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ARTICLE INFO ABSTRACT

Keywords: Microstructure-controlled and fully-dense ZrB; and HfBy composites were elaborated by Spark Plasma Sintering
U‘HTC with two different amounts of SiC (20 and 30 vol%) added to improve their oxidation resistance using optimized
Slc_ . sintering parameters. Oxidation of several samples in air plasma conditions, at 1000 Pa total pressure and from
i?rlfl'::;a 1800 K up to 2600 K, was carried out. The mass variation of samples during oxidation duration of 300 s on a

High temperature

temperature plateau was followed. A four-step oxidation mechanism, identified by four singular mass variation

behaviors depending on the oxidation temperature ranges, was proposed and detailed. The total normal emis-
sivity was measured on pre-oxidized samples and high values around 0.90 were obtained from 1300 to 1900 K
due to the presence of the oxide layer formed in air plasma conditions and this high emissivity is interesting for

aerospace applications.

1. Introduction

Ultra-high temperature ceramics (UHTCs) are promising for extreme
environments, including very high temperatures (more than 2000 K)
and oxidizing atmosphere [1,2]. UHTCs are mainly composed of car-
bides, nitrides, borides and silicides with very high melting points
(higher than 3000 K) [3]. Among these different classes, borides, spe-
cifically ZrB, and HfB; are considered as the most promising candidates
for aerospace applications due to their oxidation into refractory oxides.
However, a volatilization of the boron oxide appears since 1373 K and
let the protective oxide layer porous, according to the following
reactions:

ZrB; (s) + Oz (g) = ZrO; (s) + B203 (2) (€Y)
HfB; (s) + Oz (g) = HfO; (s) + B203 (g) 2

Additional compounds have been considered to improve the oxida-
tion resistance of the diborides. The most common one is silicon carbide
and earlier studies on oxidation resistance of boride-SiC systems have
begun in the late 60’s and 70’s up to 1773 K [4,5]. Diboride-based
composites with silicon carbide as additional compound have been
largely studied with different sintering methods (Hot Pressing or Spark
Plasma Sintering, simplified by HP or SPS respectively) and in different
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conditions sometimes away from the application conditions. Earth at-
mospheric re-entry conditions include low oxygen partial pressure,
atomic oxygen, and temperatures higher than 2000 K. The typical
amounts encountered in association with ZrB are 20 vol% and 30 vol%
of SiC and few studies concern HfB,. In the following sections, the
literature relative to the oxidation of these composites has been sum-
marized according to the different atmospheres: ambient air, flowing or
static, and dissociated air with the presence of atomic oxygen. Moreover,
oxidation using oxyacetylene torches with a more complex and different
gas composition is also reported.

1.1. Oxidation in ambient air conditions (molecular oxygen)

Studies carried out in ambient air conditions are briefly detailed in
this section, firstly at atmospheric pressure, followed by low-pressure
experiments. Williams et al. have studied the isothermal oxidation of
ZrBy composites with several SiC amounts, from 20 vol% to 80 vol%,
sintered by HP, under static air in a furnace at 1773 K for 50 h at at-
mospheric pressure [6]. The increasing of SiC amount seems to be
beneficial due to the formation of a silica protective layer with some
isolated ZrO, grains. The composites with more than 65% SiC have
presented undetectable SiC-depleted layer unlike other compositions
containing lower amounts of SiC. Inoue et al. have studied the oxidation

Received 29 June 2021; Received in revised form 9 September 2021; Accepted 30 September 2021

Available online 4 October 2021
0272-8842/© 2021 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license


mailto:Marianne.balat@promes.cnrs.fr
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2021.09.310
https://doi.org/10.1016/j.ceramint.2021.09.310
https://doi.org/10.1016/j.ceramint.2021.09.310
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2021.09.310&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Pellegrini et al.

Table 1
Composition and imposed temperature during the SPS cycle.
Sample name Z70S30 Z80S20 H70S30 H80S20
Diboride (ZrB, or HfB,) content (vol 70 80 70 80
%)
SiC content (vol%) 30 20 30 20
Imposed temperature (K) 1823 1923 1923 2023

Fig. 1. a) MESOX facility at the focus of the 6 kW Odeillo solar furnace and b)
image of the air plasma with a sample inside.

b)

Front Shield Pyroreflectometer

Solar
Flux

Fig. 2. a) Picture and b) scheme of the set-up MEDIASE implemented at the
focus of the 1 MW solar furnace.

behavior at 2273 K of ZrB, with different amounts of SiC (0-30 vol%)
sintered by SPS under air atmosphere using an electric heating system
during 10 s [7]. The porosity of the SiC-depleted layer increased as the
SiC content in the ZrB,-SiC composites increased due to the greater
quantity of consumed SiC. A too high amount of SiC (30 vol% in Inoue’s
study) seems detrimental against oxidation up to 2000 K as also
observed by Williams et al. at a lower temperature [6]. Han et al. have
also studied the oxidation of ZrB; composites with 10, 20 and 30 vol% at
2173 K in air during 1 h and the best oxidation resistance composition
was with 20 vol%. For this composite, the oxide layer was dense and
adherent [8]. Carney sintered HfB»-20 vol%SiC samples by SPS and
oxidized them from 1673 to 2273 K in a furnace in ambient atmosphere
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Fig. 3. XRD patterns of H80S20 and Z80S20 after sintering.
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Fig. 4. Example of a temperature profile versus time together with the incident
solar flux.

during 1 h holding time [9]. Up to 2273 K, the critical factors that in-
fluence the oxidation resistance is the flow of SiO, glass and the emer-
gence of porosities in the HfO, oxide layer. Piriou et al. have studied
HfB,-based composites sintered by SPS containing various amounts of
SiC (0 up to 30 vol%). The results of oxidation in air at 1800 K with a
thermogravimetric analysis (TGA) have highlighted that HfB,-20 vol%
SiC was the most resistant with no mass change after 7 min exposure
[10].

On the other hand, few authors have studied the effect of low oxygen
partial pressures, in air, on the oxidation behavior at high temperature
[11-14]. Li et al. have shown for ZrB,-20 vol%SiC composites, sintered
by HP, the effect of the oxygen partial pressure (from 60 000-10 Pa) on
their oxidation behavior at 1773 K for 30 min [11]. They concluded that
the thickness of the oxidized layer increased with the decreasing of the
oxygen partial pressure down to 1000 Pa and for the two lowest pres-
sures, the thickness decreases. Two combined phenomena can explain
this observation: the volatilization of silica accelerated by the low total
pressure and the active oxidation of SiC because of the high temperature
and the low oxygen partial pressure. Seong et al. have sintered by HP
ZrBs-x vol%SiC (x = 0 to 40) and oxidized them at 1773 K in a furnace
with a gas flow under 2x10* Pa or 1078 Pa of oxygen partial pressure
[12]. As a result, the oxidation resistance of the composites is highly
dependent on both the SiC amount and the oxygen partial pressure. The
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Fig. 6. Mass variation per unit area and time versus temperature for the four
compositions.

ZrB;-40 vol%SiC composite exhibited the lowest oxidation rate under
2x10% Pa. Tian et al. have studied the oxidation of ZrB,-20 vol%SiC
sintered by HP from 500 to 1500 Pa oxygen partial pressure at 1773 K in
a tubular furnace during 30 min [13]. They have shown that the
oxidation resistance increased with the reduction of the oxygen partial
pressure from 1500 down to 500 Pa. Yang et al. have sintered by HP
ZrBy-20 vol%SiC composite [14]. Oxidation testing were carried out
using an induction heating ultra-high temperature oxidation testing
apparatus reaching up to 2073 K at different pressures for 30 min. The
ZrB-20 vol%SiC composite exhibited catastrophic oxidation behavior at
100 Pa oxygen partial pressure, with the formation of a thick
non-protective porous ZrOs layer.

Thus, the impact of the oxygen partial pressure is clear as when the
SiO4 layer is volatilized — depending on the temperature conditions —
only ZrO; crystals are remaining on the surface and the oxidation could
be catastrophic.

1.2. Oxidation in dissociated air conditions (atomic oxygen)

Air plasma conditions have been considered in previous oxidation
studies and the atomic oxygen can be generated by microwaves, arc-jet,
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Fig. 7. XRD patterns for several H80S20 oxidized samples from 1770 to
2400 K.

20 70

plasma wind tunnel or plasmatron facilities [11,15-23]. Li et al.
concluded that atomic oxygen — generated by microwaves — is very
reactive and oxidizes the ZrB,-20 vol%SiC composite faster than mo-
lecular oxygen at 1773 K with an increase of the thickness of the oxide
layer by 1.5 times [11]. Du et al. introduced a ZrB,-30 vol%SiC sample
sintered by HP in a side-arm reactor (low enthalpy facility) at 1873 K in
an atomic oxygen environment at 100 Pa total pressure [15]. The surface
temperature increased to nearly 2163 K. The introduction of the sample
in dissociated oxygen atmosphere leads to a violent oxidation of the
composite associated to a high oxidation rate during the first seconds of
the experiment. They concluded that this response was related to the
competition between oxidation and catalytic reactions. Recently, Mun-
giguerra et al. have explored the effects of SiC amount associated to
Y203 on the aero-thermal resistance of ZrB,-based materials sintered by
HP using arc-heated plasma wind tunnel in supersonic flow conditions
[16]. ZrBy with 20 vol% of additional compound (18.5 vol%SiC- 5 vol%
Y203) revealed the best behavior under aero-heating conditions up to 20
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Fig. 8. XRD patterns for several Z80S20 oxidized samples from 1800 to 2630 K.

MJ/kg specific total enthalpy with only a thickness of 150 pm for the
oxide scale that was compact and smooth. Gasch and Johnson have
oxidized dense HfB»-20 vol%SiC samples elaborated by HP or by SPS for
comparison in the NASA Ames arc-jet facility during 10 min at respec-
tively 1963 K and 1803 K and they have observed that the SiC depletion
was higher for the HP sample (24 pm) compared to the SPS one (8 pm)
with respective thicknesses of the oxide layer of 13 and 3 pm [17]. The
reduced grain size of the SPS sample was responsible of the better
oxidation resistance. The oxidation of HfB,-based composites containing
20 vol% SiC sintered by HP has been studied by Poerschke et al. in air at
7000 Pa at 2630 K during 10 min using the same NASA Ames arc-jet
facility [18]. After testing, the samples presented an oxide layer
composed of a first layer of 390 pym of porous HfO, and a second
SiC-depleted layer of 740 um above the undamaged HfB,. Using the 1.2
MW plasmatron of VKI (Von Karman Institute, Belgium), Marschall et al.
have studied the oxidation of ZrB,-30 vol% SiC composite, sintered by
HP, during 20 min up to 1850 K [19]. The sample was covered by a
glassy layer with some ZrO; isolated grains. The thickness of the oxide
layer decreased when the temperature increased for 10 min oxidation.
They also confirmed that the oxidation is faster in dissociated air. Hu
et al. oxidized ZrB,-SiC (10-30 vol%) elaborated by HP and they
demonstrated that the 30 vol% composition was the best one for its
oxidation resistance at 2273 K under 18 000 Pa [20]. Sevastyanov et al.
sintered porous HfB,-based composites containing from 10 up to 45 vol
% SiC by SPS (around 35% porosity after sintering) [21-23]. These

(0]
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composites were oxidized in a high-enthalpy dissociated air stream
using the 100 kW induction plasmatron of IPM (Institute for Problems in
Mechanics, Moscow, Russia) at total pressures going from 100 to 200
hPa and up to 3000 K during 40 min maximum. The mass variation of
the samples was different according to the sample composition with a
mass loss measured for the 15 and 20 vol% SiC compositions and a mass
gain for the 10 vol% one. The porous surfaces were mainly composed of
big crystals of monoclinic HfO, with sometimes traces of HfSiO4 due to
the melting with the residual borosilicate glass.

1.3. Oxidation with torches

Oxyacetylene and other torches yield flames with very complex gas
composition not always clearly characterized. They are not fully
representative of an atmospheric entry or high-speed conditions.
Nevertheless, it is a common and useful facility to perform preliminary
characterization of UHTC materials. Williams et al. have studied the
oxidation of ZrB,-SiC (20-80 vol%) composites under CH4—O> torch at
2073 K for 20 min [6]. They concluded that ZrB,-based composites with
the greatest amounts of SiC (80 and 65 vol%) exhibit a depression on the
hotter zone of the surface attributed to the vaporization of silica. Han
et al. have concluded that the ZrB,-20 vol% SiC composite presents an
excellent oxidation resistance under oxyacetylene torch at 2473 K with
an oxidized layer of 375 pm after 10 min oxidation [24]. Carney et al.
have studied the oxidation behavior of HfB5-20 vol% SiC composite,
sintered by SPS, under an oxyacetylene torch at 2473 K for 200 s [25].
They concluded that the oxide scale is composed of multiple layers that
were non-adherent to the undamaged material.

1.4. Summary and aim of our study

ZrBy-based composites containing SiC have been largely studied
compared to HfB, ones. Among the most common amount of SiC with
these diborides, 20 vol% and 30 vol% are the most frequently studied
compositions. The most used sintering methods for these materials are
firstly HP and secondly SPS. The conclusion of most of the studies pre-
sented above is that the diboride HfB, or ZrB; associated with SiC seems
promising for applications under dissociated air and very high temper-
atures. For most of the studies, depending on the pressure and temper-
ature conditions, the oxide layer formed on these UHTC consists of a first
layer composed of SiO5 or borosilicate glass with ZrO, or HfO, isolated
grains, a second layer made of pure zirconia or hafnia and finally a third
SiC-depleted layer above the undamaged ZrB,-SiC or HfB,-SiC
composites.

Our study brings a new light on these systems by combining fully-
dense composites sintered by SPS — with optimized parameters to

P C83 SiO, + B,0; feosy \
~ D D D B B g%’ SIC depleted layer
2
Z| A ZrB, + SiC 28, + SiC
£
< B
2 C
g = N D
<
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Fig. 9. Scheme of the different oxidation mechanisms.

2180



C. Pellegrini et al.

H80S20 - 1770 K

Ceramics International 48 (2022) 2177-2190

780520 - 1800 K

Z70S30 - 1940 K

Fig. 11. SEM images of the oxidized surfaces from segment B (x 6000, scale bar 4 pum).

avoid the detrimental effect of porosity on oxidation resistance —, low
total pressure, atomic oxygen, temperature greater than 2000 K which is
partly different from the existing literature. The aim of this work is to
study the oxidation mechanisms occurring at very high temperatures, up
to 2600 K, in air plasma conditions for diboride-based composites con-
taining 20 vol% or 30 vol% of SiC with a controlled and dense micro-
structure obtained by SPS. Moreover, the measurement of the total
emissivity was performed as it is an important parameter for aerospace

2181

applications, as the hot parts of the vehicle can be submitted to very high
temperatures during a hypersonic entry and the materials must have the
highest emissivity to reject the heat. This is why we have measured and
presented the values obtained on samples pre-oxidized in air plasma
conditions that are more representative of the surface state of the heat
shield materials of the space vehicle.
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280520_11_cs

Fig. 12. SEM images of the oxidized surfaces and corresponding cross-sections for the samples on the plateau C for the Z80S20 composite (scale bars: 4 pm for the

surfaces and 60 pm for the cross-sections).
2. Materials and methods
In this section, the sample elaboration, the oxidation method, the

method used for emissivity measurements and the material character-
ization techniques are presented.

2.1. Sample elaboration

Commercial powders, HfB; powder (99.5% purity, dsg = 22 pm, p =
11g cm_g, from abcr, Germany), ZrBs powder (97% purity, dsg = 5.7

2182

um, p = 6 g cm >, from H.C. Starck, Germany) and SiC powder (a-SiC, >
98.5% purity, dsg = 1 pm, p = 3.2 g cm >, from H.C. Starck, Germany)
were chosen as raw materials. HfB; powder was grinded at a dso = 5.4
pm before sintering to control the microstructure and to obtain equiv-
alent grain size for each composite.

First, the grain size of HfB, powder has been refined by planetary
milling with the following protocol: 5 cycles of 6 min split into 1 min
milling followed by 5 min break to prevent heating. ZrB, powder already
has the required size. WC balls were used in a WC media. HfB, refined
powder or ZrB; powder were mixed with SiC powder for one cycle
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described above to homogenize the powder. Milled powders have been
characterized by X-Ray fluorescence to investigate the presence of
eventual WC contamination during milling and no impurities were
found.

Mixtures were introduced in a graphite die (inner diameter 13 mm
for oxidation study and 25 mm for emissivity measurements), pre-
compacted at 75 MPa, lined with a graphitized paper (Papyex,
Mersen, France) and sintered using Spark Plasma Sintering (Dr Sinter
825, Fuji Electronics Industrial Co. Ltd., Japan). The temperature was
monitored by an optical pyrometer at the external surface of the die.
Sintering parameters were optimized by decreasing the imposed tem-
peratures according to the SiC amount (Table 1). Fully dense samples
were obtained with optimized conditions (holding time and tempera-
ture, applied pressure). The sintering protocols are based on the one
developed by Piriou et al. [10]. Every sintering cycle was carried out in
vacuum, using a heating rate of 100 K/min with an applied load of 100
MPa and 10 min holding time. To simplify the names of the composites,
H or Z and S letters, attributed to the HfBy or ZrBy and SiC phases
respectively, are followed by the volume percent of HfB; or ZrB; and SiC
constituting the composite.

The bulk density was measured using the method based on Archi-
mede principle with ethanol as immersing medium. The relative density
of each sintered material was evaluated by the ratio between the
measured density and the theoretical density of powders calculated from
the initial compositions using the rule of mixture.

2.2. Oxidation

The high temperature oxidation of the samples was carried out using
the MESOX (‘Moyen d’Essai Solaire d’OXydation’ in French, Solar set-up
for oxidation) reactor placed at the focus of the 6 kW Odeillo solar
furnace. The device is represented in Fig. 1 with an image of the air
plasma surrounding a sample and already detailed in [26].

The experimental parameters were chosen to partially reproduce the
atmospheric re-entry conditions on Earth. The total air pressure was
fixed at 1000 Pa, representing a pressure encountered during the re-
entry phase in between 80 and 60 km altitude where the dissociation
of atomic oxygen occurs due to the speed of the vehicle. A microwave air
plasma is generated around the sample (300 W) containing about
70-80% atomic oxygen [27]. The sample is placed in the quartz tube,
the plasma is ignited then the shutter is opened and the temperature rise
of the sample lasts only a few tens of seconds to reach a plateau at the
targeted temperature, maintained during 300 s. The sample is then
rapidly cooled down by closing the shutter and stopping the plasma. The
study was conducted over a temperature range from 1800 to 2600 K.
The samples are weighed before and after oxidation using a precise
balance (Ohaus Adventurer AX224, 0,1 mg accuracy).

2.3. Method for the emissivity measurements

Emissivity measurements in air conditions at low pressure (1000 Pa)
on pre-oxidized samples in the above air plasma conditions have been
made using the experimental set-up MEDIASE implemented at the focus
of the 1 MW solar furnace (Fig. 2). The direct method used at PROMES-
CNRS laboratory is the one that corresponds directly to the definition of
the emissivity: the directional spectral radiance (L’;) of the material is
measured as well as its temperature to calculate the spectral radiance of
the blackbody (LO;L) at the same temperature [28]. The ratio of the ra-
diances gives the spectral directional emissivity:

o
&, = 0

A 7
/L

In this study due to the size of the samples, 25 mm diameter, only the
normal spectral emissivity was measured and the normal total emissivity
was calculated.
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Fig. 14. EDS spectra obtained on the cross-section of the Z80S20 sample oxidized at 2150 K (analysis zones 1, 2 and 3 marked in Fig. 12).

2.4. Materials characterization

Scanning electron microscopy (SEM) and Energy Dispersive Spec-
troscopy (EDS) analyses were done using a Hitachi S-4500 SEM-FEG
microscope. X-ray diffraction (XRD) analyses were performed using a
PANalytical XPert Pro diffractometer (Cu Ko radiation, A = 1.5418 ;\). X-
ray diffraction measurements of 6-0 symmetrical scans were made over
an angular range of 20-70°. The step size and the time per step were
fixed at 0.017° and 10 s, respectively. The X-ray diffractograms were
recorded and studied using PANalytical softwares (Data collector and
HighScorePlus). Raman measurements were performed using a micro-
Raman spectrometer (LabRAM HR Evolution, HORIBA Scientific,
France). Raman spectra were collected along the cross-section of the
oxidized samples every 10 pm from 0 to 100 pm. A 633 nm laser was
used for ZrB,-SiC samples due to the luminescence phenomenon caused
by zirconia formation on the surface. In the non-oxidized layer,
composed of diboride and SiC, the Raman spectra were obtained only for
the SiC phase since the ZrB, or HfB, phases are Raman inactive.

3. Experimental results and discussion

In this section, the characterization of the sintered samples and the
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experimental results obtained for the oxidation are presented followed
by a proposal for the explanation of the oxidation mechanisms. The
experimental results obtained for the normal emissivity are also given.

3.1. Characterization of the sintered samples

After sintering by SPS, the samples were characterized by SEM to
make sure that the samples present a good and homogeneous distribu-
tion of the SiC and diboride grains [10]. The average size of the diboride
grains is around 5 pm and 1 pm for the SiC ones. Moreover, no porosity
can be seen on the surface and this was confirmed by the density mea-
surements. In this study, the grain size and the relative density have
been set carefully because they can affect the oxidation resistance as
previously observed by Gasch and Johnson [17].

The XRD diffractograms shown in Fig. 3 present the primary phases:
the diboride, HfB, (ICDD 038-1398) or ZrB, (ICDD 034-0423) and the
a-SiC (ICDD 075-8314). However, a secondary phase which can be
considered as negligible has been detected only for the hafnium-based
composite, HfC (ICDD 039-1491), due to the impurities present in the
initial HfBy powder. The XRD patterns presented in Fig. 3 are for
H80S20 and Z80S20, but similar results were obtained for both the
H70S30 and Z70S30 compositions.
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Fig. 15. EDS spectra obtained on the cross-section of the Z80S20 sample
oxidized at 2270 K (analysis zones 1, 2 and 3 marked in Fig. 12).
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Fig. 16. Thermodynamic calculations for the oxidation of SiC by atomic oxy-
gen at 1000 Pa total air pressure.

3.2. Oxidation in air plasma

During the experiments with the MESOX set-up, the temperature is
measured with a monochromatic pyrometer (5 pm) and the solar flux is
also recorded. The typical temperature profile of an experiment is pre-
sented in Fig. 4, where the temperature is colored in blue and the
simultaneous incident solar flux is colored in red. The temperature rise
lasts only a few 10 s to reach the plateau at the targeted temperature for
300 s, here around 2600 K. At the end of this plateau, the temperature
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decreases very quickly due to the rapid closing the shutter.

The oxidation study was performed on several samples for all the
composites: H80S20, H70S30, Z80S20 and Z70S30. Fig. 5 provides the
photos of the samples after oxidation in air plasma conditions at 1000 Pa
depending on the oxidation temperature.

The mass variation by surface area and time was measured between
the beginning and the end of the oxidation test and has been reported in
Fig. 6 in the temperature range 1750-2650 K, each dot representing one
sample.

After oxidation, XRD analyses were conducted on all the oxidized
samples to identify the oxide species formed depending on the temper-
ature. Fig. 7 shows the XRD diffractograms for H80S20 from 1770 K to
2400 K where monoclinic hafnia is the main oxide and at 1770 K
hafnium diboride is also visible due to the low thickness of the oxide
layer. Similar results are obtained for H70S30.

Fig. 8 shows the XRD diffractograms for Z80S20 from 1800 K to
2630 K. Monoclinic zirconia is the main oxide and at 1800 K zirconium
diboride is visible for the same reason as for H80S20. A peak at 26.7°,
attributed to the most intense peak of ZrSiO4 (ICDD 081-0589) phase is
also visible for the lowest temperatures, 1800 K and 1940 K, due to the
presence of a glassy phase as confirmed by the SEM images. Others peaks
of this phase are present but are overlapped with those of m-ZrO,. For
the highest temperature, cubic zirconia has been identified in low
quantity. The XRD patterns for Z70S30 are not presented because similar
results were obtained including the presence of zircon at the two lowest
temperatures (at 1780 and 1940 K) and of cubic zirconia at 2620 K.

Four oxidation mechanisms have been identified in the mass loss
variation with temperature as reported in Fig. 6 and are schematized in
Fig. 9 with:

segment A: a slight mass gain for the lower temperatures (from 1750
to 1950 K),

segment B: a first notable mass loss,

- segment C: a plateau with a constant mass loss showing an inter-
esting behavior between 2050 and 2250 K, not yet found in the
literature,

segment D: a second significant mass loss.

The different mechanisms or reactions occurring into these four
segments are detailed hereafter.

3.2.1. Segment A - 1750 to 1950 K

On segment A, from 1750 to 1950 K, a slight mass gain is observed
for each composite, slightly larger for the two ZrBs-based materials. The
mass gain is attributed to both the formation of a borosilicate glass on
the surface and the formation of some isolated groups of oxide crystals
(ZrO4 or HfO,). The SEM images of the surfaces of the samples present
some relevant cracks (Fig. 10). They are typical to this type of glassy
phase due to the fast cooling at the end of the experiment.

Three equations can describe the phenomena. The first one is the
oxidation of the diboride, HfB, or ZrB,, respectively into hafnia or zir-
conia plus the formation of gaseous BoO3 (eq. (3)). At the same time, the
oxidation of SiC into silica, and the vaporization of CO occur (eq. (4)).
The silica SiO» (1, s) interacts with ByOg3 (g) to form a borosilicate glassy
phase on the surface. The formation of the oxide of the diboride that is
heavier leads to a mass gain, despite the vaporization of some products
(CO and B303). Karlsdottir et al. have also observed a similar glassy
phase (rich in SiO3) on ZrB,-15 vol%SiC at 1973 K in rapid oxidation for
15 min [29]. Carney et al. have also seen this glassy phase on the
oxidized surface at 1973 K in air, on dense ZrB,-20 vol%SiC samples
sintered by SPS [30].

ZrB; (s) + 5 O (g) = Zr02 (s) + B203 (g) 3)
SiC (s) + 3 O (g) — SiO; (1,s) + CO (g) 4
SiO; (I,s) 4+ B203 (g) = Si02-B,03 (1,5) 5)
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Fig. 18. SEM cross-sections of the oxidized samples at maximal temperatures.

3.2.2. Segment B — 1950 to 2050 K

On segment B, a first significant mass loss is measured. A new
vaporization phenomenon appears in this temperature range. Vapor-
ization of silica and/or boron oxide began and/or active oxidation of SiC

occurs according to Egs. (6) and (7):
Si02-B,03 (Ls) = SiO (g) + O (g) + B203 (g) (6)

SiC (s) + 2 O (g) = SiO (g) + CO (g) ()]

2186

This partial vaporization and/or active oxidation is clearly visible in
Fig. 11 with the appearance of some porosities and holes on the surfaces
of H70S30 at 2030 K and Z70S30 at 2050 K. On the H70S30 and Z70S30
surfaces, around 2040 K, hafnia (or zirconia) crystals are on the top layer
with the glassy phase visible between the grains, previously detailed in
Fig. 9, segment B.

At this temperature level, the mass gain induced by the formation or
zirconia (or hafnia) is lowered by the simultaneous vaporization of silica
and boron oxide and by the active oxidation of SiC that can explain the
global mass loss measured (Fig. 6).
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Fig. 21. Total normal emissivity for pre-oxidized samples in air plasma con-
ditions versus temperature measured in air at 1000 Pa.

3.2.3. Segment C - 2050 to 2250 K

From 2050 to 2250 K, the mass loss is constant for several samples
relative to the initial mass of each sample. A plateau is emerging in this
temperature range regardless the SiC amount or the type of diboride
(hafnium or zirconium). The mass loss is more significant for samples
with 30 vol%SiC (H70S30 and Z70S30) suggesting that the silicon car-
bide is responsible for this singular behavior. It is important to notice
that the Z70S30 composite does not have a clear plateau on the segment
C unlike the other composites. A possible explanation would be the as-
sociation of two phenomena: first, the diffusion rate of oxygen in zir-
conia that is higher than in hafnia according to Smith et al. [31] and
second, the greater amount of SiC leading to more porosity which could
accelerate the diffusion of oxygen through the porosities increasing the
oxidation of SiC that could result in a faster mass loss.

Fig. 12 presented the SEM images from the surface and cross-section
of the Z80S20 oxidized samples from 2040 to 2270 K made to under-
stand and explain the oxidation mechanisms on the plateau of segment
C. Similar surface microstructures are observed for all the samples from
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the beginning to the end of the plateau: a porous surface with oxide
crystals. XRD patterns indicate only one phase, monoclinic HfO5 or ZrO,
depending on the type of the initial diboride in this temperature range. A
grain growth for ZrOs is observed with the increase of temperature from
2040 K to 2270 K. Similar results are obtained for HfBy-based compos-
ites. Fig. 12 also shows the cross-sections of the oxidized samples at
three temperatures on the plateau of segment C for Z80S20 and the last
one is placed at the limit with segment D (2270 K). The oxidized area is
made up of two layers of different compositions. Raman spectra taken at
different places of the cross-section for Z80S20 at 2040 K are presented
in Fig. 13 to identify the composition of the two visible layers. The top
one from 0 (surface) down to 60 pm in depth is composed of m-ZrOy
(Fig. 13a). m-ZrOy phase presents 18 peaks characteristics of Raman
active modes of vibration but only 15 have been observed experimen-
tally [32,33]. At 102, 179, 190, 334, 347, 381, 476, 536 and 615 em™?
peaks of the A, vibration mode are visible. At 223, 306, 501, 558, 572
and 637 cm™! peaks of the B, vibration mode can be observed. From 70
to 120 pm in depth, no element is visible because ZrB, is Raman inactive,
this layer is therefore composed of only ZrBy and is fully SiC-depleted
(Fig. 13b). From 130 to 1000 pm in depth, SiC is visible, character-
izing the non-oxidized bulk sample (Fig. 13c) [34]. Two peaks, present
in the initial SiC powder, are visible on the Raman spectra. Same results
have been obtained for the cross-sections of the other compositions on
the plateau of segment C. EDS spectra obtained on the cross-sections of
the Z80S20 samples oxidized at 2150 K and 2270 K (Fig. 14 and Fig. 15)
confirmed these results. In the first layer, only Zr and O have been
identified, a little quantity of Si is detected in the second layer and an
important quantity of Si and C is detected in the third layer. From 2040
to 2150 K, the oxide layers composed of ZrO, (around 70 pm for 2040
and 2150 K) as well as the SiC-depleted layers have nearly the same
thickness (around 40 pm for 2040 and 2150 K). A grain growth appears
in the ZrO; layer from 2170 K and it is even more noticeable at 2270 K.
This can explain that this layer is a bit finer at 2270 K (63 pm) than at
2150 K (72 pm). From 2170 to 2270 K, the thickness of the SiC-depleted
layer remains unchanged (around 45 pm).

Hu et al. have tested ZrB,-30 vol%SiC in a high frequency plasma
wind tunnel at 2173 K and they concluded that it had an excellent
ablation resistance and stability compared to ZrB,-10 vol%SiC at 18 000
Pa [20]. This result can be considered quite different from ours as it was
shown that a higher amount of SiC resulted in a worst oxidation resis-
tance, characterized by a greater mass loss for Z70S30 and H70S30 than
for Z80S20 and H80S20 at 2280 K (the end of the segment C).

Thermodynamic calculations have been carried out with the module
equilibrium composition from HSC Chemistry® software (Metso Out-
otec). The calculation is based on the Gibbs energy minimization and it
permits to understand the oxidation mechanisms occurring on the
plateau of mass variation. Calculations have been conducted on SiC only
to highlight its role in the oxidation mechanisms.

Fig. 16 shows the results of the thermodynamic calculation carried
out for the oxidation of SiC by atomic oxygen at 1000 Pa total air
pressure, corresponding to the experimental conditions, and the pre-
dominant reaction is Eq. (7), with the formation of SiO (g) and CO (g)
from 1600 up to 2250 K (Plateau on segment C). Above this temperature
(Segment D), the global reaction of Eq. (8) is predominant and consumes
more SiC that can lead to a greater mass loss due to the formation of
gaseous species, the main one being Si (g) followed in lower proportion
by Si2C (g) and SiCq (g):

4 SiC (s) + O (2) — Si (g) + SiC; (g) + SixC (g) + CO (g) ®

The experimental temperatures corresponding to the formation of
SiO and CO and on the other side of Si, Si;C and SiC; are a little bit
different from the ones obtained by the thermodynamic calculation due
to non-equilibrium conditions but the trend is the same.
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3.2.4. Segment D — 2250 K to Tpmax

The maximal temperature reached during the oxidation is lower for
HfB,-based materials than for the ZrB, ones. The solar experiments did
not allow reaching higher temperatures than 2400 K (H80S20) or 2480
K (H70S30) for the HfBy-composites this being due possibly to the fact
that hafnia formed by oxidation less absorbs the concentrated solar
radiation.

At the maximal temperature for each composition, similar micro-
structures are observed for all the samples: a porous surface with big
oxide crystals (Fig. 17). Oxide grains are larger than those observed for
the samples of the plateau of segment C due to the higher temperature.
XRD patterns indicate only one phase, for HfB,-based composites, which
is monoclinic HfO,. For ZrB,-based composites, cubic zirconia appears
as a secondary phase in addition to monoclinic zirconia. Indeed, oxygen
vacancies can stabilize c-ZrO, in small quantities [35-37].

Fig. 18 shows the cross sections of the different composites at the
maximal temperature reached in this study. The oxidized layer is
composed only of zirconia or hafnia according to EDS analysis shown in
Fig. 20 (for Z80S20 sample oxidized at 2630 K). Optical micrographs
show only one oxide layer for all the compositions (Fig. 19). At this
temperature level, the SiC-depleted layer no longer exists possibly due to
the important thickness of the oxide layer. An assumption is that the
rapid vaporization of SiC, according to reaction 8 (Fig. 14), promotes
only the formation of a huge oxide layer composed only of zirconia or
hafnia and thus the oxygen could no longer diffuse deeply into the
material. At the highest temperature level, H70S30 presents a finer
oxide layer (175 pm) than H80S20 (250 pm). It is confirmed by the mass
loss of H70S30 being lower than for H80S20. HfBy-based composites
have a dense oxide layer. H70S30 seems to have a better oxidation
behavior than H80S20. According to Sevastyanov et al. under dissoci-
ated oxygen, around 2873 K, HfB>-20 vol%SiC has a better behavior for
porous samples (35% porosity) than samples with 10 or 15 vol% SiC
sintered by SPS [22]. In this study, the monolithic HfB,-30 vol%SiC
seems to be the most resistant for oxidation up to 2470 K.

ZrBy-based composites have an oxide layer with holes possibly due to
the rapid vaporization of SiC that is not compensated by the growth of
zirconia grains. Z70S30 presents the thickest oxide layer (280 pm) ac-
cording to the highest mass loss compared to the Z80S20 composite with
the lowest mass loss. Z80S20 seems to present the better oxidation
resistance even if the thickness of oxide layer is around 270 pm i.e., 10%
of the original sintered body. Finally, it seems that SiC is not the most
suitable additional compound for this range of temperature because it
does not enough protect from oxidation at such high temperature.

To conclude, these composites can be classified in the following
order for their oxidation resistance: in first position, Z80S20 with the
lowest mass loss at 2630 K, then H70S30 with a lower mass loss than
H80S20 and a thinner oxide layer, in third position, H80S20 with an
oxide layer of 250 pm and finally, Z70S30 which has the higher mass loss
at 2620 K, the thickest oxide layer with a lot of holes.

3.3. Total normal emissivity

Total emissivity is an important parameter for heat flux calculation
during a hypersonic reentry of a space vehicle. To reject more heat and
avoid the thermal degradation of the material, the emissivity needs to be
the highest (closer to 1).

Before the emissivity measurements, the Z80S20 and H80S20 sam-
ples have been pre-oxidized in the MESOX facility in air plasma at 2280
K and 2220 K respectively to obtain a similar surface in terms of
microstructure and chemical composition than those obtained in the
oxidation study. Data obtained for the total normal emissivity versus
temperature at 1000 Pa total air pressure for the two different samples
Z80S20 and H80S20 are presented in Fig. 21. The total normal emis-
sivity is quite constant in the temperature range for the two composi-
tions considering the uncertainty (5%), the emissivity is around 0.9 for
HfB,-based composite, and 0.88 for ZrB,-based material.
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Radiative properties of ZrB>-SiC composites have been measured by
Scatteia et al. [38] and Meng et al. [39] with two different methods and
different surface state and/or compositions. Scatteia et al. have
measured directly the total directional radiance of ZrB,-20 vol%SiC
oxidized in situ at 200 Pa total pressure with the MEDIASE set-up using a
radiometer [38]. Meng et al. have used FTIR spectrometer to measure
the spectral emissivity on several ZrB;-20 vol%SiC-15 vol%C samples
pre-oxidized in an induction furnace in the 1373-2073 K temperature
range at atmospheric pressure [39]. The total hemispherical emissivity
measured at 1680 K by Scatteia et al. gives a value of 0.72, much lower
than the one we have obtained (0.83 at 1700 K), because the oxidation
was done in situ in contrast with our protocol where the samples were
pre-oxidized in air plasma before emissivity evaluation. Meng et al. have
measured 0.78 at 1873 K that is different from our result of 0.90 at 1940
K, due to the difference in the initial composition (presence of carbon).

4. Conclusion

The oxidation of fully-dense diboride samples containing two
amounts of SiC was studied in atmospheric re-entry conditions, at low
total air pressure of 1000 Pa and from 1750 up to 2600 K ZrB,y-based
composites presents a better oxidation resistance at high temperature,
especially the one with 20 vol% SiC which has the lowest mass loss after
300 s at 2600 K under dissociated air with atomic oxygen. An oxidation
mechanism of these composites was proposed and it is decomposed into
four parts:

- from 1750 to 1950 K, the passive oxidation of SiC occurs with the
formation of a borosilicate glassy phase and a slight mass gain,
together with the formation of some zirconia or hafnia isolated
crystals,

from 1950 to 2050 K, a first mass loss, greater for composites con-
taining 30 vol% SiC, occurs due to two coexisting phenomena: the
partial vaporization of the borosilicate phase and the formation of
zirconia or hafnia,

from 2050 to 2250 K, a plateau of constant mass loss, due to the
active oxidation of SiC into SiO (g) and CO (g) with the formation of
zirconia or hafnia crystalline layer is observed, which had never been
shown before in the literature,

from 2250 K up to 2600 K, a second significant mass loss due to the
active oxidation of SiC into Si (g), SiCz (g) and Si,C (g) together with
the formation of a zirconia or hafnia layer is measured.

According to these results, SiC is not the most suitable additional
compound for aerospace applications to protect against oxidation in air
plasma conditions at very high temperature due to the significant mass
loss from 2300 K. Other additions such as TaSiy and AIN are under study
to protect more efficiently against oxidation.
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