profilometer (Bruker, Germany) on 8 x 8 mm?
areas, then the data were analysed using the commercial software Vision64 Map.

Specimens for both oxidation tests were cleaned with ethanol and dried under IR lamp. During
TGA test, the mass variation was recorded continuously by the analyser (sensitivity 10 mg).
Specimens for short oxidation tests were weighed with an analytical balance (accuracy £0.01 mg)
before (win) and after oxidation test (wrin). Mass variation was normalized over the initial surface

Wfin—Win

area using equation: ?m = ——in which S is the initial surface area, measured by calliper

(accuracy + 0.05 mm). X-ray diffraction analysis was carried out from 10 to 80° (step 0.02, step
time 0.5 s) using an apparatus with CuKa radiation (D8 Advance, Bruker, Germany) on air-exposed
surface of samples to determine phases after oxidation. The microstructures and elemental
composition of the as-processed material and oxidized specimens were analysed using field
emission gun-scanning electron microscope (FE-SEM, Carl Zeiss Sigma NTS Gmbh, Germany)
and energy dispersive X-ray spectroscopy (EDS, INCA Energy 300, Oxford instruments, UK) on
surface and cross-section, to reveal modifications induced by oxidation. Polished specimens for
microscopy were prepared by cutting cross sections from tested samples, mounting them in epoxy
resin and polishing them using semi-automatic polishing machine (Tegramin-25, Struers, Italy),
then washed with ethanol and acetone in an ultrasonic bath. All oxidized samples were coated with
a thin layer of carbon using a turbo-pumped sputter coater (Q150T ES, Quorum Technologies Ltd,

UK).

3. Results and discussion

In Table 2 the physical properties of samples UD (0-0° and 0-90°) presented in the previous
work [32] and 2D are shown. Composition of matrix, amount of fibres and porosity were similar for

unidirectional cloth reinforced samples regardless of fibre orientation on the plane. In the case of
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2D sample a lower amount of ZrB. phase, a higher amount of silicon carbide and a higher porosity
were found.

Table 2. Bulk density, open porosity and compositions of the as-obtained composites [32].

Sample label 0-0° 0-90° 2D

Bulk density (g/cm?®) 32+02 32+£02 27+£03
Porosity (%) ~6 ~6 ~9

Cs (vol%) 301 31+1 301
UHTC (vol%) 29+1 27+1 19+1
SiC (vol%) 3B+1 36+x1 42+1

Such differences in composition were ascribed to the higher complexity of fibre architecture of
plain woven cloth (2D) compared to unidirectional cloth (UD). 2D cloths hindered the powder
slurry infiltration more than UD cloths indeed. Moreover, the lower powder fraction in the
infiltrated cloths explained also the lower UHTC content in the consolidated material offset by
higher content of polymer derived ceramic (PDC). The higher number of defects in the
powder/fibre compact was easily reduced by repetitive cycles of PIP due to the use of higher
amount of low viscous SMP-10 [32]. The resulting 2D sample presented a higher roughness than
UD samples. In Fig. 1a,b, the optical picture and the roughness profile mapping of 2D sample were
reported. The Fig. 1b shows the shape and depth of four cavities formed at the intersection of the
bundles on the external layer, and the 3D surface topography of two cavities were reported in Fig.
1c. Finally, the SEM analysis of the sample cross section highlighted the presence of PDC spots

showing shape and size similar to the cavities visible on the sample surface, see Fig. 1d.



Figure 1. Sample 2D: (a) optical picture, (b) 2D image obtained by laser profilometer, (c) 3D detail of two areas of (b)
showing surface topography, (d) back-scattering micrograph of cross section showing a PDC spot (grey colour) in the
cross of fibre bundles.

Apart from above mentioned differences in sample compositions and porosities, the
microstructures of the three samples were quite similar. An example of microstructure of the cross
section of samples is shown in Fig. 2. Black dots are carbon fibres, the white contrasting phase is
ZrB», while the grey regions are silicon carbide. Polymer derived ceramic (PDC) SiC was hardly
distinguishable from SiC powder in Fig. 2 due to the low contrast between them, however the large
spot of grey phase was PDC. Mainly, ZrB> and SiC particles were well distributed around carbon

fibres.
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Figure 2. SEM micrograph of the polished section of the 0-0° sample, showing the good homogeneity of carbon fibre
(black phase) embedded in ZrB; (white phase) — SiC (grey phase) matrix.

3.2 Thermogravimetric analysis

Fig. 3a shows the non-isothermal TG curve up to 1350 °C in air and labels indicate the critical
temperatures for the oxidation of the composite. Fig. 3b highlights relevant features of sample
surface oxidized after analysis. In Figure 3c, EDS analysis carried out on the red spot (see Fig. 3b)

showing the chemical composition of the borosilicate glass.
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Figure 3. (a) Specific weight change (Aw/S) vs temperature (°C) of the tested material and (b) the SEM micrographs of
the oxidized surfaces after TGA, (c) EDS signal of the red spot in (b) showing the chemical composition of the glass.

Above 700 °C and up to 950 °C a rapid weight loss occurred (Fig. 3a). This was ascribed to the

rapid oxidation of the exposed carbon fibres due to the evolution of carbon oxides according to the

following reactions:
C+120,—CO 1)

C+ 0, — CO, (2
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In this range of temperature, the rate of oxidation of ZrB», see reaction (3), was not sufficient to
balance the weight loss due to fibre oxidation. The passivation mechanism promoted by liquid B2O3
was not sufficient to limit O2-diffusion into the bulk [29].

ZrBz + 1/12 0z — ZrOz + B20s 3)
At 950 °C, mass loss came to a halt. This change in the curve was probably due to an increase in
oxidation rate of ZrB and formation of a partially effective self-protective liquid glass layer
percolating in the holes left by fibre removal. Beyond 950 °C and up to 1050 °C, mass gain became
predominant. In this range of temperature, the oxidation of polymer derived silicon carbide
(pyrolysis at 1000 °C) started to be relevant [35], see reaction (4):

SiC +3/2 0, — SiO, + CO (4)

The slope reduction from 1050 to 1250 °C was attributed to the formation of borosilicate glass, see
reaction (5), which is more effective to hinder oxygen diffusion. Above 1250 °C a slight increase in
the slope pointed out an increase in the rate of oxidation which was attributed to faster ZrO,
formation.

SiO2 + B03 — Si02-B203 (5)

Optical pictures of 0-0°, 0-90° and 2D samples after 1 and 5 min oxidation tests at 1500 and
1650 °C are shown in Fig. 4. After 1 min exposure in air at 1500 °C, the grey colour typical of the
as-processed materials acquired blue/dark reflections, index of borosilicate glass formation, and
after 5 min, white spots were visible on the surface, indicating the presence of ZrO,. The oxidized
samples at 1650 °C for 1 min appeared the most damaged of the series, showing flakes of silica,
nevertheless the original shape was preserved, while after 5 min exposure a soft bubble of iridescent

glass was formed on the of the samples (Fig. 4d).
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Figure 4. Appearance of the oxidized specimens after bottom loading furnace tests at 1500 and 1650 °C for 1 and 5 min
in air: (a) sample 0-0°, (b) sample 0-90° and (c) sample 2D. (d) Optical image detail of a soft iridescent glass bubble
grown on the surface of the specimen shown in (c).

A way to evaluate the oxidation extent is the weight change (Table 3). However, it is
important to point out that mass changes are the result of negative terms (carbon fibres oxidation
and matrix decomposition in volatile species) and positive terms (formation of solid oxide scale).

Although there are remarkable similarities between these materials and those reported in
literature, see Table 1, the comparison among mass variations after oxidation tests is not often
reliable due to testing conditions (e.g. time and temperature exposure, oxidizing environment,
specimen dimensions). In literature, we can often find oxidation test carried out under static air
using muffle furnace or thermo-gravimetric analysis (TGA). The bottom loading furnace used to
test the oxidation resistance of the composites in this experiment has the advantage to introduce the

specimens when the target temperature is reached, avoiding further oxidation during heating ramp.
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However, during the introduction of the samples in the furnace, cold air enters the lower part of the
chamber, heats up and causes a turbulent flow, leading to harsher conditions than those of a thermo-
gravimetric analyser: Vinci et al. [30] reported that the exposure to air at 1500 °C for 1 min in the
bottom loading furnace induced to almost the same degree of oxidation of the equivalent TGA test
carried out at 1550 °C for 2.5 h. In addition, the results are often not available or are expressed
differently (e.g. weight loss percentage or mass variation normalized over to initial surface). For
instance, H. Hu et al. [33] developed C/SiC material enriched with about 25 vol% ZrB: particles by
PIP and studied the oxidation properties at 1200 °C in a muffle furnace; they reported a mass loss of
4.5% and 11.4% after oxidation for 20 min and 40 min, respectively. D. Huang et al. [36] evaluated
the oxidation resistance of C/C-ZrB,-ZrC-SiC composite under static air in a muffle furnace at 1100
°C up to 60 min; after 20 min the mass loss was no more than 1%, while after 60 min a mass loss of
10.96 % was reported.

Among sample 0-0°, 0-90° and 2D, the main differences were caused by the greater number of
defects and more roughness surface of 2D sample compared the others. Weight loss was notably
higher at 1650 °C than at 1500 °C. However, after an initial weight loss, the protective film acted as
a barrier and the weight was nearly unchanged after 5 min exposure in air for all of the samples
both at 1500 and 1650 °C (Table 3).

Vinci et al. [30] reported a range of weight loss from -1.9 to -3.6 mg/cm? testing similar materials in
the same furnace at 1500 °C for 1 min. It is interesting to note that despite the content of ZrB, was

great than 46 vol%, it was not effective to reduce weight loss.

Table 3. Mass variations normalized to the surface area and average thickness of the oxidized layer after short oxidation
tests at 1500 and 1650 °C for 1 and 5 min of samples 0-0°, 0-90° and 2D.

Exposure Sample label

time (min)  0-0° 0-90° 2D
Am/S 1500 °C (mg/cm?) é ig 2; 451;

1 -116  -107  -7.6

Am/S 1650 °C (mg/cm?)

o1

-123  -101  -83
14



Oxide thickness 1500 °C (um) é

Oxide thickness 1650 °C (um) é ~32 ~33 ~46

In the following, the crystalline phases of tested samples were discussed. As example, in Fig. 5, X-
ray diffraction patterns collected on the surface of the 0-0° specimens, after oxidation in air at 1500
and 1650 °C for 1 and 5 min, were reported. The main crystalline phase was monoclinic ZrO, (PDF
65-1025) as product of oxidation of ZrB, phase, that increased with the increase of time and
oxidation temperature; trace amounts of tetragonal zirconia (PDF 88-1007) was recognized only in
XRD patterns after oxidation at 1500 °C. B.O3 was not detected in the surface layer; this could be
attributed to its relatively low melting temperature (445 °C) [37] which leads to the formation of a
glass. SiC(O) evolution was more difficult to track because during its surficial oxidation into glassy
and crystalline SiO, (PDF 47-11449) [38], the underlying SiC(O) was subjected to crystallization
into B-SiC (PDF 65-0360). Moreover, the crystallinity of SiC increased with the increase of the
oxidation temperature and exposure time. No reflections relative to carbon or carbides were
observed for all the oxidized specimens. For all the oxidized composites peaks relative to ZrB, were
still well visible. On the contrary, Vinci et al. [30] did not observed ZrB; reflections after oxidation
of C/ZrB,-SiC at 1500 and 1650 °C despite the initial higher content of ZrB; in the matrix, see
Table 1. XRD patterns of samples 0-90° and 2D are not shown because there were no significant

differences.
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Figure 5. X-ray diffraction patterns collected on the surface of 0-0° specimens after oxidation at 1500 and 1650 °C in
air for 1 and 5 min.

Following the XRD investigation, SEM-EDS characterization was carried out on the surface and
cross section of the oxidized samples. A typical top view of the surface of the specimens oxidized at
1500 and 1650 °C for 1 and 5 min is shown in Fig. 6a-d, insets in Figures highlight the evolution of

morphology of ZrO; grains increasing time and temperature of the oxidation test.
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Figure 6. Top view of specimens (0-0° sample) oxidized in air in a bottom load furnace: at 1500 °C for (a) 1 min and
(b) 5 min; at 1650 °C for (c) 1 min and (d) 5 min. Insets of the figures highlight the morphology of ZrO, grains
embedded in the glass. In the bottom EDS spectra of the phases as indicated.

As can be seen in Fig. 6a, after oxidation at 1500 °C for 1 min fibres onto or close to the
surface were consumed and grooves are visible in their place. Tiny precipitated ZrO> crystals
(bright phase) were found immersed into a borosilicate (BS) glass layer formed on the top.

Oxidation at 1500 °C for 5 min induced the formation of a continuous BS glass scale which covered
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homogeneously the external surface flowing in the grooves left by oxidized fibre, thus preventing
further oxygen penetration inside the material (Fig. 6b). After oxidation at 1650 °C the surface
appeared more damaged, a higher amount of blisters was observed and the whole surface became
rougher (Fig. 6¢,d). The great amount of liquid phase which spread from the subsurface towards the
surface and the evolution of volatile oxides formed during oxidation led to bubble formation and
explosion. It caused the exposure to oxygen of the underlying bulk layer [30,39]. Further inspection
on the ruptured bubbles showed islands of tiny ZrO- crystals in coral-like shape, in agreement with
[30] (inset in Fig. 6¢), due to the evolution of small nuclei in branches of a dendrite. Previously
Karlsdottir et al. [40] called this type of dendritic zirconia as “secondary zirconia” and reported that
it is dissolved in the oxide boria—silica—zirconia liquid, thus crystals precipitated when the B2O3
evaporates. The number of blisters in the borosilicate glass scale increased with the exposure time at
1650 °C (Fig. 6d), precipitated ZrO- crystals underneath the ruptured bubbles increased in size and
took on a rounded shape (inset in Fig. 6d). A top view of the surface of the specimens of samples 0-
90° and 2D oxidized at 1500 °C and 1650 °C for 1 and 5 min are not reported because the
microstructural features were found very similar to those reported in Fig. 6.

In supplementary information, see Fig. S1, the low magnification micrographs of the cross
section of samples 0-0°, 0-90° and 2D after the four oxidation tests are presented. As example,
micrographs of the cross section of the oxidized samples 0-0° at 1500 °C for 1 min are reported
below in Fig. 7a-e. The several EDS analyses, carried out in different parts of the sample, are
numbered. It is difficult to detect BOs by EDS, as boron is a light element [41].

Fig. 7a,b shows the cross section of the sample close to the top surface, which was not grinded after
manufacturing to avoid interruption of fibres, while Fig. 7c shows the cross section of the specimen
close to a machined side. As can be seen in Fig. 7a, the matrix underneath the top (orange dashed
lines) was enriched of SiC(O) and SiO; (see EDS spectrum in Fig. 7).

A detail of partially filled holes left by two carbon fibre burned is reported in Fig. 7b. It is worthy to

note that ZrB: close to the surface appeared only partially oxidized, showing nano-crystals of ZrO-
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on the particle surface (Fig. 7c). In the cross section of a machined side (Fig. 7d), it is easier to
evaluate the thickness of the oxide scale. Hence, the modified layer thickness of the specimen was
found in the range of 5-25 um. Moving inwards in the oxidized scale, it was also possible to see a
carbon fibre partially surrounded by BS glass film containing inclusions of ZrO,, that could be

considered a further mechanism of fibre protection toward oxidation (Fig. 7e).
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Figure 7. Polished cross section of the specimen (sample 0-0°) after short term oxidation test at 1500 °C for 1 min in air.
(a) Micrograph of the exposed surface, SiC(O)-rich area, (b) magnification of the BS glass in the voids left by the Cs
oxidation and (c) magnification of the partially oxidized ZrB, particles; (d) micrograph of the exposed side. (¢) High
magnification micrograph of a fibre where the oxidation stopped thanks to the BS glass (marked with blue circle) that
surrounded it. In the bottom EDS spectra of the phases as numbered.

The morphology of the cross section after 5 min exposure at 1500 °C is shown in Fig. 8a-c. The

outer part was composed by a compact scale of BS glass and solid inclusions (ZrO2) with a
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thickness of ~26 um (Fig. 8a). Despite the thickness of oxide scale was found similar to the shorter
oxidation test, the prolonged time of exposure to oxygen caused the almost completely conversion
of surficial SiC(O) into SiO, and later into BS glass due to reaction with B2Os. High magnification
micrographs showed many protuberances consisting of a core of fine secondary ZrO; surrounded by
glass [40] (Fig. 8b) and the progressive oxidation of ZrB: particles from the external surface

towards the unreacted matrix (Fig. 8c).
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Figure 8. Polished cross section of specimen (sample 0-0°) after short term oxidation test at 1500 °C for 5 min in air: (a)
overview of the microstructure, (b) magnification of the BS glass in which secondary ZrO- precipitates are embedded
and (c) detail of ZrB, particles and progressive oxidation to ZrO, moving towards the top.
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The microstructure of sample cross section after oxidation at 1650 °C for 1 min is visible in
Fig. 9a-d. In Fig. 9a a layered structure is visible: an external borosilicate glass scale, an
intermediate layer of ZrO2/SiO; and an unreacted matrix layer. The coarsening of ZrO grains is
visible in Fig. 9b. A SiC-depleted layer between the ZrO/SiO- scale and the unreacted matrix was
not detected. That region is commonly found in oxidized ZrB»-SiC bulk ceramics, because of the
active oxidation of SiC to volatile SiO [14,39]. Rezaie et al. [42] studied that graphite addition in a
ZrB,/SiC ceramic may affect the formation of this layer, as it promotes the preferential formation of
CO(g). Hence, the lack of SiC-depleted region very likely depends on the high carbon fibre content.
In Fig. 9c is reported a SiC(O)-rich area, the matrix damage was higher, got right into a depth of
about 55 um. This observation is in agreement with ref. [43], cracked surficial SiC(O) acted as a
preferential channel for transport of the O trough the composite. Such SiC(O)-rich areas were
found more prevalent in the sample 2D, see Fig. 1d compared to samples 0-0° and 0-90°.
For the sake of comparison, in Fig. 9d, a cross section highlighting the lateral view of the fibres is
shown. The micrograph froze the dynamics of two opposite mechanisms: the glass that tries to fill
the channels and the gases that try to escape. The oxidized thickness was calculated to be about 90 -

150 um.
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Figure 9. Polished cross section of specimen (sample 0-0°) after short term oxidation test at 1650 °C for 1 min in air: (a)
micrograph of the exposed surface in a ZrB,-rich area and (b) magnification of a partially oxidized fibre beneath the
surface and the void filled by the BS glassy phase, (c) micrograph of the exposed surface in a SiC(O)-rich area, (d)
lateral view of fibres.

The same microstructural features were observed after oxidation at 1650 °C for 5 min in air
(Fig. 10a-e). A low magnification micrograph (Fig. 10a) demonstrated an optimal resistance after 5
min exposure, the specimens were not severely attacked by erosion. The function of the borosilicate
glass was evident in oxidized sections of the air exposed side (Fig. 10b): the oxide thickness was
around 25-35 um, see average thickness in Table 3. Similarly to what was seen above (Fig. 9a,c), in
regions with a higher amount of SiC(O), e.g. top of the specimens, the modified layer was higher,
up to 75 um. In addition, the formation of a large BS glass bubble owing to the vigorous gas escape
was reported in Fig. 10c. Partially attacked matrix and fibres were found underneath the oxide scale
(Fig. 10d) and fully non oxidized bulk matrix and Cr (Fig. 10e) were reported to highlight the

difference in microstructure.
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Figure 10. Polished cross section of specimen (sample 0-0°) after short term oxidation test at 1650 °C for 5 min in air:
(a) low magnification micrograph of an edge exposed to air flow, (b) micrograph of the exposed surface in a ZrB,-rich
area and (c) micrograph of the exposed surface in a SiC(O)-rich area, showing oxidized thicknesses; high magnification
micrographs of a fibre underneath the exposed surface surrounded by: a partially oxidized matrix (d), unreacted matrix

(e).

In the supplementary information, Fig. S2, are reported the cross section of specimens (sample 0-
0°) after the four oxidation tests at the same magnification to have a comparison of the different
oxide scale thickness in a glance.

Based on the above analysis, the main phenomena occurring during exposition of C/ZrB2-SiC were:
oxidation of carbon fibres onto or close to the surface, oxidation of ZrB> to zirconia and boron
oxide, oxidation of SiC to silica, formation of a borosilicate glass [29,30,32]. As described before,
samples were introduced inside the hot chamber when the target temperature was reached, i.e. 1500
and 1650 °C. Opening the furnace the temperature slightly decreased, but in a few tens of seconds
the temperature was re-stabilized. Thus, all oxidation phenomena occurred almost simultaneously.
Although the permanence in the critical temperature range (700-1200 °C) [29] was rather short,

near-surface fibres were still oxidized rapidly, and this contributed to an initial weight loss of
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material. In our opinion, the weight losses observed was not justified by the thin layer of oxide scale
observed. The explanation could be due to the conversion of SiC(O) matrix into crystalline SiC, as
it was obtained at the relatively mild condition of 1000 °C. Indeed, polymer-derived SiC(O) often
contains free turbostratic carbon and terminal Si-CHs and Si-OH groups in case of incomplete
pyrolysis [44]. Moreover, oxygen in polymer-derived SiC(O) reacts with carbon causing mass loss
decomposing into SiO and CO gases via reaction 6 [45].

SiO; + C —Si0 + CO (6)
According to the microstructural features of the specimens, the main mechanisms occurring in the

UHTCMCs containing ZrB> particles embedded in amorphous SiC(O) are sketched in Fig. 11.
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Figure 11. Sketch of oxidation mechanism of C«/ZrB,-SiC fabricated by water-based ZrB, powder slurry infiltration
followed by 6 PIP cycles at (a) 1500 °C and (b) 1650 °C.

Yang et al. studied and comprehensively discussed the evolution of microstructure and
properties of C/SiC composites prepared by PIP process after high-temperature oxidation. After
oxidation in air at 1500 °C, the C/SiC composites were severely damaged, carbon fibres oxidation
and many microcracks emerged [4]. The same author tested PIP-C/SiC at 1600 °C, the carbon fibres

were completely consumed and SiC matrix became loose due to the escape of the gas phases
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produced beneath the surface [5]. The results obtained here indicate that the addition of ZrB:
particles through a first cycle of slurry infiltration was essential for the formation of a borosilicate
glassy layer, which played an important role in closing the holes left by carbon fibres oxidation and
the cracks in the surface and subsurface layer.

It is interesting to compare the performance of the three samples analysed in this work with
samples reported in ref [31] and [32]. To this aim, the plot of Fig. 12a shows the oxide scale
thickness after oxidation tests and carbon fibre content of samples while the plot of Fig. 12b shows
density and the relative amounts of ZrB., SiC, Cr and porosity (normalized values) of samples. It
can be clearly seen that from sample 0-0° to ZS10-55F the oxidation resistance is not strictly
correlated to the increase of fibre content. However, in the case of sample Z40S-55F the amount of
fibres (55 vol%) was too high to have a uniform coating by the matrix, resulting in poor resistance
to oxidation, moreover the sample presents large ZrB-free matrix intra-bundle zones. The overall
amount of SiC in the composite is also important to passivate the material surface. In samples
Z10S-40F the presence of 6 vol% SiC favoured the formation of a borosilicate glass that diffused

across the scale but efficacy is lower than in case of sample ZS20 and all of the samples of this

work.
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Fig. 12. Plots show (a) the volumetric content of fibre (Vol%_Cf) of samples and the thickness of the oxide scale after
tests, (b) density and relative amounts of ZrB,, SiC, Cr and porosity (normalized values) of the three samples of this
work and three samples of ref. [30] and [31]. Unpublished data of the oxide scale thickness after tests at 1650 °C were
reported for samples ZS10-40F and ZS40S-55F.

4. Conclusions

The oxidation behaviour of C#/ZrB»-SiC with different fibre architecture, manufactured by
ZrB; powder slurry impregnation followed by SMP-10 infiltration and mild pyrolysis at 1000 °C,
was investigated via TGA up to 1350 °C. The capability of the material to withstand the extreme
harsh conditions was evaluated via short term oxidation tests in air at 1500 and 1650 °C in a bottom
loading furnace for 1 and 5 min. The exposure to high temperature in air activated the formation of
a borosilicate glass, typical of ZrB-SiC binary systems, a content of ZrB> about 20-30 vol% of the
matrix is able to impart a fast passivation. As expected, the oxidation resistance was affected by the
distribution of ZrB: into the SiC matrix, highlighting the direct correlation between thickness of
oxide scale and goodness of slurry infiltration process. Independently of fibre architecture

complexity the material hindered the oxygen penetration within 5 min.
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