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Report on the leaching behavior of FP-containing SiC/ZrC

Executive summary

At present, spent HTR fuel elements are considienedirect disposal in deep geological
formations. From a chemical point of view, direpibsal of spent HTR fuel is justified by some
favourable characteristics of HTR fuel elementgarticular the presence of chemically resistant
coating layers around the radioactive fuel kersalsh as SiC or the envisaged alternative ZrC
which are further embedded in a highly stable gitapimatrix.

One of the very important tasks in the understanainthe possible behaviour of SiC and ZrC is
studying the interaction between fission productd these carbides. Cs and Ag are among the
fission products which may well come in contactrwgarbide layer. The interaction may result in
the formation of new phases which may have a negafifect on the stability of the carbide layer.
And thus its leaching behaviour. Knowledge of tlebale-FP system is therefore of utmost
importance. Mixture of carbides and suitable AgéGsipounds were subjected to a leaching test in
order to assess the effect of additional phasedbom on the behaviour of the carbides.
In this study the chemical resistance of SiC ard idrthe interaction with FP is determined under
repository conditions such as salt domes, grarated repositories and clay formations.
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1.1 Objective

An open fuel cycle with direct disposal of conditenl or non-conditioned fuel elements is one
of the back end options for spent HTR fuel elemastproposed in the EC. In order to develop
a realistic descriptive model for the long term dabur of spent HTR fuel in aqueous phases
of host rock systems in terms of possible releds@adionuclides, the behaviour of the fuel
kernel and all subsequent coating layers undersiepg conditions need to be understood.
The carbide coating serves as a barrier for immsahg the fission products in HTR fuel. After
ingress of naturally occurring fluids in the sumding graphite through pores or damaged
parts, the carbide layer is subjected to corrositve corrosion velocity of this layer is one of
the most important parameters determining radiodeaielease since it serves as a barrier to
trap the formed fission products.

In recent years, zirconium carbide has come to &ran alternative for the existing silicon
carbide coating. Silicon carbide can form unwarpldses with fission products like silver,
altering the integrity of the layer.

Data with respect to corrosion velocities of zincon carbide is lacking and consequently,
comparison between both carbides from a dispodat pb view cannot be made. This report
describes results from corrosion studies, addrgdsith carbide materials.

The envisaged fuel elements for a HTR are showngare 1. Coated fuel containing particles,
consisting of several layered materials are disted in graphite pebbles. The existing coated
particles have an internal SiC layer that servedissson product barrier. In Figure 1, the
different coatings are shown.

The external pyrocarbon layer (PyC) present ontiegiscoated particles prevent corrosion
studies with respect to the SiC (or ZrC) layer simontact of an intact pyrocarbon coating
prevents/limits water ingress and therefore comd@ctatural existing liquids with the carbide
layer. In principle, the outer pyrocarbon coatingynbe removed by oxidation at elevated
temperatures but this may change the state of aaéing, e.g. by formation of silicon (or
zirconium) oxide or oxicarbides. The formation aofck reaction products will influence the
corrosion velocity of the carbide layer.

Therefore, the need exists for coated particlesrevtige external pyrocarbon coating has not
been applied.
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Figure 1: Pebbles (left) and fuel kernels (righipwing the subsequent layer materials

In recent years, novel coated particles have beeduped. By interrupting the developed
coating process, particles have become availalkinig the outer pyrocarbon coating. This
allows a thorough investigation of the corrosiosistance of the carbide layer and more
realistic corrosion rates can now be measuredningfi modelling data and improving the
descriptive model for HTR fuel disposal behaviour.

One of the very important tasks in the understamdinthe possible behaviour of SiC and ZrC
Is studying the interaction between fission produatd these carbides. Cs and Ag are among
the fission products which may well come in contaith carbide layer. The interaction may
result in the formation of new phases which mayehawnegative effect on the stability of the
carbide layer. And thus its leaching behaviour. Wisnlge of the carbide-FP system is
therefore of utmost importance. Mixture of carbigesl suitable Ag/Cs compounds will be
subjected to a leaching test in order to assesgfthet of additional phase formation on the
behaviour of the carbides.

Here presented study follows up the leaching erpamts of carbides reported in the
deliverable D-BF 3.2 (Marcel den Exter, NRG, 200Mhw reported experiments are based
and make use of the results in the deliverable BBEF The methodology of performing of the
leaching experiments and calculations have beemléte same manner.
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1.2 Materials

1.2.1 Leachant specifications

Simulants for clay porewater and Q-brine were preghdy dissolving accurately weighted
amounts of salts in demineralised water (>1Q@)MThe simulants were stored in PE vessels.
Any contact with glass or Si/Zr-containing matesialas avoided.

For clay porewaterthe following salts were used (mg/l given withire torackets): MgS©
(12.0), KCI (20.0), Ng5O, (1.50), NaF (8.0), NaHC£X1250), NaCl (44.0) saturated in Ca£O
and filtered over a 0.4gm cellulosenitrate filter (Schleicher&Sluell). Détys 0.9932 g/cm.

For Q-brine the following salts were used (g/l in bracketsa@\l (350), CaGlH,0 (3.12),
NaSQO, (3.04), KSO, (3.2) and MgSQ7H,0 (2.52). Density: 1.1935 g/cm3.

For Q-brine experiments at 90 °C, additional N&88.Q g) and CaS{2H,0 (7.2 g) was added
in order to keep the solution saturated in NaCl@a&Q.

For granite water, the demineralised water was used. Density: 1.@06d.

1.2.2 Powder specifications/characterisation

The used carbide powders have the following spetibns:

» Beta-SiC Alfa-Aesar, 99.8% (metals basis),

> Agpec.= 12.91 nilgram

» ZrC: Alfa-Aesar, 99.5% (metals basis excluding Hf),<H200 ppm,
> Aspec. = 0.43 nilgram

The used nitrates to introduce the studied fispramaucts have the following specifications:

» AgNOs3: Alfa Aesar, 99.8% (metal basis)
» CsNOs: Alfa Aesar, 99.8% (metal basis)

All used materials have been characterized by X-d#jraction measurements. These
measurements were carried out on a Bruker D8-Advahit performed analyses were realised
in the range of 10-100&2, locked coupled, with increment 0.05, in the air.
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Figure 2 XRD analysis of SiC ; in red pattern of SiC , beta
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Figure 3 XRD analysis of ZrC ; in rose pattern of ZrC
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Figure 4 XRD analysis of AgNQOg, in red pattern of AQNO3
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1.3 Calculation procedure of lifetimes

The following assumptions have been made with i@dpecalculating lifetimes of the SiC and
ZrC layer from corrosion data obtained for the pemsamples:

- uniform leaching rate without pit corrosion

- stoechiometry (Si=C, Zr=C)

- minimum density SiC = 3.18 g/cc (HTR-F specificag®t), TD = 3.21 g/cc
minimum density ZrC = 6.67 g/cc*, TD = 6.73 g/cc

- deviation in lifetime = 5% (based on detection d&on of ICP-AES)

- SiC/zZrC layer thickness: 30m

i 30um

* the minimum density is defined as 99.07 % ofttieoretical density (TD); accordingly, for
ZrC the same percentage has been chosen. XRis&sneonfirms an X-ray density of
6.66 g/cc.

The volume of a SiC or ZrC layer of 30 micron thmeks and 1 m2 surface area amounts to 3.1
E-5 m3. The SiC and ZrC content within this volu(based upon the minimal density as
formulated in HTR-F) is 95.4 gram and 200.01 grespectively. The lifetime of the layer has
been calculated presuming a uniform leaching raée the specified surface area which is
constant over the period of the experiment. Leaghates, normalised to the specific surface
area of the material, can then be recalculatedtaxdmum lifetime expressed in years of
according to the following equations:

- lifetime SIC (years) = (95.4) / leach rate (g/m2/8p5
- lifetime ZrC (years) = (200.01) / leach rate (g/d)2/365
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1.4 Leaching procedure and equipment

Static leach experiments are carried out usindgdlb@wing method:

Static corrosion experiments on accurately weightedunts of SiC powder and ZrC powder
were performed in PTFE containers (Nalgene). Thtatoers were pretreated as described in
the ASTM-C 1220-92 standard test. Each containerweighed accurately before and after
the leaching period so as to ensure that evaparafithe leachants did not occur. After the
preset contact time period, the powder was seghfaim the leachate, accomplished by
filtering over a 0.45um cellulose nitrate filter (Schleicher&Sluell). TBeor Zr content in the
aqueous phase was determined by ICP-AES analysésSiTand Zr content of the leachants
were measured also and serve as a blanc correctitre ICP-AES data.

Then, the Nalgene vessels were treated ultrasdnical5 minutes with a known amount (the
optimal amount has been determined already asideddn the deliverable D-BF 3.2) of
diluted nitric acid for additional ICP-AES measumits so as to check if the vessel walls
contain leached material that has reprecipitatgdas. colloidal oxidic particles.

The same procedure as described in the deliverasi®een used to wash the vessels. They
were washed directly after removal of the leackai® the vessel with a weighted amount of
1.0 molar nitric acid and wash the particles sirhjlavith a 0.16 molar nitric acid solution with
known weight to check if colloidal particles may d&ghered to the powder or coated patrticles.
Both washing solutions were filtered over a 0.48nom filter prior to the ICP-AES analyses.

The amount of leachant used was weighed, basduearduired volume and its density. For
the SiC powder (BET specific surface area: 12.98gmam), 10 ml leachant per 0.05 gram of
powder was applied (surface-to-volume ratio S/\454) m'), similar to the ratio used in the
HTR-N/N1 programme. Accordingly, 10 ml leachant P€5 gram was applied for all
experiments with ZrC powder. Based on its spesiiidace area (BET: 0.430%%gram), this
results in a S/V = 2151.

Experiments under oxidizing conditions have beenearhout by weighing the samples and
leachants in air and closure of the vessels irFairthe corrosion experiments under
inert/reducing atmosphere, all materials and leaitshaere posted into the glove box and
weighed there. The glove box contains 2 ppm of erygs a maximum. In order to maintain
reducing conditions, NaS was added to the leacham@tis amount of 25.73 ppm, 25.42 ppm
and 29.50 ppm for granite water, Q-brine and clang pvater, respectively.

For weighing the powders, an antistatic ring wasdyusonnected to the balance, since both
ZrC and SiC powders tend to be static.

RAPHAEL (ReActor for Process heat, Hydrogen And ELectricity generation)
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A special oven has been designed that can be piasieg an argon filled glove box for
carrying out corrosion experiments under inert/o#oly atmosphere. The oven has dimensions
that allow moving inside and outside the box thiotlge lock for maintenance. The oven
controller is compact and smaller than the ovenisupticed inside the glove box as well. The
oven is isolated sufficiently for keeping the temgtare of the argon atmosphere inside the box
below 30°C. The oven is suitable for containing\NiEdgene vessels at the same time. In Figure
6 and 7, the design of the oven and the glove vgkown.

—
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Figure 6: Design of the oven for corrosion studieder inert atmosphere
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Figure 7: Argon-filled glove box for corrosion stad under inert atmosphere — running tests at
elevated temperature

Figure 8: Tests under reducing conditions at roemmpterature
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1.5 Corrosion results

In the following paragraphs results of the leachergeriments are presented. Results are
shown in the figures in the form of calculatedtiifees (see part 1.3) dependent on
temperatures and kind of leachants. All graphiespaesented in the logarithmic scale.
Detailed results are then listed in the annexes.

For most of the experiments with ZrC, the leach@dant of Zr in the leachant to be analysed
was extremely low, even round the detection liraftthe ICP/MS technique. This can lead to
not negligible uncertainties in the calculatedtiifees of the ZrC layer. The performed
leaching experiments should allow only a compariseveen the two layers in the mean of
expected lifetimes; they should not give any exachbers.

1.5.1 Comparison corrosion rates of SC and ZrC powder in interaction with Ag under
reducing conditions

On the following figures, results of the performedching experiments of SiC and ZrC in
interaction with Ag under reducing conditions aepidted.

For SiC the calculated lifetimes decrease as eggegith increasing temperature, they are in
the range of 1E+04, in granite water — the valeesh even 1E+05.

ZrC powders shows lifetimes for granite water andfhe in the range of 1E+07, for clay
pore water lifetimes of 1E+05 are reached.

SiC + Ag (reducing)

1,00E+05—

1,00E+04—

1,00E+03

lifetime (years)

1,00E+02~

1,00E+01—
water Clay pore Q-brine

‘ W25°C - SiC @50 °C - SiC ggoe°cC - sic ‘

Figure 9: Calculated lifetimes for SiC powder iteiraction with Ag under reducing conditions
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Figure 10: Calculated lifetimes for ZrC powder mbaraction with Ag under reducing
conditions

SiC/ZrC + Ag (reducing)

1,00E+08—

1,00E+07
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lifetime (years)
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Figure 11: Comparison of calculated lifetimes f6€ &nd ZrC powder in interaction with Ag
under reducing conditions
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1.5.2 Comparison corrosion rates of SC and ZrC powder in interaction with Cs under
reducing conditions

On the following figures, results of the performedching experiments of SiC and ZrC in
interaction with Cs under reducing conditions agpidted.

For SiC the calculated lifetimes decrease as eggdegith increasing temperature, they are in
the range of 1E+04, there is no significant inflcewf the leachant.

ZrC powders shows lifetimes for granite water anf@ne in the range of 1E+07, for clay

pore water lifetimes of 1E+05 are reached. In xdvater, calculated lifetimes are about 10
times higher comparing to the other two leachants.

SiC + Cs (reducing)

1,00E+05

1,00E+04

1,00E+03

lifetime (years)

1,00E+02

1,00E+01

water Clay pore Q-brine

025°C @50 °C O090°C

Figure 12: Calculated lifetimes for SiC powdernteraction with Cs under reducing
conditions
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Figure 13: Calculated lifetimes for ZrC powder mbaraction with Cs under reducing
conditions

SiC/ZrC + Cs (reducing)
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Figure 14: Comparison of calculated lifetimes f&€ &nd ZrC powder in interaction with Cs
under reducing conditions
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1.5.3 Comparison corrosion rates of SC and ZrC powder in interaction with Ag under
oxidizing conditions

On the following figures, results of the performedching experiments of SiC and ZrC in
interaction with Ag under oxidizing conditions atepicted.

For SiC the calculated lifetimes decrease as eggesith increasing temperature, they are in
the range of 1E+04, in granite water at the tentpezaof 25 °C even 1E+05.

ZrC powders shows lifetimes for granite water andfhe in the range of 1E+07, for clay
pore water lifetimes of 1E+05 are reached.

SiC + Ag (oxid.)

1,00E+06

1,00E+05-

1,00E+04

1,00E+03~

lifetimes (years)

1,00E+02~

1,00E+01

1,00E+00—
water Clay pore Q-brine

025°c 050 °C 090°C

Figure 15: Calculated lifetimes for SiC powdernieraction with Ag under oxidizing
conditions
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ZrC + Ag (oxid.)
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Figure 16: Calculated lifetimes for ZrC powder mteraction with Ag under oxidizing
conditions
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Figure 17: Comparison of calculated lifetimes fo€ &nd ZrC powder in interaction with Ag
under oxidizing conditions
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1.5.4 Comparison corrosion rates of SC and ZrC powder in interaction with Cs under
oxidizing conditions

On the following figures, results of the performedching experiments of SiC and ZrC in
interaction with Cs under oxidizing conditions depicted.

For SiC the calculated lifetimes decrease as eggdegith increasing temperature, they are in
the range of 1E+04, in granite water at the tentpegaof 25 °C even in the range of 1E+05.

ZrC powders shows lifetimes for granite water anf@ne in the range of 1E+07, for clay
pore water lifetimes of 1E+05 are reached.

SiC + Cs (oxid.)

1,00E+06

1,00E+05

1,00E+04

1,00E+03

lifetimes (years)

1,00E+02

1,00E+01

1,00E+00—
water Clay pore Q-brine

E25°C @50 °C 090°C

Figure 18: Calculated lifetimes for SiC powdernteraction with Cs under oxidizing
conditions

RAPHAEL (ReActor for Process heat, Hydrogen And ELectricity generation)

Page 19/25



D-BF 3.13.dos

ZrC + Cs (oxid.)
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Figure 19: Calculated lifetimes for ZrC powder meraction with Cs under oxidizing
conditions
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Figure 20: Comparison of calculated lifetimes f&€ &nd ZrC powder in interaction with Cs
under oxidizing conditions
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1.6 Conclusions

Possible influence of fission products (Ag, Cs)tloa layer of SiC and ZrC has been studied by
leaching experiments. In this study the chemicsilstance of SiC powder and ZrC powder in

the interaction with FP has been determined unejgository conditions such as salt domes,
granite-based repositories and clay formationstsTiegve been performed under reducing and
oxidizing conditions.

As mentioned already in the results, for most efekperiments led with ZrC, the leached
amount of Zr in the leachant to be analysed wa®ely low, very close to the detection
limits of the ICP/MS technique. That can lead to megligible uncertainties in the calculated
lifetimes of the ZrC layer. The performed leachexgeriments should allow only a
comparison between the two layers in the mean péebed lifetimes; they should not give any
exact numbers.

Generally, leaching rates of ZrC are lower therSiy, i.e. calculated lifetimes are longer. SiC
leaching rates are in the range of 1E-06 to 1Efibldetimes are between 1E+05 to 1E+04.
Calculated lifetimes decrease with increasing teatpee of the leaching experiment, higher
calculated lifetimes occur in the granite waterr EoC powder, the leaching rates vary from
1E-05 (clay pore water) to 1E-09, i.e. the cal@ddifetimes could be in the range of 1E+05 to
1E+08.

According to the performed experiments, ZrC layarld be considered as more suitable in the
meaning of stability under repository conditions.
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Annex 1: Leach rates and lifetimes calculated ft@R-AES analysis results (corrected for blancr-Ay

D-BF 3.13.dou

Temp. | Leachant| Days of| Atmosphere Leach rate Lifetime
(°C) exposure (g/m2.d) (years)
SiC powder
25 Granite 40 Air 1.63E-06 1.60E+05
25 Clay-pore 40 Air 6.95E-06 3.76E+04
25 Q-brine 40 Air 4.82E-06 5.42E+04
50 Granite 40 Air 4.85E-06 5.39E+04
50 Clay-pore 40 Air 1.48E-05 1.76E+04
50 Q-brine 40 Air 1.06E-05 2.46E+04
90 Granite 40 Air 1.33E-05 1.97E+04
90 Clay-pore 40 Air 5.46E-05 4.79E+03
90 Q-brine 40 Air 2.46E-05 1.06E+04
ZrC powder

25 Granite 40 Air 3.98E-09 6.56E+07
25 Clay-pore 40 Air 1.06E-06 2.46E+05
25 Q-brine 40 Air 1.42E-08 1.83E+07
50 Granite 40 Air 3.36E-09 7.78E+07
50 Clay-pore 40 Air 1.22E-07 2.15E+06
50 Q-brine 40 Air 2.15E-08 1.22E+07
90 Granite 40 Air 2.84E-09 9.18E+07
90 Clay-pore 40 Air 1.46E-05 1.79E+04
90 Q-brine 40 Air 1.35E-08 1.93E+07

ty generation
516508 (FI60)
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D-BF 3.13.dou

Temp. | Leachant| Days of| Atmosphere Leach rate Lifetime
(°C) exposure (g/m2.d) (years)
SiC powder
25 Granite 40 Ar/NaS 1.35E-06 1.94E+05
25 Clay-pore 40 Ar/NaS 6.63E-06 3.94E+04
25 Q-brine 40 Ar/NaS 4.91E-06 5.31E+04
50 Granite 40 Ar/NaS 4.86E-06 5.38E+04
50 Clay-pore 40 Ar/NaS 1.05E-05 2.50E+04
50 Q-brine 40 Ar/NaS 7.94E-06 3.29E+04
90 Granite 40 Ar/NaS 1.05E-05 2.50E+04
90 Clay-pore 40 Ar/NaS 1.80E-05 1.45E+04
90 Q-brine 40 Ar/NaS 1.17E-05 2.23E+04
ZrC powder

25 Granite 40 Ar/NaS 4.31E-09 6.06E+07
25 Clay-pore 40 Ar/NaS 1.86E-06 1.40E+05
25 Q-brine 40 Ar/NaS 8.36E-09 3.12E+07
50 Granite 40 Ar/NaS 3.57E-09 7.31E+07
50 Clay-pore 40 Ar/NaS 9.44E-07 2.77E+05
50 Q-brine 40 Ar/NaS 4.24E-09 6.17E+07
90 Granite 40 Ar/NaS 1.00E-08 2.61E+07
90 Clay-pore 40 Ar/NaS 4.98E-07 5.25E+05
90 Q-brine 40 Ar/NaS 3.38E-09 7.73E+07

ity generation
516508 (FI60)

RAPHAEL (ReActor for Process heat, Hydrogen And ELectricity generation)

Page 23/25




Annex 2: Leach rates and lifetimes calculated fi@R-AES analysis results (corrected for blancr-Cfs

D-BF 3.13.dou

Temp. | Leachant| Days of| Atmosphere Leach rate Lifetime
(°C) exposure (g/m2.d) (years)
SiC powder
25 Granite 40 Air 9.42E-07 2.78E+05
25 Clay-pore 40 Air 3.89E-06 6.71E+04
25 Q-brine 40 Air 2.98E-06 8.78E+04
50 Granite 40 Air 3.58E-06 7.31E+04
50 Clay-pore 40 Air 8.10E-06 3.23E+04
50 Q-brine 40 Air 6.89E-06 3.79E+04
90 Granite 40 Air 9.92E-06 2.64E+04
90 Clay-pore 40 Air 2.40E-05 1.09E+04
90 Q-brine 40 Air 1.41E-05 1.85E+04
ZrC powder

25 Granite 40 Air 3.70E-09 7.07E+Q7
25 Clay-pore 40 Air 1.37E-06 1.91E+05
25 Q-brine 40 Air 1.96E-08 1.34E+07
50 Granite 40 Air 3.53E-09 7.40E+Q7
50 Clay-pore 40 Air 2.62E-07 9.98E+05
50 Q-brine 40 Air 1.40E-08 1.87E+07
90 Granite 40 Air 2.85E-09 9.16E+07
90 Clay-pore 40 Air 1.51E-06 1.74E+05
90 Q-brine 40 Air 3.38E-09 7.74E+07
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D-BF 3.13.dou

Temp. | Leachant| Days of| Atmosphere Leach rate Lifetime
(°C) exposure (g/m2.d) (years)
SiC powder
25 Granite 40 Ar/NaS 3.64E-06 7.18E+04
25 Clay-pore 40 Ar/NaS 3.59E-06 7.28E+04
25 Q-brine 40 Ar/NaS 3.65E-06 7.17E+04
50 Granite 40 Ar/NaS 5.08E-06 5.15E+04
50 Clay-pore 40 Ar/NaS 6.06E-06 4.31E+04
50 Q-brine 40 Ar/NaS 4.57E-06 5.72E+04
90 Granite 40 Ar/NaS 9.35E-06 2.79E+04
90 Clay-pore 40 Ar/NaS 1.08E-05 2.41E+04
90 Q-brine 40 Ar/lNaS |  7.64E-06 3.42E+04
ZrC powder

25 Granite 40 Ar/NaS 4.30E-07 6.08E+05
25 Clay-pore 40 Ar/NaS 1.37E-06 1.91E+05
25 Q-brine 40 Ar/NaS 4.25E-09 6.15E+07
50 Granite 40 Ar/NaS 4.17E-07 6.27E+05
50 Clay-pore 40 Ar/NaS 1.40E-07 1.87E+06
50 Q-brine 40 Ar/NaS 4.23E-09 6.18E+07
90 Granite 40 Ar/NaS 4.28E-09 6.11E+07
90 Clay-pore 40 Ar/NaS 1.18E-07 2.21E+06
90 Q-brine 40 Ar/NaS 1.69E-09 1.55E+08
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