N

N

High temperature oxidation of SiC f /PyC/SiC
composite in helium for the (Gas-cooled Fast Reactor
Ludovic Charpentier, Marianne Balat-Pichelin, Kamel Dawi, F. Audubert

» To cite this version:

Ludovic Charpentier, Marianne Balat-Pichelin, Kamel Dawi, F. Audubert. High temperature oxida-
tion of SiC f /PyC/SiC composite in helium for the Gas-cooled Fast Reactor. 8th INTERNATIONAL
SYMPOSIUM ON HIGH-TEMPERATURE CORROSION AND PROTECTION OF MATERIALS,
May 2012, Les Embiez, France. hal-02313875

HAL Id: hal-02313875
https://hal.science/hal-02313875
Submitted on 11 Oct 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02313875
https://hal.archives-ouvertes.fr

High temperature oxidation of SiG/PyC/SiC composite in
helium for the Gas-cooled Fast Reactor

Ludovic Charpentiér Marianne Balat-Pichelin Kamel Dawi, Fabienne
Audubert

2 PROMES-CNRS, 7, rue du Four Solaire, 66120 FONMRO ODEILLO, France
®CEA, DEN, DEC/SPUA/LTEC, CEA Cadarache, 13108 SANUL LEZ DURANCE, France

Ludovic.Charpentier@promes.cnrs.fr;Marianne.Balat@npes.cnrs.fr; fabienne.audubert@cea.fr

Abstract. The cladding material envisaged for the Gas-codlast Reactor (GFR) is a SIRyC/SiC composite
with a B-SiC coating on the surface that is subjected moptratures going up to 1500 K in nominal operating
condition and up to 2300 K in accidental operatiogditions, in helium pressurized at 7 MPa. An expental
approach was made on $#®yC/SiC under active oxidation conditions (1400 < 2300 K; 0.2< pO, < 2 Pa). The
variation of the mass loss rates according to ¢hneperature showed the existence of three domahmes.oXygen
partial pressure had a weak impact on the massdtsdor temperatures lower than 2070 K. Beyond02K, the
mass loss rate increased leading to important darofthe material, at lower temperature undes p©.2 Pa than
under pQ = 2 Pa, which was associated to the effect obiygen partial pressure on the sublimation of SiC.
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INTRODUCTION

The cladding material that is envisaged for the-Gased Fast Reactor (GFR), one of the systemspaig to
the 4th Generation of nuclear systems, is a cortgasaterial made of silicon carbide fibers ($i€lirrounded by a
SiC matrix deposited through chemical vapor irdiiton (CVI), both elements being separated by aganbon
(PyC) thin interphase. The surface of this comdsittovered using chemical vapor deposition (CW{pa layer of
B-SiC, in order to reduce the penetration of oxitlizspecies as demonstrated by Lamouretwal. [1]. Inside the
GFR, the coolant is helium gas at total pressurg bfPa. It is planned to support temperatures up5@0 K in
nominal conditions. Nevertheless, in case of aqumesdrop of the coolant, the temperatures carkiydiocrease up
to 2300 K (accidental conditions).

In such nominal and accidental conditions, SiC lddae oxidized by the oxygen impurities of the ol
according to two regimes. The passive one occudgerlow temperature or high oxygen partial presswith the
formation of a silica layer (Si§) protecting the material from further oxidatidthen the temperature increases or
the oxygen partial pressure decreases, the oxiddétzomes active, with the release of gaseous 8inaore
important damage of the material as no more ditigar prevents the oxygen from reaching the SiGenedt

The main problem of the current SiC/SiC compositehie presence of a pyrocarbone interphase (PyC). |
oxidizing atmosphere, this interphase is consuneedrding to the following reactions:

C(s) + Q(9) = CQ(g)

2C(s) + Q(g) = 2CO(9)

In the case of thin interphase (< 0.1 um), the uatthus created can be filled with silica, fragiled adherent.
A study on the behavior and oxidation mechanisnthef SiC/SiC composites with conventional pyrocaghon
interphase (PyC-SiC/SiC) and advanced multi-laygerphase (ML-SiC/SiC) using thermogravimetric gsial
(TGA) in He-Q, atmosphere at 1270 and 1470 K was carried oubtigde]. Both the PyC-SiC/SiC at 1470 K and
the ML-SIC/SIiC at 1270 and 1470 K presented a ivelt low mass change during the oxidation. Thisswa



associated to relatively fast growth of silica dwe SiC matrix and fibers, closing the access ofliakig species
before the beginning of the carbon combustionhin ¢ase of PyC-SiC/SiC oxidized at 1270 K, sigaificmass
loss rate was measured, associated with a too glowth of silica to close the porosity and to avaeidPyC
recession.

This study focuses on the oxidation behavior of/BYC/SiC composite witB-SiC coating at high temperature
(1400-2300 K) and in helium atmosphere with reduogggen partial pressure (0.2 and 2 Pa). The dulgn
temperature and pressure reacRédcteur Hautes Pression et Température SqIREHPTS) enables to reproduce
very fast temperature increase (up 100 @p to this high temperature level. This work dels two preceding
studies carried out on two polytypes of SiCandp under the same conditions [3, 4] where the infbeeof the
crystalline structure on the passive/active trémsitemperature and on the mass loss rate wassdisduIn this
publication, we focus on the oxidation behaviolSo€/PyC/SiC at the temperature range of nominataian and
in the case of incident or accident for GFR. Thessnbpss kinetics under accidental operating camdti the
behavior and the lifetime of the cladding are disad. Various techniques of analysis (SEM, XRD, anas
spectrometry, etc.) were used to interpret theltesu

EXPERIMENTAL PROCEDURE

The oxidation tests were performed using the Higts8ure and Temperature Solar Reactor (REHPT Sikyaci
formerly described [3, 5]. This reactor installédte focus of the 5 kW solar furnace allows stadythe behavior
of materials subjected to high temperatures inrotiatl atmosphere with increase temperature speeging from
10 to 100 K & similar to those that may occur during an incidemnaccident in a nuclear reactor.

The oxidation tests were conducted on a SiC/PyC¢Bi@posite developed by Snecma Propulsion SoliB&)S
This material consists of gSiC matrix produced by CVI (Chemical Vapor Infition) and reinforced by Hi-
Nicalon fibers g-SiC) with a pyrocarbon interphase (PyC).pASIC coating deposited by the CVD (Chemical
Vapor Deposition) method on one face is used teecthe porosity of the surface.

To reproduce the possible atmospheres of the GFieraht helium qualities from Air Liquide were wkeHe
Alphagaz1 with 2 ppm ©and 1 ppm KO and He U with 20 ppm Qwith a gas flow of 10 | mih Samples were
oxidized during 10 min at constant temperaturegiranfrom 1400 to 2300 K. The heating rate up ® plateau is
between 20 and 100 K'saind the cooling down to the room temperature @aB0 K §'. The total pressure inside
the REHPTS is maintained at*1Pa.

The samples are weighed before and after oxidatioarder to calculate the relative mass changed SE
imaging was performed to analyze the surface mdoglyo

Some samples were pre-oxidized during 48 h at I3@®ambient air inside an electrical furnace toelep a
silica layer before being treated inside the REHRiM&elium with pQ =2 Pa, in order to define the effect of a silica
layer on the active oxidation kinetics.

RESULTS AND DISCUSSION

Oxidation experiments and surface characterization

Table 1 summarizes the experimental conditions hef various tests carried out @SiC-SiC/PyC/SiC
composites under p& 0.2 and 2 Pa, and the corresponding mass \@r&atijiven in mg ciimin.

Figure 1 presents the pictures of some represeatatimples of SiC/PyC/SiC oxidized under,p00.2 and 2
Pa. Temperature measurement was performed on adameter circle in the center of each sample. W&@o
three different surface morphologies accordinghdxidation temperature: (1) a representativeaserfor passive
oxidation (samples oxidized at 1540 K) looking litkes initial state, (2) a surface presenting atlistate between
passive oxidation and active oxidation (samplesliagd at 1650 K) and (3) a surface more damage@septative
of active oxidation (samples oxidized at 1970 a@@®@K). We observe on the samples oxidized at 2Qfe
existence of greenish zones representative of anees attacked than the remainder of the sample.

TABLE 1. Summary of the tests carried out@%iC-SiC/PyC/SiC composites oxidized in Helium at B atm,
according to the temperature and,@@d oxidation regime and reported mass change rate

pO, = 0.2 Pa pO, =2 Pa

Temperature (K) Oxidation regime Mass change rate ®idation regime Mass change rate




(mg cm? min™)

(mg cm® min™)

1540 Passive 0.02 Passive -0.01
1650 Passive/active 0.00 Passive/active -0.03
1740 Active -0.06
1850 Active -0.04
1970 Active -0.14 Active -0.09
2030 Active -0.23 Active -0.23
2070 Active -0.36
2100 Active -0.68 Active -0.39
2130 Active -0.78
2160 Active -0.44
2190 Active -1.10
2200 Active -1.33 Active -1.59
2220 Active -0.69
2250 Active -2.06
Temperature (K 1540 1650 1970 2200

pO, =0.2 Pa

pO, =2 Pa

FIGURE 1. Pictures of3-SiC-SiC/PyC/SiC composites after oxidation und®s p 0.2 and 2 Pa at different

Figure 2 shows the SEM images and the oxidatioimegf characteristic samples BfSiC-SiC/PyC/SiC
oxidized under p®= 2 Pa. We can see in the images: (a) the sudbtie reference sample, (b) the presence of a
silica layer characteristic of passive oxidatiar),d limit state between passive (silica crystald meedles appearing
as white) oxidation and active (grey parts witlotadf holes) oxidation and for the other sampld¥(¢) and (f), the
presence of a surface increasingly attacked wisiatharacteristic of active oxidation. It may beiced that in the
case of active oxidation, various surface statesobserved according to the temperature level.dddior samples
oxidized under active oxidation conditions at ‘m@de’ temperatures - samples (d) - the surface aappsovered
with small grains and rather rough, while for sa@spoxidized at higher temperatures - sample (Re-durface
appears in this case smooth with large grains sétferal porosities. We note that a limit case bebtwthese two

temperatures.

ones is observed on the sample (e). The same a@liserywere noted in the case of,p0.2 Pa.

We can see that by increasing the temperaturesutiace appears more attacked with a larger pgresierging
on the surface. The replacement of small grainktger grains is observed from 2070 K undep p®.2 Pa, and
from 2100 K under p©= 2 Pa. This replacement may be related to theesoance of grains at high temperature,

coupled with consumption of small grains by subtioma




Reference i} 1540 K (P) 1650 K (P/A)

SiC/SiC 1-12A

24CN21C T-TXy-14m

FIGUR 2. SEM images of the surface BfSiC-SiC/PyC/SiC composite béfdre (a) and aftedation under p@=
2 Pa at 1540 K (b), 1650 K (c), 1970 K (d), 2100e)KXand 2190 K (f).

Kinetics of active oxidation

Figure 3 shows the evolution of the mass loss vatsus temperature f@-SiC-SiC/PyC/SiC oxidized under
pO, = 0.2 and 2 Pa. These variations of the massrétesare calculated in mg émin™ by taking into account the
total front surface of the sample.

This representation gives a clear vision of thedotpof temperature on the mass loss rate. Thergehage
domains in the active oxidation regime for the twygen partial pressures. In the case of p@.2 Pa, we observe
a linear and low mass loss rate up to 1970 K, dor(iyi then a significant increase of the mass lags in two
steps, domains (II) and (lll). The domain (ll) steow mass loss rate increasing 4 times higher thanof the
domain (I), whereas the domain (Ill) shows that mess loss rate in increasing 3.6 times higher thahof the
domain (ll). The equations of linear trends areftilwwing ones with the corresponding correlatmefficient (v
in mg cm? min® and T in K):

- domain (1) 167 T<1970K v =0.0005T -0.79 (R 0.85)
- domain (Il 1976 T <2070 K v=0.0020 T - 3.88 (R 0.97)
- domain (Ill) 2070< T <2200 K v=0.0073T-14.71 R 0.98)

In the case of pO= 2 Pa, the corresponding linear trends are thlewimg ones with the corresponding
correlation coefficient (v in mg cfimin® and T in K):

- domain (IV) 1656 T< 1970 K v =0.0002 T - 0.24 (R 0.94)
- domain (V) 1976< T <2160 K v=0.0019T - 3.68 R 0.97)
- domain (VI) 2160< T < 2250 K v=0.0156 T - 33.14 R 0.61)
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FIGURE 3. Comparison between the mass loss rates accowliegniperature for SiC/PyC/SiC oxidized under
pO, = 0.2 and 2 Pa.

The increase of the mass loss rate is more impoutaster pQ = 2 Pa than the one calculated undes p@.2
Pa. Thus, the mass loss rate of the domain (V)Gigi®ies more important than that of the domain) @xd the mass
loss rate of the domain (VI) is 8 times more impattthan that of the domain (V).

To explain this first increase of the mass loss,rak refer to the observations of the transversgsesections on
figure 4. Indeed, the SEM micrograph of the sanipl@omain (V) (at 2160 K, figure 4 (d) ) revealswiaface matrix
detached from the body of the composite with a mioqgortant degradation of tHSiC coating compared to the
intact matrix and3-SiC coating observed in the case of the referesaceple (figure 4 (a)) and in the case of the
domain (IV) samples (e.g. samples oxidized at 1846 1740 K, figure 4 (b) and (c)). Thus, the bodythe
composite is more and more exposed to the oxidiatingosphere and a very damaging oxidation is takiage
which is characterized by an increase of the mass tate. Same observations were noticed in the afthe
samples oxidized under p® 0.2 Pa.

Above 2160 K for p@= 2 Pa and 2070 K for pG= 0.2 Pa, the sublimation of SiC(s) to Si(gC%¢) and
SiC,(g) may start at this temperature leading to anoimgmt mass loss rate [6]. This sublimation reacaplains
the greenish zones observed on the surface ofatheles exposed to very high temperatures (Figusarhples at
2200 K). The SEM observations of transverse crestiens carried out on these zones show tha4BiC coating
has nearly completely disappeared, along with aramced oxidation of the matrix (figure 4 (e) and.(fThis
advanced degradation, preferentially on some zafigbe surface, can be explained by a SiC layerntrima
coating) more or less thick according to irregglarface roughness of the composite. A longer exgasnder these
conditions will lead to a total revealing of thedyoof the composite. In addition, the chemical gse$ performed
by EDS in these greenish zones and gray areascétham showed, in both cases, a typical composafdiC.



Reference 1540 K (P) 1740 K (A)
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FIGURE 4. SEM images of transverse cross-sections of SiG&igbefore (a) and after oxidatio
Pa at 1540 K (b), 1740 K (c), 2160 K (d) and at@K9Yobservation in the level of a greenish zoea(al of a grey

zone (f))

These results show, for temperatures lower tha® Z)The weak impact of oxygen partial pressurelf{smrange
0.2 - 2 Pa) on the mass loss rate of material. B&®970 K, the composite SiC/PyC/SiC shows an aszeén the
degradation rate. This increase occurs at a losmaperature for pO= 0.2 Pa than for pO= 2 Pa. This difference
could be associated with the increase of the Silireation temperature according to £6).

Oxidation study on the uncoated face

In order to study the role of tieSIiC coating, several oxidation tests were alséopered under incidental and
accidental operating conditions on SiC/PyC/SiC dampn the uncoated face. Table 2 summarizes theugatests
conducted under pG- 2 Pa.

TABLE 2. Summary of the tests carried out on the uncoateel 6f SiC/PyC/SiC composite under,2 Pa,
temperature conditions and mass change rate

T (K) Mass change rate
(mg/cm2.min)
1760 -0.04
1970 -0.20
2130 -0.42
2180 -0.61
2200 -0.61

2220 -1.03



Figure 5 shows the evolution of the mass loss raesus temperature f@SiC-SiC/PyC/SiC oxidized under
pO, = 2 Pa. The empty circles represent the resutimdd on the uncoated face. We note in this ¢hsegxistence
of two oxidation domains in the zone of active @tidn. The equations of linear trends are the ¥alg ones with
the corresponding correlation coefficient (v in omg? min® and T in K):

- domain (VII)  1760< T<2170 K v=0.0013T-2.28 (R 0.92)
- domain (VIIl)  2170< T<2220 K v=0.0083 T - 17.58 {rR 0.65)

Compared to the results obtained on the sampledizexd on the coated face, the results obtainedhen t
uncoated face show a linear mass loss rate betW&hand 2170 K, which strongly increases beyortD X due
to the sublimation of SiC at very high temperature.

The mass loss rates and the SEM observations deshwmt a great influence of thSiC coating on the
oxidation behavior of3-SiC-SiC/PyC/SiC at high temperature. This coatiigch seems to be too thin (as shown
by the SEM observations of transverse cross-sexjtiarcase of accidental conditions of the GFRiaabxidation)
remains essential to close the porosity of theaserfand to prevent a direct contact between thaamiagases and
the body of the composite. This can explain thedirtrend of mass loss rate between 1760 and 22idned on
SiC/PyC/SiC oxidized from the uncoated face dueditect internal oxidation of the body of the comipas
compared to the mass loss rate in two stages aaberv SiC/PyC/SiC oxidized from the coated face.

Study on pre-oxidized samples

Table 3 summarizes the experimental conditionddets carried out on SpB-SiC-SiC/PyC/SiC pre-oxidized
during 48 hours in air at 1300 K, and the corresjiom mass variations, given in percentage and m§ erim™.
According to temperature, the SEM observationsefdxidized samples show a change in the surfacphlmgy
from a surface covered with small grains to a simaatrface composed of large grains. This changerscat
temperatures around 2170 K like in the case ohtrepre-oxidized samples.

TABLE 3. Summary of the tests carried out pre-oxidized,9€3iC-SiC/PyC/SiC composite under p©2 Pa,
temperature conditions and mass change rate

T (K) Mass change rate
(mg/cm2.min)
1760 -0.04
1890 -0.08
2160 -0.91
2170 -0.38
2210 -0.72

The solid squares on Figure 5 represent the tastied out on the pre-oxidized samples. The eqnstas linear
trends which take into account these points togetlith the ones obtained on non pre-oxidized sample the
following ones with the corresponding correlatiaefficient (v in mg crif min® and T in K):

- domain (IX) 16506< T < 1970 K v =0.0002 T - 0.24 (R 0.94)
- domain (X) 1976 T< 2160 K v =0.0016 T - 3.07 (R 0.90)
- domain (XI) 2166< T < 2250 K v =0.0140 T - 29.80 {rR 0.54)

It can be seen, by comparison between the resbl@ned on pre-oxidized samples with those on nbrma
samples, that the presence of a silica layer osuhface, formed after pre-oxidation in air dur#®yhours, does not
affect the kinetics of active oxidation in accid@ntonditions. For the GFR, it is clear that thenfation of SiQ
during the nominal operation mode is stabilize@raft certain duration. The silica layer thus formeahains very
thin and volatilizes very quickly in the case otigent at high temperature and consequently doegnatect the
material from aggravated active oxidation.
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FIGURE 5. Evolution of the mass loss rate versus temperdtuf@SiC-SiC/PyC/SiC oxidized under p® 2 Pa.
The empty circles represent the tests performegiG/PyC/SiC composite oxidized from the uncoatext fand the
solid squares represent the tests performed onxyidezed SiQ-B-SiC-SiC/PyC/SiC samples.

CONCLUSION

The experimental study carried out on fR8iC-SiC/PyC/SiC composites has enabled to deterhie oxidation
rates under incidental and accidental operatinglitions for two low oxygen partial pressures, 02l 2 Pa in a
total helium pressure of 1 atm. The evolution ofsmiss rates versus temperature shows the exéstérttiree
domains in the active oxidation regime. These teat® also shown the weak impact of oxygen paptiessure on
the mass loss rate - in the range 0.2-2 Pa - fopéeatures below 2070 K. Beyond 2070 K, we notiténarease of
the mass loss rate at lower temperatures farp0.2 Pa than for pO2 = 2 Pa. This difference agsociated with
the effect of oxygen partial pressure on the sudtiom temperature of SiC.

For the tests carried out on the uncoated facerehidlts do not show a great influence of fH8iC coating on
the oxidation behavior at very high temperaturds Toating which seems to be too thin for accidecdaditions
remains essential to prevent a direct contact atviee reactant gases and the body of the composite

The variation of mass loss rate do not show a greportance of Si@layer formed after pre-oxidation. This
layer will not protect the SiC/PyC/SiC in acciddrdperating conditions.
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