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Abstract. Ultra-High Temperature Ceramics having melting poiabove 3500 K and high thermal conductivities
are envisaged to elaborate future receivers of extnation solar power plants. The high pressure swidr
temperature reactoR@acteur Hautes Pression et Température SqI®REHPTS) at the focus of the Odeillo 5 kW
solar furnace was used to investigate the oxidaifahree carbides (ZrC/Mog&iZrC/TaSj, HfC/MoSk) that could

be candidate. The concentration of the additivessglor MoSh) was 20 v.% in each composition. Each sample was
oxidized in static air (P = 87 kPa) during 20 masuit 1800, 2000 and 2200 K. Experiments were ilomng a
video camera and the gaseous phase was analyzaddsyspectrometry. Various characterizations haoers that

the natures of the carbide and additive would &ftee composition of the oxide layer and therefdre high-
temperature behavior of the sample.
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INTRODUCTION

The efficiency of a concentration solar power plstnbngly relies on the high temperature behavfdhe solar
receiver. Silicon carbide (SiC) begins to be oneamgc material used to produce various geometmessélar
absorbers [1, 2], but the degradation of the maltéecomes too important above 1700 K becauseeofottmation
of bubbles and the production of gaseous SiO andvBioh implies a severe mass loss of the mateFtatrefore a
SiC receiver cannot be heated at a temperaturgbdhmat the air coolant can issue it above 110C#nsequently,
an extra source of fossil energy (or biomass) baset added after the receiver in order to end ephttating of
pressurized air up to more than 1300 K and theedftsure a sufficient efficiency of the energy cersion to make
the technology financially viable [3].

We have therefore studied the oxidation behavianesf ultra-high temperature ceramics (UHTC) hadogd
mechanical properties even above 2300 K, in ométentify which would be the best candidates abelate new
high temperature solar receivers. Among potentetiemials for such application, zirconium carbideQ¥presents a
high melting point (3500 K) and interesting mecleahproperties, especially its hardness around R&, &aking of
it one of the hardest materials among UHTC [4]. Thain limitation for high temperature applicatioissthe
oxidation kinetics: zirconia (Zr§) is non protective and ZrC continuously oxidizesading to a linear kineti&].
Incorporation of silicon was found to enable tharfation of mixed oxide layer such as zircon (£r80,), which
was shown to improve the resistance to oxidatign3érinet al[7] also recently reported the thickness of thedexi
layer formed on ZrBSiC composite materials during oxidation in awward 1500 K decreased when the amount of
SiC in the initial material increased from 0 ti0 ¥.%.

We decided to focus on two carbides with disiliciadditives as several routes were recently devdi@ie
ISTEC-CNR to elaborate such materials by pressssesintering or hot pressing [8-11]. The first miatewe
deeply investigated was ZrC with Me%idditive [12]. We have decided to compare the Wienhaf ZrC/MoSi, with
the behaviors of HfC/Mogior ZrC/TaS}, changing either the carbide or the additive.



EXPERIMENTAL PROCEDURE

The reactor we used to perform high temperaturdatixin is the REHPTSRgacteur Hautes Température et
Pression SolaireHigh Temperature and Pressure Reactor), at thesfof the Odeillo 5 kW solar furnace, shown in
figure 1.
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FIGURE 1. View of the REHPTS reactor at the focus of the 5&Mar furnace.

A flat mirror (heliostat) whose position is servontrolled to the apparent movement of the sun ctfl¢he
incident solar flux to a concentrator with facettedrrors. A shutter enables to control the fractioh the
concentrated solar flux delivered to the samplegaanside the reactor and therefore its surfacgésature. This
set-up is placed so that the sample is 25 mm abwvdocus of the solar furnace, thus elevated teatpees on
materials may be obtained at very fast rate (UpO® K s") on a homogeneous 10 mm diameter area. Two mirrors
enable a monochromatic (5 um) optical pyrometero(ir Modline Plus) to measure the surface temperaitithe
sample through a fluorine window. The pyrometehvell the parts present on the optical path waibredéd on a
black body. The accuracy of the temperature meawmts is going from 1400 + 15 K to 2100 + 22 K. Ass
spectrometer (Pfeiffer Omnistar) enahilesitu gas phase analysis.

Materials were elaborated by ISTEC-CNR in Faentzy.| ZrC/20 v.% MoSi (final density: 95%, 6.2 g.ci
and HfC/20 v.% MoSi(f. d.: 97%, 11.1 g.ci) were produced by pressureless sintering at 2220rigg 90 min.
ZrC/20 v.% TaSi (f. d.: 99%, 7.1 g.ci) was sintered by Hot Pressing under 30 MPa loadint970 K during 6
min. The samples were shaped into 25mm-diameter 2anoh-thickness discs cut using Electrical Discharge
Machining (EDM). This technique consists in cuttitige material thanks to rapid discharges betweem tw
electrodes, so that the material locally reachemitlting temperature. This might allow the forroatof zirconia at
the surface during cutting. Thermodynamic calcataiwere performed using the GEMINI [13] softwar@rider to
compare the stable products due to the oxidatidyotf ceramics in air.

The oxidations were performed in static air. Du¢ht® altitude of the laboratory, the total atmosjhpressure
is around 87 kPa and the oxygen partial pressureipQ7 kPa. The surface temperature of the sampbes
maintained at a constant plateau during 20 min.aavideo camera was used to followsitu the oxidation process.
Mass spectrometry enables to identify the gasemdupts. As explained further in the results frérartnodynamic
calculation, CO is expected to be the main gaspoauct during oxidation, but its molar weight ietsame as N
one (m/e = 28), so it is impossible to separatectirgribution of CO from the one of preponderant Therefore we
mainly follow the signal corresponding to m/e = ddtresponding both to G@nd gaseous SiO.

The samples were weighted before and after oxidati@rder to access the mass variation (conveéaedmass
variation rate expressed in mg émin®). Some surfaces have been analyzed after oxidasiony XRD and SEM
with EDS.



RESULTSAND DISCUSSION

Thermodynamic calculations

Figures 2 to 4 present the amount in moles of gaigses and the molar fraction of main gaseousuptedthe
gaseous phase being completed with, Not plotted on the graph) according to the temfpee at the
thermodynamic equilibrium with the following initiaonditions:

Amount (mol)

8 moles of carbide (ZrC or HfC)

2 moles of additive (Mogior TaS)

10 moles of air (8 moles;N2 moles Q)
Total pressure: fPa
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FIGURE 2. Amount of solid phases (a) and molar fraction adilgaseous products (b) at thermodynamic
equilibrium according to temperature, calculatemh@giSSEMINI software. Initial conditions: 8 moles@r2 moles

MoSi,, 8 moles N, 2 moles @, P = 16 Pa, pQ@ = 2.1d Pa.
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FIGURE 3. Amount of solid phases (a) and molar fraction adirmgaseous products (b) at thermodynamic
equilibrium according to temperature, calculatethgi$<GEMINI software. Initial conditions: 8 moles €&f 2 moles

MoSi,, 8 moles N, 2 moles @, P = 16 Pa, p@ = 2.1d Pa.
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FIGURE 4. Amount of solid phases (a) and molar fraction ailmgaseous products (b) at thermodynamic
equilibrium according to temperature, calculatemh@gi$SSEMINI software. Initial conditions: 8 moles@r2 moles

TaSh, 8 moles N, 2 moles @ P = 1§ Pa, pQ = 2.1¢ Pa.

Comparing figures 2 and 3 shows hardly no diffeeehetween ZrC/Mogiand HfC/MoSj, except obviously
that the main solid oxide is Zgn figure 2 (a), Hf@ in figure 3 (a). The main gaseous oxides are CDIAO. The
molar fraction of this latest oxide increases wiite temperature from 1800 to 2000 K. Comparingrégl2 and 4
shows that Tagis less stable at high temperature than MadSifigure 4 (a), TaSidecomposes itself into Ta and Si
beyond 2100 K, whereas in figure 2 (a), MoSiays present up to 2200 K. As a consequencei®fwbaker
stability, the molar fraction of SiO produced igdie 4 (b) is far higher above 2000 K than in fieg@r(b).

In situ analyses

Video images

Figures 5 to 7 present video captions of the varimaterials after 15 minutes of oxidation testaiimat 1800,

2000 and 2200 K respectively.

HfC/20v.% MoSi,

ZrC/20v.% TaSi,

ZrC/20v.% MoSi,

ZrC/20v.% MoSi

FIGURE 6. Video captions of the thr-e_e;U'HTC after 15 minutkexddation tests in air at 2000

s




ZrC/20v.% MoSi, ZrC/20v.% TaSi,

FIGURE 7. Video captions of the three UHTC after 15 minutkexidation tests in air at 2200 K

We can observe in figure 5 that at 1800 K, the exal/er that forms on ZrC materials looks adheterthe
carbide, whereas the oxide layer that forms on idfreaking into several fragments. This can bdaixed by the
thermal expansion: HfC has a higher thermal expansoefficient than Hf@(6.6x10° mm* K* vs. 5.6x1¢ mm*
K™, so the oxide layer can break due to the expansfithe carbide. On the other side, ZrC has ataeefficient
than ZrQ (6.7x10° mm* K vs. 10° mm® K™?), so the oxide dilates more than the carbide, wian explain why
the oxide layer covers a larger area over the darbi

In figure 6, we can observe a bubble on the ZrC/20WoSh. This bubble may be due to the formation of silica
that is liquid at 2000 K, and it can blow due te ftroduction of gaseous CO or SiO, which are exgeptoducts
from the thermodynamical calculations. There ifl stifragile oxide that breaks on the HfC materilat has
slightly moved from the support due to the releatgaseous products. ZrC/20 v.% TaSeems to be the less
damaged. This observation is confirmed at 2200igu(é 7): whereas ZrC/20v. % MaSind HfC/20v.% MoSi
support an important boiling, the oxide on ZrC/206vTaS} supports a less important deformation due to the
presence of tantalum.

Mass spectrometry

Figure 8 is presenting the evolution of the Gd SiO concentration determined using mass speetry. We
can observe that at 1800 and 2000 K the HfC/ 20%0Si, is the material that releases the highest amoftint o
gaseous products during oxidation. This can betdube fact its oxide layer breaks as seen in édhirand 6 and
enables the gases to escape from the oxide/cadrtietéace. Nevertheless the production of gasesedses after 10
minutes, probably due to the formation of a prawecbxide layer preventing the release of gasecusliyzts.
Equivalent amount of gases is detected during #tigation of ZrC/MoSj and ZrC/TaSi materials at 1800 K and
during the 600 first seconds of oxidation at 2000CKiring the second half of the oxidation at 2000thkere are
more gases released by ZrC/Ta8ian by ZrC/MoSi. We can give a first explanation from the resufs
thermodynamic calculations (figures 2 and 4): adelits less stable under oxidizing atmospheres Ma8Si,, and
therefore more SiO is produced. A second explanat@mnes from the video observations: liquid oxitens at the
surface of ZrC/MoSiand can therefore prevent gaseous products frang beleased. Presence of tantalum seems
to limit the presence of big bubbles of liquid oxidherefore gaseous products may faster escapegtihfissures
and the bursting of smaller bubbles. Both hypotheseild also explain why ZrC/TgSkleases more Gand SiO
at 2200 K than the two other materials. We obséhet the higher is the temperature, the most inaporis the
amount of gaseous products released on both Zr€rialat in agreement with the thermodynamic catata. For
HfC/MoSi, the production of gases increases from 1800 td 200then decreases from 2000 to 2200 K. The
apparition of liquid oxide that blows and may fille fissures in the oxide layer could explain whgsl gaseous
products can be released at 2200 K than at 2000 K.

Mass variations

Table 1 shows the global mass variations for eaatenal. The higher is the temperature, the fasténe oxide
growth. The mass variation of the HfC/M@$ much lower (and negative at 1800 K) than the ohthe ZrC
materials, which can be explained by the importanetaking and removal of the oxide layer on HfC dgrithe
experiments. The nature of the additive in the Ex&@erials has hardly influence at 1800 K. At higteenperature,
the mass variation is more important when FaSused. Tantalum seems therefore to play a sigmif role in the
oxide formation, post-experiment analyses shoulbknus to accede the composition of the oxideréagad to
understand this influence.
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FIGURE 8. Measurement of the concentration at m/e = 44 i@ CQ produced) at a) 1800 K b) 2000 K c) 2200

K during the oxidation of the UHTC materials.

TABLE 1. Average mass variation rates for each sample aicaptd the temperature

Temperature (K) ZrC/MoSi, (mg.cm?.min®) HfC/MoSi, (mgcm?min®)  ZrC/TaSi, (mg.cmZmin™)
1800 1.28 -0.20 1.20
2000 1.72 0.61 2.37
2200 2.23 1.42 3.86

Post-experimental characterizations
X-Ray Diffraction

Figure 9 is presenting the XRD patterns for sampfesach composition before and after 20 minutédation
in air. The reference patterns we used for thexatien are: 19-1487 (cubic ZrC), 80-0544 (tetragdviaSi,), 65-
8750 (cubic HfC), 83-0944 (monoclinic Z5)) 65-1142 (monoclinic Hfg), 77-1759 (tetragonal HfSi{d 42-0060
(orthorhombic TaZr-s0g). Figure 9 (a) shows that the only crystalline gghavhich forms on ZrC/20 v.% MoSB
monoclinic zirconia. In figure 9 (b), we cannot idiéy on the reference sample any pattern of th8i;Tadditive,
but we observe the main crystalline phase is nabria (whose we can nevertheless still identi§ytivo main
peaks), but orthorhombic tantalum-zirconium oxidZi <Og. This difference in the composition of the finaiae



probably explains why ZrC/20 v.% TaSjains more mass (table 1) and its oxide layer auppess deformation
(figures 6 and 7) than ZrC/20 v.% Mg%ibove 1800 K.
We observe in figure 9 (c) that the main crystallphase that has grown on HfC/20v.% MaSimonoclinic
hafnia, but the presence of tetragonal hafniuncailioxide HfSiQ was also evidenced.
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FIGURE 9. XRD patterns of materials, reference and oxididedng 20 min. in air at 2000K. a) ZrC/20 v.% MeSi
b) ZrC/20 v.% TaSic) HfC/20 v.% MoSj

Cross-section SEM and EDS

Figures 10 to 12 present cross-section SEM imaf@diseooxide layers (phases were identified usingSEDn
ZrC/MoSh, ZrC/TaS} oxidized in air at 2000 K.

The total modified area on ZrC/Ma3s 435um-thick in all and can be divided into Hatient layers (figure 10
(a)). Layer 1 is 30 um-thick silica, probably amuops as we could not detect any silica phases ghro(RD
(figure 9 (a)). Layer 2 is 150um-thick and its carsion is brain-like Zr@ (mainly monoclinic from XRD)
surrounded by darker SjGas shown on figure 10 (b). Layer 3 consists ofu®&-thick porous and brittle ZgO
Layer 4, 80-um thick, involves dense ZrC grains@aumded by granulous Zr-C-O, Mg%ind MgSis surrounded by
thin SiQ, layer. Finally, layer 5, 90 pm-thick, is composeith the same phases as in layer 4, plus someZ3(G;.
forms from the oxidation of the carbide and oureskations seem coherent with the mechanism propbged



Shimada [14]: an intermediary oxycarbide forms elts the interface with ZrC, then further complhgtekidized
into ZrO,. SiO, forms due to the oxidation of the additive, togetlvith the production of Mg&is, then moves
toward the top surface of the oxide. SiC graintayer 5 show that some more complex reactions,lmvg both
the carbide and additive may occur close to therfate.

Global cross-section, b) zoom on modified layer)20om on modified layer 4, d) zoom on modifiegelias.

The modified area on ZrC/TaSffigure 11 (a)) has nearly the same total thickn@30 um) as for ZrC/Mogi
and can be divided into only three layers. The fager (figure 11 (b)), 110-um thick, mainly costsi of TaZs 7:0g,
with some inclusions of Si-C-O phases. In the 8Gpitk second layer (figure 11 (c)), Ta4Os is still mainly
found, but the secondary phase is SiC. Finally,24@ pum-thick third layer is a complex mixture @r,Ta)Sh
(white), (Zr, Ta)-C-O (grey), and SiC (black) pheis®xidation of this material looks more compleattbcarbide
and additive reacts with oxygen to form mixed ox{tiee oxycarbide and disilicide phases observedecto the
interfaces are probably intermediate compounds) $if that has partially oxidized close to the acef Some
gaseous SiO may also be produced, which could iexpee mass spectrometry measurement in figure)8 (b
According to Bhattacharyet al.[15] who computed a recent phase diagram for il Z TgOs system, zirconium
— tantalum — oxygen solution melts from 2100 K, eth¢ould explain why no deformation is observe@@i0 K in
figure 6 whereas silica formed on ZrC/Meg8iaterial may melt and blow due to gaseous release.

Only one 100um-thick layer was remaining at théasgr of HfC/MoSj (figure 12 (a)). Its composition involves
HfO,, Si0,, MosSi; and HfSIQ (figure 12 (b)). This latest compound melts incaremtly at 2020 K [16]. So the
presence of this mixed oxide may explain why littigling is observed at 2000 K on the surface o€MfoSi,
compared with ZrC/Mo$i We can notice an important porosity through #raaining oxide, favouring the gaseous
release.

The calculations could not predict the stability§5iO, and TaZs ;0 because the thermodynamic data of both
mixed oxides are not well-known and therefore tleeyld not be included in the calculations. Moreowbe
calculations considered only the thermodynamic ldyiim and did not take into consideration kinetiantrol or
the energy required to create interfaces, thdtésréason why the solid compounds observed aretlglidifferent
than the ones predicted by the thermodynamic catiouls.



CONCLUSIONS

Oxidation of ZrC/20 v. % MoSioccurs with important boiling above 2000 K duehe production of molten
silica and gaseous products (SiO, CO). Changifgpethe carbide (HfC/20 v.% Mosior the additive (ZrC/20 v.%
TaSh) appears to reduce the deformation of the maseaia?000 K through the production of mixed oxi(le£SiO,
or TaZp 7:0g) with higher melting points than silica. Neverésd, HfC produces a very fragile oxide that breaks
during oxidation, producing solid particles andrdiere HfC does not seem accurate for the conagpmtfosolar
receivers at temperature lower than 2000 K. Onw/olaak of tantalum incorporation is that liquid TaZOg may
flow out of the sample at 2200 K [16]. These rentevaave to be avoided as they would favour contilsuo
oxidation. In our future works, we will develop te®n ZrC/SiC materials to check the influencerafther additive
as these materials under development seem pronjitidl8]. Another solution to get high temperattgsistive
materials could be to use two additive (ZrC/M@BaSh or ZrC/SiC/TaSi), with a smaller amount of tantalum as
recommended by Opilet al.[16].

7

sic.o 7

TaZr,750s

SiIC s
: (Zr, Ta)-Si,

TaZr,750s

(2Zr, Ta)-C-O

FIGURE 11. Cross-section SEM images of a ZrC/20 v.% }a8mple after 20 min. oxidation in air at 2000 K. a
Global cross-section, b) zoom on modified layet)lZzoom on modified layer 2, d) zoom on modifiegela3.

FIGURE 12. Cross-section SEM images of a HfC/20 v.% Masimple after 20 min. oxidation in air at 2000 K. a
Global cross-section, b) zoom on modified layer 1
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