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PERFORMANCE OF HTGR FERTILE PARTICLES IRRADIATED 
IN HFIR CAPSULE HT-32 

E. L. Long, Jr. T. N. Tiegs 
J M Robbins M. J. Kania 

ABSTRACT 

The HT-32 experiment was an uninstrumented capsule irra-
diated for four cycles in the target position of the High-Flux 
Isotope Reactor (HFIR). The experiment was designed to: 
° Provide supplemental simulated fuel rods for thermal 

transport and expansion measurements, 
o test fertile kernels with AI2O3 and Si02 additives for 

improved fission product retention, 
° study the stability and permeability of low-temperature 

isotropic (LTI) pyrocarbon coatings, 
o test Biso- and Triso-coatings derived in a large (0.24-m-

diam) coating furnace with a frit distributor, 
° investigate the performance of particles with an outer layer 

of SiC both as loose particles and as resin-bonded fuel 
rods, and 

° evaluate high-density alumina as a potential high-
temperature thermometry sheathing material. 
T1 simulated fuel rods were recovered and transferred to 

the Ph> i'cal Properties Group of the Metals and Ceramics 
Divisio- , and the thermal transport and expansion measurements 
have been reported separately. The results from the analysis of 
the kernel additive experiment showed that bare kernels from 
failed particles retained less than 10% of their inven-
tory, and particles with cracked coatings retained between 60 
and 80% of the inventory. The intact particles that con-
tained reference TI1O2 and Th02 plus additives performed equally 
well in retaining the theoretical quantities of l^Cs produced 
during irradiation. The LTI pyrocarbon stability and per-
meability study was not completed because of a material com-
patability problem within the capsule. 

Visual examination revealed that between 5 and 6% of the 
Biso and Triso particles prepared in the 0.24-m-diam coater 
failed. The Biso-particles experienced pressure-vessel 
failures, whereas the outer LTI layers of the Triso-particles 
failed from fast-neutron damage, which led to failure of the 
exposed SiC layer through evaporation. Gamma analysis of the 
intact Triso particles showed complete retention of their 
inventory for some, but 65% had lost significant amounts of 
l^Cs. Gamma analysis of the intact Biso-coated particles 
showed a loss of about 70% of their 137Cs inventory with no par-
ticle retaining its entire l^Cs inventory. 

1 
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This experiment showed that the presence of the outer LTI 
layer on Triso particles was not required for producing warm-
molded resin-bonded fuel rods that retained their integrity in 
both the high- and low-temperature magazines of this capsule. 
And finally, high-purity alumina showed promise as a high-
temperature sheathing material for IITGR conditions but requires 
additional investigation. 

INTRODUCTION 

Irradiation capsule KT-32 was a cooperative effort between the Los 
Alamos Scientific Laboratory (LASL) and the Oak Ridge National Laboratory 
(ORNL). This report describes the physical design of the total 
experiment; however, only the rationale for the ORNL objectives and 
results are reported in detail. 

Ihe HT-32 capsule was designed as a four-cycle experiment in the High 
Flux Isotope Reactor (HFIR) with two temperature zones, approximately 1000 
and 1300°C surface temperatures of the bonded rods and graphite particle 
holders. The capsule contained both bonded rod specimens and loose coated 
particles. In addition to LASL and ORNL specimens, particles coated at 
HOBEG* were irradiated. Peripheral experiments involved irradiation of 
small, high-purity, recrystallized alumina rods placed in two of the end 
caps of the magazines and inert particles placed in two other end caps. 
The upper half of the capsule contained both loose coated particles and 
bonded fuel rod specimens. The lower half of the capsule contained test 
specimens of both loose-particle and bonded-rod types, graphite holders 
with loose driver particles containing low-enriched uranium (LEU, 7 wt % 
235jj)> and heater rods containing the same LEU particles. The LEU par-
ticles and rods were included to produce fission heat during the early 
portion of the test. In previous HT capsules specimens in the driver par-
ticle positions were used for heat generation only and were discarded 
after irradiation. However, in HT-32, experimental objectives were iden-
tified that could be met by use of the LEU particle positions. This was 
done with no loss of fertile particle test space and without interference 
with the primary test objectives. 

*Hanau, West Germany 
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OBJECTIVES 

The ORNL objectives were i< intified as follows: 
1. Furnish supplemental thermal conductivity specimens to replace 

those lost when certain specimens from previous experiments (HT-20, -21, 
-22, -23) were broken. Two specimens were included in HT-32 to obtain 
information at higher fluences so that the analysis of data obtained in 
HT-20, -21, -22, -23 could be completed. 

2. Test fertile kernels doped with alumina and silica to evaluate 
their ability to retain fission products such as cesium and strontium. The 
doped particles for this purpose were supplied by KFA under uhe ORNL-KFA 
exchange agreement. The particles had dense thoria kernels approximately 
525 pm in diameter that had been doped with about 2.1 wt % alumina and 2.5 
wt % silica. The purpose of the additives was to tie up fission products 
as aluminosilicates. 

3. Study and evaluate the stability and permeability of low-
temperature isotropic (LTI) coatings under irradiation. It is well known 
that subtle differences in the microstructures of carbon coating influence 
resistance to fast-neutron-induced irradiation damage. Preferred orien-
tation and the amount and type of porosity are examples of such variables. 
Biso-coated inert particles were irradiated in this experiment to supply 
neutron-damaged particles with very low radioactivity levels for these 
coating studies. 

4. Test Biso- and Triso-coated Th02 particles that had been prepared 
in a 0.24-m-diam coating furnace with a multi-inlat porous-plate gas 
distributor. There were three primary reasons for irradiating particles 
coated in the 0.24-m-diam coating furnace. First, there was a concern 
whether commercial-size equipment could be used to deposit LTI coatings 
that are both impermeable and isotropic enough to resist neutron damage. 
Recent nonradiation tests indicate that the multi-inlet porous plate gas 
distributor produces particles with lower anisotropy and permeability than 
does the conical gas distributor. A second justification for irradiating 
these particles was to learn whether silicon carbide deposited with the 
0.24-m-diam frit would perform satisfactorily. Finally, design of the 
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0.24-m-diam remote coater would proceed with more confidence if it were 
shown that the coatings deposited with the large frit performed satisfac-
torily under irradiation. 

5. Compare the performance of Triso- and SiC-coated (no outer LTI) 
particles in warm—molded specimens with a resin binder and as loose par-
ticles. This was.one of the objectives assigned to the specimens in the 
heater rod positions. The test matrix for the heater rods is shown in 
Table 1. Four types of coated particles were contained in the heater 
rod specimens: (1) weak-acid-resin-derived (WAR) LEU kernels with stan-
dard Triso coating, (2) WAR LEU kernels with standard Triso coating but 
without the outer LTI, (3) carbon kernels with standard Triso coating, and 
(4) carbon kernels with standard Triso coating minus the outer LTI. The 
fissile particles described above were also used as loose particles in 
four driver particle holders. Characteristics of the particles used in 
the heater rod and driver particle positions are shown in Table 2. 

The particles coated with the standard Triso coating minus the outer 
LTI (SiC as the outer coating) were of interest because, if successful, 
the outer coating possibly could be eliminated and higher fuel densities 

Table 1. Test Matrix for Heater Rod 
Specimens in HT-32a 

Approximate Loading 
(vol %) 

Particle Type 
Low-Temperature High-Temperature 

Magazine Magazine 

Triso fissile 12 17 
Triso inert 28 23 

40 40 

SiC& fissile 8 12 
SiC& inert 32 28 

40 40 
aThese specimens are spares prepared for 

irradiation experiment HT-33. All are warm 
molded with resin binder. 

^Triso-particles without the outer LTI 
coating. 



Table 2. Characteristics of Coated Particles in Heater Rods 
and Driver Particles for Capsule HT-32 

Fissile Particles 

Triso 
(OR-2576H) 

SiC 
(SC-375) 

Inert Particles 

Triso 
(OR-2577H) 

SiC 
(SC-376) 

Kernel 
Composition 
Nominal conversion, % 
Diameter, ym 
Enrichment, % 

Buffer 
Thickness, ym 
Density, Mg/m3 

Inner LTI 

WAR IRC-72 
uc4.40°1.43 

Thickness. ym 
Density, Mg/m3 

SiC 
Thickness, ym 
Density, Mg/m3 
Coating rate, ym/min 

Outer LTI 
Thickness, ym 
Density, Mg/m^ 
Coating rate, ym/min 

30 
376.1 
7.073 

53.7 
1.12 

34.57 
1.939 

35.6 
3.200 
0.228 

37.18 
2.020 
3.8 

(10 .1) a 

(7.02) 

(3.20) 
(0.007) 

(1.50) 
(0.00066) 

(2.60) 
(0.0046) 

WAR IRC-72 
uc4.40°1.43 
30 
376.1 
7.073 

Carbon Carbon 

53.7 
1.12 

34.57 
1.939 

35.6 
3.200 
0.228 

None 

(10.1) 

(7.02) 

(3.20) 
(0.007) 

(1.50) 
(0.00066) 

484.7 (19.1) 484.7 (19.1) 

72.9 
0.75 

17.3 
b 

68.8 
3.197 
0.275 

38.6 
2.028 
4.8 

(8.42) 

(2.07) 

(2.45) 
(0 .0012) 

( 2 . 8 6 ) 
(0.004) 

72.9 
0.75 

17.3 
b 

68.8 
3.197 
0.275 

None 

(8.42) 

(2.07) 

(2.45) 
(0.0012) 

^Numbers in parentheses are standard deviations. 
^Not determined. 
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could be achieved in continuous—matrix fuel rods. Also, the problem of 
matrix-particle interaction would be minimized. It was also desirable to 
determine if bonding to the smooth, dense SiC coating would be sufficient 
to maintain fuel rod integrity. The warm-molded specimens with the ther-
mosetting resin binder were tested because specimens formed with such 
resins can be carbonized without the mechanical support and deformation 
associated with pitch-type binders. 

6. Evaluate high-density alumina as a potential sheathing material 
for thermocouples that measure centerline temperatures in irradiation 
experiments. One problem has been that materials used for sheathing ther-
mocouples react with the fueled specimens under certain conditions. 

DESCRIPTION OF EXPERIMENT 

The design of the HFIR Target Capsule HT-32 was identical to that of 
HT-31.1 The test matrix shown in Table 1 was selected to simulate some 
higher estimated loadings for equilibrium recycle fuel elements in a large 
HTGR. Many other loadings will be required for the entire fuel cycle 
scheme, but this experiment seeks comparison between two coating types 
with identical bonding and fuel loadings. The Triso-coated fissile and 
inert particles shown in Table 2 were heat-treated at 1800°C for 10 min 
before use; those with the outer SiC coating were used as-coated. A sche-
matic of the capsule design is shown in Fig. 1. The loading scheme and 
design operating temperatures for the upper and lower halves of HT-32 are 
shown in Tables 3 and 4, respectively. 

Crucible 1 housed loose Biso-coated inert particles to supply 
neutron-damaged particles with low radioactivity levels for the coating 
studies described earlier. The particles were layered between rhenium 
foil disks. A total of 1.024 g rhenium was used and generated the 
necessary heat by gamma absorption to obtain a specimen temperature of 
about 1000°C at the crucible surface. Specimens ORNL-1 and -2 were bonded 
rods selected to provide thermal conductivity data to supplement the 
information obtained in HT-20, -21, -22, and -23. Inside the graphite 
spine of ORNL-1 2.03 g W provided additional gamma heat. Both ORNL-1 and 
-2 were designed for an operating temperature of about 1000°C. Specimens 



ORNL-DUG 77-I0023R 

UPPER SECTION 

Til Th LASL 1 LASL 
16 17 1 I 2 

-10 7 / 3 2 -

R H H P 

L O W E R S E C T I O N 

28 37 
T H M M R T T T 

«i7 

r - 9 25/32 

Fig. 1. Schematic Diagram of Sample Placement In HFIR Irradiation 
Capsule HT-32. Lengths shown are in inches; they correspond to 259.6 
and 248.4 mm. 
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Table 3. Loading Scheme and Design Operating Temperatures 
for the Upper Half of Capsule HT-32 

Specimen Particle 
Batch 

Kernel 
Type 

Weight, g 
Particle U Th 

Design 
Surface 

Temperature 
(°C) 

0R--2293HT carbon 0.6646 1000 
a carbon 3.44 1000 
a carbon 1.18 1000 

0R-•2643H Th02 0.0930 0.0332 1300 
0R-•2642H Th02 0.0656 0.0329 1300 

h U02 
Th02 
carbon 

0.231 
0.845 
0.437 

0.0278 
0.0889 

1300 

h U02 
Th02 
carbon 

0.229 
0.858 
0.445 

0.0247 
0.0879 

1300 

h U02 
Th02 
carbon 

0.228 
0.855 
0.442 

0.0261 
0.0848 

1300 

Crucible la 

ORNL— 
ORNL-2" 
Th-l6e 
Th-17/ 
LASL-l? 

LASL-29' 

LASL-SS' 

aLoose inert particles with 1.0239 g rhenium foil. 
^Unirradiated slug-injected specimen for thermal conductivity 

measurements. 
cMixture of Biso-coated carbon kernels from coating runs OR-2081H, 

-2084H, -2085H, and -2086H. 
^Extruded rod previously irradiated in HT-23 for thermal conductivity 

measurements. 
eLoose Triso-coated Th02 particles (60 particles) from 0.24-m-diam 

coater. 
^Loose Biso-coated Th02 particles (63 particles) from 0.24-m-diam 

coater. 
9LASL samples, extruded rods containing coated U02> Th02, and carbon 

particles. 
^Fiss ile particles from batch 0R-2257H; fertile particles from runs 

HT-78 and HT-98; and carbon shims from HT-95, HT-97, and HT-98. 
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Table 4. Loading Scheme and Design Operating Temperatures for 
the Lower Half of Capsule HT-32 

Specimen 
Position 

Particle Batch Particle Weights • g Loading, . K 
Design 
Surface 
Temperature 

C C ) 

Specimen 
Position Fissile Fertile Inert Fissile Fertile . Inert U Th 

Design 
Surface 
Temperature 

C C ) 

21a 0R-2656H 0R-2323DH 0.0642 0.3779 0.0331 1300 
28b SC-375 0.1244 - 0.0268 1300 
29 ̂  0R-2655H 0R-2323DH 0.0642 0.3776 0.0331 1300 
Iffi OR-2654H 0R-2323DH 0.0629 0.3769 0.0331 1300 
3lb SC-375 0.1243 0.0268 1300 
32® OR-2653H 0E-2323DH 0.0628 0.3768 0.0331 1300 
3lf J-489 0R-2323DH 0.0565 0.3777 0.0331 1300 
346 SC-375 0.1245 0.0268 1300 
35? 0R-2660H 0.0642 0.0331 1300 
36h OR-2659H 0.0645 0.0331 1300 
37* SC-375 SC-376 0.1245 0.3153 0.0268 1 j00 
38-7 0R-2658H 0.0626 0.0331 1300 
39* SC-375 SC-376 0.1244 0.3154 0.0268 1300 
40° 0R-2656H 0R-2323DH 0.0457 0.3876 0.0234 1000 b SC-375 0.0887 0.0191 1000 
42« OR-2655H OR-2323DH 0.0453 0.3879 0.0234 1000 
43d OR-2654H 0R-2323DH 0.0446 0.3874 0.0234 1000 
44s SC-375 0.0887 0.0191 1000 
45® OR-2653H 0R-2323DH 0.0448 0.3875 0.0234 1000 
K J-489 OR-2323DH 0.0391 0.3880 0.0234 1000 
47° SC-375 0.0886 0.0191 1000 
48fc OR-2660H 0.0453 0.0234 1000 
49l 0R-2659H 0.0457 0.0234 1000 
50" OR-2576H OR-2577H 0.1193 0.3026 0.0191 1000 
51" 0R-2658H 0.0442 0.0234 1000 
52* SC-375 SC-376 0.0887 0.3435 0.0191 1000 

aRod specimen; fertile particles have HOBEG kernel and coating and were heat-treated at 1800cC. 
^Loose particles with SIC as the outer coating. 
"Rod specimen; fertile particles have HOBEG kernel and coating and were heat-treated at 1500'C. 
<*Rod specimen; fertile particles have HOBEG kernel and ORNL coating and were heat-treated at 1800°C. 
®Rod specimen; fertile particles have HOBEG kernel and ORNL coating and were heat-treated at 1500°C. 
^Rod specimen with reference Blso-coated Th02 particles. 
356 loose particles containing HOBEG kernel with ORNL coating and heat-treated at 1800"C. 
^56 loose particles containing HOBEG kernel and coating and heat-treated at lSOO'C. 
^Heater rod made with fissile and Inert particles with SIC as the outer coating. 
j57 loose particles containing HOBEG kernel ard ORNL coating and heat-tr»ated at 1800*C. 
^Sane as g but only 40 particles. 
ZSame as h but only AO particles. 
'"Heater rod Bade with Trlso-coated fissile and Inert particles. 
"Same as j but only 40 particles. 
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Th-16 and -17 were small graphite particle holders containing 0.0331 g Th 
each as Biso- and Triso-coated particles, respectively. These particles 
were prepared in a 0.24-m-diam furnace with a multi-inlet porous platfi gas 
distributor. These two specimens were contained in the magazine with the 
LASL specimens, which was designed to operate at a surface temperature of 
about 1300°C. 

The lower half of capsule HT-32 was made up of tTO graphite maga-
zines, each containing 13 positions (see Fig. 1). The magazine adjacent 
to the reactor midplane and the lower magazine were designed to operate at 
specimen surface temperatures of about 1300 and 1000°C, respectively. 
Four high-fired alumina rods, about 1.9 mm in diameter and 8.6 mm long, 
were inserted into each of the top end plugs of the two graphite magazines 
in the lower half of HT-32. Of the 13 positions in each magazine 8 were 
occupied by a thorium-bearing bonded rod or a graphite crucible containing 
thorium-bearing loose coated particles. The remaining five positions in 
each magazine contained carbon-coated LEU particles, either loose or in 
bonded rods. The deposition conditions, heat treatments, and charac-
terization for the HOBEG and ORNL coated particles that were irradiated in 
the lower half of HT-32 are given in Table 5. 

A metallographic section through the as-coated particles from HOBEG 
(batch TH 277/450) is shown in Fig. 2. The Al203-Si02 additive phase was 
finely dispersed throughout the kernel, and, as can be seen at the higher 
magnification, a continuous layer of the additive phase was present in the 
peripheral region of the kernel. The 1500®C, 40-min heat treatment did 
not alter the appearance of the particles. However, the 1800°C, 40-min 
heat treatment did significantly change the kernel microstructure, as 
shown in Fig. 3. At the higher temperature the additive phase became 
liquid and separated from the Th02» The additive phase partially 
penetrated the buffer, and a bond appeared to have formed between the 
buffer and kernel. Similar results have been observed by investigators at 
KFA Jiilich.3 Examination of the heat-treated particles coated at ORNL 
yielded similar results. 

The migration of the kernel additives into the buffer when heat-
treated at temperatures above 1500°C was more evident in x-ray 
microradiographs (Fig. 4)» 



Table 5. Heat Treatments, Deposition Conditions, and Properties of Low-Temperature Isotropic 
Coatings Deposited on Th02 Kernels Containing AI2O3 and Si02 Additives. 

Low-Temperature Isotropic Layer 

Batch Heat Treatment Thickness Density 
(pm) (Mg/m3) 

BAF0 
Depos ition Capsule 

Positions 
Fuel 
Form 

Batch 

(°C> (min) 
Thickness Density 

(pm) (Mg/m3) 
BAF0 

Temperature 
(°C) Gas 

Capsule 
Positions 

Fuel 
Form 

Particles Coated at HOBEG 

TH 277/450° As-Coated 8lb 1.93^ 1.025^ 1250 C2H2,C3H6 
Rodtf 0R-2655H 1500 10 81.0 1.94 1.015 1250 C2H2,C3H6 29,42 Rodtf 

OR-2u59H 1500 40 81.3 1.93 d 1250 C2H2,C3H6 36,49 Loose 
0R-2656H 1800 10 80.7 1.96 1.018 1250 C2H2,C3H6 27,40 Rode 
OR-2660H 1800 40 82.4 1.95 1.019 1250 C2H2,C3H6 35,48 Loose 

Particles Coated at ORNL 

0R-2641<2 As-Coated 74.2 2.05 d 1275 MAPP/ 
OR-2653H 1500 10 75.8 2.02 1.002 1275 MAPP 32,45 Rodfl 
0R-2654H 1800 10 75.7 2.04 1.016 1275 MAPP 30,43 Rod6 
0R-2658H 1800 40 74.8 2.05 1.026 1275 MAPP 38,51 Loose 

aParent batch; run numbers (OR-xxxxH) assigned after heat treatment. 
^Determined at HOBEG; all other values determined at ORNL. 
cFuel rod annealed at 1500°C for 30 min; therefore, loose particles and particles in rods received 

same heat treatment. 
^Not determined. 
eFuel rod annealed at 1800°C for 30 min; therefore, loose particles and particles in rods received 

same heat treatment. 
^MAPP gas marketed by AIRCO, Inc.; consists primarily of methlyacetylene and propadiene with 

alkanes as stabilizers. 
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Fig. 2. Biso-Coated Th02~Al203-Si02 Kernels Supplied by HOBEG. Note 
the continuous additive layer on the surface of the kernel in the lower 
photomicrograph. 
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Y-141645 

Y • : 

/ i'. » V-o*- >< -
V'.i ' — • V v • ...v.- ••• 

150 (jm 

• - - - - - . . . Y-141642 
• - • • " - -

* . • • - _ * . 

Fig. 3. Biso-Coated Tho2-Al2O3~Si02 Kernels Supplied by HOBEG after 
a 1800°C, 40-min Heat Treatment. Note indications (arrows) that the addi-
tive phase penetrated about one-third of the thickness of the buffer 
layer. 
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O R N L D W G . 76-19693 

Fig. 4. X-Ray Microradiographs Of Coated Particles That Contained 
Th02 Kernels with AI2O3 and Si02 Additives, (a) No migration seen after 
40 min at 1500°C. (b) Significant migration seen after 40 min at 1600°C. 
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CAPSULE OPERATION 

Capsule HT-32 was inserted into HFIR target position G-5 on 
November 15, 1976, and removed March 1, 1977 afLer having operated for 
2308 h at 100 MW reactor power. The reactor operating history is shown 
in Table 6. It should be noted that the first cycle of operation, cycle 
140, was a slow startup cycle, in which the reactor power started at 68 
MW and was gradually increased to 100 MW over a 24-d period and then 
operated at 100 MW for 5 d. Also, cycle 141 operated at 90 MW for 10 d 
then at 95 MW for 15 d. The irradiation times shown in Table 6 are the 
equivalent hours at 100 MW reactor power. 

The capsule was subsequently transferred to the hot cells for post-
irradiation examination. 

The thermal and fast fluence for all specimens and the calculated 
burnups for the specimens that contained fuel particles are shown in 
Table 7. 

Table 6. Reactor Operating History During Operation of HT-32 

Begin End Irradiation Time, ha 

Cycle 
Time Date Time Date During 

Cycle Accumulated 

140 1900 11/15/76 0400 12/14/76 577 
141 1711 12/15/76 0115 1/10/77 568 
142 2030 1/10/77 2000 2/3/77 576 
143 1830 2/5/77 2000 3/1/77 587 

1721 
2308 

1145 
577 

aEquivalent full-power hours. 
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Vable 7. Estimated Neutron Fluence and Burnup Data for Specimens 
in Capsule HT-32. 

Distance from Estimated Fluence, n/m Estimated 
HMPfl to Speci-
men Centerline 

F T7 1 
Specimen HMPfl to Speci-

men Centerline <0.414 eV >0.18 MeV 
ouniupi ririfl HMPfl to Speci-

men Centerline <0.414 eV >0.18 MeV 
(mm) (0.066 aJ) C-9 fj) 235u 238L1 232Th 

x 1026 
x 1025 

Crucible 1 246.4 1.11 4.00 
ORNL-1 196.9 1.46 6.09 
ORNL-2 139.7 1.79 7.89 
Th-16 92.1 2.04 8.93 8.55 
Th-17 84.9 2.08 9.10 8.73 
LASL-1 70.6 2.14 9.31 84.7 18.4 9.04 
LASL-2 49.0 2.23 9.56 84.7 18.9 9.43 
LASL-3 27.5 2.30 9.68 84.7 19.3 9.72 
27 -20.3 2.33 9.72 9.79 
28 -27.5 2.30 9.68 84.7 19.3 
29 -34.7 2.28 9.64 9.63 
30 -41.9 2.26 9.60 9.54 
31 -49.0 2.23 9.56 84.7 18.9 
32 -56.2 2.20 9.47 9.31 
33 - 6 3 . 4 2.18 9.39 9.19 
34 -70.6 2.14 9.31 00 t> • -V

L 18.4 
35 -77.7 2.12 9.21 8.89 
36 -84.9 2.08 9.10 8.71 
37 -92.1 2.04 8.93 84.7 17.6 
38 -99.3 2.00 8.81 8.34 
39 -106.7 1.96 8.64 84.7 17.0 
40 -147.3 1.74 7.73 6.87 
41 -154.5 1.71 7.55 84.7 14.1 
42 -161.7 1.66 7.31 6.36 
43 -168.9 1.61 7.06 6.10 
44 -176.0 1.58 6.81 84.6 12.7 
45 -183.2 1.55 6.56 5.59 
46 -190.4 1.50 6.31 5.31 
47 -197.6 1.45 6.07 84.6 11.4 
48 -204.7 1.40 5.77 4.89 
49 -211.9 1.35 5.53 4.68 
50 -219.1 1.30 5.32 84.6 9.92 
51 -226.3 1.25 4.94 4.29 
52 -233.7 1.20 4.65 84.6 8.92 

aHorizontal midplane of reactor. 
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THERMAL ANALYSIS 

Since the HT capsules have no provision for direct temperature moni-
toring or for a sweep gas system, thermal modeling is used to predict 
maximum fuel operating temperatures. For capsule HT-32 the thermal 
modeling code^ HTCAP was used to determine the maximum operating tem-
peratures for the fuel rods and the ThC>2 particles in each of the holders. 
Maximum operating temperatures were calculated at two-day intervals for 
each HFIR irradiation cycle. 

Temperature calculations were based on knowledge of the dimensional 
change characteristics of the graphite sample holders, graphite magazines, 
and aluminum containment vessel as functions of temperature and fast-
neutron fluence (>0.18 MeV); fission heat generated per particle based on 
isotopic density changes as a function of time; gamma heating rates; 
changes in material thermal conductivity as a function of temperature and 
fast-neutron (>0.18 MeV) fluence; and the coolant temperature at the con-
tainment surface. 

The dimensional change data for the fuel rods in capsule HT-32, as 
well as the preirradiation dimensions, are listed in Appendix A. These 
data and the dimensional data from graphite components for earlier HT cap-
sules, such as HT-14 and -15, were used as supplemental data for the HT-32 
capsule thermal analysis. 

A significant portion of the heat generated in an HT capsule is from 
gamma heating of the capsule components. Figure 5 describes the gamma 
heating rate^ for graphite in the HFIR target region as a function of 
distance from the horizontal midplane (HMP) of the reactor. This same 
function was used for the gamma heating rate for the aluminum. 

The design operating temperatures for the outer surface of the par-
ticle holders and fuel rods in capsule HT-32 were 1000°C for the low-
temperature magazine and 1300°C for the high-temperature magazine. 
Operating temperature histories derived from the HTCAP code for the Biso 
Th0£ particles irradiated are shown in Appendix B, Fig. BI. For each 
particle type the maximum particle surface temperature, graphite annulus 
temperature (holder temperature), and power generated per particle are 
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ORNL-DWG 75-15375A 

Fig. 5. Gamma Heating Rate for Graphite in the HFIR Target Facility 
as a Function of Axial Distance from the Reactor Horizontal Midplane. To 
convert to millimeters multiply distance by 25.4 

described as a function of irradiation time. Similar descriptions of the 
surface and centerline temperatures for the fuel rods are shown in 
Fig. B2. 

The time-averaged values of holder-annulus temperatures and the maxi-
mum surface temperatures of the loose Biso-coated Th02 particles examined 
metallographically are briefly summarized in Table 8. Time-averaged sur-
face temperatures ranged from about 1200 to 1240°C for the particles in 
the low-temperature holders and from about 1450 to 1465°C in the high-
temperature holders. The time-averaged surface and maximum centerline 
temperatures for the rods containing the Biso-coated fertile particles 
examined metallographically are listed in Table 9. The fuel rods in the 
low-temperature holder that contained the Biso-coated reference and doped 
kernels had time-averaged surface and centerline temperatures that ranged 
from about 1115 to 1155 and 1150 to 1190°C, respectively. 



Table 8. Time-Averaged Temperatures for Holder Inner Annuli and Surfaces 
of Loose Fertile Particles Irradiated in HT-32. 

Temperature, "C 

Holder Cycle 140, 28 d Cycle 141, 27 d Cycle 142, 24 d Cycle 143, 24 d Tlrae-Averaged for 
Four Cycles, 103 d 

Holder Particle 
Annulus Surface 

Holder 
Holder 
Annulus 

Particle 
Surface 

Holder 
Annulus 

Particle 
Surface 

Holder 
Annulus 

Particle 
Surface 

Holder 
Annulus 

Particle 
Surface 

Tlrae-Averaged for 
Four Cycles, 103 d 

Holder Particle 
Annulus Surface 

35 1271 1321 1315 1456 1351 1519 1366 1548 1323 1455 
36 1263 1313 1308 1449 1342 1511 1360 1541 1316 1448 
38 1358 1400 1320 1452 1333 1497 1340 1520 1338 1464 
48 1059 1096 1073 1198 1097 1261 1114 1298 1084 1208 
49 1048 1083 1063 1186 1087 1248 1102 1282 1074 1199 
51 1182 1207 1116 1221 1114 1259 1119 1286 1134 1241 

Table 9. Time-Averaged Tempertures for the Surfaces and Centerlines 
of Fuel Rods from the Low-Temperature Magazine of HT-32. 

Temperature, °C 

Fuel 
Rod 

Cycle 140, 28 d Cycle 141, 27 d Cycle 142, 24 d Cycle 143, 24 d Time-Averaged for 
Four Cycles, 103 d Fuel 

Rod 

Surface Center-
line Surface Center-

line Surface Center-
line Surface Center-

line Surface Center-
line 

40 
42 
43 
45 
46 

1102 
1122 
1120 
1109 
1097 

1127 
1146 
1143 
1131 
1119 

1105 
1145 
1144 
1127 
1117 

1140 
1178 
1177 
1158 
1147 

1120 
1171 
1171 
1154 
1143 

1160 
1209 
1208 
1189 
1177 

1131 
1186 
1188 
1171 
1159 

1174 
1227 
1227 
1208 
1196 

1114 
1154 
1154 
1139 
1127 

1149 
1188 
1187 
1170 
1158 
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POSTIRRADIATION EXAMINATION 

The capsule was normal in appearance with no unusual features and was 
disassembled without incident. The appearance of the internal components 
is shown in Fig. 6. All components were intact except for the slug-
injected simulated fuel rod (0RNL-1), which was broken near midlength. 
Simulated fuel rods (0RNL-1 and -2) were transferred to the Physical 
Properties Group of the Metals and Ceramics Division for inclusion with 
simulated rods from earlier experiments to measure the thermal transport 
and expansion properties. The results have been reported separately.^ 

Crucible 1 

Opening crucible 1 revealed that the loose, inert coated particles 
had reacted with and stuck to the rhenium-foil heater disks, as shown in 
Fig. 7. Since the coatings definitely could have been affected by the 
rhenium and particles from the same batch (0R-2293HT) were irradiated^ in 
HT-33, we decided not to do any additional characterization studies on 
these particles. 

Holders Th-16 and -17 

Examination of the loose Triso- and Biso-coated particles from 
Holders Th-16 and Th-17 revealed that a significant number of the coatings 
had failed. The appearance of these particles is shown in Fig. 8, and the 
results from visual examination are given in Table 10. 

These particles were from two of the first coating runs made in a 
0.24-m coater with a frit gas distributor and, as can be seen in Fig. 8, 
the particles were heavily faceted. The outer LTI (OLTI) of the Triso 
batch was deposited in a 0.13-m coater. The Biso-coated particles 
appeared to have failed from a pressure-vessel mechanism. Examination of 
the Triso-coated particles revealed that about 15% of the OLTI layers had 
failed from fast-neutron damage. The SiC surface was very smooth as depo-
sited, as evidenced by the shiny inner surfaces of the OLTI layer 
fragments. The SiC surfaces that were exposed because of OLTI failure 
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(a) (b) 
Y-168152 

Fig. 6. Internal Components from HT-34. (a) Top to bottom, 
crucible 1 and simulated fuel rods ORNL-1 and -2. (b) Graphite magazine 
(16-2) containing LASL fuel rods and loose particle holders Th-16 
and Th-17. (c) Graphite magazine (15-2) that contained specimens 27 
through 39. (d) Graphite magazine (14-2) that contained specimens 40 
through 52. 
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Fig. 7. Inert Coated Particles From Crucible 1 of HT-34, Which Were 
Stuck to the Rhenium-Foil Heater Disks 

became dull as a result of SiC evaportion during irradiation. A few 
coating fragments were observed where both OLTI and SiC fracture surfaces 
were evident. These failures were probably pressure-vessel failures as a 
result of SiC thinning after the OLTI layer failed. Visual examination of 
about 3500 unirradiated archive particles revealed no OLTI coating failures. 

LASL Fuel Rods 

Two of the three LASL extruded fuel rods were removed from the 
graphite magazine without incident. However, the third rod was difficult 
to remove from the graphite magazine, and in the process the lower half 
was broken into several pieces. The two intact rods and the largest piece 
of the third rod are shown in Fig. 9. The two intact rods (LASL-1 and -2) 
had decreased in diameter by 2.42 and 2.27%; the third rod, LASL-3, 
decreased only 0.97%. The only unique characteristic of the fabrication 
of the LASL-3 rod was that the matrix contained 10 wt % fine graphite 
(mean diameter 0.6 Mm). No additional examinations were performed on 
these fuel rods because of the termination of the LASL Program. 
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Fig. 8. (a) Triso and (b) Biso Particles that had been Coated in a 
0.24-m Coating Furnace with a Frit Gas Distributor. These particles were 
exposed to a fast fluence of 9 * 1025 n/m2 (>0.18 MeV). 
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Fig. 9. Extruded Fuel Rods Irradiated in HT-34. (a) LASL-1, 9.3 x 
10 2 5 n/m2. (b) LASL-2, 9.6 x 1025 n/m2. (c) LASL-3, 9.7 x 1025 n/m2. 
All fast fluences, >0.18 MeV. 
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Table 10. Results from Visual Examination of Loose 
Coated Particles That Had Been Coated In a 0.24-m 

Coater with a Frit Distributor 

Holder Coating Batch Number of Particles Failed Holder Design Batch Original Intact (%) 

Th-16 
Th-17 

Triso 
Biso 

J-586 
J-585 

60 
63 

. 57 
59 

5.0 
6.4 

High-Fired Alumina Rods 

The eight high-fired alumina rods irradiated in the upper end plugs, 
15-1 and 14-1, of the high- and low-temperature magazines, respectively, 
were recovered and inspected visually and dimensionally. Although a 
detailed thermal analysis was not performed on these end plugs, the alumina 
rods in the end plug (14-1) of the lower magazine were assumed to have 
operated near the design temperature 1000°C. The rods from the end plug 
(15-1) of the upper magazine were estimated to have operated near 1300°C. 
All the rods were intact, and the results of the metrology are given in 
Appendix C. The alumina rods from the higher temperature magazine 
increased in diameter less than 1%. The rods from the lower temperature 
end plug increased more than 2%. Visual examination showed that each of 
the lower temperature rods contained a longitudinal crack that ran its 
length and extended to near the centerline. The width of the cracks 
measured about 0.1 mm, so the true diametral strain was less than 0.5% for 
the alumina rods in the lower temperature end plug. A typical rod from 
each of the end caps is shown in Fig. 10. The fast fluence (>0.18 MeV) 
exposure was 7.3 x 1025 n for the lower temperature alumina rods and 
9.1 x 10^5 n/m^ for the higher temperature rods. 

R - 7 5 4 9 6 R - 7 5 5 0 0 

(a) (b) 

Fig. 10. Typical High-Fired Alumina Rods Irradiated in (a) High-
Temperature End Plug 15-1 and (b) Low-Temperature End Plug 14-1. 
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The swelling observed is not unexpected since both silicon and 
helium are produced from aluminum during irradiation. The silicon 
is the product of the 27Al(n,Y)28A1 reaction with thermal neutrons 
followed by B-decay to 2®Si. The helium is a product of an (n,a.) reac-
tion with aluminum. The cracking observed only in the lower temperature 
rods can be explained from the lack of plastic deformation (in this 
instance stress relief) in alumina except at temperatures above about 
I000°C.7 

Heater Rods 

The heater rods (37, 39, 50, and 52) from HT-32 are shown in 
Fig. 11. Rods 37, 39, and 52 were fabricated from inert (SC-376) and 
driver (SC-375) particles with SiC as the outer layer. Rod 50 was 
fabricated from conventional Triso-coated inert (OR-2577H) and driver 
(OR-2576H) particles. Rods 37 and 39 were exposed to a fast fluence of 
about 9 x 1025 n /m2 in the high-temperature magazine, and 50 and 52 to 
about 5 x 1025 n/m2 (> 0.18 MeV) in the low-temperature magazine. 
Although all rods were intact and no cracked coatings were noted during 
the stereo examination, several particles on the surface of the high-
temperature rods were black and sooty. Sooty regions on fuel rods were 
associated with the release of solid fission products from coated par-
ticles in the HRB-10 experiment.® The heater rods from the low-
temperature magazine, rods 50 and 52, were in excellent condition; only 
one or two particles had debonded from the edges of each rod. There was 
no visual evidence of particle failure on either rod 50 or 52. 
Dimensional data on these rods are given in Appendix A. 

Driver Particles 

Loose driver particles (Batch SC-375) with SiC as the outer coating 
are shown in Fig. 12. The particles that were in holders 28, 31, and 34 
of the high-temperature magazine were difficult to remove. Examination 
of the particles with a steromicroscope revealed that a portion of the 
SiC had evaporated. The evaporation permitted localized penetration of 
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Fig. 11. Heater Rods from HT-32. (a) Rod 37 and (b) Rod 39 from 
high-temperature magazine. (c) Rod 50 and (d) rod 52 from low-temperature 
magazine. Rods 37, 39, and 52 had been fabricated from inert and driver 
particles with SiC as the outer coating. Rod 50 had been fabricated from 
conventional Triso-coated inert and driver particles. 
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Fig. 12. Driver Particles (SC-375) With An Outer Layer of SiC. 
(a) From high-temperature holder 28. (b) From low-temperature 
holder 41. 

the SiC and caused numerous failed particles. Thermal analysis of the 
capsule showed the maximum particle-surface temperature for holder 28 to 
have been 1635°C, and the time-averaged surface temperature was 1437°C. 
Particles that were in holders 41, 44, and 47 of the low-temperature 
magazine were in excellent condition with no evidence that the SiC 
coating had been affected. The maximum surface temperature of the par-
ticles in holder 41 was 1415°C, and the time-averaged surface tem-
perature was 1230°C. 

Biso-Coated Th02 Particles With Kernel Additives 

The irradiation performance varied for the Biso-coated ThO£ kernels 
that contained AI2O3 and Si02 additives. The results of the visual 
examination of the loose particles from the high- and low-temperature 
magazines are shown in Table 11. 
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Table 11. Results from the Visual Examination of Loose Biso-Coated 
Particles that Contained AI2O3 and Si02 

Coated 
By 

Temperature, °C 
Position Heat 

Treatment0 
Irradiation 
(Time Av) 

Fast Fluence 
>0.18 MeV 
(n/m2) 

Number of Particles 
Examined Failed 

HOBEG 49 1500 1200 5.5 x 1025 40 24 
HOBEG 36 1500 1450 9.1 56 15 
HOBEG 48 1800 1210 5.8 40 1 
HOBEG 35 1800 1450 9.2 56 5 
ORNL 51 1800 1240 4.9 40 0 
ORNL 38 1800 1465 8.8 57 0 

aAll particles heat-treated for 40 min before irradiation. 

All the loose particles from positions 35, 36, 38, 48, 49, and 51 
were examined metallographically, and the results are summarized below: 

Position 35. HOBEG Coating, 1800°C Heat Treatment 

After irradiation, the buffer layers in these particles were dense 
and showed evidence of anisotropy. These properties resulted in radial 
cracks through the buffer, and kernel material extruded into the cracks 
(Fig. 13). Preirradiation metallography showed no evidence of ani-
sotropy in the buffer coatings of this particle batch, although the 
buffer appeared to be denser than normal. The kernels developed central 
holes much like those observed in pellet fuel. Columnar grains 
extending from the buffer could have been produced by a vaporization-
condensation process, which occurs for UO2 above 1750°C. The contribu-
tion to this process by the AI2O3 and Si02 additions is unknown. 
Additions of more than 18 mol % Si02 to Th02 lower to about 1700°C the 
temperature at which liquid is present.^ This is the first time that a 
central hole and columnar grains have been observed in coated particle 
fuel. 

Position 36. HOBEG Coating, 1500oC Heat Treatment 

Metallographic observations indicated that these particles operated 
very similarly to those in position 35 (from same particle batch but 
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Fig. 13. Typical Appearance of Loose Particles from Position 35: 
HOBEG Coating, 1800°C Heat Treatment. Irradiated at a time-averaged 
particle surface temperature of 1450°C. (a) Bright field, 
(b) Polarized light. 
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heat-treated at 1800°C). Radial cracks through the coatings due to 
dense and anisotropic buffers were observed as shown in Fig. 14. In 
addition, the central hole and columnar grain structure observed for 
position 35 were also present. 

Position 38. ORNL Coating, 1800°C Heat Treatment 

The buffer coatings were porous and isotropic in this particle 
batch (Fig. 15). No radial cracks or broken particles were observed. 

Kernel behavior was very similar to the central hole and columnar 
grain formation of the kernels irradiated in position 35. However, in 
this particle batch the buffer coating had separated from the LTI in 
most particles, causing a thermal gradient across the particles. 
Subsequently, kernel material vaporized and diffused through the 
separated buffer coating. The kernel material then condensed on the 
inner surface of the LTI, forming columnar grains. 

Position 48. HOBEG Coating, 1800°C Heat Treatment 

Like particles irradiated in position 35, these particles had very 
dense and anisotropic buffer coatings, which resulted in radial cracks 
through the buffer coating. Because of the moderately low irradiation 
temperatures, the kernels appeared very similar to the unirradiated 
kernels: Th02 grains individually dispersed in an Al203-Si02 matrix. 
Cracks were observed in the periphery of the kernels and sometimes 
extended into the buffer coating (Fig. 16). This was caused by the 
strong bond between the Al2°3~Si02 matrix and the buffer coating (some 
A3-2°3-Si02 diffused into the buffer). No cracks were observed in the 
central part of the kernel because of its higher operating temperature 
and hence greater plasticity. 

Position 49. HOBEG Coating, 1500°C Heat Treatment 

Like the particles irradiated in positions 35 and 48, this particle 
batch also had dense buffer coatings, but it was less anisotropic. 
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R-74153 

Fig. 14. Typical Appearance . Loose Particles from Position 36: 
HOBEG Coating, 1500°C Heat Treatment. Irradiated at a time-averaged 
particle surface temperature of 1450°C. (a) Bright field, 
(b) Polarized light. 
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Fig. 15. Typical Appearance of Loose Particles from Position 38: 
ORNL Coating, 1800°C Heat Treatment. Irradiated at a time-averaged 
particle surface temperature of 1465°C. (a) Bright field, 
(b) Polarized light. 
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Fig. 16. Typical Appearance of Loose Particles from Position 48: 
HOBEG Coating, 1800°C Heat Treatment. Irradiated at a time-averaged 
particle surface temperature of 1210°C. (a) Bright field, 
(b) Polarized light. 
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Buffer coating failures (Fig. 17) were also similar to those observed in 
positions 35 and 48. 

Unlike the kernels in position 48, these kernels showed no cracks. 
The Al203~Si02 matrix and the ThC>2 grains were mixed such that neither 
was distinguishable. In addition, kernel material had extruded _rto the 
buffer cracks, indicating high kernel plasticity during irradiation. 
Bright inclusions appeared in the kernels where cracks extended through 
the buffer and LTI. 

Position 51. ORNL Coating, 1800°C Heat Treatment 

The buffer coatings were porous and isotropic, with no particle 
failures observed (Fig. 18). The kernel appearance was very similar to 
that described for position 48. 

The primary difference between the particles irradiated in the lov 
temperature magazine was that particles in positions 48 and 51 were 
annealed at 1800°C whereas those irradiated in 49 were annealed at 
1500°C before irradiation. Examination of the radiographic plates made 
on the particles after annealing but before irradiation show that the 
1800°C anneal allowed kernel material to diffuse into the buffer in both 
the HOBEG and ORNL coatings. In some cases the kernel material had dif-
fused all the way through the buffer coat to the buffer-LTI interface. 
Examination of the 1500°C radiographic plates showed no fuel dispersion. 

This fuel dispersion decreases the temperature of the kernel during 
irradiation. That is, particles Irradiated in crucibles 48 and 51 would 
have lower temperatures than those irradiated in crucible 49. To 
illustrate this, a one-dimensionsl radial heat transfer calculation in 
spherical coordinates was made for a typical particle with and without 
dispersion. The power generated per particle was considered to be 0.42 
W, the surface temperature was 1280°C, the thermal conductivity of the 
buffer was 0.1 W/m K, and nominal dimensions of the particle were con-
sidered (532-86-81 pm)* Three cases were considered: 
1. the kernel material had diffused into one-half of the buffer; 
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Fig. 17. Typical Appearance of Loose Particles from Position 49: 
HOBEG Coating, 1500°C Heat Treatment. Irradiated at a time-averaged 
particle Surface Temperature of 1200°C. (a) Bright field, 
(b) Polarized light. 
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Fig. 18. Typical Appearance of Loose Particles from Position 51: 
ORNL Coating, 1800°C Heat Treatment. Irradiated at a time-averaged 
particle surface temperature of 1240°C. (a) Bright field, 
(b) Polarized light. 
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2. the kernel material had diffused into one-third of the buffer; and 
3. the kernel material had not diffused. The results are shovr for 

each case in Table 12. 
This analysis considered no gas gaps between coatings and assumed that 
the surface temperature was uniform. 

This analysis illustrates the temperature effect due to the disper-
sion of kernel material into the buffer coating. Particles annealed at 
1500°C may have operated at temperatures up to several hundred degrees 
above those that were annealed at 1800°C. The differences observed in 
postirradiation examination are due to peak kernel center temperatures 
being several hundred degrees higher in particles irradiated in crucible 
49 than in crucibles 48 and 51. 

Table 12. Effect of Diffusion of Kernel Material 
into Buffer on Kernel Temperature 

Case Penetration of Kernel Temperature, °C 
Case Buffer Center Surface 

1 1/2 1440 1415 
2 1/3 1530 1503 
3 none 1620 1590 

Fuel Rods 

Visual Examination of the fuel rods from the high- and low-
temperature magazines showed that they were in good condition, as shown 
in Fig. 19. The results of dimensional inspection are given in Appendix 
A. Fuel rods from the low-temperature magazine were electrolytically 
deconsolidated to recover the fuel particles for metallography, electron 
microprobe analysis, and gamma spectrometry. 

The metallographic results for the particles from the fuel rods 
were identical to those for the loose particles from the low-temperature 
magazine. The particles with HOBEG coatings had dense, anisotropic 
buffer coatings, which resulted in radial cracks through coating layers. 
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Fig. 19. Rods from High- (Upper Row) and Low-Temperature Magazines of Capsule HT-32. 
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Typical failed and intact particles from rod 42, which had been heat-
treated at 1500°C, are shown in Fig. 20; the time-averaged surface and 
centerline temperatures of this rod were 1155 and 1190°C, respectively. 
Failed and intact particles from rod 40, which had been heat-treated at 
1800°C, are shown in Fig. 21. The time-averaged surface and centerline 
temperatures of this rod were 1115 and 1150°C, respectively, and the 
fast-fluence exposure level was 7.7 x 1025 n/m2. Apparently the bulk of 
the silicon-aluminum oxide phase escaped from the kernel when the 
coating failed, as can be seen by comparing failed and intact particles 
in the above figure. 

No failures were noted in the examination of particles with ORNL 
coatings incorporated in fuel rods from the low-temperature magazine. 
Typical particles from rods 43 and 45 are shown in Fig. 22. The par-
ticles in rod 43 were heat-treated at 1800°C before irradiation, and 
those in rod 45 at 1500°C. The time—averaged surface and centerline 
temperatures for rod 43 were 1155 and 1190°C, respectively; for rod 45, 
1140 and 1170°C. 

The fast-fluence (>0.18 MeV) exposure levels were 7.1 x 1025 n /m2 
for rod 43 and 6.6 x 1025 n/m2 for rod 45. Examination of the ORNL 
reference Biso-coated Th02 particles in rod 46 revealed no failures 
(Fig. 23). The time-averaged surface and centerline temperatures were 
1130 and 1160°C, respectively, and the fast-fluence exposure level was 
6.3 x 1025 n/ m2 (>o.l8 MeV). 

ELECTRON MICR0PR0BE ANALYSES 

A few coated particles that appeared to be representative of those 
contained in low-temperature rods 40, 42, and 46 were analyzed with the 
aid of a shielded electron microprobe. The fission products Cs, Ba, and 
Sr contained in the kernels were compared with and without the Si02 and 
AI2O3 additives. The microprobe analyses were run with an accelerating 
voltage of 34 kV, a specimen current of 0.2 uA and a 5-pm spot size. 
The results were obtained by electronically traversing the electron beam 
from near the center of the kernel into the buffer at a rate between 
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Fig. 20. Failed and Intact Particles From Fuel Rod 42. Coated by 
HOBEG, heat-treated at 1500°C. The time-averaged surface and 
centerline temperatures of this rod were 1155 and 1190°C, respectively; 
the fast-fluence (>0.18 MeV) exposure was 7.3 x 1025 n/m^. 
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Fig. 21. Failed and Intact Particles From Fuel Rod 40. Coated by 
HOBEG; heat-treated at 1800°C. The time-averaged surface and cen-
terline temperatures of this rod were 1115 and 1150°C, respectively, 
fast-fluence (>0.18 MeV) exposure was 7.7 * 1O2^ n/m2. 



43 

Fig. 22. Particles Coated by ORNL and Irradiated. (a) In rod 43. 
Heat-treated at 1800°C. Time-averaged rod surface and centerline tem-
peratures 1155 and 1190°C, respectively. Fast fluence (>0.18 MeV) 
7.1 x 1025 n/m2. (b) Rod 45, 1500°C, 1140 and 1170°C, 6.6 x 1025 n/m2. 
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Fig. 23. Reference ORNL Biso-Coated Th02 Particle Irradiated in 
Rod 46. Time-averaged rod surface and centerline temperatures were 1130 
and 1160°C, respectively. Fast-fluence (>0.18 MeV) was 6.3 x 1025 n/m2. 

2 and 3 um/s. Experience with irradiated samples has shown that the 
limit of detection normally is less than 1% of the effective volume 
being analyzed. 

Fuel Rod 40 contained particles with HOBEG coatings and kernel 
additives that had been heat-treated at 1800°C before irradiation. 
Both intact and failed particles were analyzed; the two particles ana-
lyzed are shown in Fig. 21. The metallographic interpretation and 
operating history were described in the previous section. A backscat-
tered electron (BSE) image of a portion of the intact particle from rod 
40 along with the silicon x-ray display is shown in Fig. 24. Although 
an x-ray display of the aluminum is not shown, it was associated with 
the silicon. As can be seen, the additives formed the continuous matrix 
within the kernel and extended into the buffer layer. The distribution 
of Si, Al, Cs, Sr, and Ba within the kernel and coating, as determined 
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Fig. 24. A Backscattered Electron Image (Left) and a Si Ka X-Ray 
Display of an Intact Particle From Rod 40. 

from the traversing-beam analysis, is shown in Fig. 25. From this 
figure it is apparent that the fission products Cs, Sr, and Ba are 
strongly associated with the alumina-silica additive phase in the ker-
nel. Although Al and Si were detected in the buffer layer there was not 
a corresponding increase of Cs, Sr, or Ba there. 

A BSE image and Si-Al x-ray displays of a failed particle from rod 
40 are shown in Fig. 26. The presence of aluminum and silicon in the 
kernel and in a portion of the buffer is apparent from the x-ray 
displays, although metallography showed in Fig. 21 (top) that the bulk 
of the additive phase appeared to have been lost because of coating 
failure. The metallic-appearing globules shown in the metallographic 
section of the kernel coincide with the barium-rich regions defined in 
the x-ray display. Electron beam traversing measurements showed little 
to no evidence of Cs or Sr and only an occasional peaking of Ba in the 
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Fig. 25. Results From Electron Beam Traversing Analyses Showing 
the Association of Fission Products Cs, Sr, and Ba with the Silica-
Alumina Additive Phase in the Kernel of an Intact Particle from Rod 40. 
(a) Al-Cs, (b) Si-Cs, (c) Si-Ba, and (d) Cs-Sr concentration profiles 
from within the kernels and into the LTI coating. 
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Al-rich regions. Typical results from an electron beam traverse across 
a kernel and into the coating are shown in Fig. 27. 

Fuel rod 42 contained particles with HOBEG coatings and kernel 
additives that had been heat-treated at 1500°C before irradiation. As 
with particles from rod 40, both intact and failed particles were 
analyzed; the two particles analyzed are shown in Fig. 20. The 
metallographic interpretation and operating history were described in 
the previous section. A BSE image and aluminum and silicon x—ray 
displays of the intact particle are shown in Fig. 28. As can be seen in 
this figure, the alumina and silica additives are more finely dispersed 
throughout the kernel than for the particles in rod 40, which were heat-
treated at a hipher temperature. Results from the electron-beam 
traverses from the kernel and into the LTI coating (Fig. 29) showed that 
the fission products Cs, Sr, and Ba were assocaited with the additives 
in the kernel but not in the buffer. 

0«NL DAG 79-19467 

Fig. 27. Results of an Electron Beam Traverse Across a Kernel and 
into the Coating of a Failed Particle from Rod 40. Note only one barium 
peak corresponds with the aluminum-rich zones in the kernel. 
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Fig. 28. A Backscattered 
Electron Image (a) Al Ka (b) and 
Si Ka x-ray (c) Displays of an 
Intact Particle from Rod 42. 

(c) 
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Fig. 29. Results from Electron Beam Traversing Analyses Showing 
the Association of Fission Products Cs, Sr, and Ba with the Alumina-
Silica Additives in the Kernel of an Intact Particle from Rod 42. 
(a) Al-Cs, (b) Si-Cs, (c) Si-Ba, and (d) Cs-Sr concentration profiles 
from within the kernel and into the LTI coating. 
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The BSE images of the failed particle Fhown in Fig. 20 (top) from 
rod '2 revealed that a significant portion of the additives had been 
lost from the kernel, and a striking increase in the silicon content of 
the buffer was apparent (Fig. 30). Also regions of the kernel adjacent 
to a coating failure were essentially devoid of aluminum and silicon. 
X-ray displays of aluminum and silicon in a region of the particle where 
the cracks penetrated only the buffer layer and the LTI is intact are 
shown in Fig. 31. Results from electron beam traverses through these 
two regions and into the LTI layer are shown in Figs. 32 and 33; a 
higher concentration of the kernel additives and barium is apparent in 
the region where the coating failed only partially. Neither cesium nor 
strontium was detectable in the failed particle from this rod. 

GAMMA ANALYSIS OF COATED PARTICLES 

Selected particle batches listed in Table 13 were analyzed by the 
Irradiated-Microsphere Gamma Analyzer (IMGA) s y s t e m . T h e particles 
examined from the bottom magazine were from rods electrolytically 
deconsolidated.H Only the particles from the low-temperature region 
were analyzed because they more closely represent the fuel temperatures 
expected in thw AVR (a German pebble—bed HTGR). The behavior of these 
particles under AVR conditions was the main concern in this experiment. 
The ratio of volatile to stable fission products (e.g. iJ'Cs and 95Zr) 
has been shown to indicate the performance of the particles during 
irradiation.^ 

Results from the gamma analysis are presented in Table 13. 
Histograms of the 1^7Cs/952r results are shown in Fig. 34. The theore-
tical ratios were calculated by using the CACA-II computer c o d e . S o m e 
discrepancies occur because of the uncertainty associated with the 
nuclear cross sections in the HFIR target area. With 137Cs and 
(both direct yield fission products with low capture cross sections) 
these discrepancies are minor, but the 

134C s the discrepancy is signifi-
cant . Virtually all the 134Cs present in the particles is due to 
neutron capture by which depends heavily on the neutron spectrum 
and flux. Uncertainties in these quantities can result in the large 
discrepancies observed with 
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Fig. 30. A Backscattered 
Electron Image (a), A1 Ka (b) and 
Si Ka (c) x-ray displays of a 
failed particle from Rod 42. Note 
high concentration of silicon in 
the buffer layer. 
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Fig. 31. X-Ray Displays of Al Ka (left) and Fx Ka in a Region of a 
Failed Particle from Rod 42 Where the Cracks Penetrated Only the Buffer 
Layer. 
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Fig. 32. Results of Electron Beam Traverses Through a Region of a 
Failed Particle from Rod 42 Where Complete Coating Failure Occurred. 
Note high concentrations of additives but not fission-product Barium in 
Buffer and LTI Region (a) Al-Ba. (b) Si-Ba. 
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Fig. 33. Results of Electron Beam Traverse Through a Region of a Failed Particle from Rod 42 
Where Only Buffer Coating Failed and LTI is Intact. Note higher concentration of kernel additives 
in this region of the kernel than in Fig. 32. (a) Al-Ba. (b) Si-Ba. 



Table 13. Results from IMGA Classification of Fertile Particles from HT-32 
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The Biso- and Triso-coated ThC>2 particles from crucibles Th-17 and 
Th-16, respectively, performed poorly. All the Biso-coated particles 
lost significant amounts of ^^Cs (faiiure fraction = 100%), while most 
of the Triso-coated particles lost significant amounts of l^Cs (failure 
fraction = 65%). Both these particle types were coated in the 
0.24-m-diam coater at GA. Nearly identical results have been observed 
with Biso- and Triso-coated Th02 particles from capsule HT-34 irradiated 
under similar conditions.^ 

The Biso-coated doped Th02 particles coated by HOBEG (positions 40 
and 42) had a wide range of performance as evidenced by their large 
standard deviations. Some of the particles retained their l^Cs whiie 

others appeared to have lost significant quantities. Failure fractions 
were 9% for position 40 (2 out of 21) and 44% for position 42 (4 out 
of 9). The particles in position 40 had been heat-treated at 1800°C 
before irradiation, and those in position 42 at 1500°C. These failure 
fractions, while not being statistically reliable because of the very 
small number of samples, do give a general idea of the performance of 
the particles. Release of the ^^Cs by the particles is believed attri-
butable to the poor performance of the coatings as discussed in the 
metallography section. Also included in the histogram shown in 
Fig. 34(c) are two bare kernels, both located in channel 1. Comparing 
them with the theoretical ratio shows that these kernels contain only 
about 7% of their theoretical l-^Cs inventory. The failed particles 
(but still with their coatings) from positions 40 and 42 contained on 
the average 78% and 58% of their l^Cs, respectively. 

The Biso-coated Th02 particles coated by ORNL (positions 43 and 45) 
performed better than the HOBEG-coated particles. This is attributed to 
the performance of the coatings. None of the particles appeared to have 
lost any l^Cs during irradiation. Examination of the results on the 
reference TI1O2 shows that it too appeared to have lost none of its 
Thus it seems that at the irradiation temperatures experienced by these 
particles (<1190°C time-averaged temperature) the doped Th02 performed 
no better or worse than the reference Th02» Other data*^ on 
Th02 irradiated at similar temperatures and heavy metal burnups show 
similar results. 
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The results on the 134Cs/137Cs ratio are also presented in Table 
13. Because of the ^33xe precursor to 134cs> this ratio is an indicator 
of fission gas behavior in the particles. As mentioned previously, 
calculation of the *34qs 

inventory is difficult, so some of the 
observed-to-theoretical ratios are substantially greater than 100%. Comparison of the measured 134Cs/137 

Cs ratios with the theoretical 
ratios shows apparently no loss of *33xe by the doped Th02 particles 
from the bottom magazine. This is in agreement with other results^ on 
Th02 particles irradiated under similar conditions. Those results and 
others1 showed that the 134Cs/137 

Cs ratio is not indicative of the 
fission-gas behavior in particles at low temperatures. 

The mean ratios in Table 13 for the Th02 particles from positions 
Th-16 and Th-17 correspond to 133Xe losses. These losses are quite 
substantial when one considers that the theoretically calculated yields 
are probably too low, as can be judged from the high percentages of 
theoretical found in the particles from the bottom magazine. Experience 
from other tests^'*-* shows that the rate of release from the ker-
nel to the buffer is very temperature and burnup dependent. Since these 
positions were in the region with high neutron flux, they had high bur-
nups and most probably had high time-averaged temperatures. This pro-
bably resulted in high fission gas release to the buffer. Some 
pressure-vessel failures were observed with both Biso- and Triso-coated 
particles. The Biso-coated particles could have lost fission gases 
through permeability of the pyrocarbon coating. The Triso-coated par-
ticles could have released fission gas only if the SiC coating had 
failed. This is also true for *37cs loss. High fission-gas release to 
the buffer could have cracked the SiC coating, causing the ^Sxe and 
137Cs losses observed. It should be noted that the nonfailed Triso-
coated Th02 particles were the ones with the highest 134cs/137cs ratios 
(see maximum values listed in Table 13), indicating that the SiC coating 
was indeed intact. SUMMARY AND CONCLUSIONS 

Most of the six objectives outlined near the beginning of this 
report were achieved. 
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Objective 1. One of the two supplemental simulated fuel rods for 
thermal conductivity was recovered intact. Both the intact rod and the 
one broken into two pieces were transferred to the Physical Properties 
Group of the Metals and Ceramics Division for measurement of thermal 
transport and expansion properties. The results have been reported 
separately.2 

Objective 2. Detailed evaluation of the HOBEG and ORNL Biso-coated 
Th02 kernels with AI2O3 and Si02 additives yielded several results. 
Although none of the particles with ORNL coatings failed, a significant 
number of the HOBEG coatings did. The BAF0 values for the heat-treated 
ORNL and HOBEG coatings were well below the recommended upper limit of 
1.035. It was apparent that the preirradiation heat treatment had a 
significant effect on the survival rate of the HOBEG coatings. Of the 
HOBEG coatings that were heat-treated at i'00°C and irradiated at a 
time-averaged temperature of 1210°C only 3% failed, whereas 60% failed 
of those that were heat-treated at 1500°C and irradiated at a time-
averaged temperature of 1200°C. One possible explanation for the 
improved performance is that the higher temperature heat treatment, 
which dispersed the kernel material into the buffer coating, resulted in 
a lower kernel operating temperature. However, since none of the ORNL 
coatings failed and the BAFQ values for the ORNL and HOBEG coatings were 
equivalent, there was no apparent reason for OLTI failure. Results from 
the metallographic examinations tended to indicate that the buffer 
layers of the HOBEG particles were too dense, although the HOBEG data 
indicate a buffer density of only 1.09 Mg/m^. 

The electron microprobe analyses showed that the fission products 
Cs, Ba, and Sr were associated in some instances with the Al203~Si02 
additive phase. However, the gamma spectrometry (IMGA) results 
indicated that, although there is a concentrating reaction of fission 
products within the kernel, there was no improvement in the fission pro-
duct retention of the coated particles. Analysis of bare kernels from 
failed particles showd that only 7% of the ^^Cs w a s retained, and par-
ticles with cracked coatings had lost between 20 and 40% of their 
inventory. Gamma spectrometry of the ORNL-coated particles that 
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contained Th02 kernels with additives and reference Th02 showed no dif-
ference: both types of particles retained their theoretical inventories 
of 137Cs. 

Objective g. The loose Biso-particles irradiated to study pyrocar-
bon stability and permeability were not investigated because the LTI 
layers and rhenium foil heater disks reacted during irradiation. 
Additional particles from this same batch (OR-2293HT) were irradiated in 
capsule HT-33. 

Objective 4. Visual examination of Triso- and Biso-coated par-
ticles prepared in a 0.24-m—diam coating furnace revealed that between 5 
and 6% had failed. It appeared that the Biso coatings had failed as a 
result of pressure-vessel mechanism. The OLTI of the Triso-particles 
appeared to have failed from fast-neutron damage. The exposed SiC 
layers were thinned by vaporization until pressure-vessel failure 
occurred. Results of IMGA showed that each of the intact Biso-particles 
had lost an appreciable amount of ^-^Cs inventory (mean fractional 
release of 67.7%). Although some of the intact Triso particles retained 
all the l^Cs generated, the mean fractional release for all the Triso 
particles was 39%. 

Objective 5. The warm-molded heater rods that were fabricated from 
inert (SC-376) and driver (SC-375) particles with SiC as the outer layer 
were irradiated in the high- and low-temperature magazines. Although 
the rods in the higher temperature higher fluence region exhibited some 
debonding and evidence of particle failure, the rods in the lower tem-
perature lower fluence region were excellent in appearance. 

The loose driver particles (SC-375) with SiC as the outer layer, 
irradiated at a maximum surface temperature of 1635°C and a time-
averaged temperature of 1437°C, showed a considerable loss of SiC by 
evaporation that resulted in pitting and numerous pressure—vessel 
failures. In contrast, particles from the same batch irradiated at 
maximum and time-averaged surface temperatures of 1415 and 1230°C, 
respectively, were in excellent condition with no evidence of SiC eva-
poration. This result establishes an upper limit between about 1200 and 
1400°C above which Triso-particles with missing of failed OLTIs would be 
subject to failure because of SiC degradation. 
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Objective 6. The inclusion of the high—purity alumina rods in 
graphite end plugs to evaluate candidate sheathing material for high-
temperature thermometry was partially successful. The small solid rods 
in the higher temperature (~1300°C) and peak, fast fluence (9.1 x 1025 n / m2) 
region had increased in diameter by less than 1%, had become greyish, but 
otherwise appeared unchanged. The rods from the lower temperature 
(~1000°C) and lower fast flux (7.3 * 10^ n/m^) region were similar in 
appearance to the higher temperature rods but had developed a single 
straight-line longitudinal crack that ran the length of each rod. It 
appears that alumina could be considered as a sheathing material at ele-
vated temperatures but probably would not be suitable at lower temperatures 
(1000°C or below), where stresses that develop from internal swelling are 
not relieved. Additional testing of hollow rather than solid rods at the 
lower temperatures is also in order. 
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APPENDIX A 

DIMENSIONAL DATA FOR FUEL RODS IRRADIATED IN CAPSULE HT-32. 

Table A1. Pre- and Postirradiation Diameters of Fuel Rods 
Irradiated in Capsule HT-32. 

Fuel Diameter , mm(in. ) Change 
Fast 

Fluence 
Rod Preirradiation Postivr adiation (%) >0.18 MeV 

(n/m2) 

27 9.746 0.3837 9.576 0.3770 -1.75 9.0 x 1025 

29 9.749 0.3838 9.665 0.3805 -0.86 8.9 
30 9.743 0.3836 9.601 0.3780 -1.46 8.9 
32 9.751 0.3839 9.710 0.3823 -0.42 8.8 
33 9.746 0.3837 9.566 0.3766 -1.85 8.7 
3 7 a 9.741 0.3835 9.682 0.3812 -0.60 8.3 
39a 9.761 0.3843 9.627 0.3790 -1.38 8.0 
40 9.741 0.3835 9.632 0.3792 -1.12 7.2 
42 9.746 0.3837 9.680 0.3811 -0.68 6.8 
43 9.738 0.3834 9.655 0.3801 -0.86 6.5 
45 9.738 0.3834 9.649 0.3799 -0.91 6.1 
46 9.741 0.3835 9.655 0.3801 -0.89 5.8 
50a 9.738 0.3834 9.566 0.3766 -1.77 4.9 
52a 9.756 0.3841 0.713 0.3824 -0.44 4.3 

aHeater rods. 
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FAST-NEUTRON FLUENCE, E > 29fJ (n/m2) 

Fig. Al. Effect of Fast Neutron Damage on Change of Diameter for Fuel Rods Irradiated in HT-32. 
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Appendix C. Metrological Results on High-Fired Alumina Rods Irradiated in Capsule HT-32 

D i a m e t e r , mm(ln . ) Length , mm(in . ) W e i g h t , ' g 

End A1 2 0 3 
Chance" rhance Chance 

P lug S p e c i - P r e l r r a d l a t l o n P o s t i r r a d l a t l o n ^ ^ P r e l r r a d l a t l o n P o s t l r r a d l a t i o n P r e l r r a d l a t i o n P o s t l r r a d i a t i o n 
men 

15-1 1 
2 
3 
4 

1-4 Average 

1.91 
1.91 
1.91 
1.91 

14-1 
6b 
7* 
8b 

1.91 
1 .91 
1.91 
1.91 

(0 .0750 ) 
( 0 . 0 7 5 0 ) 
(0 .0750 ) 
<0 .0750) 

( 0 . 0 7 5 0 ) 
( 0 . 0 7 5 0 ) 
( 0 . 0 7 5 0 ) 
( 0 . 0 7 5 0 ) 

1.92 
1.92 
1.91 
1.92 

1 .95 
1.95 
1.95 
1.94 

( 0 , 0 7 5 7 ) 
( 0 . 0 7 5 5 ) 
( 0 . 0 7 5 3 ) 
( 0 . 0 7 5 7 ) 

( 0 . 0 7 6 8 ) 
( 0 . 0 7 8 7 ) 
( 0 . 0 7 6 9 ) 
( 0 . 0 7 6 5 ) 

0 . 9 8, ,600 
0 . 7 8, ,626 
0 . 4 8, ,628 
0 . 9 8, ,644 

0 . 7 

2 .4 8. ,644 
2 . 3 8. .661 
2 . 5 8. ,697 
2 . 0 8, ,712 

( 0 . 1 3 8 6 ) 
( 0 . 3 3 9 6 ) 
( 0 . 3 3 9 7 ) 
( 0 . 3 4 0 3 ) 

( 0 . 3 4 0 3 ) 
( 0 . 3 4 1 0 ) 
( 0 . 3 4 2 4 ) 
( 0 . 3 4 3 0 ) 

8.682 
R.659 
8 . 7 3 3 
8 .631 

8 .712 
8 .669 
8 .677 
8 .738 

( 0 . 3 4 1 8 ) 
( 0 . 3 4 0 9 ) 
( 0 . 3 4 3 8 ) 
( 0 . 3 3 9 8 ) 

( 0 . 3 4 3 0 ) 
( 0 . 3 4 1 3 ) 
( 0 . 3 4 1 6 ) 
( 0 . 3 4 4 0 ) 

0 . 9 5 
0 . 3 8 
1.21 
-0.15 
0.60 

n.79 
n.09 

- 0 . 2 3 
0 . 2 9 

0 .0960 
0 .0948 
0 .0956 
0 .0958 

0 .0965 
0.0964 
0 .0965 
0 .0963 

0 .0955 
0.0954 
0 .0960 
0 .0957 

0 .0962 
0 .0947 
O.D964 
0 .0964 

- 0 . 5 
0.6 
0 . 4 

-0.1 

- 0 . 3 
-1.8 
- 0 . 1 

0 . 1 

5 - 8 Average 2 . 3 0 . 2 4 

"Because of an u n c e r t a i n t y of about 0 .01 mm In the p r e l r r a d l a t e d measurement , the p e r c e n t change c a r r i e s an u n c e r t a i n t y of about 0 , 5 . 
' 'Conta ined s i n g l e l o n g i t u d i n a l c r ack t h a t ran the l eng th of the spec imen. 


