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INTRODUCTION

1. INTRODUCTION

Two concepts of the modular High-Temperature Gas-Cooled Reactor (HTGR)
are of interest nowadays, namely the German and the US concept [1]. The
main difference between these two concepts is the much higher power of the
U.S. GA Modular-HTGR (450-600 MW(lh)). The power of the Siemens
HTR-Modulc is 200 MW(th). The conditions (e.g. burn-up, temperature) in
the U.S. HTGR are different from the German reactor and will be explained
in the next chapter.

The inherent safety of the reactor is an important issue. To guarantee safe
operation of the reactor, thus no release of radioactive substances under all
operational and possible accident circumstances, it will be necessary to
understand the mechanisms which can cause failure of the fuel particles.
The fuel elements consist of microscopic TRISO-coatcd fuel particles, that are
embedded in a graphite matrix. The function of the coating layers is to retain
fission products within the particle. The primary barrier is the SiC coating on
the fuel particles [2]. As long as these coatings are intact, there will be no
release of fission products from the fuel particles. The Pd corrosion appears
to cause the most serious damage of the SiC coating [3]; other Fission
products may damage the SiC coating as well. Thinning of the SiC layer
could lead to fracture of the coating. In that case, the coating may collapse
under nomial conditions and during accidents resulting in release of the
fission products. An alternative for the SiC coating is a ZrC coating because
of its excellent stability at high temperatures [4,5].

The release behaviour of each fission product from the fuel is dependent on
its chemical state as well as the temperature. The chemical state of the fission
products is strongly dependent on the oxygen potential of the fuel. Modern,
small modular HTR's are designed such that maximum fuel temperatures
remain below 1600 °C without active control mechanisms [6].

Accidents arc possible with water and air ingress resulting in the oxidation of
the fuel elements and in the oxidation of the SiC coating. The U.S. claim that
oxidation of the carbon is not a problem [7]. For example, even with the
Tsjcmobyl catastrophy the graphite was hardly oxidized.

The purpose of this report is to compare the chemical behaviour of the
German and the US HTGR TRISO-coatcd particles, by means of the available
literature about this subject and to determine the chemical- interaction of the
fission products with the coating. Also an alternative coating material is
discussed. Because waste is an important issue, attention is paid to the
reprocessing of HTGR fuel.

ECN-I--94-055
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2. GERMAN AND U.S. FUEL

The German and US nuclear fuels are using 0.9 mm TRISO-coated fuel
particles. The TRISO (TRistructural ISOtropic) coating consist of four layers:
(see Figure 1)

1) a porous buffer layer for storage of the fission products ( Cs,I,ctc).
2) an inner dense pyrolytic carbon layer forTCtention of fission products.
3) a SiC coating also for retention.
4) an outer dense pyrolytic carbon layer for mechanical strength to withstand

external forces and to take care of strain forces to compensate the internal
pressure of the fission gases and CO in case of UO2 fuel.

OUTER PYROLYTIC
CARBON

SILICON CARBIDE
BARRIER COATING

INNER PYROLYTIC
CARBON

POROUS CARBON
BUFFER

UCO FUEL KERNEL

TRISO
COATING

Figure 1. TRISO-coated fuel clement.

2.1. GERMAN CONCEPT

The German concept of the fuel element is a sphere of graphite with a
diameter of 6 cm, in which about 11,000 TRISO-coated fuel particles are
present (see Figure 2). This type of nuclear fuel is well known.
The fuel particle has a 500 um diameter with a UO2 kernel with 10.6%
enrichment, a 95 um thick buffer layer, a 40 um thick inner layer of
pyrocarbon, a 35 pm thick SiC coating and a 40 urn thick outer pyrocarbon
layer. Both pyrocarbon layers prestress the SiC coating and act to relieve the
pressure build-up in the SiC due to the internal pressure of ca. 10 MPa at
10% FIMA [6]. The integrity of this type of coated particles was proved by
heating tests [8], This is shown by Figure 3.

2.2. U.S. CONCEPT

The U.S. fuel element is a prismatic block of graphite, (see Figure 4).
Information about the "UCO", the U.S. nuclear fuel is scarce. "UCO" refers
to a mixture of UO2 and UC2 with a U/O ralio of about 1.7 [9]. The UC2
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content is no less than 15% for the fissile kernels. The kernel consists of a
thin layer of UC, on the outside of the particle followed by a thicker layer
which is almost completely UO2; the core of the particle has a two phase
mixture of UO2 and UQ [10,11]. The U.S. have chosen for the "UCO" -
concept because of the better thermal conductivity and because addition of
UC2 can reduce generation of CO gas [12]. The enrichment of the U.S. fuel is
19.6%. The dimensions of the "UCO" particle are nearly the same as the
German particle, only the diameter is smaller, namely 350 um. In Table 1
the most important characteristics have been given between the German, the
U.S. and for comparison the Japanese concept.

FRG Design

Carbon layers

U02-Kernel

Fuel Particle

Fuel Element

Graphite shell

Graphite matrix

Coated particles

Figure 2. German concept for coated particles and fuel element.
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Figure 3. Integrity of M-HTGR coated fuel particles at high temperatures.
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Table 1: HTGR Reference TRISO Fud Design Data

XtflKl

CotnfMKttion

Diameter Qim]

Enrichment [•/•]

Heavy Metal Loading
per compact or sphere [g]

Coaling Thickness (/un]

BurTcr

Inner PyC

Silicon Carbide

Outer PyC

Protective Overcoming

Fuel Clement

Type

Graphite Grade

No. of cp per compact or sphere

FRG

LIG-;

500

10.6

7

US

Fissile

UCO

350

19.6

Fertile

ThO2

500

-

Japan USSR China

UO-,

600

3.3-9.9

13.3

uo2

500

g

7.9

U O , '

500

6.5-10.0

5

95

40

33

40

= 200

100

30

35

40

40-60

65

50

35

40

40-60

60

30

25

45

= 200

90-100

70-80

60

60
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35

35

Sphere

A3-3

s 11000

Block

H-451

Block

1G-II0

- 13500

Sphere

30PG
MPG-6

Sphere

empty boxes - values not available at this time s

Table 1: HTGR TRISO Fuel Design Data (Continued)

Volume Picking Fraction [%]

Design Limits

Temperature [°C]

Burnup [V. F I M A ]

Neutron Flucncc [10" m"2,
E>0.l MeV]

FRG

10

US

51

Japan

33

USSR China

1230

8-10

2-3

empty boies - values not available at this time-

700-1230

4.5(E>O.I8McV)

1495

3.6

1100 .

10

1000

14

I.S

Table 1. Design data of HTGR reference TRISO fuel.
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ThO2-Kernel

Fuel Particles
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Fuel Rod Fuel Element

Figure 4. U.S. concept of coated fuel particles and fuel clement
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The conditions of the U.S. concept arc more severe than with the German
concept. The U.S. have chosen for the UO2/UC2 fuel concept because only
UO2 was less acceptable in the circumstances of the U.S. design because of
the amoebe effect; migration of carbon from the microspheres along a
temperature gradient from hot to cold places according to the Boudouard
reaction:

COj + C = 2 CO (1)

This may cause SiC coating failure. Besides, the fuel must contain at least
32% UO2. This is necessary to keep the oxygen potential at a certain value to
protect the SiC coating from attack by rare-earth fission products generated in
the kernel. Because the bumup is nearly three times as high, the number of
fission products is also three times as high.

2.3. MANUFACTURE OF THE UO2 KERNEL

The starting material from which enriched UO2 kernels are manufactured is
U3O8. This material is produced by conversion of UF6 by the AUC process.
This powder is dissolved in nitric acid forming uranyl nitrate. After adding
tctrahydro furfuryl alcohol and neutralizing with ammonia the solution is
flowing through oscillating nozzles thus being transformed into droplets.
These droplets arc aged to improve the internal structure by remaining some
lime in the warm ammonia solution and washed to remove the ammonium
nitrate and organic additives. This is followed by drying, calcining, reduction
to UO2 with hydrogen and finally, sintering to produce kernels of 98%
theoretical density.

2.4. MANUFACTURE OF THE UCO KERNEL

The uranium-carbon-oxygen diagram is given in Figure 5. From this diagram
it can be seen that there is an area where UO: and UC2 are in equilibrium.
Microspheres with UO2 and C were produced by the internal gelation process.
This process yields hydratcd UO3 plus carbon. After a heat treatment the
material is converted to urania and carbon. A two-step procedure was
developed to sinter UO2 plus carbon microspheres to the desired composition
and density at a temperature of 1550 °C. First, this material was sintered at
this temperature in Ar-1% CO for 4 h to yield high-density microsphcres with
a composition of UO2 and UCxOy (carbothcrmic reduction). Thcrmodynamic
analysis shows that UO, and UC2 are in equilibrium at atmospheres
containing CO partial pressures between 1.2 and 1.9% CO at 1550 °C. This is
shown in Figure 6. The UCxOy phase throughout the microsphere reacts with
carbon from the CO atmosphere to produce UO2 and UC2.

ECN-I-94-055
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Figure 5. U-C-0 equilibrium diagram, showing desired progression of
reaction (T=1500 °C).
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Figure 6. Plot showing that UO3 and UC2 arc in equilibrium for CO partial
pressures between 1.2 and 1.9%.

2.5. MANUFACTURE OF THE COATINGS

The carbon coatings arc produced by pyrolysis from a C2H:/C3H6 mixture
1300 °C. This is a kind of CVD process using a fiuidiscd bed.
The SiC coating is also prepared by CVD.
The reaction by which SiC is produced is as follows:

CH3SiCl3 + H, -> SiC + 3 HC1 + H,

2.6. CONCLUSIONS

(2)

Recent literature about the U.S. fuel is scarce. It seems also to be more
difficult to manufacture this kind of fuel.

10



3. INTERACTION FISSION PRODUCTS
WITH COATINGS.

Several mechanisms by which the coating can be corroded during HTGR
processing, arc possible. It is important to know which fission products and
their chemical state in the kernel, are responsible for this corrosion. However,
it is also possible that defects in the coating arc the cause for corrosion, too,
for example the so-called internal Haws (external discolored spots) in the SiC
coating [14]. These delects were introduced during the SiC deposition. An
alternative coating material with promising qualities, ZrC is also considered
and compared with SiC.

3.1. THE FISSION PRODUCTS BEHAVIOUR IN THE UO2 KERNEL

According to Klcykamp [15] the following compounds arc present in
irradiated UO::

1. fission gases and other volatile fission products, Xe,Kr 1 and Br.
2. fission products that form metallic precipitates

Mo,Tc,Ru,Rh,Pd,Ag,Cd.In,Sn,Sb,Tc
3. fission products forming oxide precipitates

Rb,Cs,Ba,Zr,Nb,Mo,Te
4. fission products present as a solid solution in the fuel matrix.

Sr,Zr,Nd and the rare earths.

From thcrmodynamic calculations and experiments it appeared that in
irradiated fuel particles the following precipitates were formed:
Mo, Pd-Tc, Pd-Mo-Sn, Mo-Tc-Ru-Rh-Pd.
The quantity of fission products is dependent on the burnup and the relation
between these variables is almost linear. Thus, if the burnup is 10 times as
high, the quantity of fission products is also 10 times as high.
The oxygen potential of the fuel is a key factor. This is shown in figure 7.
This figure shows the oxygen potential of UO2 fuel as a function of the
stoichiomctry. The oxygen potential is chosen as the most important variable.
Current values for the oxygen potential for the German fuel arc from -550 till
-450 kJ/molc.

3.2. CO PRESSURE IN THE UO, KERNEL

By means of ChemSage it is possible to calculate the CO pressure in the UO2

particle as a function of the burnup. These calculations have been performed
with ChcmSage and were also pcrfomicd by Minato [16] for the Japanese
fuel and the results arc given in figure 7. Only small differences between
Minato's and our own calculations arc present. This figure shows that the CO
pressure is increasing cxponcniially when the temperature is increasing.

ECN-I-94-055 11
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12



CORROSION SIC AND ZRC COATING

3.3. CORROSION MECHANISMS

Four mechanisms cause corrosion of the SiC and/or the ZrC coating from
inside the kernel (if the inner pyrolylic carbon layer is permeable):

1) corrosion by fission products, in particular Pd

2) reaction with rare earths, in particular Ce, Eu [17].

3) interaction of O2/CO with SiC [18]

4) metallic impurities, as Fc,Ni,Co [19].

In the literature these four systems have been calculated with the computer
program ChcmSagc concerning the corrosion of the SiC coating and the
behaviour of the fission products in the kernel. These calculations can be
performed with ZrC too, instead of SiC. Also combinations are possible. The
same products can be included in the calculations considering the US fuel.
Also irradiated TRISO-coatcd kernels were characterized with X-ray analysis
and optical microscopy to verify the calculations [18].
The CO corrosion of the SiC coaling was found in irradiated TRISO-coated
UO: fuel panicles by optical microscopy and X-ray analysis. CO corrosion
can only take place when the IPyc layer is penetrable for the CO from the
kernel. The oxidation behaviour is described in chapter 4.

3.3.1. Interaction of fission products with SiC

The fission products Pd.Cc.Ba and Tc are present in the coating. Pd is present
as PdjSi, on the cold side of the particle. Cerium and barium arc present as
oxide (CcO, en BaO) and Tc is present in the elementary form.
Cs,I,Ag en Sr can diffuse into the SiC coating. According to [15]
Cs is present as an intercalation compound with carbon: CnCs. However,
Tromp and Cordfunkc [20] showed that this type of intercalation compounds
arc not stable above 650 °C.

3.3.2. Metallic intpurities-SiC interaction [19]

In the graphite metallic elements can be present that were used with fabricati-
on process. Although these will be small quantities, these may react with SiC
forming suicides (FcSi.CoSi.NiSi).

3.4. ZrC COATING

An alternative for the SiC coating is a ZrC coating [5]. The advantage of a
ZrC coating is its better stability at high temperatures. The ZrC coating is
less corroded by Pd and other fission products. However, only the Japanese
HTR group is still interested in the ZrC coaling. Also there is a patent of
Kaneko [21] in which a sandwich layer is suggested combining the
advantages of these two layers. The ZrC coating is located at the inner side

ECN-I-94-055 13
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providing a barrier against Pd and the SiC coating on the outside with
excellent oxidation resistance. Because (he thermal expansion coefficients of
SiC and ZrC are different, it should be desirable to insert an extra carbon
layer between the two coatings.

The thermophysical properties of SiC and ZrC arc given in table 2.

Table 2. Physical properties of SiC en ZrC.

melting point (K)

thermal conductivity
(W/m.K)

linear thermal expansion (/K)

oxidation resistance

Gibbs energy (kJ/mol). T=1273 K

1773 K

retention fission gases

corrosion Pd

strain

mechanical properties

SiC

decomposition above
2200

30-70

4-5 10"6

oxidation at 1673-1973K

-43.5

-34.7

good except for Ag,Cs

reaction,
formation Pd,Si

max. 100 N/mm2

brittle

ZrC

3693

40-60

6-7 10"6

oxidation at
1373-1673 K

-152.7

-148.9

very good

hardly
reaction

not known

brittle higher stabili-
ty SiC during
irradiation

14



3.5. CONCLUSIONS

The SiC coating is mainly corroded by Pd.
CO is generated by the reaction of excess oxygen with the buffer PyC, and
can reach very high values at increasing temperatures, in case of the German
fuel.
Because the Japanese HTGR concept is similar to the German concept, except
the higher temperature and lower %FIMA (4.5 vs. 10), the differences
between ihcrmodynamic calculations on the Japanese and German fuel will be
probably small.
A ZrC coaling has a belter retention behaviour of fission products than the
SiC coating. A disadvantage is its worse oxidation resistance. The ZrC-SiC
double layer is one of the possibilities to guarantee optimal retention.
The ZrC may react easily with CO from inside the German UO2 kernel,
probably, if the inner Pyc carbon layer is defect.

ECN-I--94-055 15



4. OXIDATION BEHAVIOUR OF SiC/ZrC

4.1. OXIDATION BEHAVIOUR SiC/ZrC

The oxidation behaviour of SiC causes thinning of the SiC coaüng and is
characterized as follows:

1.Active oxidation : loss of mass according to the reaction

SiC(s)+ O,(g) --> SiO(g) + CO(g) (3)

2.Passive oxidation resulting in a net mass gain according to

SiC(s)+ 3/2 O,(g) --> SiO2(s) + CO(g) (4)

The transition of activc-to-passive oxidation at an oxygen pressure as function
of the temperature of SiC is given in Figure 9. This transition occurs at a
lower temperature if graphite is present, as can be seen in this figure and
according to Minato [22].

+ 1500 K A +C O 1900 K + +C

E
3

3
ar
to

cd

O
W

o

10-2

10-3

•410

10-5

1 0 e

10-5

190Ó K

1500 K
transition
act->pass

10-4 •I 0 -3

log(02(g)bar)

transition
act->pass

T*S A

1O-1

Figure 9: Aktive-passive oxidation transition in SiC at different SiO partial
pressures.
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Water vapour accelerates the oxidation rate. The oxidation behaviour of SiC
by H2O is also different in the presence of graphite according to the
therniodynamic calculations. According to Minato [18] carbon is not oxidized
in the presence of SiC (preferential oxidation of the carbide). The oxidation
resistance of SiC is superior to that of ZrC. In case of SiC a protecting layer
of SiO2 is formed inhibiting the oxidation. This is not the case with oxidation
of ZrC.

4.2. KINETICS OF THE OXIDATION OF SiC/ZrC

The kinelics of the oxidation of massive SiC samples follows a parabolic law.
The oxidation rate is inversely proportional to the thickness of the SiO2 layer.

dy k

dt y
(5)

y is layer thickness, k reaction rale constant and t lime.

If the weight gain is plotted to the square root of the oxidation time, then a
straight line is obtained with the slope the square root of the reaction con-
stant. Narushima [23] compared the parabolic rate constants of various types
of SiC and SiC CVD coatings and as a function of the temperature
(Arrhcnius plot) (sec Figure 7). He showed that the oxidation resistance of
the CVD SiC coatings is excellent. The reaction rate constant for the
oxidation of SiC is thus proportional with the square root of time. The
dependance with the oxygen or water vapour pressure is logarithmic. The
oxidation of ZrC is proportional with time and occurs at much lower
temperatures than SiC (> 823 K).

3 types of SiC
+ CVD PLS HP

V)

1e-08

1e-09

1e-10 r

iS 1e-H r

1e-12 r

1e-13

• +

r

r

•

0

+

1

1

A

i

O

A

I I

A

5.00 5.50 6.00 6.50 7.00 7.50 8.00

Figure 7. Arrhcnius plot of parabolic rate constants (Kp) for the oxidation of
various types of SiC.
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5. REPROCESSING OF HTGR FUEL.

Relatively little is known about the reprocessing of HTGR fuel. Only for the
German fuel concept the possibility of the reprocessing of the fuel is
extensively described. The working of the so-called head-end process of
German and U.S. HTGR fuel elements was shown in a demonstration plant of
General Atomics. The reprocessing of the HTGR can be split into 3 steps
[24]:
- The destruction of the fuel particles,
- Separation of the graphite and heavy metals.
- Separation of the fuel and the fission products.
Some characteristics of these steps will be discussed.

5.1. DESTRUCTION OF THE FUEL KERNELS

One of the most important criteria for the reprocessing is an effective
separation of the fuel and the graphite. A number of methods have been
investigated (thermal, chemical and mechanical desintcgration processes) of
which only the mechanical processing proved to be suitable for practical
applications. This method involves grinding of fuel elements and fuel kernels
in a dry atmosphere till particles wilh a diameter smaller than 0.5 mm.

5.2 SEPARATION OF THE GRAPHITE AND THE HEAVY METALS

The most advanced process for the separation of the graphite and the heavy
metals is the so-called "burn-leach" process (burning, leaching) [25]. In that
process the ground particles were burnt in a fiuidi/.cd bed in which the PyC
and the graphite arc converted into CO2(g). The gas for the fluidizcd bed is a
mixture of oxygen and carbon dioxide. The off-gas of this process is led first
through an absolute filter and after this led to a filter system where the fission
gases (krypton, iodine, xenon and tritium) arc removed. The most serious
disadvantage of this method is the release of UC (decay 5730 years). This
isotope is formed during processing from the stable nuclids I3C en I7O which
are present in the fuel element. To obtain a complete removal of the 14C
contaminated off-gas, the gas is led through a Ca(OH), solution depositing
carbon as calciumcarbonate, CaCO3. This deposition will have to be stored as
low-radioactive waste. In LWR and FBR reactors the I4C concentration is
about a factor of 3 higher.

5.3 SEPARATION OF THE FUEL AND THE FISSION PRODUCTS

After separating the carbon by combustion, the fuel is dissolved and the fuel
and fission products will be separated by a liquid extraction process. The
PUREX en THOREX processes can be used for this separation. The PUREX
{Plutonium Uranium Refining by Extraction) proces has been developed for
extraction and separation of plutonium en uranium from UOj-fucl and is used
on commercial scale by COGEMA and BNFL. The THOREX (THORium

18



Extraction) process has been developed for reprocessing of thorium-fuel and
and is technically less developed than the PUREX process [28].
In both processes HNO3(aq) is used as a solvent. The HNO3 is also an
oxidizing agent lo bring uranium in a valcntion state of six:

UO,(s) + 4 HNO3(aq) = UO2
2+(aq) + 2 NO3"(aq) + 2 NO2(g) + 2 H2O(1) (6)

Also plutonium and thorium solve in this environment, but the valence state
of these elements is four:

PuO2(s) + 4 HNOj(aq) = Pu4+(aq) + 4 NO3"(aq) + 2 H2O(I) (7)
ThO:(s) + 4 HNOj(aq) = Th4+(aq) + 4 NO3"(aq) + 2 H2O(1) (8)

After this the TBP-dodccanc mixture is added. The TBP is complexing the
UO2

+, Pu4+ en Th4+ ions:

UO:
2+(aq) + 2 NOV(aq) + 2 TBP(org) = UO2(NO3)2«2TBP(org) (9)

Pu4+(aq) + 4 NO3-(aq) + 4 TBP(org) = Pu(NO3)4«4TBP(org) (10)

These complexes arc concentrating in the organic phase contrary to the
fission products remaining in the water phase. In one step the U and Pu
(PUREX) and U and Th (THOREX) arc separated. An important problem
with the reprocessing of thorium/uranium fuel is the presence of decay
products that emitting very hard gamma-irradiation (20lTl). Extra extraction
cycles arc necessary to reduce the activity and remote control is necessary for
the fabrication of new fuel |26J.
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6. CONCLUSIONS AND
RECOMMENDATIONS.

(i) The UiS. fuel seemed to be more difficult to produce than the German
fuel. Also the chemical stability of this fuel must be investigated.
The conditions arc more severe in the U.S. concept than in the German
concept.

(ii) Oxidation of the graphite seems to be no problem, according to U.S.
HTGR concept.

(iii) A ZrC coating seems to have a number of advantages wilh regard to the
SiC coating:
1) better retention
2) no reaction with Pd
3) no thermal dissociation
Only the oxidation resistance is worse than SiC. Also the maximum
stress must be detenuincd that the ZrC coating can have.

(iv) Two problems can be encountered with the reprocessing of HTGR fuel:

1) The high 14C production.
2) The reprocessing of thorium/uranium fuel.
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