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bstract

he aerothermal behaviour of a SiC fibre-reinforced ZrB2 composite machined in a sharp-shaped component with a tip curvature radius of
.1 mm was investigated using an arc-jet facility. The specimen underwent 4 thermal cycles and the emissivity was evaluated in the temperature
ange 1000–1700 ◦C. The temperature profile along the specimen was calculated through computational fluid dynamic (CFD) modelling. The

icrostructural evolution was compared to a typical ZrB2 composite containing the same amount of SiC in particulate form, which underwent

imilar aerodynamic conditions.
 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Ultra-high temperature ceramics (UHTCs) are currently
onsidered promising materials for aerospace applications as
ypersonic and propulsion parts of new generation aircrafts.1–3

n fact, the oxidation and ablation behaviour of UHTC com-
osites based on ZrB2 and SiC proved to be better than the
/C composites actually used in the aerospace industry, owing

o the low oxygen diffusion rate of the formed glass and the
upporting role of the solid ZrO2 skeleton.4 Actually, the oxi-
ation behaviour of ZrB2–SiC particles composites has been
xtensively studied in static and flowing air, long and short
erm and at different conditions of oxygen partial pressure.5–10

owever, to assess the aerothermal behaviour of UHTCs, the
ost representative experiment that simulates the extreme con-

itions experienced by materials during re-entry in atmosphere is
rc-jet testing. The material response to large heat fluxes is eval-

ated not only through the analysis of oxidation products, but
lso through the determination of its emissivity. High values of
missivity are desired for space applications, in order to reduce
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emperature gradients and thermal stresses in the structure, thus
nabling the vehicle to operate under relatively high enthalpy
ow conditions. Due to the limited number of accessible arc-jet
acilities and the high costs of the experiments, available data on
he behaviour of UHTC under simulated re-entry conditions are
ery scarce and furthermore it is not possible to make compar-
sons between different tests owing to the discrepancy between
he precise material composition, the operating conditions and
esponse of the material.

As for ablation testing or oxidation at very high temperature
f ZrB2–SiC ceramics, an increasing number of studies have
een performed on composites with variable SiC amount,11

n the temperature range from 1700 ◦C up to 2300 ◦C, on
at, curved or sharp models,12,13 under subsonic to supersonic
onditions,14 using oxyacetylene torch or plasma wind tunnel in
ir.15–17 All these studies agreed that after exposure to high heat
uxes at temperature up to 1800 ◦C, the formation of a stable
ultiphase oxide scales and the high thermal conductivity were

esponsible of the success of the material in such conditions.
owever, for temperatures in the order of 2300 ◦C, strong abla-

ion occurred and the material was unable to offer a valuable

esistance to the applied aerothermal load.

The arc-jet studies extended to other UHTCs as poten-
ial components in sharp leading edge applications, either in

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.01.019
mailto:laura.silvestroni@istec.cnr.it
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he ZrB2–SiC system with addition of other transition metals
orides and carbides,18 or to different matrices, such as HfB2,
ombined with SiC, TaSi2 or MoSi2.1,19,20

In this work, for the first time, we report the behaviour of
 new ZrB2-based composite containing short SiC fibre (SiCf)
pon arc-jet testing. This kind of composite has been specifi-
ally designed to improve the fracture toughness of brittle ZrB2
eramics containing SiC particles (SiCp), but its behaviour under
xtreme conditions is not known. Furthermore, different from
revious published works, the material was machined in a very
harp profile. It is well known that nosecones and wing leading
dges with sharp profiles, with curvature radius in the order of
ew millimetres, enable the vehicle to enhance the performances
nd the manoeuvrability by reducing the friction drag, and also to
mprove the crew safety, owing to increased cross range capa-
ility. However, smaller tip radius implies higher temperature
chieved during re-entry and such extremely high temperature
annot be withstood by conventional materials used for thermal
rotection systems.

Fluid dynamic numerical simulations were carried out in
rder to rebuild the experimental conditions and to evaluate the
emperature gradient along the sharp profile with respect to the

aterial response.
The ultimate purpose of the paper is to assess whether

he replacement of SiC particles by short fibres signifi-
antly affects the oxidation behaviour. Hence, comparison is

ade with a ZrB2–SiCp model processed under the similar

onditions.13
t
1

Fig. 1. Sample before (left) and 
ramic Society 32 (2012) 1837–1845

.  Experimental

.1.  Material  processing  and  characterisation

The material under investigation had the following com-
osition: ZrB2 + 5 vol% Si3N4 + 20 vol% SiC chopped fibres.
ommercial powder were used to produce the composite: ZrB2
rade B (H.C. Starck, Goslar, Germany), specific surface area
.0 m2/g, maximum impurity content (wt%): 0.25C, 2O, 0.25N,
.1Fe, 0.2Hf, particle size range 0.1–8 �m; �-Si3N4 Baysinid
Bayer, Leverkusen, Germany), specific surface area 12.2 m2/g,
mpurity maximum content (wt%): 1.5O; SiC Hi-Nicalon
hopped fibres with composition Si:C:O = 62:37:0.5 wt%, diam-
ter 14 �m and 1 mm length. The powder mixture was gently
all milled for 24 h in absolute ethanol using silicon carbide
edia and the slurry was subsequently dried in a rotary evap-

rator. The powder mixture was debonded at 600 ◦C/h up to
00 ◦C for 30 min prior to sintering. Hot-pressing was con-
ucted in low vacuum (∼100 Pa) using an induction-heated
raphite die with uniaxial pressure of 30 MPa during the heating
t 900 ◦C/h and increased up to 40 MPa at 1700 ◦C. Pres-
ure was removed after 10 min at this temperature and free
ooling followed. Further details on the materials prepara-
ion, densification, microstructure and mechanical properties
ave been reported in a previous work.21 From the dense bil-
et a sharp shaped specimen was machined (Fig. 1a), with

ip radius of 0.1 mm and total length from the base of
5 mm.

after (right) the torch tests.
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ig. 2. Temperature jumps recorded by the thermograph during the 4 runs as a
unction of time. Each temperature step represents an enthalpy increase in input.

.2.  Plasma  torch  tests

The experiments have been carried out in the Small Planetary
imulator facility (SPES) available at the Dept. of Aerospace
ngineering (DIAS) of the University of Naples.

SPES is an arc-jet facility equipped with a 80 kW plasma
orch that operates with inert gases at mass flow rates up to

 g/s. In order to simulate the air composition, oxygen can be
ixed to primary nitrogen jet using a swirling jet in the mixing

hamber after the torch. A detailed description of the facil-
ty and of its typical performances can be found in Ref. 13,
here similar tests on UHTC spherical specimens are described.
or the present experiments a supersonic nozzle with nominal
ach number M  = 3 was utilised. The gas mass flow rate was

xed at 1 g/s, the specimen was located at a distance of 1 cm
rom the exit nozzle and the heating level adjusted by incre-
entally increasing the arc power (from 15 kW to 36 kW). As

escribed in 13, when arc voltage and current increase, the total
nthalpy of the flow gradually increases too and also the Pitot
ressure changes with the arc power. Estimated average spe-
ific total enthalpy (H0) and maximum stagnation point pressure
Pmax) ranged between 8 and 16.4 MJ/kg and 6 and 12 kPa,
espectively.

The ZrB2-based model was exposed to hot streams at dif-
erent conditions as plotted in Fig. 2 and Table 1. The total
ime of exposure was around 17 min in four different oxidation

ycles. During the experiments, infrared and optical windows
n the test chamber allowed visual inspection and diagnos-
ic analyses. An automatic control system monitored the main

able 1
ummary of maximum enthalpy, total times of each run, maximum temperature
chieved, emissivity measured by the pyrometer and total time of exposure to
he hot stream for ZrB2–SiCf and ZrB2–SiCp composites.

est H0max (MJ/kg) Time (s) Tmax (◦C) ε Total time

1 13.8 285 1380 0.88

16′ 45′′2 17.0 330 1590 0.86
3 12.3 120 1395 0.65
4 17.0 270 1680 0.54
1 10 240 1780 0.63 4′
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arameters of the apparatus (voltage and current of the arc heater,
ater cooling temperature, mass flow rate). In particular, the

pecific total enthalpy was evaluated through an energy bal-
nce between the energy supplied to the gas by the arc heater
nd the energy transferred to the cooling system. The output
ata, processed via dedicated software, allowed the evaluation
f the surface temperature profile versus exposure time of the
odel. Due to the extremely high thermal loading upon the

eramic models, surface chemical reactions like oxidation can
e responsible for changes in the material emissivity. To over-
ome this problem, the measurements were carried out with a
adiation ratio pyrometer (Infratherm ISQ5, Impac Electronic
mbh, Germany), focussed on a 3-mm diameter spot on the

ip, which operates both in two colours and in the single colour
unction. In the two-colour mode the instrument makes use of
he ratio between two spectral radiances, measured at different
avelengths (0.9–1.05 �m), to evaluate the real temperature.
nce the temperature was measured with the ratio pyrometer,

ts value was input to evaluate the spectral emissivity using the
ingle colour function. In combination with the pyrometer, an
nfrared thermo-camera (Thermacam SC 3000, FLIR Systems,
SA) was used to measure the surface temperature distributions,
sing the spectral emissivity in the long wave range of the ther-
ograph (λ  = 9 �m), obtained on the basis of the temperature
easured by the two-colour pyrometer.

. Results  and  discussion

.1.  Microstructural  features  of  the  as-sintered  sample

The SiC fibre reinforced UHTC sample was fully dense with
ean grain size around 2 �m. The secondary phases observed

n the sintered microstructure were mainly concentrated at triple
oints and were identified by SEM–EDS as ZrO2, BN, Zr–Si
hases and a borosilicatic glass containing Zr–Si–B–N–O. The
ispersion of the fibres into the matrix was homogeneous, since
o agglomeration was observed. Porosity was nearly absent
nd no microcracking was noticed. Hi-Nicalon fibres are con-
tituted by nanocrystalline grains of beta SiC, an amorphous
i–C–O phase and residual C.22 After sintering of the compos-

te, the fibres showed a multilayered core–shell morphology:
he inner part was constituted by stoichiometric SiC and the
urrounding shell was Si–C–O with embedded ZrC crystals,
ee Fig. 3.

.2. Temperature  profile  and  emissivity

The pyrometer was focused into a 3-mm wide spot looking at
he large model surface from the side and it provided the average
emperature of this area. Due to the sharpness of the specimen,
t is reasonable that the temperature is maximum at the leading
dge, where the maximum heat flux is experienced, and then
apidly decreases moving towards the backward part. Since the

ctual temperature experienced on the tip was not measured,
omputational fluid dynamic (CFD) simulations were carried out
sing the method presented in 17, taking into account thermal
nd chemical non-equilibrium, surface catalysis properties, the



1840 D. Sciti et al. / Journal of the European Ceramic Society 32 (2012) 1837–1845

Fig. 3. Fibre–matrix interface morphology of the as sintered composite: 1: SiC
core, 2: SiCO shell with ZrC particles embedded in.
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Fig. 4. Temperature trend as a function of the distance from the tip and the
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of the oxide layer (Fig. 7a). However the three typical regions
hange of the surface temperature during the test, the radiation
mitted from the surface at relatively high temperature and the
resence of a layered multicomponent oxide scale.

In particular, the CFD model was based on the solution of
he Navier–Stokes equations for a mixture of reacting species
n chemical and vibrational non-equilibrium. The computed sur-
ace heat flux distributions have been used to evaluate the thermal
istribution in the solid UHTC, solving the unsteady energy
quation in the solid, with the surface heat flux updated at each
teration to account for the energy re-emitted radiatively and for
he changes in convective heat flux due to changes in surface
emperature. Details on the calculation procedure are presented
n Ref. 23. It has been already reported that the formation of
xidation products, such as zirconia, causes a change in the sur-
ace emissivity and thermal conductivity that in turn affects the
bility to re-emit heat. After the 3rd and 4th run the emissiv-
ty decreased to around 0.65 and 0.55, respectively, and these
alues, which are typical of zirconia at high temperature,24 are
n agreement with microstructural observations of the tip oxide
cale (see Section 3.3).

For the present analysis, different thermal conductivities have
een considered as input of the heat conduction code: a value of
6 W/(m K) for the unoxidised part of the UHTC specimen, and
ifferent values for the oxidised portion (tip) of the model. A
alue of 2 W/(m K) is the most reasonable considering that the
ajority of the oxidised surface is composed by zirconia. Using

his input value for thermal conductivity and 0.6 for total emis-
ivity, radiative equilibrium temperatures in excess of 2400 ◦C
t the maximum H0 were calculated to occur on the model
ip (Fig. 4). Furthermore, these data, in conjunction with the
hermograph profile, enabled the reconstruction of the temper-
ture gradient as a function of the model profile, where the tip
s mainly constituted by zirconia, possessing low thermal con-
uctivity down to the first 1.5 mm, and then the conductivity is
onsidered the same as that of typical of ZrB2–SiC composites
Fig. 4). It is interesting to note that the temperature dropped

◦
ery steeply to 1800 C at a distance of about 1 mm from the tip
nd to 1600 ◦C at a distance of 3 mm.

o
o

idered the same as the original ZrB2–SiC ceramic. The vertical dotted line
arks the 3-mm diameter measured by the pyrometer.

.3.  Microstructural  modifications  induced  by  oxidation

Fig. 1 shows the appearance of the model before and after the
est. No appreciable shape modification occurred: the profile is

aintained and the colour of the tested sample looks whitish in
he tip and gradually becomes darker down to the base. A white
ppearance, both by eye and by SEM, is an indication of ZrO2
hase, whilst darker regions imply the presence of silica-based
lass.

External surface: The first 450 �m of the external surface
f the model are displayed in the SEM image of Fig. 5a. The
orphology appeared very diverse depending on the distance

rom the tip. The most damaged area was the summit of the
ample (Fig. 5b), where only ZrO2 phase was observed together
ith cracks, porosities and C traces. Moving few tens of microns

rom the tip down to about 300 �m (Fig. 6a), an interesting
eature was the presence of large amounts of carbon residues
lling the cavities left by SiC fibres. The disappearance of the
iC phase confirms that the real peak temperature achieved in

his part was higher than 1700 ◦C as measured by the pyrometer.9

At a distance of about 300 �m from the tip, the fibre cast
as recognisable, but was constituted by tiny and curly ZrO2

gglomerates filled by silica-based glass (Fig. 6b), moving fur-
her downwards the aspect was inverted, i.e. pools of silica were
oticed mainly where fibres were originally located, contain-
ng small ZrO2 precipitates (Fig. 6c). Glass bubbles and pores
uggestive of bursting events indicate silica melting and vapori-
ation (Fig. 6d); in these surface regions, the formation of silica
as generally discontinuous (Fig. 6e). At 6 mm the surface mor-
hology gradually changed, showing unoxidised or partially
xidised SiC fibres and ZrO2 particles (Fig. 6f).

Cross section: Cross-sectioning the model resulted in
amage by the polishing procedure, indicating a brittle nature
bserved for ZrB2–SiC composites were recognisable: an
utermost cracked zirconia layer with carbon agglomerates,
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ig. 5. External morphology of the ZrB2–SiCf composite after exposure to 4 ru
ndicated by arrows.

 ZrO2 interlayer containing melted silica at the place where
bres were originally located, having a thickness of approxi-
ately 120 �m (Fig. 7b) and a SiC-depleted ZrB2 region, about

00 �m thick. Surprisingly, rounded grains of zirconia were
bserved instead of typical columnar structures. The thickness
f the external ZrO2 layer varied from 120 �m on the summit
o 40–50 �m on the sides.

Evidences of spallation were observed between the first two
rO2-based layers and the SiC-depleted ZrB2 layer, owing to
rO2 tetragonal to monoclinic phase transformation.

Approximately at 600 �m from the tip, an early stage
xidation of the fibres could be observed (Fig. 7c): the
ore was SiC which was oxygen enriched moving out-
ard, and, around the fibre, a continuous graphite layer
as observed, indicating a double process for SiC oxida-

ion including formation of SiO and C. This progressive
2
bre corrosion and thinning was confirmed by observation of
iC-based elongated structure right below the SiC-depleted
egion.

H
1
h
b

ig. 6. Appearance of the external surface of the wedge. Distance from the tip: (a) 1
nd (c) indicate where the fibres were originally located.
) first 450 �m and (b) magnification of the first 100 �m where C residuals are

Distinctly from conventional ZrB2–SiCp composites, upon
xidation, the presence of carbon residuals was very clear, both
n the external surface (Fig. 6a) and in the cross section (Fig. 7b).
t is apparent that SiC fibres oxidised through different mecha-
isms as compared to what generally occurs for SiC particles.

.4. Oxidation  mechanisms  of  SiC  fibres  in  the  ZrO2 scale

One of the most interesting features of this study is the oxi-
ation mode of SiC fibres in ZrB2 matrix, especially concerning
he formation of carbon residuals. Hi-Nicalon SiC fibres have a

icrostructure constituted by �-SiC nanocrystallites, free car-
on and an amorphous silicon oxycarbide phase. Hence, their
ode of oxidation can significantly differ from that of SiC

articles. As a matter of fact, high temperature oxidation of

i-Nicalon fibres has been studied by several authors up to
500 ◦C.25,26 Thermodynamic investigations by Vahlas et al.
ave shown that upon certain oxidation conditions a free car-
on interphase is produced between the external silica layer and

00 �m, (b) 300 �m, (c) 400 �m, (d) 1 mm, (e) 3 mm, (f) 6 mm. Arrows in (b)
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Fig. 7. Cross section of the ZrB2–SiCf composite after exposure to 4 runs. (a) Overview and sketch of the layers, from inside: original UHTC, SiC-depleted ZrB2,
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xternal ZrO2 containing silica and C traces. (b) magnification of the tip region 

epletion zone with the corresponding EDS spectra.

he unaffected SiC core and that at low atmospheric pressure an
ctive oxidation process takes place. On the other hand, Shimoo
t al.26 observed that Hi-Nicalon fibres oxidation behaviour is
ffected by the presence of the unstable grain boundary phase
ased on SixCyOz whose decomposition into gaseous SiO and
O can be suppressed only if a stable silica layer is formed on the
bre surface. By thermodynamic calculations, they found that
uring oxidation at 1500 ◦C, a stable silica film forms on the fibre
urface only if the oxygen partial pressure is >2.5 ×  102 Pa. For
alues in the range 102–103 Pa an intermediate carbon layer and
ilica are produced, but at lower pressures an active oxidation
revails with serious mass loss and fibre pulverisation.

When considering the fibres dispersed into the boride matrix,
ne should keep in mind that the fibre during sintering develops a
ayered structure, as displayed in Fig. 3. Preferential migration of
he SixCyOz interphase from grain boundaries to the fibre surface
enerates the mentioned core–shell structure, with a SiC core
nd SixCyOz phase shell containing ZrC small grains. Hence the
ominant oxidation mechanism for the fibres first involves the
xternal SixCyOz phase.

At the most extreme conditions on the sample tip, complete
ecomposition of the external SixCyOz layer and the SiC core
ccurs due to the instability of both phases at temperatures

2300 ◦C. This leaves only monoclinic zirconia as the outermost

ayer. Just a few micrometers away from the tip, decomposition
f the fibres only left traces of carbon, as observed by SEM.

b
1
o
a

ting C traces and SiO2 immersed in ZrO2, (c) fibre morphology below the SiC

n such extreme conditions, it is not possible to assess whether
arbon residuals are those originally present in the fibre structure
r are newly formed. From 300 �m to 3 mm, the temperature on
he surface drops very fast from above 2000 ◦C to values around
600–1700 ◦C (see temperature profile in Fig. 4) and the oxygen
artial pressure is compatible with passive oxidation conditions,
.e. about or slightly lower than 102 Pa.26 Hence oxidation of
he SixCyOz phase is expected to occur through two possible
eactions:

ixCyOz +  (x  −  0.5z)O2(g) =  xSiO2(s) +  yC(s) (1)

ixCyOz +  (x  +  0.5y  −  0.5z)O2(g) =  xSiO2(s) +  yCO(g) (2)

The observation of carbon residues indicates that reaction (1)
s very likely to occur. Residual zirconia crystallites observed in
he silica pools, Fig. 6c, could derive from oxidation of ZrC crys-
allites originally embedded in the layered structure of the fibre
see Fig. 3), given the same mean grain size around 400 nm.
lthough oxidation by reactions (1) and (2), leads to forma-

ion of silica, at these temperatures silica is not stable or it is
emoved by the hot stream such that no continuous coverage of
he ZrO2 layer is found. In the portion of material comprised

etween 3 and 6 mm, measured temperatures are lower than
600 ◦C and the external oxide layer resembles that of materials
xidised in conventional furnace at temperature between 1200
nd 1700 ◦C.27
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In the cross  section, under the outermost zirconia layer, only
ilica residuals are found of the original SiC fibres. In this case
t is hypothesised the following mechanisms to occur:

 decomposition of the external SixCyOz fibre layer into gaseous
products (SiO, CO, CO2);

 oxidation of the SiC core with formation of a SiO2 and gaseous
products, similarly to SiC particles.

In the depletion layer, due to very low oxygen partial pressure,
n active oxidation of the fibres occurs, similar to what happens
uring oxidation of ZrB2–SiCp composites. Again, active oxida-
ion starts from the external SixCyOz layer, eventually involving
he inner SiC core. Possible reactions reported in the literature
or the silicon oxycarbide phase26 are revised as follows:

ixCyOz +  (x  −  z)/2O2(g) =  xSiO(g) +  yC(s) (3)

ixCyOz +  (x  +  y  −  z)/2O2(g) =  xSiO(g) +  yCO(g) (4)

ixCyOz +  (x  +  2y  −  z)/2O2(g) =  xSiO(g) +  yCO2(g) (5)

At the border between the depletion layer and the unaffected
ore, an early stage of fibre oxidation can be observed show-
ng the removal of the SixCyOz phase and formation of the C
nterlayer. Progressively, the elimination of the SixCyOz exter-
al shell also causes detachment from the matrix and further
bre consumption and thinning. From reactions (2), (4) and (5)

t is apparent that SixCyOz and SiC oxidation is accompanied
y a large generation of CO/CO2 species. If the escape of these
ases is hindered by a compact ZrO2–SiO2 oxide, fibre sites
re saturated in CO and the formation of graphite is further on
avourable:

iC +  CO =  2C +  SiO (6)

This could be another reason explaining the presence of car-
on agglomerates around the fibre just in the transition area
etween the SiC-depleted zone and the unreacted bulk. The for-
ation of carbon film was already reported in a study on the

hermal stability of Hi-Nicalon fibres at high temperatures in
arbon monoxide28 and more specifically during oxidation in
rB2–SiC composites.9,12

.5.  Aerothermal  behaviour:  comparison  between  SiCp  and
iCf

It is now worth to make a brief comparison between the
xidation behaviour of the present composite and that of
rB2–SiCp model previously tested under similar aerothermal
onditions.13

The previously tested ZrB2–SiCp model was produced in
STEC labs and contained the same amount of SiC phase in
articles (20 vol%), the same type of sintering aid (Si3N4) and
imilar fractions of secondary glassy phases. Different from the

resent case, the geometry of ZrB2–SiCp model was a blunt
ne.

Thermal conductivity of the two composites, as tested by
he laser flash method, was very similar and varied from 75 to

w
f
o
o
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6 W/(m K) at 25 ◦C and 1500 ◦C respectively, for ZrB2–SiCp,13

nd 66 W/(m K) at room temperature to 50 W/(m K) at 1500 ◦C
or ZrB2–SiCf.

As for the arc-jet tests, the material containing particles
as subjected to one single run with peak temperature around
780 ◦C for a total time of about 4 min,13 instead of four runs
or a total time of about 17 min for the material containing fibres
Table 1). As a consequence, emissivity values were slightly
igher for the ZrB2–SiCp (0.62), owing to partial preservation
f silica on the tip region.13 For the model containing fibres, the
igh temperatures, the multiple tests and overall time of expo-
ure caused the emissivity to decrease to 0.65 and 0.54 after 3◦
nd 4◦ runs, respectively (Table 1). In spite of that, the SiC fibre
einforced material response is believed to be not substantially
ifferent from that of the SiC particle one.

Concerning the oxidation products, the external oxide of
he ZrB2–SiCp composite was basically constituted by porous
olumnar zirconia on the tip and, from 2 mm downwards, an
lmost continuous silica scale with distinct zirconia islands was
etected.13 In contrast, for the ZrB2–SiCf a continuous silica
ayer was never observed, and the outermost layer was equiaxial
irconia with carbon residues. Whilst this novel aspect deserves
urther investigation, possible reasons for these diverse mor-
hologies could be based on the different distribution of the SiC
hase in the ZrB2 matrix, which is in turn related to the differ-
nt SiC morphology. The oxidation of ZrB2–SiC composites is
ell known at the state of the art.5,7–12,29 Below 1200 ◦C the
xidation rate of SiC is much lower than that of ZrB2, but as
he temperature approaches 1300 ◦C, SiC begins to markedly
xidise, resulting in the formation of a continuous surface layer
bove the ZrO2 layer. ZrB2 and SiC have a similar oxidation rates
n the temperature range of 1300 ◦C to approximately 1600 ◦C
nd the oxide growth is dominated by the inward movement of
he reaction interface. Active oxidation of SiC is observed in the
emperature range of 1600–1700 ◦C, which causes a significant
ncrease in the oxidation rate of SiC leading to its preferential
xidation.9 The change in the relative oxidation rates of ZrB2
nd SiC alters the oxygen diffusion route, resulting in a differ-
nt oxidation mechanism. In addition, the relative oxidation rate
ill change the inner structure of the oxide scale which strongly
epends on SiC distribution. The preferential consumption of
iC particles due to active oxidation promotes the generation of
ores in the oxidation reaction region. According to the work
f Hu et al.9 in the depletion region a porous layer will only
evelop when the amount of SiC is above the threshold for form-
ng a 3D interconnected network. The percolation limit is in turn
ependent on the SiC dimensions and dispersion. Fig. 8 shows
he image analysis performed on the starting microstructure of
he ZrB2–SiCp and ZrB2–SiCf composites. It can be observed
hat the minimum distance between the closest SiC particles is
round 1.5 �m, whilst in the case of fibres the minimum distance
s in the order of 25 �m. This aspect of course must have induced
ifferent oxidation mechanisms and/or different oxidation rates,
hich at the moment are not exactly known. For instance, that
act that particles were better interconnected suggests that they
xidised faster than the fibres, that behave more like isolated
xidation sites.
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Fig. 8. Image analysis comparing the microstructure of ZrB2-based 

The effect of carbon residuals on the external oxide scale is
nother unexplored issue. The presence of significant amounts
f carbon on the surface could have affected emissivity and
hermal conductivity of the material, which in turn can change
he maximum temperatures achieved on the tip. Just assum-
ng slightly higher thermal conductivities, about 10 W/(m K),
t can be observed in Fig. 4 that the maximum peak tempera-
ures decrease of more than 300 ◦C. This aspect deserves further
nvestigation, but suggests the fibre-reinforced material, besides
aving a twofold toughness, could a have better aerothermal
ehaviour than ZrB2–SiCp composites.

. Conclusions

The aerodynamic behaviour of a very sharp ZrB2-based com-
osite containing SiC short fibres was tested in a wind plasma
unnel in supersonic regime. A wedge with curvature radius
f 0.1 mm was exposed to four runs in a temperature range
400–1700 ◦C for a total time of about 17 min. The microstruc-
ural modifications induced by the hot stream were used as input
alues for computational fluid dynamics which furnished as
utput the temperature gradient along the wedge profile and
ointed out a peak temperature on the tip in excess of 2300 ◦C.
he wedge survived the test with minimal dimension or shape
hange.

The tip was externally constituted by zirconia and carbon
esidues which replaced the fibre sites. Moving downwards,
ilica-based glass appeared at around 350 �m and at 3 mm the
urface was composed by discontinuous silica glass immersed
nto zirconia phase. The cross section displayed the typical
ayered morphology of ZrB2–SiCp composites, with the only
ifference being the presence of carbon in the outermost zirconia
cale.

The comparison with ZrB2 ceramics containing the same
mount of SiC, but in particulate form, exposed to similar aero-
ynamic conditions in the same arc-jet facility revealed that the
aterial containing fibre did not perform worse than the one

ontaining SiC particles. This comparison also suggested that

he outer morphology of the oxide scale can be affected by the
imension and distribution of the SiC phase and formation or
ot of a SiC percolating network.

1

ic containing 20 vol% SiC in form of (a) particulates and (b) fibres.
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