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ABSTRACT

Historically, the irradiation performance of TRISO-coated gas reactor particle fuel in
Germany has been superior to that in the US.  German fuel generally displayed in-pile gas
release values that were three orders of magnitude lower than U.S. fuel. Thus, we have
critically examined the TRISO-coated fuel fabrication processes in the US and German and
the associated irradiation database with a goal of understanding why the German fuel
behaves acceptably, why the US fuel has not faired as well, and what process/production
parameters impart the reliable performance to this fuel form.  The postirradiation
examination results are also reviewed to identify failure mechanisms that may be the cause
of the poorer U.S. irradiation performance. This comparison will help determine the roles
that particle fuel process/product attributes and irradiation conditions (burnup, fast neutron
fluence, temperature, degree of acceleration, power per particle) have on the behavior of the
fuel during irradiation and provide a more quantitative linkage between acceptable
processing parameters, as-fabricated fuel properties and subsequent in-reactor performance.

1. Introduction

High temperature gas reactor technology is achieving a renaissance around the world.  Without a
conventional containment, this technology relies on high quality production and performance of
coated particle fuel.  The behavior of this fuel over the past three decades has been mixed.  The
Germans have demonstrated high quality production of TRISO-coated fuel and excellent irradiation
and safety test behavior under reactor relevant conditions.  By contrast, for nominally, the same fuel
under very similar service conditions, the US fuel has been much less satisfactory.  Our goal is to
critically compare the German and US fuel fabrication processes and the corresponding irradiation
databases to identify the technical reasons for the differences in in-reactor behavior and to identify
those specific fuel attributes and/or fabrication process conditions that impart superior in-reactor
performance to TRISO-coated particle fuel.

2. Fabrication Processes

A review of the fabrication processes used in Germany and the US to make coated particle fuel
indicates that the scale of fuel fabrication and development efforts in the last 25 years were quite
different. [1] German fabrication was industrial/production scale supporting the German AVR and
ThTR reactors.  Only ~ 100 defects were found in 3.3 million particles produced, The US program
post Ft. St. Vrain was a mixture of lab scale and larger scale fabrication.  The initial defect levels
varied greatly and were much greater than those produced in Germany.  Table 1 compares each of the
steps in the fabrication of German and US TRISO-coated fuel. The US fabrication is based on the
fabrication of fuel for the New Production Reactor program in the early 1990s.  Many of the steps
used to make this fuel were unique to the program and are not considered part of the traditional US
fabrication effort.



Table 1.  Comparison of US and German TRISO-coated Particle Fuel Fabrication
US NPR German

KERNEL FABRICATION
KERNEL MATERIAL HEU-UCO LEU-UO2
GEL-PRECIPITATION Internal External
BROTH COMPOSITION Aqueous solution of uranyl

nitrate, carbon-black, Tamol,
urea, HMTA

Aqueous solution of uranyl nitrate,
PVA and other non-specified
additives

DROPLET FORMATION Vibrating nozzle Vibrating nozzle
GELATION MEDIUM Trichloroethylene Ammonia gas and ammonia

solution
WASHING Ammonia solution and clean

water
Ammonia solution and isopropanol

DRYING Air at 60°C 80°C
CALCINATION Ar at 350°C Air at 300°C
REDUCTION H2 at 1600°C N/A
SINTERING CO at 1800°C H2 at 1600-1700°C

COATING
COATING PROCESS Discontinuous Continuous

Gas Composition Ar-C2H2 Ar-C2H2

Coating Temp. 1300°C 1250°C
BUFFER

Coating Rate N/A 6-10 µm/min
Gas Composition Ar-C3H6 N/ASEAL
Coating Temp. 1200°C N/A
Gas Composition Ar-C2H2-C3H6 Ar-C2H2-C3H6

Coating Temp. 1230°C 1300°C
IPYC

Coating Conc. & Rate Low/<4 µm/min Higher/4-6 µm/min
Gas Composition H2-CH3SiCl3 Ar-H2-CH3SiCl3

Coating Temp. 1650°C 1500°C
SIC

Coating Rate 0.2-0.4 µm/min 0.2 µm/min
Gas Composition Ar-C2H2-C3H6 Ar-C2H2-C3H6

Coating Temp. >1300°C 1300°C
OPYC

Coating Conc. &Rate Low/<4 µm/min Higher/4-6 µm/min
Gas Composition Ar-C3H6 N/ASEAL
Coating Temp. 1200°C N/A
Gas Composition Ar-C2H2 N/A
Coating Temp. 1300°C N/A

PPYC

Coating Rate N/A N/A
Gas Composition Ar-C3H6 N/ASEAL
Coating Temp. 1200°C N/A

FUEL ELEMENT MANUFACTURE
FUEL ELEMENT Compact Pebble
MATRIX MATERIALS Petroleum pitch, graphite flour,

graphite shim
Graphite powder

BINDERS Octadecanol, polystyrene Phenol, hexamethylene-tetramine
MATRIX STATE Liquid Powder
OVERCOATING N/A 200 µm
PRE-PRESSING N/A 25°C, 30 MPa
PRESSING 160°C, 6.9 MPa 25°C, 300-350 MPa
LATHING N/A Yes
CARBONIZATION 900°C in alumina powder 800-900°C in inert gas
LEACHING HCl N/A
HEAT TREATMENT 1650°C 1800-1950°C in vacuum



Both German and US fuel fabrication processes consist of a number of similar steps.  Kernels are
made via a traditional sol-gel process, followed by washing, drying and calcining to produce UO2

kernels in Germany and UCO kernels in the US.    The major difference consists of a sintering step
using CO in the US process to ensure adequate C/O stoichiometry in the kernel.  The coating
processes for the buffer are similar, based on chemical vapor deposition from a mixture of Ar and
acetylene in a coater. between 1250 and 1300°C.  A 5-micron seal coat is produced in the US to seal
off the buffer; this step does not occur in the German process.

A major difference in the production of the TRISO coating is that all three layers are coated in a
continuous manner in the German process, whereas in the US process the fuel particles are unloaded
after each coating layer to perform QC measurements.  The inner pyrocarbon layer in both cases is
deposited from a mixture of acetylene, propylene, and argon.  The temperature in the US process is
somewhat lower than in German process and coating gas concentration is different, producing a
different microstructure and density for the IPyC.  The impact of this difference in IPyC properties is
discussed in more detail in section 4.  The SiC layer is deposited from a mixture of hydrogen and
methyltrichlorosilane, at similar coating rates although the temperature for US coating is about 150°C
higher than that used in the German process.  The implication of this difference is discussed in
Section 4.  The OPyC layer is coated in a manner similar to the IPyC layer.  In the US a seal coat and
protective pyrocarbon (PPyC) were added which is not standard in US fabrication.  Neither is used in
the German process.

The fuel pebble in Germany uses graphite powder and organic binders to produce a powder matrix
that is used to overcoat the particles and to create the fuel pebble.  In the US, a liquid matrix
composed of petroleum pitch, graphite flour and graphite shim mixed with organic binders is used to
make the fuel compact.  Both fuel forms are pressed and carbonized at high temperature (800-900°C).
HCl is used to leach impurities from the US compact.  Ultra high purity systems and feedstock are
used in the manufacture of pebbles in Germany to ensure adequate control of impurities.  Both fuel
forms undergo a final heat treatment with the US compact heated at 1650°C and the German pebble
at 1800 to 1950°C in vacuum.

3. Irradiation Performance

Numerous in-pile irradiation experiments have been conducted in both the US and Europe as part of
the US and German TRISO-coated particle fuel development efforts. [1,2]  These irradiations were
conducted at a variety of burnups, temperatures, and fluences.  The rate of accumulation of bunrup
and fast fluence (i.e., the degree of acceleration) in the irradiation relative to that expected in the
reactor is also an important parameter. Note that for most of these fuels, the time to reach goal burnup

and fast fluence is ~ 1095
days (3 years) whereas in
the irradiations the time to
reach peak conditions were
accelerated by factor of 2
to 9. A summary of salient
features of the irradiations
is found in Table 2.

Our detailed review
indicates that the US and
German irradiation
programs were
implemented quite
differently with very
different results. The
German program’s focus
was on UO2-TRISO fuel
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Figure 1. Comparison of end of life Kr-85m R/B from historic
German  and US irradiations



for AVR/ThTR and all future designs such as HTR Modul, whereas the US program examined many
different variants (different coatings, different kernels).  A plot of the on-line fission gas release to
birth ratio (R/B) from the table in Figure 1 indicates that German fuel exhibits about a factor of 1000
less fission gas release under irradiation than US fuel under a broad range of irradiation conditions
(temperature, burnup, fluence).

Table 2.  Summary of Particle Fuel Irradiation Experiments
Test/cell Fuel forms Irrad.

time
(d)

Peak
temp.
(°C)

Peak
fissile/fertile
burnup
(%FIMA)

Peak
fluence
(1025 n/m2 )

EOL
Kr-85m
R/B
(10-6)

U.S. Experiments
F-30/1 (Th,U)C2  ThC2 1100 15.0 /   3.0   8.0     8
F-30/2 (Th,U)C2  ThC2 1100 19.0 /   4.5 10.5 100
F-30/3 (Th,U)C2  ThC2 1120 20.0 /   5.0 11.5   10
F-30/4 (Th,U)C2  ThC2 1100 18.0 /   4.0   9.5   20
F-30/5 (Th,U)C2  ThC2

269

1200 12.0 /   1.5 12.0   20
HRB-4 UC2  ThO2 244 1250 27.7 / 13.4 10.5 320
HRB-5 UC2  ThO2 107 1250 15.7 /   4.3   4.7 100
HRB-6 (Th,U)C2  ThO2 183 1100 26.6 /   9.3   7.9 270
OF-2/1 UCO UC2  (Th,U)O2  ThO2 1350 79.6 /   4.3   8.9 100
OF-2/2 UCO UC2  (Th,U)O2  ThO2

352
1350 79.5 /   4.3   8.4     5

HRB-14 UCO UO2  (Th,U)O2  ThO2 214 1190 28.6 /   8.5   8.3 300
HRB-15B UCO UC2  (Th,U)O2  UO2 ThO2 169   915 26.7 /   6.0   6.6     5
R2-K13/2 UCO ThO2 1190 22.5 /   4.6   7.8   80
R2-K13/3 UCO ThO2

517
  985 22.1 /   4.5   7.4     8

HRB-15A UCO UC2  UO2  ThO2 174 1150 29.0 /   6.4   6.5 380
HRB-16 UCO UC2 UO2  (Th,U)O2 ThC2

ThO2

170 1150 28.7 /   6.1   6.3 210

HRB-21 UCO ThO2 105 1300 22.0 /   2.2   3.5 200
NPR-1 UCO 170 1240 79.0   3.8 300
NPR-2 UCO 172 1030 79.0   3.8   60
NPR-1A UCO   64 1220 64.0   2.1   18

German Experiments
HFR-P4/1 UO2   940 14.7   8.0 0.080
HFR-P4/2 UO2   945 14.9   8.0 0.080
HFR-P4/3 UO2

351
1075 14.0   8.0 0.008

SL-P1 UO2 330   794 11.3   6.8 1.200
HTR-K3/1 UO2 1200   7.5   4.0 0.200
HTR-K3/2 UO2   920 10.0   5.8 0.100
HTR-K3/3 UO2   920 10.6   5.9 0.100
HTR-K3/4 UO2

359

1220   9.0   4.9 0.300
FRJ2-K13/1 UO2 1125   7.5   0.2 0.020
FRJ2-K13/2 UO2 1150   8.0   0.2 0.020
FRJ2-K13/3 UO2 1150   7.9   0.2 0.007
FRJ2-K13/4 UO2

396

1120   7.6   0.2 0.007
FRJ2-K15/1 UO2   970 13.2   0.2 0.010
FRJ2-K15/2 UO2 1150 14.6   0.2 0.005
FRJ2-K15/3 UO2

533
  990 13.9   0.1 0.003

FRJ2-P27/1 UO2 1080   7.6   1.4 1.600
FRJ2-P27/1 UO2 1320   8.0   1.7 10.000
FRJ2-P27/1 UO2

232
1130   7.6   1.3 0.120

R2-K12/1 (Th,U)O2 1100 11.1   5.6 0.300
R2-K12/2 (Th,U)O2

308
1280 12.4   6.9 0.200

R2-K13/1 (Th,U)O2 1170 10.2   8.5 0.070
R2-K13/4 (Th,U)O2

517
  980   9.8   6.8 0.050

BR2-P25 (Th,U)O2 350 1070 15.6   8.1 1.000
Note: U.S. fluence is for E > 0.18 MeV and German fluence is for E > 0.10 MeV.



Furthermore, the results from the
postirradiation examinations
confirm the more extensive gas
release data. German fuel is
excellent. Out of ~ 340,000
particles tested there were no in-
pile failures and only a few
“damaged” particles due to
experimental anomalies.  Gas
release was attributed only to as-
manufactured defects and heavy
metal contamination. By contrast,
percent level failures of fuel and
in many cases very high levels of
failures of individual layers of
the TRISO coated were observed

following irradiation of US fuel in most experiments (see Figure 2).

Detailed review of the US irradiation database indicates a number of different failure mechanisms of
the individual layers of the TRISO coating contributed to the less of satisfactory US fuel
performance.  Fuel failures were attributed to: (a) pressure vessel failure of the TRISO coating, (b)
kernel migration (amoeba effect), (c) fission product attack of the SiC layer, (d) irradiation induced
IPyC cracking and/or debonding leading to cracking in the SiC layer, (e) matrix-OPyC interaction and
irradiation-induced OPyC failure.  The PyC related mechanisms are strongly related to the anisotropy
and porosity in the coatings.  The anisotropy has a strong influence on the shrinkage and swelling
behavior of the PyC layers under irradiation.  As discussed in the next section, the porosity of the
layer has an impact on the strength of the interfacial bond between the SiC and PyC.  Fission product
attack of the SiC and kernel migration are thermally driven phenomena that
are strongly influenced by the temperature gradient across the particle.  The
temperature gradient is a strong function of the packing fraction in the fuel
and the degree of acceleration of the irradiation.  A US fuel compact has a
higher packing fraction of particles than German pebbles and as shown in
Table 2, the US irradiations were accelerated 3 to 9 times real time
compared to the 2 to 3x level of acceleration for the German irradiations.
Thus, some of the phenomena that were observed in US irradiations were
attributed to the accelerated nature of the irradiation.

4. Impact on In-Reactor Performance

A comparison of the microstructures of the layers of the TRISO coatings in
German and US fuel and a detailed review of the fabrication processes has
revealed many differences. There were three specific technical differences
in the coating layers produced by the respective fabrication processes that
have important impacts in terms of performance under irradiation and
accident conditions: pyrocarbon anisotropy and density, IPyC/SiC interface
structure, and SiC microstructure.  Each has important implications on the
behavior of the fuel under irradiation and safety testing.

4.1 Pyrocarbon anisotropy and density.  The density and anisotropy of
PyC is determined by the conditions in the coater. [3] German pyrocarbon is
deposited at a higher coating gas concentration, which in turn results in a
higher coating rate (~ 4-6 µm/minute).  This pyrocarbon is very isotropic
and thus survives irradiation quite well.  However, the conditions lead
somewhat greater porosity than in US pyrocarbon.  US pyrocarbon has
historically been coated at very low coating gas concentrations, which

0.1

1

10

100 IPyC Layer
SiC Layer
OPyC Layer

Figure 2.  Failures observed during postirradiation
examination of US coated particle fuel over the past 25 years.

Figure 3. Irradiation
induced cracking of
inner PyC in F-30
irradiation (top two
photographs) and NPR
irradiation



results in a lower coating rate (1-4 µm/minute), leads not only to a very dense and impermeable IPyC
layer but also to excessive anisotropy that can cause cracking of the PyC under irradiation.
Postirradiation examination of many of the US capsules indicate large shrinkage cracks in the inner
pyrocarbon layer which has been shown [4] to lead to stress concentrations in the SiC layer and
subsequent failure of the layer.  Photographs of such irradiation induced shrinkage cracks in the F-30
and NPR-1 irradiations are shown in Figure 3.

4.2 Nature of the IPyC/SiC interface.  In the German process, each layer of the TRISO coating is
deposited in the coater in a continuous fashion on one pass without interruption whereas in the US,
the process is more batch like with the particles being unloaded after each layer for QC
measurements.  This difference in fabrication process of the TRISO coating layers and the difference
in the porosity between the German and US IPyC lead to differences in the nature of bond that exist
between the layers. Photomicrographs of the IPyC/SiC interface in German and US fuel are shown in
Figure 4.  This figure shows that the interface in German fuel is more tightly bonded because SiC is
deposited into the more porous PyC.  For the US fuel, the denser IPyC and/or the unloading of US

fuel after each layer in the manufacturing
process results in smoother less strong
bond.  The TRISO coating of German fuel
never exhibits debonding under irradiation
whereas a review of the irradiation results
indicates that the TRISO coating in US fuel
debonds quite frequently. The debonding is
believed to be related to the strength of the
IPyC/SiC interface.  The debonding can
lead to stress intensification in the SiC
layer that may cause failure. [1]

4.3 SiC microstructure.  The microstructures of
German and US SiC are different. The German
process results in small equiaxed grains whereas
the US process produces larger columnar thru-wall
grained SiC.  This difference in microstructure is
believed to be primarily a function of temperature
used during the SiC coating phase in the coaters,
with the US coater producing SiC at a higher
temperature in some or all regions of the coater
compared to the German process. A comparison of

the microstructures is shown in Figure 5.
These differences are believed to be
important from a performance perspective
because the larger grain boundary surface
area per unit thickness of the smaller-
grained German SiC should in principle
retain metallic fission products better than
the large columnar US SiC.  Data from the
HRB-15A experiment suggests that Ag
release is a function of the microstructure
of the SiC.  Figure 6 compares
photomicrographs of two different types of
SiC morphologies produced on US UCO
fuel.  The fuel was irradiated to 26% FIMA
and a peak fluence of 5.4 x 1021 n/cm2 at a
temperature of ~ 1100°C.  Approximately

       
Figure 4. Comparison of SiC/IPyC interface in
German (left) and US (right) fuel

       
Figure 5. Comparison of microstructure of
German (left) and US(right) produced SiC

         
Figure 6.  Photomicrographs of large thru-wall
columnar SiC grains and smaller SiC grains produced
in UCO fuel irradiated in US HRB-15A.  Ag release
from these two fuels were different



90% of the Ag was released from the large columnar grained SiC whereas only ~ 30% was released
in the smaller grained SiC microstructure.  While clearly not conclusive, grain structure appears to be
important to fission product retention.  Recently proposed experiments at MIT will attempt to try to
answer this question more definitively. [5]

Summary and Conclusions

Our review has concluded that there have historically been differences in the quality of US and
German fuel as evidenced by results from many US and German irradiations.  These differences have
in part been traced to technical differences in the microstructures of the PyC and SiC layers in the
TRISO coating and the bonding of those layers, which in turn are related to differences in the
fabrication processes used in Germany and the US.  In addition, part of the difference in the
performance of these fuels has been attributed to the different philosophies and approaches used to
implement the irradiation and testing programs in the two countries. German fabrication was
industrial/production scale supporting the German AVR and ThTR reactors, with a focus was on
UO2-TRISO fuel form.  By contrast, the US program post Ft. St. Vrain was a mixture of lab scale and
larger scale fabrication in which many different variants of TRISO coated particle fuel (different
coatings, different kernels) were irradiated with apparently few lessons learned from one irradiation
to the next and insufficient feedback to the fabrication process. The US fuel was generally irradiation
under very accelerated conditions, which may have overly stressed the fuel leading to a number of
thermally activated failure mechanisms.
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