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The oxidation kinetics of SiC-SiC cladding tube segments and sandwich tubes with an inner
tantalum layer in impure helium atmosphere prototypical for GFRs was investigated at ambient
pressure in the temperature range between 900°C and 1600°C using a thermogravimetric device.
The transition from passive oxidation (formation of a protective silica scale) to active oxidation
(volatilization of silica due to the formation of SiO and other volatile species) occurred between
1200°C and 1300°C. Hence, during target operational temperatures of 900-1000°C, the CMC
cladding material should withstand long-term operation with respect to oxidation and corrosion. At
higher temperatures beyond 1300°C, i.e. under accident conditions, volatilization of composite
constituents would lead to serious degradation of the SiC-based cladding tubes. Severe interactions
between the tantalum layer and silicon carbide with the formation of Ta silicides and carbides were

found to become significant at temperatures higher than 1300°C.



1. INTRODUCTION

SiCs-SiC ceramic matrix composites (CMCs) are promising materials for cladding tubes for fuel
assemblies in nuclear reactors. They consist of silicon carbide fibers, a weakly bonded interphase
made of PyC, and a matrix of SiC e.g. chemical vapor infiltrated and may include a dense external
CVD SiC layer. Their excellent stability at high temperatures makes them a favorable candidate for
application in gas-cooled fast reactors (GFR). The expected GFR operating conditions are in helium
as coolant at a pressure of 8 MPa, temperatures up to 1000°C, and gas flow as high as 90 m/s.
Although the helium is expected to be of high purity, a low amount of impurities like oxygen, water,
nitrogen, and others, is unavoidable in a technical system like a nuclear reactor. Especially the
oxidizing impurities bear the risk of oxidation and corrosion of the cladding tubes during long-term
operation under the extreme conditions.

In the framework of the FP7 MatISSE project [1] the high-temperature oxidation and corrosion
behavior was experimentally investigated under operation and accident conditions prototypic for a
GFR. This paper presents a summary of results obtained at Karlsruhe Institute of Technology (KIT)
on high-temperature oxidation of SiCsSiC tube segments in flowing helium with GFR coolant
chemistry at temperatures between 900°C and 1600°C at ambient pressure. The samples were
produced and provided by the French Alternative Energies and Atomic Energy Commission (CEA).
The impurities content of helium proposed by the UK National Nuclear Laboratory (NNL) and
agreed within the MatISSE working group is based on a literature survey [2] and it reflects the He
coolant conditions reported from the Chinese HTR-10 prototype reactor, which has been also used
as a reference environment for the demonstrator ALLEGRO. First results of this work concentrating
on the oxidation of SiCs-SiC at lower temperatures were already published by Avincola [3].
Fitzgerald’s review paper [2] discusses in detail the state of knowledge on high-temperature
corrosion and erosion of silicon carbide. Hence, in this chapter only a brief summary of the most
important phenomena and reactions is given.

The oxidation of SiC can be divided into so-called passive and active oxidation. The excellent
high-temperature resistance of silicon carbide is based on the formation of a passivating silica scale
according to Egs. 1-3, and described by parabolic correlations; i.e. the mass gain or oxide scale
growth rates are proportional to the square root of the time. The rate determining step of the
oxidation process at the SiC/SiO; interface (described by reaction 1a,b, 2, and 3) is the diffusion of
the oxidizing species through the silicon oxide scale, once homogeneously formed on the SiC

substrate. Before this stage, a linear oxidation law could be observed, as it is directly determined by

2



the interface reaction. In presence of H,0, reaction (2) is likely dominating, as it is faster than

reactions 1a,b. CO; is another potential oxidizing agent, and reacts with SiC according to Eq.3.

SiC + 20, - Si0, + CO, (1a)
SiC + 1.50, - Si0, + CO (1b)
SiC + 3H,0 - Si0, + 3H, + CO (2)
SiC +3C0, > Si0, + 4CO (3)

At high temperature and low oxidant partial pressure the so-called active oxidation takes place,
with the formation of volatile SiO instead of the protective silica (Eg.4). The transition between
active and passive oxidation is determined by temperature and partial pressure of the oxidizing
species [4] [5] [6]. The mass loss by this reaction is usually described by linear kinetics.

SiC + 0, - Si0 + CO (4)

In water/steam containing atmosphere, the formation of volatile silicon hydroxides additionally
contributes to the degradation of the silica scale at high temperatures and high flow rates, mainly
following Eqg.5 [7] [8]. Growth and volatilization of the oxide scale can be described by a paralinear
oxidation model [7].

Si0, + 2H,0 - Si(OH), (5)

The oxidation behavior of SiCt-SiC CMCs, as well as the oxidation of the PyC interphase [9] [10]
(if exposed to the atmosphere) has to be assessed in order to understand and predict the
oxidation/corrosion behavior of the composite. Moreover, the interaction between SiC and the
inner tantalum layer used in so called sandwich tubes is still unknown under GFR conditions to the
best of the authors’ knowledge.

This paper presents the outcome of an extensive experimental program on the high-
temperature oxidation behavior of SiCs-SiC, sandwich samples with internal tantalum tubes in
impure helium at normal pressure. Additionally, in the framework of MatISSE, experiments on SiCs-
SiC corrosion and erosion under high pressure and high flow rates obtained in a helium loop were
conducted at Research Centre Rez (CVR). Results of this experimental program will be published

elsewhere.

2. EXPERIMENTAL DETAILS
2.1. Test facility and conduct
All oxidation experiments were performed in a symmetric thermal balance Setaram

TAG 16/18 Evo [11]. The symmetric design with two furnaces, one for the sample and one for the
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reference, allows highly precise mass change measurement without the need of reference tests for
buoyancy correction. Two gas mixtures (He+H,0; He +other impurities) were injected through the
balance case as well as above the sample and mixed in the reaction tube; the gas flow was from top
to bottom. The oxygen concentration of the off-gas was measured using a ZIROX [12] oxygen
analyzer with an yttria stabilized zirconia solid electrolyte. An alumina tube segment of similar size
like the SiC samples was used as reference sample. The thermocouples (TC, type S) were located
very near below the samples without contacting it. After several failures of the Pt-Rh TCs due to the
hydrogen and CO containing atmosphere, the thermocouples were protected by a one-side closed
alumina tube. This measure did not affect the temperature control during the isothermal
experiments.

Each sample was weighed before and after the test. Once inside the thermo-gravimetric (TG)
system, the samples were heated to the predefined temperature with a rate of 30 K/min in pure
(99.9999%) helium. After thermal equilibration at this temperature for 300 s the helium gas with
prototypical impurities according to Table 2 was introduced. All tests performed were isothermal
ones, with typical duration of 3, 20, 200, and 1000 h, respectively.

At temperature lower than 1200°C a Pt wire was used to hang the sample in the furnace.
Beyond 1200°C, due to the aggressive attack of the atmosphere, the platinum was replaced by
ceramic sample holders and a suspension system made of alumina. To account for the SiO
evaporated from the sample and condensed on the sample suspension, the TG measurements were
corrected for the calculation of rate constants using the initial and post-test masses determined
with a separate laboratory balance.

2.2. Specimens and gas atmosphere

Altogether six types of samples (SiCSiC with and without tantalum liner, three surface
qualities each) were investigated. All samples were manufactured and provided by CEA [13]. The
dimensions were 10 mm length, and outer/inner diameters of 9.50/7.80 mm and 9.75/7.75 mm for
SiCtSiC and sandwich samples, respectively. The samples had three different surface roughnesses
(Ra) and were named: "as-manufactured" (Ra = 50 um), "ground" (Rs = 10 um) and "smooth"

(Ra = 2 um). Ground samples are as-manufactured sections that were subjected to mechanical
grinding and then overcoated with B-SiC by PVD. Smooth samples are ground sections that were
subjected to an additional mechanical grinding. For the analyses of TG results the geometrical

surfaces of all samples were determined. The real surface of the samples should be different for the



three types of surface quality. This issue has to be taken into account during the discussion,
although the difference should not play a major role in the interpretation of the results.

The SiC:-SiC samples were prepared by CEA from high purity Hi-Nicalon S SiC fibers by 2D
filament winding (first layer) and 2D braiding (2"¢ and 3™ layer). The fibers are covered by a 30-

50 nm pyrocarbon (PyC) interphase. The SiC matrix was produced by chemical vapor infiltration
(CVI) process, also resulting in high-purity SiC. The sandwich samples additionally contained a

0.1 mm tantalum liner between the first and second layer. After cutting, all samples received a CVD
SiC coating in order to seal SiC fibers and Ta liner. Table 1 gives an overview of samples investigated
and Fig. 1 shows macro and micro views of the as-received SiCs-SiC samples. The different surface
gualities are clearly seen in the macrographs and SEM images of Fig. 1.

The helium gas mixture used was purchased from AIR LIQUIDE with a composition prototypic
for a GFR. The impurity concentrations for these experiments at normal pressure were scaled in
order to obtain the same partial pressures as in a GFR at 70 bar operating pressure as shown in
Table 2. Due to practical reasons, two mixtures had to be used, one with water as the only additive
and a second with all other impurities. Both gases were mixed 50/50, i.e. the purchased gas
mixtures had to contain the double impurity concentrations compared to the values given in Table
2. Furthermore, the maximum available water concentration in helium was 120 vppm, so the finally
applied water concentration was 10 vppm lower (60 vppm) than predefined. The gas flow rate for
all experiments was kept constant at 30 ml/min (total flow) resulting in a flow velocity of approx.

8 cm/min.

Table 1: Overview of samples investigated

Sample Type Surface
L1 SiCs-SiC | as manufactured
L2 SiCsSiC ground
L3 SiCs-SiC smooth

SL1 sandwich | as manufactured

SL2 sandwich ground

SL3 sandwich smooth
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Fig. 1: SiC¢-SiC samples. First row: Macro appearance of the surface. Second row: SEM images

As produced

of the surface.
Table 2: Impurity composition of the helium gas used

Impurity | Concentration at 70 bar | Concentration at 1 bar | Applied concentration
vppm vppm vppm
H2 3 210 210
co 210 210
N: 2 140 140
02 1 70 70
H20 1 70 60
CHa4 1 70 70
CO; 1 70 70

The gas mixture is of strongly reducing character due to its high contents of H, and CO. The
calculated equilibrium composition depending on temperature is given in Fig. 2. In the linear scale
no oxygen is seen; the oxygen equilibrium compositions at 500, 1000, and 1500°C are 10?7, 1013,

and 107 mol%, respectively. The results of the equilibrium calculations are theoretical values. The

real gas composition may differ from these values e.g. due to kinetic limitations in this strongly

diluted gas mixture, especially at lower temperatures.
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Fig. 2: Equilibrium gas composition of the applied gas mixture helium plus impurities as given
in Table 2 calculated with Thermo-Calc [14] using the data base from SGTE [15]

2.3. Post-test examinations

After the experiment the post-test masses of the samples were determined and macro photos
were taken to document the appearance of the SiC tube segments before embedding them. The
surface of some samples was documented and analyzed by SEM/EDX as well. Scanning electron
microscopy was performed with a Philips XL30S FEG with field emission gun equipped with a silicon
drift detector (SDD) for element analysis. Element analyses and line-scans where performed at 5 kV
acceleration voltage to achieve best possible results in regard to the light elements. The local
composition of the SiC-Ta interaction zone for selected sandwich samples was analyzed by a JEOL
JXA-8530F Field Emission Electron Probe Microanalyzer (EPMA) with 10 kV acceleration voltage and
20 nA probe current.
2.4 Thermodynamic Modelling

CALPHAD-type [16] equilibrium calculations were performed, using the Thermo-Calc software
[14], to support and explain the conducted experiments.

The equilibrium composition of the prototypical GFR atmosphere (He+Impurities) was
calculated in the experimentally covered temperature range. Furthermore the transition from
passive to active oxidation of SiC in this specific atmosphere was determined. Calculations were

performed using thermodynamic descriptions of the gas species from the SGTE substance database



SSUB v4.1 [15]. Additionally, data for the binary systems Si-C [17] and Si-O [18] were added from
literature. Interactions of the inner Ta layer with the SiC-based cladding tube were investigated and
discussed on the basis of the isothermal section in the ternary Ta-Si-C system at 1500 °C and the
temperature-composition diagram across the SiC-Ta interface. The thermodynamic dataset for the
ternary system Ta-Si-C was deduced by extrapolation from the binary subsystems Si-C [17], Si-Ta
[19] and Ta-C [20]. Carbon solubility in TasSis is known from literature [21] as for other MesSis
silicides [22]. However no TasSisCx phase was introduced to the present dataset as its carbon
content is under ongoing discussion [23] and no conclusive thermodynamic description is available

in literature.

3. EXPERIMENTAL RESULTS
3.1 Oxidation of SiCs-SiC samples

Oxidation tests with SiCSiC (non-sandwich) samples were conducted at temperatures of 900,
1000, 1200, 1300, 1400, 1500, and 1600°C, respectively, mostly for 20 hours. Longer duration tests
have been performed additionally for 200 h at 1000°C and 1000 h at 900°C and 1200°C, shorter
durations of 3 hours for experiments at very high temperatures of 1400-1600°C.

3.1.1 Thermo-gravimetric results

The mass change data of all tests were referred to the geometrical surface of the samples for
the sake of comparison with literature data. Fig. 3 gives an overview of mass changes measured for
all temperatures with one typical sample per temperature and sample type in a 20-hours time
scale. The diagram shows original data shifted to the (0,0) position for initiation of the gas injection,
but without further corrections for the determination of kinetic constants as discussed below.

At a first glance the most important outcome of the experiments is visible: linear mass loss regime,
i.e. active oxidation of the SiC-SiC samples occurs at temperature higher than 1200°C. At
temperatures between 900 and 1200°C mass gain is observed suggesting that passive oxidation due
to the formation of a silica scale took place. As noted in Fig. 3, both effects increase with increasing
temperatures, especially the mass losses increase dramatically with increasing temperature.

The three different sample types (as manufactured, ground, smooth) behave slightly different,
especially in the temperature range of passive oxidation. In general, it can be stated that the mass
changes at temperatures 900-1200°C are very low as seen in the diagrams of Fig. 4 to Fig. 5,
reaching the resolution limit of the TAG system. Nevertheless, there seems to be a reproducible

effect of the surface quality on the initial phase of the oxidation. At 900°C as well as at 1200°C (Fig.
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4) mass gain starts immediately after initiation of the gas injection for the as-manufactured and
ground samples whereas an initial mass loss is observed for the smooth samples before mass gain is
established. This may be connected with the initial oxidation of grinding/polishing agents or of bare
fibers with PyC layers leading to the formation of volatile CO/CO,. A reference curve (shown in Fig.
4) obtained at 900°C with an inert alumina sample indicated that the sample effects are slightly

overlapped by the system behavior of the TAG working in a not air-conditioned lab.
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Fig. 3: Mass change during oxidation of SiC-SiC cladding tube segments in impure helium
atmosphere at temperatures between 900 and 1600°C.

Interestingly, the mass gain of the ground samples is higher than of the as-manufactured ones,
even one should expect a lower effective surface of the ground tube segments. Differences in mass
loss of the samples were also observed for the higher temperatures but without any evident
correlation. Therefore, these differences were taken as scatter of the corrosion behavior from
sample to sample.

The longer duration tests with 1000 h annealing time shown in Fig. 5 demonstrated that after
an initial mass gain for approx. 50-100 h the mass stabilized at an almost constant value (at least

referred to the resolution limit of the balance).
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Fig. 4: Mass change during oxidation of SiC-SiC cladding tube segments in impure helium
atmosphere at temperatures between 900 and 1600°C. Zoom on the 900-1200°C experiments
with passive oxidation and one reference test at 900°C with Al,Os.
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Fig. 5: Mass change during 1000 hours oxidation of SiC:SiC cladding tube segments in impure
helium atmosphere at 900 and 1200°C
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Kinetic data of the corrosion rates of the SiCs-SiC samples can be obtained by fitting the TG

curves to Eq.6.

Am

-~ = K-t" (6)
with Am — mass change, S — surface of the sample, K — rate constant, t —time, and n —rate
exponent. The exponent is n=1 for linear kinetics and n=1/2 for parabolic kinetics.

Table 3 summarizes the data used for the calculation of the linear mass loss rate constants
including the corrected data taking into account volatilization and condensation on the sample

holder as mentioned in chapter 2.1.

Table 3: Linear mass loss rate constants corrected by the ratio of the mass losses obtained by the
TAG system and by an analytical balance. Note that the corrected rates have a different unit for
better comparability with values given in literature, e.g. [2].

Sample | Temp. Rate Am(TAG) | Am(bal.) | Corr. Rate
°C | mgem2ht mg mg mgem2mint
L2-5 1300 -0.012 -1.16 -1.31 -2.26E-4
L3-6 1300 -0.014 -0.098 -0.11 -2.62E-4
L3-8 1400 -0.028 -0.503 -0.98 -9.09E-4
L1-8 1400 | -0.0298 -0.557 -0.95 -8.47E-4
L2-8 1400 -0.032 -0.572 -1.1 -1.03E-3
L2-9 1500 -0.152 -2.19 -1.55 -1.79E-3
L3-9 1500 -0.112 -1.97 -2.3 -2.18E-3
L1-9 1500 -0.128 -0.55 -1.18 -4.58E-3
L1-10 1600 -1.79 -191 -85.5 -1.34E-2
L3-10 | 1600 -1.54 -125 -89.6 -1.84E-2

The Arrhenius diagram in Fig. 6 confirms that the high-temperature corrosion of the SiC
samples is a thermally activated process. The temperature dependence of the reaction can be

described by the following equations (Eqgs.7), giving the activation energy as Ea = 326 kJ/mol.

In (K;) = 16.45 — 222 (7a)
K;=1.39-107 - exp (—="") (7b)
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Fig. 6: Linear mass loss rates of the reaction of SiC:SiC with helium impurities at temperatures from
1300 to 1600°C. Left: Linear scale, right: Arrhenius diagram.

The evaluation of the experiments in the passive oxidation regime at lower temperatures is less
straight forward. First, the mass changes are very small, for many tests at or even below the
resolution limit of the analytical balance used, and second, the masses determined by TG are not
changing homogeneously. However, the log(Am/S)=f(log(time)) diagram of the two long-term tests
at 900 and 1200°C (Fig. 7) allows to draw some conclusions. The exponent n of Eq. (6) corresponds
to the slope of the log-log curves. The 900°C curve gives no relevant information, whereas for the
1200°C curve, three different regions can be distinguished. In the initial phase of the first ten hours
a sub-parabolic behavior with n=0.37 is observed. Later on, up to approx. 100 hours, the exponent
is reduced to n=0.14 and after 100 hours until the end of the test to n=0.035. This means that the
long-term oxidation cannot be described by purely parabolic kinetics. For 900°C, the maximum
operation temperature of a GFR, no significant degradation of the SiCt-SiC cladding is expected at
normal pressure and low flow rates even for long-term use, according to the extrapolation of the

experimental data of this work.
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Fig. 7: log-log diagram of the mass change during the two experiments for 1000 hours at 900 and
1200°C.
3.1.2 Post-test examinations

The post-test appearance of almost all samples was documented by macro photos. A selection
of photos taken after tests at various temperatures is presented in Fig. 8. At first glance, it can be
seen that all samples kept their shape and are in mechanically stable condition; i.e. no obvious
cracks or spallation is visible. Mechanical properties of these samples were not determined. Up to
1500°C only slight changes of the surface color are visible. The temper colors of the samples
annealed at 900°C and 1200°C indicate very thin (sub-um) oxide scale thickness. The sample
annealed at 1600°C shows the formation of a white surface layer.

A deeper insight into the surface structure of the samples was obtained from SEM images
shown in Fig. 9. A surface layer with increasing grain size is formed between 900°C and 1200°C. This
layer is analyzed by EDX to be SiO,, Fig. 10. The silica scale is in the sub-micrometer range at both
temperatures, approx. 0.2 and 0.6 um for the 1000-hours tests at 900°C and 1200°C, respectively.
From 1300°C (not shown in Fig. 9) the surface is increasingly attacked by the impurities of the
helium gas. Holes and craters are seen at the surface of the sample annealed at 1400°C and 1500°C.
A much more serious attack deep into the bulk is observed for the sample annealed at 1600°C. The

surface is heavily jointed (ragged) which should be the reason for its white appearance. The
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remaining material is of cauliform structure. No superficial oxide scale was observed from

temperatures of 1300°C and beyond; see e.g. bottom images of Fig. 10.

L2-7, 1000h, 900°C L3-7, 200h, 1000°C L2-10, 1000h, 1200°C

L2-8, 3h, 1400°C L2-9, 2.6h, 1500°C L1-10, 20h, 1600;C

Fig. 8: Macro appearance of selected samples after oxidation tests in impure helium
at various temperatures.
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Fig. 9: SEM surface images of selected samples after oxidation tests in impure helium at various
temperatures and times.
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Fig. 10: SEM images and EDX results of cross sections of samples oxidized at various temperatures.
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Additional EDX point analyses of the surface of the samples annealed at the highest
temperatures show a reduced carbon content of the surface which may be explained by the
preferred reaction of carbon forming volatile carbon-containing gases.

Generally, the SiC fibers with PyC coating were not attacked during the oxidation/corrosion
tests. Only one example for a fiber attack was found at sample L3-10, annealed for 20 hours at
1600°C. SEM micrograph and corresponding EDX mappings for carbon and silicon have shown the
consumption of the PyC coating of the fibers in contact with the oxidizing atmosphere. At lower
temperatures no attack of fibers was observed at all.

The results obtained by these post-test investigations are in accordance with the TG-results;
they confirm the transition from passive to active oxidation in GFR prototypic gas mixture between

1200°C and 1300°C.

3.2. Oxidation of sandwich samples with inner tantalum liner

Due to partial oxidation of the tantalum liner at the samples’ edges the mass change curves
were not meaningful and are not further discussed here. The general features were the same as for
the non-sandwich samples with transition from passive to active oxidation at temperatures above

1200°C. The tantalum liner is easily oxidized after getting into contact with the atmosphere.

3.3. High-temperature interactions between silicon carbide and tantalum

The post-test examinations of the sandwich samples focused on the behavior of the tantalum
layer during annealing, especially on its interaction with the surrounding silicon carbide. Selected
optical micrographs of whole tube wall cross sections as well as of magnified regions of the
tantalum layer are summarized in Fig. 11. Already the as-produced sample shows an interaction
zone between Ta and SiC of approx. 1-3 um. The extension of the interaction layer increases with
temperature, being about 2, 9, 18, 33, 33 um thick after 20 hours tests at 1000, 1200, 1300, 1400,
and 1500°C, respectively. The same value for the tests at 1400°C and 1500°C could be related with
saturation effects. In addition to the continuous interaction layer, most samples showed areas of
increased interaction with a porous, golden-colored reaction product mainly at the inner Ta/SiC

interface.
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Fig. 11: Optical micrographs of selected sandwich samples’ cross sections after oxidation tests in
impure helium at various temperatures with focus on the Ta-SiC interaction.

SEM-EDX investigations of the interaction zone provided almost no information due to

overlapping of Si-Ka and Ta-M lines. For this reason more sensitive WDX microprobe analyses were
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conducted with two specimens annealed at 1400°C and 1500°C. Fig. 12 provides the results of a
WDX line scan through the interaction zone of the sample annealed for 3 hours at 1400°C as a
typical example for the interactions between SiC and Ta. The layer sequence from silicon carbide
bulk to the tantalum bulk material is SiC-TaC1.x-TasSi3-TazSi-Ta. Pore formation associated with the

Kirkendall effect is observed at the tantalum carbide/silicide interface.
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Fig. 12: Qualitative WDX line scan of the Ta-SiC interaction zone of sample SL2-3 annealed for 20
hours at 1400°C.

At 1500°C, an enrichment of carbon between the two tantalum silicide layers was observed.
Furthermore, a carbon content of about 5-6 at% was found in the remaining tantalum bulk material
for the sample annealed at 1400°C. This is much more than the solubility of carbon in tantalum at

this temperature according to the binary phase diagram [20]. The carbon was found in small sub-
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um sized TaCx particles randomly distributed in the tantalum bulk. Table 4 provides quantitative
results of point analyses of the various regions seen in the SEM image (Fig. 12). The porous golden-

colored phase seen locally at the inner tantalum tube interaction layer was analyzed to be TaCix.

Table 4: WDX analysis results for different regions (see Fig. 12) from Ta to SiC. Mean values of three
point measurements each.

Wt.% At.%

C Ta Si | Total C Ta Si | Total

Ta 044|984 |0.06| 989 | 6.3 | 93.3|0.38|100.0
TaxSi | 0.46 | 92.7 | 85 | 101.6 | 4.5 | 60.1 | 35.4 | 100.0
TasSis | 0.96 | 90.0 | 10.2 | 101.2 | 8.5 | 53.0 | 38.5 | 100.0
TaCix | 4.2 | 916 | 0.03 | 95.9 | 41.0|58.8 | 0.13 | 100.0

SiC |28.8]0.15|63.2| 92.2 |51.6 |0.02 | 48.4 | 100.0

4. DISCUSSION

The most important outcome of this study using GFR prototypic partial pressures of impurities
in He coolant, but applying non-prototypic boundary conditions with respect to pressure and flow
rate, is the determination of the transition temperature between the passive and active oxidation
regimes of SiC-based fuel cladding which occurs at around 1200-1300°C. In the 900-1200°C
temperature range all samples showed passive oxidation due to the formation of a protective silica
scale connected with very low mass gain that increases with rising temperature. Especially the
results obtained at 900°C with very low mass gain during 1000 hour annealing in impure helium
indicate that oxidation at operation temperature should not be an issue. The SiC:-SiC samples
underwent mass loss due to active oxidation with SiO volatilization from 1300°C and above.

This is a positive result with respect to the potential application of SiCs-SiC CMCs as fuel
claddings in gas-cooled fast reactors in which maximum operation temperatures of 900-1000°C are
foreseen under nominal conditions. The passive to active transition temperature determined in this
study should be valid also for prototypic conditions with respect to pressure and flow rates,
because it is mostly dependent on temperature and partial pressure of oxidizing gases [24]. The
impurities partial pressures were scaled for these experiments from 70 bar GFR operating pressure

to 1 bar applied in these experiments. Hence, the low mass gain rates obtained during passive
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oxidation should be representative of the operation conditions. In correspondence with the low
mass gains, the silicon oxide scale thicknesses determined in this study were always in the sub-um
range. This is in accordance with literature data [25] [26], where also only SiO; layer thicknesses
below 1 um were found for various temperatures and conditions of passive oxidation.

Issues in terms of PyC interphase removal at temperatures below 900°C mentioned in
literature [2] have not been observed and are not expected because the dense external SiC layer
seems to protect the fibers sufficiently. Fiber attack was only found at the highest temperature of
1600°C.

On the other hand, a strong effect of thermal-hydraulic boundary conditions (pressure, flow
rate, gas composition) is expected for active oxidation regime at higher temperature. Hence, the
conditions during accident scenarios should be carefully assessed for further analyses of cladding
corrosion rates. This is also confirmed by comparison of mass loss data obtained in this study with
literature data, as shown in Fig. 13. Dawi [27] and Charpentier [28] obtained much higher mass loss
rates of different SiC materials in helium with low oxygen partial pressures (0.2-10 Pa). The oxygen
partial pressure is comparable with this study (7 Pa Oz; 20 Pa 0,+C0O,+H,0) but the gas flow rate
was higher (10 I/min compared to 30 ml/min in this study). Contrariwise, Terrani [29] measured

significantly lower mass loss rates during active oxidation in flowing steam.
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The corrosion/recession rates obtained in this study should be a lower limit of expected
corrosion rates due to the low gas flow rates and normal pressure applied in the experiments of
this study. The conversion of a typical mass loss rate of -0.002 mg/cm?min (found at 1500°C) into
the corresponding corrosion thickness rate results in 0.3 um/h or 7.4 um/day. Depending on the
accident scenario, this value could be acceptable if a wall thickness of approx. 1 mm was employed.
On the other hand, higher corrosion rates are expected in real transients due to the more
aggressive boundary conditions as well as possible attack of fibers in the bulk of the CMC material,
which was almost not observed in the experiments presented in this report.

The total content of oxidant impurities (02+CO2+H;0) of the gas mixture defined in chapter 2.2
corresponds to 0.44 mg/h oxygen. In a first approximation, Egs.1-4 can be used to calculate the
maximum mass gain during passive oxidation, resulting in +0.14 mg/h. The maximum mass loss
during active oxidation equals to -0.55 mg/h. These numbers take into account only ideal oxidation
behavior and neglect the limitations of the solid-gas heterogeneous reactions. In this study, the
maximum mass gain rates measured was 103 mg/h, meaning that during the tests with passive
oxidation starvation conditions for oxidizing gases were by far not reached. Otherwise, the average
mass loss rates measured for the test with active oxidation were -0.16 mg/h and -0.70 mg/h at
1400°C and 1500°C, respectively. Hence, at temperature equal to or higher than 1500°C the mass
loss rates could not be explained by Eq.4 alone.

As already stated in Fitzgerald’s review paper [2], the experimental data basis for high-
temperature oxidation under GFR prototypical conditions is very scarce. So it is reasonable to
compare the experimental data also with thermodynamic calculations. Fig. 14 gives the results of
an equilibrium calculation of 1 mol SiC with 1 mol helium gas with the impurities defined in Table 2.
According to this calculation, the transition from the completely stable SiO; layer to completely
volatile reaction products (passive — active) occurs between 800°C and 1000°C, which is lower than
the transition temperature measured in this work. This may be explained by the local conditions at
the solid/gas interface differing from the global thermodynamic equilibrium. Kinetic limitations
determined by the diffusion of oxidizing gas species to the materials surface and the outwards
diffusion of gaseous oxidation and volatilization products are not considered in the calculations.
This is probably leading to the observed shift of the active — passive transition to higher
temperatures.

Further thermodynamic calculations were done for the Ta-SiC interaction. As seen in the

experiments, the calculations confirm that tantalum and silicon carbide are chemically not
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compatible with each other. Tantalum carbides and tantalum silicides are the stable reaction
products. According to the results of the calculation shown in Fig. 15, a complex multiphase
interaction zone containing various carbides and silicides is formed between SiC and tantalum. The
experimentally observed phase sequence is in accordance with the tie lines of the isothermal
section. Additionally, the temperature-composition diagram reveals the lowest eutectic
temperature of 1842 °C on the SiC-rich side of the SiC-Ta system. In the experiments, sub-
stoichiometric TaCi« as well as TasSiz and TaxSi were found in the interaction layer which is, also in
the order of their appearance, in good agreement with the calculation results. The phase diagram
Ta-C [20] reveals hypo-stoichiometry of the “TaC” phase which is confirmed by the microprobe

elemental analyses.
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Fig. 14: Thermodynamic calculation with Thermo-Calc [14] of composition of gas phases (left) and
solid phases (right) with 1 mol SiC and 1 mol helium with impurities according to Table 2 versus
temperature.

It is not clear to which extent the SiC-Ta interaction affects the function of the tantalum
hermeticity liner in the composite cladding. Mechanical and leak tightness tests, as well as longer
experiments especially under operation conditions, are necessary to resolve this issue. In any case,
the contact of tantalum with the oxidizing atmosphere has to be avoided because of the rapid
oxidation kinetics of the metal as seen qualitatively for non-protected edge areas of the sandwich
samples especially at lower temperatures. This is in accordance with results obtained recently by
Avincola [30], who found during oxidation of tantalum in argon-steam mixtures the formation of
more stable oxide films only from temperatures beyond 1000°C. One of the main reasons for the

formation of non-protective oxide scales is the high Pilling-Bedworth ratio of 2.47 for the formation
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of Ta;0s. Stress relief due to plastic deformation in the base metal as well as in the oxide layer

should be the reason for the formation of protective oxide layers at higher temperatures.
Similar layer-wise interaction zones with the formation of carbides and silicides have been

found recently for the system Zircaloy-4/SiC by Grosse [31]. There the interaction layer was even

more complex due to the presence of tin resulting in a quaternary system.
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5. SUMMARY AND CONCLUSIONS

The oxidation of SiC:-SiC cladding tube segments and sandwich tubes with inner tantalum layer
in impure helium atmosphere prototypical for GFRs was investigated at normal pressure in the
temperature range between 900°C and 1600°C using a thermogravimetric device. The composition
of the gas mixture (helium plus H,0, Hz, CO, CO3, N3, O,, CHs) was defined according to a literature
survey by NNL performed in the framework of the MatISSE project [2]. The partial pressures of the
impurities were scaled to normal pressure applied in these experiments.

The transition from passive oxidation (formation of a protective silica scale) to active oxidation
(volatilization of SiO and other gaseous species) occurred between 1200°C and 1300°C. Hence,
during target operational temperatures of 900-1000°C the SiC:-SiC CMC cladding material should
withstand long-term operation with respect to oxidation and corrosion. It is expected that the
results in the passive oxidation region can be extrapolated to GFR conditions because the oxidation
rates are mainly dependent on temperature and oxygen partial pressure which were prototypic in
the tests presented in this paper. At temperature higher than 1200°C, i.e. under accident
conditions, volatilization of components would lead to degradation of the SiC based cladding tubes.
Because of the strong dependence of the active oxidation on the thermo-hydraulic boundary
conditions more experiments under prototypic conditions regarding gas flow rates and pressure are
needed and have been partially conducted in the framework of the MatISSE project.

An Arrhenius type kinetic rate equation was developed for the linear volatilization rates at high
temperatures. The mass gains during passive oxidation were too low during the applied annealing
times (20-1000 hours) to develop a reasonable rate correlation for the passive oxidation.

The oxidation test results of sandwich tube segments could not be used for deriving kinetic
correlations because of partial oxidation of non-protected tantalum at the edges of the samples.
However, these tests highlighted the severe interactions occurring between SiC and Ta, leading to
the formation of tantalum silicides and carbides. The influence of these interactions on the
hermeticity of the sandwich cladding tubes is still an open issue which needs to be addressed in
future.

The experiments were compared to the scarce literature data available showing agreement for
the passive oxidation but strong scatter of data in the active oxidation range. Thermodynamic

equilibrium calculations supported and confirmed the experimental results.
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The results obtained in this study at normal pressure and low gas flow rates will be compared
with results obtained in helium loops at CV Rez with prototypic pressure and gas flow rates, to be

published elsewhere.
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