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ABSTRACT 

 

Tristructural-isotropic (TRISO)–coated particle fuel is a promising advanced fuel concept being 

considered for several advanced reactor applications and for accident-tolerant fuel for light water reactors. 

One of the aspects studied in the development of this advanced fuel concept is the release of specific fission 

products (Ag, Eu, and Sr). The silicon carbide (SiC) layer of TRISO fuel serves as the primary barrier to 

metallic fission products and actinides not retained in the fuel kernel. The goal of this project is to evaluate 

the effect of irradiation on the diffusion of these fission products in the SiC layer of the fuel. For this 

purpose, rabbit capsules containing small slab diffusion couple specimens have been assembled to be 

irradiated in the High Flux Isotope Reactor (HFIR). The diffusion couple specimens have been fabricated 

using similar processes and equipment as those used to make TRISO particles; the desired fission products 

have been implanted in the specimens using an ion accelerator. Moreover, the effect of temperature on the 

fission products diffusion will be studied separately by performing thermal experiments in the absence of 

irradiation. This report describes the irradiation experiment design concept, summarizes the irradiation test 

matrix, and reports on the successful assembly of two rabbit capsules that will be irradiated in the HFIR.  

 

 

 

 

  



 

2 

  



 

3 

1. INTRODUCTION 

Tristructural-isotropic (TRISO)–coated particle fuel is a promising advanced fuel concept being 

considered for several advanced reactor applications and for accident-tolerant fuel for light water reactors. 

This type of fuel consists of a spherical uranium-bearing fuel kernel, surrounded by a buffer layer, and 

successive layers of dense inner pyrolytic carbon (IPyC), silicon carbide (SiC), and dense outer pyrolytic 

carbon (OPyC). During operation, the SiC layer serves as the primary barrier to metallic fission products 

and actinides not retained in the kernel. The development of this advanced fuel concept requires a thorough 

understanding of fission product diffusion kinetics in the various coating layers. Previous observations 

suggest that irradiation influences diffusion of fission product species in SiC [1-3].  

Irradiation capsules have been designed to allow the irradiation of representative specimens in the 

High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL). Post-irradiation 

examination will provide diffusion depth profile data. Representative TRISO layer properties are pursued 

to investigate materials relevant to TRISO-coated particle fuel performance. The samples are comprised of 

only the pyrocarbon (PyC) and SiC layers, no fissile material is present. The diffusing fission product 

species of interest have been directly implanted into the specimens. A slab geometry has been pursued to 

simplify the post-irradiation depth profiling of the diffusion couple systems. This report summarizes the 

capsule design, the irradiation test matrix, and the successful assembly of the capsules for irradiation in the 

HFIR. 

 

 

2. EXPERIMENTAL DESIGN AND TEST MATRIX  

2.1 CAPSULE DESIGN 

The irradiation capsule design is shown in Figure 1. This design places up to 40 diffusion couple 

specimens (maximum dimensions 3.35 mm x 5.55 mm x 0.30 mm) inside small cutouts in a graphite 

container. The container is then placed inside a square cutout in a cylindrical holder made from Nb-1Zr 

alloy. Passive SiC temperature monitors line the inside of the holder cutout and SiC retainer springs keep 

the graphite container pressed into one corner of the cutout. The holder is positioned in an aluminum 

housing, which is directly cooled by the reactor primary coolant. Inside the housing, centering thimbles 

placed at each end maintain the holder centered in the housing and keep a constant gas gap between the two 

components. Support disks (not shown in the figure) made from molybdenum are placed between the holder 

and the centering thimbles. Wires are inserted through the thimbles and the radial holes in the holder to 

ensure that the thimbles cannot dislodge from the holder. The small raised features above and below the 

base of the centering thimble (see Figure 1) reduce the contact area between the centering thimble and the 

contacting components (the holder and the bottom of the housing). These features significantly reduce axial 

heat losses through the thimbles. Grafoil insulator disks are also stacked on both ends of the capsule to 

further reduce axial heat losses. Quartz wool (not shown) is packed into the ends of the cutouts in the 

graphite container to keep the specimens in place. Finally, an end cap is welded to the housing to seal the 

rabbit capsule. 
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Figure 1. Section view showing irradiation capsule design concept. 

 

Finite element modeling of this design predicts 1,100 °C average specimen temperatures [4]. The 

thermal performance will be validated by the SiC temperature monitors, post-irradiation. Figure 2 displays 

the temperature contour plot of the internal rabbit components, the specimens and the temperature monitors. 

 

 

Figure 2. Predicted temperature contours showing (a) a section view of the internal 

components, (b) the specimens, and (c) the SiC temperature monitors. 
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2.2 TEST MATRIX 

Table 1 summarizes the four different types of specimens that have been fabricated at ORNL. Two 

different types of SiC (single crystal 4H-SiC and commercially available chemical vapor deposition (CVD) 

SiC) have been implanted with Ag on one surface, and seal coated with SiC. In addition, layered PyC and 

SiC diffusion couple specimens were produced to mimic the TRISO layers in a TRISO fuel particle. Two 

variants of PyC/SiC/PyC specimens, SiC variant and baseline variant, were fabricated and slightly differ 

by their layers properties. One PyC layer was implanted with species of interest, and the PyC/SiC/PyC 

specimens were seal coated with SiC. The fission product species have been implanted at the Michigan Ion 

Beam Laboratory (MIBL). Finally, PyC/SiC/PyC specimens without any species implantation or seal 

coating were fabricated. Figure 3 shows an example of some fabricated specimens. 

 

Table 1. Specimen types included in the irradiation test matrix 

Specimen type Specimen  

condition 

Implanted  

species 

Specimen ID* 

Seal-Coated 4H-SiC 
4H-SiC  Ag 

4H-x 

4-xx 

Seal-Coated CVD-SiC CVD-SiC Ag CVD-x 

Seal-Coated 

PyC/SiC/PyC 

SiC variant 

Ag 32-xx 

Eu 28-xx 

Sr 35-xx 

Baseline 

Ag 

Ag+Pd 

Eu 

Sr 

30-xx 

Ag-xx 

33-xx 

34-xx 

As-fabricated 

PyC/SiC/PyC 
Blank-PyC/SiC - 37-xx 

* with -x or -xx, the specimen ID number 

 

 

 

Figure 3. Example of fabricated specimens. 
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For each specimen type, condition and implanted species, between one and five specimens were 

inserted in each capsule. Table 2 summarizes the irradiation test matrix with the loading of specimens in 

each rabbit, the irradiation positions, and fill gases. The rabbits DC01 and DC02 contain twenty-nine and 

thirty specimens, respectively. The rabbits will be inserted in the hydraulic tube of the HFIR during cycle 

481 (July 2018): one rabbit will be irradiated for about 5 days, which will result in a radiation dose of 

approximately 0.5 dpa; the other rabbit will be irradiated for about 11 days, which will result in a radiation 

dose of approximately 1 dpa. The targeted specimen surface temperature is approximately 1,100 °C. 

 

Table 2. Rabbit irradiation test matrix showing the loading of specimens within each rabbit, 

the irradiation positions, and fill gas 

Rabbit 
Irradiation 

dose (dpa) 
Specimens 

Irradiation 

position 

Fill 

gas 

DC01 0.5 

CVD-1, CVD-2, CVD-3, CVD-4, CVD-5, 

4H-1, 4H-4, 4-01, 4-02, 4-03, 30-01, 30-02, 

30-03, 32-01, 32-02, 32-03, 34-01, 34-02, 

35-01, 35-02, 37-01, 37-02, 37-03, 37-04, 

28-01, 28-05, Ag-01, Ag-02, 33-01 

HT-4 Ne* 

DC02 1 

CVD-6, CVD-7, CVD-8, CVD-9, CVD-10, 

4H-5, 4H-7, 4-04, 4-05, 4-07, 30-04, 30-05, 

30-06, 32-04, 32-05, 32-06, 34-03, 34-04, 

35-03, 35-04, 37-05, 37-06, 37-07, 37-08, 

28-03, 28-04, Ag-03, Ag-04, 33-02, 33-03 

HT-6 Ne* 

* Or Ne equivalent 
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3. RABBIT CAPSULES ASSEMBLY 

The two rabbits (DC01 and DC02) were assembled. Pictures of the parts layout for the two rabbits 

are shown in Figure 4. Figure 5 shows the specimens loaded in the cutouts of the graphite container and a 

top-down view of the container loaded in the housing. The signed capsule fabrication request forms are 

provided in APPENDIX A. 

 

 
 

 
Figure 4. Parts layout for rabbit DC01 (top) and rabbit DC02 (bottom). 
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Figure 5. Specimens loaded in the container (left) and top-down view of the specimen 

container inserted in the housing (right). 

 

All capsule components were dimensionally inspected and cleaned according to HFIR-approved 

procedures, drawings and sketches. After assembly of the internal components, the rabbit housing end caps 

were welded to the housings using an electron beam weld. The capsules were then places inside sealed 

chambers that were evacuated and backfilled with 40.5% He-Ar balance mixture gas three times to ensure 

a pure environment. The chambers were placed inside a glove box, which was also evacuated and backfilled 

with 40.5% He-Ar balance mixture gas. Each rabbit had a small hole in the bottom of the housing that was 

sealed using a gas tungsten arc welding procedure. All welds passed visual examination. Each capsule was 

then sent for nondestructive examination, which included a helium leak test, hydrostatic compression at a 

pressure of 1,035 psi, mass comparisons before and after hydrostatic compression to ensure no water 

penetrated the capsule housing, and a final post-compression helium leak test. Both rabbits passed helium 

leak testing and hydrostatic compression (see leak test report in APPENDIX A). 

 

 

 

4. SUMMARY AND CONCLUSIONS 

This report summarizes the capsule design and the irradiation test matrix for two rabbit capsules, which 

were successfully assembled to be inserted in the HFIR during cycle 481 (July 2018). Each capsule contains 

about 30 specimens of different types with fission product implantation. The specimens will be evaluated 

post-irradiation to determine their diffusion depth profiles. The rabbits were successfully assembled, 

welded and leak tested. Pictures of the rabbit assembly process are included in this report. Documentation 

of the capsule fabrication is provided in an appendix. For separation of the effects of radiation and 

temperature on the diffusion of fission products in the SiC layers of the specimens, a thermal experiment 

in the absence of irradiation will also be performed on the same types of specimens. Ultimately, the data 

gathered from these experiments will assist in the development of accurate models and codes for TRISO 

fuel performance, which are needed to ensure safe and efficient operation of this fuel for advanced reactor 

applications or for use as an accident-tolerant fuel for light water reactors (LWRs). 
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