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ABSTRACT

In a cooperative experiment between General Atomic (GA) and Oak Ridge
National Laboratory (ORNL), capsule HRB-15B was successfully irradiated in
the ORNL High Flux Isotope Reactor (HFIR) from July 1978 to January 1979.
This new HRB capsule design tested 184 thin graphite trays containing
unbonded fuel particles manufactured by both GA and ORNL to peak exposures
of 6.6 x 1025 n/m2 (E > 29 £f3)grer fast fluence, ~27% fissions per initial
metal atom (FIMA) fissile burnup, and 6% FIMA fertile burnup at nominal

time~averaged temperatures of 815° to 915°C.

The capsule tested a variety of low-enriched uranium (~19.5% U-235)
fissile particle types, including UCj, UCx0y, U002, zirconium-buffered UO)
(referred to in this report as UO§), and 1:1(Th,U)0y with both TRISO and
silicon-BISO coatings. All fertile particles were ThOj with BISO, silicon-
BISO, or TRISO coatinzs. TRISO~coated inert particles were irradiated in

piggyback cavities within the capsule.

This report describes the extensive postirradiation examination of the
GA fuel samples in HRB-15B. The findings indicate that all TRISO particles
retained virtually all of their fissionm product inventories, except small
quantities of silver, at these irradiation temperatures, while some of the
silicon-BISO particles released significant amounts of both silver and
cesium. No kernel migration, pressure vessel, or outer pyrolytic carbon
(OPyC) failures were observed in the fuel particles, which had total diam-
eters of <900 um; however, the incidence of failed OPyC coatings was found
to increase with particle size in the TRISO inert particles, which had

diameters of 1000 to 1300 um.

UO§ particles exhibited no detrimental irradiation effects, but they
contained pure carbon precipitates in the kernels after irradiation which

were not observed in the undoped U0y particles.
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Postirradiation examination revealed no differences in the irradiation .

performance of three UCXOy kernel types with varying oxygen/uranium ratios.
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1. INTRODUCTION

The development of acceptable fuel types for the high temperature gas-—
cooled reactor (HTGR) has been an on-going effort at General Atomic Company
(GA) for more than two decades. Two commercial-size HTGRs, the Peach Bottom
and Fort St. Vrainm nuclear generating stations, have demonstrated the feasi-
bility of the coated-particle fuel concept in real-time exposure conditions.
Complementing these data have been an extensive array of accelerated irradi-
ation tests which have provided evaluation, qualification, and proof-testing
of numerous particle and fuel material types. This work has qualified a
fresh fuel system consisting of a high—enriched uranium (HEU) (93% U-235)
UCy TRISO~coated fissile particle and a BISO-coated ThO9 fertile particle,

both supported by an extensive data base.

Nuclear industry requirements are constantly changing, however,
necessitating flexibility, the refinement of existing designs, and the con-
tinued development of new fuel types. Recent concern in this country, for
example, in the proliferation of potentially subvertable fuel materials has
led to the need for qualification of low-enriched uranium (LEU) (~20% U-235)
fuels. Ever—increasing restrictions and safety considerations alsc dictate
more reliable coatings and particle designs that are acceptable, yet able

to be manufactured on a production scale.

Capsule HRB-15B was one of several irradiation tests that specifically
addressed these current areas of HIGR fuel particle development. A variety
of LEU fissile types, particle coating designs, and advanced fuel types were
tested to exposure levels representative of generic lead plant conditions.
In a cooperative experiment between GA and Oak Ridge National Laboratory
(ORNL), capsule HRB-15B irradiated unbonded coated fuel particles,
manufactured by both participants, in the ORNL High Flux Isotope Reactor
(HFIR) from July 1978 to January 1979. The capsule achieved a peak fast



fluence of 6.6 x 1025 n/m2 (E > 29 £J)gTGR with nominal fuel particle .
temperatures from 815° to 915°C. The capsule was dismantled after the
irradiation, and the fuel samples were examined and characterized in detail.

This report discusses the postirradiation examination (PIE) findings on the

GA fuel particles tested.



2. DESCRIPTION OF EXPERIMENT
2.1, TEST OBJECTIVES
Capsule HRB-15B had the following primary objectives:
1. Characterize the irradiation performance of several LEU fissile
fuel particle types subjected to exposure levels typical of

reference lead plant conditions.

2. Provide irradiated fuel particles for out—of-pile postirradiation

heating tests.

3. Evaluate the effect of wvariations in the oxygen/uranium (0/U)

ratio on the performance of dense UCO.

4. Provide in-pile verification of the pressure vessel performance

models with LEU fuel.

5. Provide an initial test of UO9 particles with ZrC dopant as an

oxygen getter (referred to in this report as UOE).

6. Investigate possible advantages in fission product retention with
silicon—-alloyed outer pyrolytic carbon (OPyC) layers on

BISO-coated particles of all kernel types tested.
2.2. CAPSULE DESIGN
Capsule HRB-15B differed in design from previous HRB experiments in

that it did not test fuel rods, but only unbonded particle fuel samples.

. Since a large variety of fuel particle types were to be tested at varying

2-1



exposure levels, the design had to offer separability of many capsule
samples. Accordingly, HRB-15B tested fuel particles in 184 thin graphite
planchets or trays. Figure 2-1 details the dimensions and fuel particle hole
pattern drilled into the trays.* The holes in the trdys were patterned and
spaced for fuel particle heat transfer, tray structural integrity throughout

irradiation, and a maximum number of fuel particles in the experiment.

Although the trays were not always completely filled, each could

accommodate up to 116 fuel particles, one per hole.

To facilitate loading and handling of the fuel samples, the trays were
grouped into four subassemblies of 46 particle trays each. Each subassembly
consisted of a central graphite spine onto which the particle trays were
stacked on top of each other, as shown in Fig. 2-2. A spacer at the midplane
and two end disks, secured with stainless steel screws, held the assemblies
securely together. Stainless steel pins pressed into the circumferences
of the mid-spacers, and end disks centered the subassemblies in the primary
containment tube. 1In addition to the primary capsule fuel particles, the

cavities had piggyback space machined in the graphite subassembly spines.

The four HRB-15B subassemblies were installed in a double containment,
as shown in Fig. 2-3, with subassembly 1 at the top of the stack. This
arrangement placed particle tray No. 1 at the top of the experiment with
trays numbered consecutively down through tray No. 184 at the bottom. Ther-
mocouples and a gas line were routed into the experiment in grooves machined
into the outer surface of the subassembly center spines. Eight chromel-
alumel thermocouples monitored temperatures at two locations in each subas-
sembly throughout the irradiation. The primary containment sweep gas was a
mixture of helium and neon at a nominal flow rate of 0.3 ml/s, while the sec-
ondary containment was statically pressurized with pure helium. Adjustments
in the primary gas mixture allowed reactor personnel to control capsule

temperatures during the irradiation.

*
All figures and tables are grouped at the end of each section.



No flux dosimeters were included in this capsule, since the removable
beryllium (RB) section of the HFIR has been adequately characterized for

neutron flux in numerous irradiation tests.
2.3. FUEL AND PIGGYBACK SPECIMENS

Capsule HRB-15B included fuel particles from 47 different particle
batches. Eighteen of these were fabricated and tested by ORNL; the
remaining 29 GA batches consisted of 23 fissile and fertile and six inert
particle batches. This report will not discuss the ORNL fuel samples,
consisting of BISO- and TRISO-coated ThOj particles; they will be
covered in future ORNL documents. The 23 GA fissile and fertile fuel
particle batches included UCO, U0 (with and without ZrC getter), UCo,
(Th,U)02, and ThOp particles with TRISO and silicon-BISO coatings and ThOj
particles with BISO céatings. Table 2-1 is a general description of all GA
fuel particle batches tested in HRB-15B. Reference 1 futher details batch
attributes.

The fuel particles were irradiated in graphite trays, one particle per
hole, and were not mixed (i.e., each tray contained only one particle type).
The trays were arranged in an alternating fissile-fertile sequence over the
entire capsule length for temperature uniformity throughout the test. Fig-
ure 2-4 is a radiograph of the loaded subassemblies after encapsulation in
the containment tubes. Figure 2-4 clearly shows the particles in the

graphite trays, the thermocouples, and the subassembly components.

2.3.1. Fissile Particle Batches

GA fabricated all fissile particle types tested in HRB-15B using the
sol-gel process and 35-mm laboratory coaters. The variety of fissile
kernels tested fulfilled the major experimental objective to compare several
LEU kernel types to help select the reference LEU fissile fuel in the near
future. The fissile can@idates are UC2, UO%, and UCXOy. Four UCO kernels
were tested [low oxygen (UC(p,900.51 and UC.7100.54), medium oxygen
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(UCp.4901.12), and high oxygen (UCq,2001.64)] to study the effect of 0/U
ratio variations on irradiation performance. The test included a standard
Y09 design and two types of Uog, one with the ZrC dispersed throughout the
buffer layer and the other with a pure ZrC coating around the kernel. The
zirconium dopants were included to investigate their effect on kernel migra-
tion, one of the drawbacks of the oxide particle types. HRB-15B also tested
several batches of (Th,U)02 and UC, fissile kernels. Every fissile kernel
type was tested in both TRISO-coated and silicon—-BISO-coated particles.
Silicon-BISO-coated particles were included for kernel migration studies on
irradiated particles to be done out-of-pile. Why kernel migration has not
been observed in postirradiation heating tests of TRISO particles is not
known; however, this lack of migration could be &ue to gaps between the
coating layers. Since the silicon-BISO coating probably would not develop
gaps, it represented a more suitable particle type for these tests. Figures
2-5 through 2-8 show representative preirradiation photos of several of the
fissile particle types tested. The preirradiation report (Ref. 1) gives

photographs of all the fissile particle batches.

2.3.2. Fertile Particle Batches

HRB-15B irradiated two production-size ThO9 batches, one TRISO-coated
(6252-15-010, 240=cm coater) and one BISO-coated (6542-27-010, 127-mm
coater). Two other silicon—-BISO-coated (35-mm laboratory coater) ThO2
batches were included to investigate potential performance improvements with
this coating type. Figures 2-9 through 2-11 show representative preirradia-
tion photos of TRISO-, BISO-, and silicon-BISO-coated ThO2 particles. Ref-~
erence 1 gives photographs of all the fertile particle batches tested in

2.3.3. Inert Particle Piggyback Samples

HRB-15B tested inert particles from six different batches in cavities
machined in the graphite center spines of each of the four subassemblies.

The capsule included ~1000 particles to test size effects on coating
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strength and possible OPyC strength increases with silicon dopants. Three
batches (6351-05-010, -020, and —-030) had a nominal 1000-um substrate, and
the other three (6351-050-040, -050, and -060) had a larger 1200-um sub-
strate. Two batches (6351-05-010 and -040) had regular OPyC coatings, while
the other four had OPyC coatings doped with silicon. All six inert particle
batches were TRISO coated; Fig. 2-12 shows preirradiation photos of one
large and one small inert particle type tested. Reference 1 gives pre-

irradiation photos of all inert particle types tested in the capsule.
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ALL PARTICLE HOLES
NO. 59. 0.041 IN. (1.04 MM) DRILL

0.438 IN.
(11.13 MM)

HOLE PATTERN: 4 ROWS
OF 29 HOLES EACH FOR A
TOTAL OF 116 HOLES PER TRAY

0.040 IN.
l (1.02 MM)
0.080 IN. -
(2.03 MM)

0.D. VARIED FROM 0.878 IN. (22.3 MM) TO
0.928 IN. (23.6 MM).

Fig. 2-1. HRB-15B particle tray detail and dimensions
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THERMOCOUPLES

VIEW AA

PARTICLE HOLES,
116 PER TRAY

=1 Ei=K
B : B
43/16 IN. ; -—-L_:_J, VIEW BB THERMOCOUPLE
{106.4 MM) e
M \N—J
| CENTRAL
GRAPHITE
SPINE

L PIGGYBACK
CAVITY

PARTICLE TRAYS EACH 0.080 IN.
(2.03 MM) THICK

END DISK

. [:?.4//STANDOFF PIN

\ STAINLESS STEEL SCREW

Fig. 2~2. Capsule HRB~15B subassembly details
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TOP OF CORE BOTTOM OF CORE
16 5/8 IN.
) (422.3 MM)
43/16 1N,
SECONDARY CONTAINMENT \ PRIMARY CDNTAINMENT\ r——— {106.4 MM)
— j 0 1 I T I
e - i ol R N N I 5% NI . 3 T =
Mm% il H’%@ i $ i Holgi 5!
- SUBASSEMBLY 1 SUBASSEMBLY 2 SUBASSEMBLY3-——————4—L*——-——~—-SUBASSEMBLY4——————»—
REACTOR
THERMGCOUPLE AND GAS HORIZONTAL
LINE PENETRATIONS MIDPLANE
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Capsule HRB-15B joint GA/ORNL irradiation test




18845

WP70174

Fig. 2-5.

$P78021 1

{a} {h)

MP78017-5
{e @

Preirradiation photomicrographs of TRISO-coated UCqy 9071 g4
particles (6157-09-010): (a) radiograph, (b) stereo view,
(¢) bright field, (d) polarized light
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LBa85Y

SP78019-1

WPTRGIEY

MP78015 2
{8

{d}

Fig. 2-6. Preirradiation photomicrographs of TRISO-coated UO2%* particles
(6152-03-010): (a) radiograph, (b) stereo view, (c) bright

field, (d) polarized light. This batch had a ZrC layer applied
to the kernel.
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$P78012
(b}

Fig, 2-7. Preirradiation photomicrographs of silicon-BISO-coated UCq. 49071, 12
particles (6448-01-010): (a) radiograph, (b) stereo view,
~ (c) bright field, (d) polarized light
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Fig, 2-8.

MP78026:2

{c) {d}

Preirradiation photomicrographs of silicon-BISO-coated UC2
particles (6449-00-010): (a) radiograph, (b) stereo view,
(c) bright field, (d) polarized light
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MPTION94

Fig. 2-9.

SP77011
{a) {)

MP77000 8
{g) {d}

Preirradiation photomicrographs of TRISO-coated ThOy particles
(6252-15~010): (a) radiograph, (b) stereo view, (c) bright
field, (d) polarized light
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MP780271 Mpiso27-2

{g} {d}

Fig. 2-10. Preirradiation photomicrographs of silicon-BISO-coated ThO
particles (6542-42-010): (a) radiograph, (b) stereo view,
(c) bright field, (d) polarized light
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NO STEREO VIEW AVAILABLE
FOR THIS PARTICLE BATCH

LAT09 2

MP740312 MP74031-1

Fig. 2-11. Preirradiation photomicrographs of BISO-coated ThO) particles
(6542-27-015): (a) radiograph, (b) stereo view, (c) bright
field, (d) polarized 1light
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TABLE 2-1

GENERAL DESCRIPTION OF GA COATED PARTICLE BATCHES TESTED IN HRB-158

Kernel Buffer IPyC(a) 8iC OPyC Total Coated Particle
cz::ig Fission . Exposed Heavy Metal
B ™ Thick- Thick~ Thick- Thick- thick- | mHg | Metal Loading Gas (ay | Traniwm ThorLum
Parent Coating Diam ness | Density| Seal | ness Density ness | Density | ness | Density Diam | ness Density v Th Release (g U/g (g Ulg
Batch No. Type Type () Gm) | Gg/ad) | Coat | (m) | cog/ud) | BT | ) | /) | Gy | Cogrm®) | marl | Gmd | Gm | Gered) | ur 2y [ o 2 (R/B) | heavy metal) | heavy metal)
6155-05-010 | TRISO (Th, 030, 357 94 | 1.09 | Nome | 34 1.87 | 1.046 | 36 | 3.21 46 | 1.87 |1.032 | 760 | 202 | 2.83 17.05 | 16.42 | 8.0 x 10~ | 7.75 x 1078 0
6155-05-020 | TRTSO (Th,1)0, 361 17 | 1.09 | Nome | 32 1.89 | 1.050 | 38 |3.22 48 | 1.86 |1.035 | 813 | 226 | 2.65 15.26 | 14.77 | 1.10 x 1076 | 5.00 x 108 | 1.62 x 1076
6157-08-020 | TRISO 0y 60%.51 | 353 101 | 1.15 | Nome | 35 1.87 [ 1.039 | 40 |3.21 4 |1.91 |1.020 | 786 | 215 | 2.76 36.86 | N/a(®)| 6.10 x 1077 | 1.10 x 100 0
6157-08-030 | TRISO UCo.4901.12 | 359 123 | 0.98 | None | 47 1.86 | 1.0 | 4 | 3.8 s (1.86  |1.027 | 863 | 249 | 2.49 25.89 | /o | 9.00 x 107 | 2.5 x 1077 | 7.13 x 1077
6157-09-010 | TRISO W 00064 | 372 136 | 0.93 | Nome | 43 1.93 | 1.033 | 41 |3.16 42 |1.85  |1.020 | 877 | 254 | 2.50 26.80 | N/a | 2.00 x 1077 | 2.80 x 1076 0
6152-01-010 | TRISO vo, 299 136 | 1.15 | Nome | 41 191 | Loss | 32 |3 40 |1.87  |1.032 | 769 | 235 | 2.37 2136 | w/a | 2.50 x 107 | 1.30 x 1073 0
6152-02~010 | TRISO voy¢H) 314 98 | 1.22 |ves | 35 1.91 | 1.061 | 38 |3.19 a1 |1.90 |1.033 | 767 | 225 | 2.62 2450 | N/a | 2.40 x 1077 | 1.00 x 106 0
6152-03-010 | TRISO uo3 (&) 312 82 | 0.9t |ves | 33 192 1.0 | 37 |3.20 a1 | 187 |1.031 | 7a2 | 213 | 2.64 26.62 | /A | 1.6 x 1077 | 1.30 x 1076 0
6152-03-020 | TRISO vo3 ™ 312 93 | 0.87 |Yes | 39 1.8 | 1.030 | 3 |3.21 40 |1.82  |1.026 | 770 | 230 | 2.52 2658 | N/a | 1.1 x 1076 | 3.10 x 1077 0
6151-21~010 | TRISO uc, 348 121 | 0.9 |Nome | 37 1.8 | 1.033 | 39 |3.16 50 |1.82  |1.0%0 | 835 | 243 | 2.55 28.19 | n/a | 5.0 x 1077 | 7.60 x 1077 0
6252-15-010 | TRISO Thop 456 56 | 1.07 | Nome | 36 1.85 | 1.060 | 38 |3.22 48 |1.81  |1.0%0 | 807 | 176 | 3.3 N/A | 45.85 | 4.04 x 1076 0 4.90 x 1076
6445-01-010 | S1-BISO | (Th,1)0, 359 111 | 0.65 | None | 42 1.93 | w/a ¥A | A s |2.05 |w/a %05 | 271 | 2.44 12,02 | 12.13 | 4.1 x 1077 | .21 x 1077 | 4.50 x 1075
6448-02-010 | SL-BISO | UCg.7100.54 | 343 117 | 1.20 | Nome | 37 1.88 | w/a wa |wa 121 |2.09 |wa 892z | 275 | 2.35 23.82 | w/a | 8.8 x 1077 | 2,40 x 1077 | 4.08 x 10°3
6448-01-010 | S1-B1SO UCo.4907.12 359 123 0.93 | None | 47 1.84 | N/A N/a | N/A 13 | z2.07 N/A 928 | 285 | 2.33 23.00 | N/A 1.0 x 1077 | 1.7 x 1077 | 1.97 x 1073
6648-00-010 | S1-BISO | UCy.900y.64 | 369 136 | 0.93 | None | 43 1.92 | N/a w/a | wa 116 |2.07  |wa 951 | 201 | 2.33 22.84 | WA (4.5 x 1077 3.1 x 107 |2.31 x 1075
6447-00-010 | $1-BISO | U0, 301 116 | 1.10 | None | 32 1.95 | N/A ¥/a | WA 120 |24 |wa 833 | 266 | 2.45 1839 | wa (1.3 x 107 1.7 x 1077 [ 4.64 x 1073
6447-01-010 | si-iso | voy¢H 316 98 | 1.22 |ves | 35 o1 | w/a wa | wa 14 f2a1 | wa 825 | 256 | 2.43 19.90 | w/a  |5.1 x 1077 0 1.36 x 10-5
6447-02-010 | si-B1s0 | uo%(® 312 82 | 0.91 |ves | 35 1.92 | /A ¥/a | w/a 18 2.4 |wa 830 | 255 |2.37 20.12 | w/a 4.0 x 1077 [3.18 x 1077 |4.85 x 1075
6447-02-020 | st-B1so | voy ™ 311 93 | 0.87 |Yes | 39 1.8 |/ N/A | /A 13 241 WA 836 | 262 |2.38 18.53 | WA 3.0 x 1077 [2.70 x 1077 |2.13 x 1077
6449-00-010 | S1-BIS0 | UC, 348 17 | 0.9 |wNome| 37 1.86 | /A WA | wA 17 217 |wa saL | 268 | 3.3 23.89 | /4 (1.0 x 1077 2.6 x 1077 |2.74 x 1075
6542-42-010 | S1-BISO | ThO, 509 55 | 1.05 |ves |wa §/a W wa |wa 76 219 |wa 773 | 131 | 3.69 WA | 58.42 [1.2 x 1075 [3.79 x 1077 |1.01 x 1075
6542~42~020 | S1~BISO ThO, 447 65 1.16 Yes |N/A N/4 §/a N/A | N/a 76 2.22 N/A 728 141 n/pfe) N/A 54.29 7.4 x 10-6 N/D N/D
6542-27-010 | BISO 0o, 512 8 | 1.09 | Nome |N/A wa  |wa N/a |[N/a 81 |1.86 |1.027 | 836 | 164 | 3.45 ¥/a | 56.70 [1.20 x 1075 |1.92 x 107® |3.73 x 1076
6351-05-010 | TRISO Inert 4205950 1 97 L {wone {11P | wa lioss | u |37 a (190 102 {1061 | wa |19 wa | wa |wa N/A /A
6351-05~020 | TRISO Inert 420-5950 | 97 1w | wome {1239 | wa  {wa % |w/m s (2.2 lwa 103 | wa [1er™ ] wa | wa (wa N/a N/A
6351-05-030 | TRISO Inert 420-595 1 97 | wp  |wome {1209 | wa | wa 3% |3.17 23 1.9 [ma |03 | wa | 1.98® ] wa | wa  lwa N/a N/A
6351-05-040 | TRISO Inert 420-595 1 97 | wp | None [200¢® | wa  {wa 8 |3.n s 1o wa e | wa o™ wa | wa lva N/ N/A
6351-05-050 | TRISO Inert 420-505( | 97 L wone [226(0 | wa  {wa W (3.2 03 [2.088 [wa {1276 | wa 2.0} xa | wa lwa N/A N/
6351-05-060 | TRISO Tnert 420-5950 | 97 | wp  iwome [230F | wa  lwa 46 |3.22 37 {200 s {1270 | wa 2.2 wa | wa lwa N/A N/A
(a)

§1-BISO batch.

(b)

(C)BAFO = Bacon anisotropy factor (optical), relative units.

(4)
(e)

N/A = not applicable; N/D = not determined.

Release/birth rate for Kr-85m at 1100°C; fissile particles were measured in TRIGA, fertile particles in LINAC.

(f)This particle type had a ZrC-doped buffer layer; a seal coat was applied between the kernel and buffer to prevent contamination of the kernel.

(g)

This particle type had a S~im-thick ZrC layer applied to the kernel; a seal coat was used between the kernel and Zr( layer to prevent contamination of the kernel.

(h)’rhis particle type had a 10~imthick ZrC layer applied to the kermel; a seal coat was used between the kernel and ZrC layer to prevent contamination of the kernel.

(L)Detetmined by sieve analysis.

(J)Calculated numbers.
k)Sink/f].oat: densities.

<

All the fissile batches were coated to the IPyC stage, then split into two groups; one group received a SiC and OPyC layer, becoming a TRISO batch; the second group received a silicou~doped OPyC layer and became the
Thus, the fissile Si-BISO batches have an OPyC layer consisting of a standard PyC inner layer (sometimes called the seal PyC) and a silicon—doped PyC outer layer.

TRISO coatings consist of a SiC layer sandwiched between inmner and outer PyC layers; BISO coatings have no SiC layer and only one PyC layer; Si-BISO refers to a BISU coating having the PyC layer doped with silicon.



3. CAPSULE OPERATION

The capsule was installed in the ORNL HFIR on July 5, 1978. The first
full-power cycle began at 1615 on July 6, 1978 without incident. Since par-
ticle heat rates are severe during the initial experiment phase, the cap-
sule was swept with 100%Z helium throughout the entire first cycle. Neon was
gradually added to the primary sweep gas during subsequent cycles to achieve
design temperatures. Table 3-1 gives the HFIR cycle numbers during which

HRB-15B was irradiated and the accumulated in-pile hours for the test.

While the capsule operated without difficulty throughout the entire
irradiation, early in the test, the capsule was found to be improperly cen~—
tered relative to the horizontal midplane of the HFIR, because the upper
capsule portion was operating cooler than expected, while the lower portion
was running hotter than expected. During the reactor shutdown between
cycles 166 and 167 (September 13 through 15, 1978), the irradiation facility
was modified to lower the capsule ~20 mm. Upon return to power, the axial
temperature distribution in the capsule was much more symmetrical and very
close to what was expected for that time in the irradiation. Section 4 dis-
cusses the implication of this discrepancy on fuel temperatures and exposure

levels.

The capsule sweep gas was periodically sampled for short-lived gaseous
fission products to monitor release from failed fuel particles. The five
isotopes measured were Kr-85m, Kr—-87, Kr-88, Xe-133, and Xe-135. Table 3-2
gives the results and indicates that the failure level remained low during
the irradiation period. Since all fuel samples were swept with the same
temperature control gas, this information cannot be used to infer failure

- levels for specific fuel types in the test.



After eight full reactor cycles, capsule HRB-15B was removed from the
HFIR on January 4, 1979 without incident.
for 182.1 calendar days.

The experiment was in the reactor
The cumulative full power days of operation were

169.4 [i.e., the equivalent calendar days with HFIR operating at rated power
of 100 MW(t)].




TABLE 3-1
REACTOR OPERATING HISTORY DURING HRB-15B IRRADIATION

Cycle Schedule Irradiatig? Time(a)
HFIR Begin End In Total
Cycle Date Time Date Time Cycle Accumulated
164(P) 7/6/78 1615 7/30/78 2350 515 515
165 7/31/78 1752 8/22/78 0100 510 1025
166 8/22/78 1909 9/13/78 0400 513 1538
167 9/15/78 1824 10/6/78 2115 506 2044
168 10/7/78 1650 10/29/78 0000 511 2555
169(C) 10/29/78 1735 11/22/78 0225 502 3057
170 11/22/78 2147 12/14/78 0140 507 3564
171 12/14/78 1945 1/4/79 1759 502 4066
(a)

Irradiation time is given in equivalent hours at 100 MW.

<b)Reactor was shut down from 2100, July 24, 1978 to 1408, July 27,
1978. The reactor also operated at reduced power on numerous occasions
during this cycle due to weather conditions.

(C)Reactor was shut down from 0815, November 13, 1978 to 1830, November
15, 1978.



TABLE 3-2
CAPSULE HRB-15B IN-PILE FISSION GAS RELEASE

Sample ' ?iigﬁ?ii;ii In-pile Fission Gas Release (R/B x 10‘7))
No. Date Time (h) Kr-85m | Kr-87 Kr-88 Xe-135 Xe—-133
1 7/13/78 167 0.29 0.21 0.17 (a) (a)
2 7/21/78 358 0.40 0.31 0.18 0.46 0.63
3 8/4/78 609 0.85 0.47 0.45 0.80 1.74
4 8/15/78 874 0.83 0.48 0.44 0.94 2.08
5 9/12/78 1521 0.72 0.57 0.40 0.97 2.16
6 9/20/78 1654 1.00 0.69 0.57 (a) 5.24
7 9/26/78 1800 0.80| 0.56 | 0.45 | (a) 2.12
8 10/4/78 1986 0.77 0.52 0.45 1.09 2.11
9 10/11/78 2135 0.92 0.60 0.57 1.06 2.38
10 10/17/78 2278 1.03 0.58 0.62 1.07 2.86
11 16/26/78 2491 1.16 0.53 0.63 1.02 5.08
12 11/1/78 2619 2.03| 0.8 | 1.05 | (a) (a)
13 11/7/78 2763 3.75 1.30 1.75 0.96 17.90
14 11/21/78 3040 6.08 1.90 2.9 1.06 23.30
15 12/4/78 3335 10.30 3.25 4.61 1.14 41.10
16 12/13/78 3553 12.00 3.55 5.29 1.22 64.00
17 12/21/78 3724 20.60 5.28 8.85 0.92 138.00
18 12/28/78 3892 36.40 8.46 17.60 1.43 176.00
19 1/4/79 4055 50.80 10.20 24.00 1.13 238.00

(a)

No value was reported.
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4, THERMAL ANALYSIS AND FUEL BURNUP DETERMINATIONS

4.1, THERMAL ANALYSIS

Capsule HRB~15B was thermally designed to irradiate fuel particles at
~1000°C. Eight chromel-alumel thermocouples monitored temperatures through-
out the test, and the inert sweep gas mixture which continuously purged the

experiment was adjusted to control temperature over a wide range.

The Core Materials Organization at GA performed a simplified thermal
analysis after the irradiation to determine the fuel particle temperature
histories. This capsule was inherently less complex from a thermal analysis
standpoint than the typical HRB capsule because of its comnstruction and
thermocouple placement. Most HRB capsules have a graphite sleeve which con~
tains the fuel samples and the thermocouples. A thin gap, swept continu-
ously with the control gas, separates the fuel from the sleeve and provides
a large percentage of the temperature difference between the fuel samples
and the reactor coolant. This same gap, however, is also responsible for
large uncertainties (100° to 200°C) in the calculated fuel temperatures.
Capsule HRB-15B had no graphite sleeve. Instead, two thermocouples were
located in each subassembly at the inner tray circumferences (see Fig. 2-2)
so that they indicated tray temperatures directly. This absence of a tem-
perature control gap between the fuel and thermocouples and the use of high-
conductivity POCO graphite, which minimized axial temperature gradients
within the subassemblies, combined to reduce the overall uncertainty in the

calculated fuel particle temperatures in HRB-15B.
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ORNL personnel have studied the geometry of a spherical particle in
a hole and modeled it with several computer codes (Ref. 2). As a result of

this work, the following relationship was formulated for this capsule:
ATpax = P (G1 - T)/G2 , (4-1)

where ATp,yx = temperature difference (°C) between the point of maximum
temperature on the particle surface and the mean tray

temperature,
P = particle fission heat rate (W),
T = mean graphite tray temperature (°C),

G1, G2 = unitless constants related to sweep gas composition.

The temperatures varied over the particle surfaces from minimum values at
the points of contact with the trays to maximum values near the tops of the
particles. Since ORNL had reported maximum particle surface temperatures
for unbonded particle samples, such as in the HT capsules, for comparison,

this was also done with the HRB-15B particles.

Since the maximum particle surface temperatures were functions of
parameters that were continuously changing throughout the irradiation, a
rigorous thermal analysis would have required calculations for each day of
operation. These values would then be averaged to obtain the time-averaged
maximum particle surface temperatures for each tray location in the capsule.
The simplified approach taken here was to time—average the various compo-—
nents in Eq. 4-1 and to assume that all the particle trays in each subas-
sembly ran at the same temperature. This latter assumption was not a sig-
nificant compromise in accuracy because of the high conductivity graphite
components which minimized the temperature gradients. This was verified by

the small differences in the time-averaged thermocouple readings within each
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subassembly, which were 19°, 8°, 1°, and 2°C, respectively, for subassem=-

blies 1 through 4. The time-averaged parameters used in Eq. 4-1 were

0.4 W

]

fissile particle power

0.1 W

it

fertile particle power

graphite tray mean temperature = 840°C (average of four subassemblies),

and,

mole fraction helium in the gas mixture = 0.45.
This gives values for Gj and Gy of 2840 and 13.3, respectively (Ref. 2).

Using these values in Eq. 4-1 gives Alpayx = 60°C for fissile particles
and ATpayx = 15°C for fertile particles. These values were then added to the
time—-averaged graphite tray temperatures for each subassembly to obtain the
time-averaged maximum particle surface temperatures for the fuel particles.
These are listed in Appendix A for all capsule samples. These values have
been averaged to the nearest 5°C increments. The 20 (95% confidence) uncer-
tainty in the time-average maximum particle surface temperatures was calcu-
lated to be ~50°C by a propagation of errors technique. Appendix B shows

this calculation.

Figures 4-1 through 4-4 plot the graphite tray temperature histories
for each of the four subassemblies. To obtain these histories, the thermo-
couple readings were first organized into one reading per thermocouple per
day of operation. This required averaging values where more than one read-
ing was taken per day or where no readings were taken on some days. The
data for thermocouple No. 8 had to be inferred from the thermocouple No. 7
readings during most of the first two cycles due to an unexplained malfunc-
tion in this unit. The values for the two thermcouples in each subassembly
were averaged and considered to be the tray temperatures in that subassembly
for each day of operation. These values were then time-averaged over the

irradiation period, shown by the dotted lines in Figs. 4—1 through 4-4.
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The plots show low temperatures in the first cycle, when pure helium
sweep gas was used. The low temperatures near the beginning of each cycle
resulted, because only helium was run through the capsule until xenon

equilibrium was attained.

Adjusting the capsule position in the reactor after the third cycle
(see arrows in Figs. 4-1 through 4-4) definitely changed the temperature,
especially in subassemblies 1 and 2. This position change did not affect
the temperatures of subassemblies 3 and 4, because they were nearer the
horizontal midplane (where the flux profile is not as steep) before the

ad justment.

4.2. TFUEL BURNUP DETERMINATIONS

Determining fuel particle burnups [percent fissions per initial metal
atom (FIMA)] of selected capsule HRB~15B particles was a relatively small
part of the GA Analytical Chemistry Department effort to measure FIMAs and
heavy metal reaction rates for LEU fuel particles irradiated in the RB posi-
tion of the HFIR facility. This program characterized fuel particles from
both capsules HRB-14 (Ref. 3) and HRB~15B, which contained the first LEU
fuel types tested in the HFIR. Since most work involved HRB-14 sample meas-
urements and calculations (see the Appendix of Ref. 3 for complete details)
applicable to the HRB-15B samples, these calculations and measurements were

not repeated in this PIE.

The HRB-15B particle burnup analysis was predominantly calculated
rather than measured. Although the particles were analyzed by gamma-ray
spectrometry, no other radiochemical analyses were performed on these
samples. The computational method used the CURIE computer program. Table
4~1 compares final calculated results with the gamma-ray spectrometry
measurements. The agreement between the measured and calculated isotopic
ratios was nominally within 10%, providing confidence in these results.
Based on this agreement, the other computed values regarding heavy metal

depletion and FIMA should be equally as good. The fluxes used in the
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calculations considered the change in capsule position at the end of the

third reactor cycle (see Section 3).

Based on the burnups determined for the selected particles, curve fits
were generated for the entire capsule length which give the fissile and fer-
tile FIMAs for all fuel particle locations in the test. Appendix A shows
these curves and plots the fast fluence relationship for the capsule.

Notice that these curves are not exactly symmetric about the capsule mid-
plane as a result of the capsule movement already mentioned. Appendix A
also tabulates the exposure conditions of burnup, fast fluence, and irradi-
ation temperature for all particle tray locations in the capsule in Tables

A-1 through A-4.

4-5



TEMPERATURE (°C)

1100

900

700

500

300

u mfwﬁﬁwﬁm

m@g‘%

s e e ——— —— p—— ——— vo—— Vo— — h— i o e Ompitmt | e et bt M iy i it comies | orere mme soine]

TIME-AVERAGE

A TEMP = 799°¢
- A A A
A A A
A & Aﬁ A
20 S
CAPSULE
MOVEMENT
| | | | | |
0 25 50 75 100 125 150 175

FULL POWER DAYS

Fig. 4-1. Capsule HRB-~15B subassembly 1 graphite tray temperature history



L=y

TEMPERATURE (°C)

1100

900

700

500

300

Fig. 4-2.

FULL POWER DAYS

B N RN 2 s
_______ (ol . . S,
TIME-AVERAGE
TEMP = 8440C
A A
A A 2 A&
A 2N §
CAPSULE
MOVEMENT
1 l [ ! [ f
0 25 50 75 100 125 150 175

Capsule HRB-15B subassembly 2 graphite tray temperature history



1100

l WA m%%%m

T T e A T T T T e~ ]

% e

700 — A

A%A&ﬁam[g

TEMPERATURE (°C)

500 -
CAPSULE
MOVEMENT
300 | 1 i t 1 |
0 25 50 75 100 125 150 175

FULL POWER DAYS

Fig. 4-3. Capsule HRB-15B subassembly 3 graphite tray temperature history




TEMPERATURE (°C)

1100

900

TIME-AVERAGE

TEMP = 857°¢C
-
700 A A
A A
é§§ L an A§§
500 —
CAPSULE
MOVEMENT
300 ] | | I | |
0 25 50 75 100 125 150

Fig. 4-4.

FULL POWER BAYS

Capsule HRB-15B subassembly 4 graphite tray temperature history

175



0T-%

TABLE 4~1

HRB-15B ISOTOPIC RATIOS AND CALCULATED BURNUP VALUES

Isotopic Ratios Calculated
Tray Cs-137 /Ru-106 Cs-137 /Cs-134 Cs-137 /Ru-103 Zr-95/Ru~103 Pa-233/Cs~137 §§::§:
No. Measured(a) Calculated(P) | Measured Calculated Measured Calculated Measured Calculated | Measured Calculated (% FIMA)(C)
145 - - 10.75 11.17 9.36 9.08 4.63 4 .60 4.87 5.08 4.51
148 4.09 4.25 6.12 5.95 6.37 6.70 1.56 1.83 - - 24.30
104 3.55 3.63 5.84 5.41 6.02 6.16 1.42 1.63 - - 26.70
105 -— - 9.51 9.49 9.33 8.93 4 .46 4.50 4.34 4 .62 6.00
174 4 .66 5.02 7.13 7.03 6.85 7.01 1.73 2.04 - - 21.60
181 - - 14 .45 15.49 8.92 9.13 4,41 4.70 5.99 6.09 2.66
38 4.43 4.29 6.54 6.10 6 .60 6.33 1.69 1.82 - —— 23 .40
12 4,65 5.13 7.57 7.39 6.29 6.45 1.98 2.03 - - 20.50
15 - - 15.44 14.01 9.42 8.75 4.66 4.64 6.43 6.54 2.78
84 3.51 3.64 5.95 5.41 6.07 6.10 1.43 1.63 - - 26 .60
87 -- - 9.21 9.44 9.15 8.84 4.46 4 .48 4,47 4,70 5.99
(a)Measured by gamma-spectrometry.
Eb;Calculated with the GA CURIE program.

curve-fitting the calculated values shown here.

c
These calculated values do not agree exactly in all cases with the burnups listed in Appendix A, since the latter values were obtained by
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5. POSTIRRADIATION EXAMINATIONS

5.1. CAPSULE REMOVAL AND DISASSEMBLY

The capsule was removed from the reactor on January 4, 1979 after eight
full cycles of irradiation and was stored for one week in a pool at the HFIR
facility. Following this initial cooldown, the capsule was transferred to
the hot cells at ORNL, where it was stored until April 2, 1979, when the
disassembly began. A gamma scan of the capsule following removal from the
reactor (Fig. 5-1) showed an activity profile that matched the HFIR flux
pattern and indicated that no breakage or movement of fuel samples or cap-
sule components had occurred during irradiation. The activities due to the
fuel samples at each tray position are easily distinguished in the gamma
scan. Interestingly, the fertile particle locations show the higher activ-
ity at this point because of the presence of Pa-233 with a 27-day half-life
(this gamma scan was done on January 22, 1979, 18 days after removal from

the HFIR).

The disassembly began with two circular cuts being made through the
primary and secondary containments at the top of the capsule, 10.16 cm (4
in.) above the first subassembly and at the bottom just below the end of
subassembly 4. The original intentions were to first extract the thermo-
couple cluster from the subassembly stack, then push the subassemblies out
of the containment tubes. The thermocouples could not be pulled free,
however, with a moderate amount of force, so the entire assembly was pulled
out. Subassembly 4 remained in the tube and had to be pushed out sepa-—
rately. Once the entire assembly was out of the containments, the thermo-
couples could be removed one by one, and the four subassemblies were free.
A white paint stripe was applied along the length of each subassembly
and referenced to the angular location of the longest thermocouple in the

capsule, thermocouple No. 8. This was done so that the relative angular
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location of each particle tray could be known during visual examination with
the particles still in place in the trays. Figure 5-2 shows subassembly 3

after removal from the capsule and application of the paint stripe.

Each of the four subassemblies was then dismantled to retrieve the
capsule fuel samples. A specially fabricated set of tools (Fig. 5-3) were
used to remove the end disks and center spines from each subassembly, leav-
ing a stack of 46 loaded particle trays. The trays with particles in place
were then removed one by one and placed in aluminum holders, which could
accommodate 12 loaded graphite disks each. The capsule fuel samples could
then be handled and transported with a minimal risk of spillage or loss of

particles.

The subassembly center spines and all the GA-loaded particle trays were
shipped to the GA hot cell on May 1, 1979 for continued PIF. Then, the last
two disassembly steps were done (removing all particles from their graphite
irradiation trays and removing the inert particles from the subassembly

center spines).

Because the new HRB~15B design was the first time that an HRB capsule
had consisted of many unbonded particle samples, problems were encountered
during the disassembly. Particles from several trays were spilled and mixed
during the subassembly dismantling. Some particles were crushed in the alu-
minum shipping trays when the 1ids were tightened in place. (Particles
sometimes shifted so that two occupied the same tray hole, interfering with
the shipping tray 1id so that the particles were crushed.) One aluminum
holder 1lid loosened during shipment from ORNL to GA, and many particles
spilled and had to be discarded. 1In all, ~900 of the 11,552 GA particles
were lost either during disassembly or shipment. Fortunately, many trays of
most fuel types were available so that no one particle batch or coating type

was entirely lost.
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5.2. VISUAL EXAM DETAILS

Upon removal from the reactor, the exterior containment surface had no
evident unusual features. No cracks, breaks, or other indications of damage
were seen on any of the capsule components, including the thermocouples and
subassemblies when they were removed from the containment tubes. The sub-
assemblies differed from their preirradiation condition only by an apparent
carburization of the stainless steel screws holding the assemblies together.
This may explain why these screws were difficult to remove during dis-—

assembly.

All GA fuel particles were visually examined both in the graphite trays
and after removal from the trays. Figure 5-4 shows a typical graphite tray
with the irradiated particles in place. Figure 5-5 shows the same particles
after removal from the tray. Figures 5-6 and 5-7 show the TRISO ThOs parti-
cles irradiated in tray No. 93 before and after removal from the tray. Fig-
ures 5-8 and 5-9 show typical examples of silicon-BISO-coated irradiated
particles as they appeared during visual exam. Visual examination showed no
irradiation-induced failures in any of the GA fuel particle batches tested
in HRB-15B. Specifically, no pressure vessel failures, and no OPyC spalling
or cracking was seen. The very few broken particles observed had been

crushed in the aluminum shipping holders, as discussed in Section 5.1.

OPyC failures were observed in the TRISO-coated inert piggyback
samples, however. Table 5-1 gives the visual exam results for each inert

batch tested.

5.3. DIMENSIONAL CHANGE OF GRAPHITE PARTICLE DISKS

All the.particle trays and other subassembly parts in HRB-153B were made
of POCO AFX-9Q graphite. The diameters of selected particle trays were
measured after irradiation to compare with preirradiation values. After the

irradiated particles were removed from the trays, a micrometer fixture was



installed in the GA hot cell to measure the diameters of selected trays at O
and 90 deg orientations. Table 5-2 and Fig. 5-10 present the data as a

function of fast fluence and position in the capsule.

The dimensional changes of trays in the top and bottom of the capsule
differed as noted in Fig. 5-10. Trays at similar fluence locations exhib-
ited significantly different dimensional changes, suggesting that another
factor besides fast fluence affected the growth of the graphite. From the
thermal analysis results (Section 4) temperature differences were probably

the cause. Section 6.4 analyzes these results.

5.4. PARTICLE TRAY AUTORADIOGRAPHY

All the graphite disks that contained GA fuel particles were autoradio-—
graphed after irradiation to detect particle types that may have released
fission products during the test. The procedure involved placing the empty
graphite trays between two standard Polaroid film packs long enough to
expose the film. Polaroid type 52 land film at ASA 400 (27 DIN) with a 15
to 20 s development time was used. The average activity level of the graph-
ite trays was ~160 mR/h [gamma at 5.08 cm (2 in.)], requiring a 10 min expo-
sure. One set of trays had an activity level of only 35 mR/h [gamma at 5.08
em (2 in.)], requiring a 30 min exposure. The film packs were placed
directly above and below the graphite trays, with only the thickness of the
protective film wrap separating the trays from the film. Because of the low
activity, this work was performed out of the hot cell in a shielded

laboratory hood.

Figures 5-~11 and 5-12 are typical autoradiographs of particle trays
from four holders. (The aluminum holders were shipping trays used to

transport the loaded particle disks from ORNL to GA after the capsule
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disassembly.) Since most holders had contained 12 particle trays, the
autoradiographs were done in groups of 12 trays for convenience. Several

features are readily apparent in these pictures:

1. Almost all trays exhibited distinct areas of activity at the

surface of the inner tray circumference.

2. Some trays showed a mottled, random activity over their entire

surface.

3. Several trays showed distinct patterns of activity that exactly
matched the loading patterns of the fuel particles in the tray

holes.

The distinct, bright spots of activity at the tray inner circumferences
are most apparent in the top photos of Figs. 5-11 and 5-12. These patterns
correlate exactly with the placement of the thermocouples in the experiment
and are believed to have been caused by contact with the stainless steel
thermocouple sheaths which became activated during the irradiation. Gamma
scan results of the particle trays (Section 5.7.2) also indicated the pres-—
ence of stainless steel. The thermocouples penetrated the experiment from
the top and lay in grooves machined into the subassembly center spines.
Therefore, trays at the top of the capsule (as in holder 3) show more of
these bright spots than trays which were tested at the middle (holder 8) or
bottom (holder 14) of the capsule where there were fewer thermocouples. The
intensity of these spots also matches the reactor flux profile (i.e., spots
on trays tested near the reactor midplane are brighter than those on trays

at the ends of the capsule).

The mottled, irregular patterns of activity seen on some trays (those
in holder 6, Fig. 5-11 are typical) were the result of accidents that
occurred during capsule disassembly or shipment of the trays and particles
afterward. In the case of holder 6, the 1id had come loose during shipment,

and particles had shifted and were broken, scattering debris and activity
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over the tray surfaces. Some particles had also been crushed in the trays
during disassembly (see Section 5.1), and in those cases, the visual exam
with the particles in the trays and the autoradiographs correlated very

well. Often the exact holes in which the particles had been crushed could

be identified.

Unlike the first two types of activity, the third type of feature, the
distinct image of the particle loadings within the trays, indicated that
some particles had apparently released fission products during irradiatiom.
The two autoradiographs in Fig. 5-12 show typical examples of this phenome-
non. The levels of activity in the tray holes varied in intensity between
different trays; in some cases, all holes that had contained particles did

not show activity, but the unmistakable hole pattern was evident.

Table 5-3 summarizes the autoradiographic observations on all trays
that showed significant activity and compares them with visual exam results
with the particles still in the trays. Section 6 further discusses the
results of the tray autoradiography, which were included in the performance

assessment of the fuel particles.

5.5. METALLOGRAPHY

Postirradiation metallography was performed on 20 different capsule
fuel particle specimens to evaluate irradiation-induced changes in the
particle coatings and kernels. Each specimen was prepared in-cell by
mounting ~20 particles per sample in a thermosetting resin. Following
grinding to near the particle midplanes, the mounts were reimpregnated with
mounting compound to reduce kernel pullout during the final polishing. The
metallography results are presented in two groups: (1) particles with
generic TRISO coatings and (2) results on advanced coatings with ZrC and

silicon—-alloyed pyrolytic carbon (PyC).
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5.5.1. TRISO-Coated UCo, UCXOy, (Th,U)09, and ThOy Particle Types

One relatively high and one low exposure sample of almost every
particle type were examined during metallography. Only one sample of TRISO
ThO2 was examined; however, this particle type has been extensively charac-
terized in numerous irradiation tests (Ref. 4). Figure 5-13 shows typical
kernel microstructures of the TRISO ThOp particles examined. Figure 5-13
shows an evenly distributed porosity throughout the kernels (compare with
preirradiation photo, Fig. 2-9). Although one ThO2 kernel (not shown)
showed slight, internal cracking, this sample showed no other unusual or

detrimental features.

The structure of the 1:1 (Th,U)09 kernels (Fig. 5-14) appeared similar
to ThO9, except that the higher exposure sample exhibited much greater
porosity, as expected. Also, in the high burnup sample, small white phase
pockets that are most likely fission products were evenly dispersed through-
out the kernels. 1In some cases, white phases were concentrated at the
kernel-buffer interface; however, these have not been identified as a

buildup of fission products.

The kernels of the UCy and UCxOy particles also appeared very similar
after irradiation. 1In all cases, the kernels showed evidence of consider-
able gas evolution, with the size and quantity of gas bubbles proportional
to the level of exposure. Figures 5-15 through 5-18 show typical examples
of UC2, UCp,70p.5, UCp,501,1, and UCQ,201,6 kernel cross sections, respec-
tively. While the UCy kernels were uniform in structure, the UC4Oy showed a
phase segregation in most instances of white and grey areas. This was also
evident before irradiation and is typical of UCXOy kernels fabricated by the
gel-supported precipitate (GSP) process. The predominant phases usually
include U02, UC9, and UCO, depending on the relative amounts of carbon and
oxygen present (Ref. 5). Figure 5-16 shows the varied size and distribution
of gas bubbles within the same kernel. The UCz and UC4Oy particles also

exhibited plastic deformation of the kernels into voids and cracks in the
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buffer. Figure 5-19 shows this effect, which has also been seen in previous
accelerated irradiation tests of UCg at irradiation temperatures comparable

to HRB-15B (Ref. 6).

All the metallographically observed particle types exhibited a ring of
densified buffer material around the kernels caused by fission recoils.
Figure 5-20 shows an example of this in an UC(, k207, TRISO particle in which
the kernel was lost during polishing.

The buffer layers in many examined TRISO particles showed irradiation-
induced shrinkage, particularly the higher exposure samples. This shrinkage
was evidenced by the buffer separating from the inner pyrolytic carbon
(IPyC) coating (Figs. 5-13, 5-~14, and 5-17) and actual cracking and sepa-
ration within the buffer layer itself (Fig. 5-19).

While polarized light photos of most samples showed moderate optical
anisotropy in the PyC coatings which had not been observed before irradia-
tion, these particles showed no IPyC or OPyC coating failures. Figure
5-21 shows some coating cracks that are believed to have occurred during
mount preparation because of their orientation and because the visual

examination detected no OPyC cracking.

Some SiC layer cracking was observed during metallography of the HRB-
15B particles; however, this was not extensive, and as with the PyC coating
cracks mentioned above, the orientation and appearance caused suspicion of
damage during mount preparation. The UCXOy particles exhibited more of this
S8iC cracking, but these were not the only particles in which cracking was
observed. The SiC layer showed three features however, which could poten-
tially degrade structural performance; these were flaws within the coating
and two types of porosity. Figure 5-22 shows examples of the short, lentic-
ular flaws observed in some of the HRB~15B particles. Flaws of this type
have been observed before and may be involved in the formation of free sili-
con areas (Ref. 7) within the SiC. One type of SiC porosity was most preva-
lent in the ThOp and 1:1 (Th,U)0; samples and was confined to the inner half
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of the coating layer, as shown in Fig. 5-23. 1In some cases, this resembled
corrosive attack of the SiC; in other cases, it appeared to be only tiny
voids within the layer. This feature was not apparent prior to irradiation.
The other type of porosity observed in HRB-15B particles was found almost
exclusively in the SiC layers of TRISO UCXOy particles. This porosity,
shown in Fig. 5-24(a), was randomly dispersed throughout the entire layer.
More than one of the mounts was repolished, but in each case the porosity
remained. An examination of unirradiated particles from the same batches,
however, also showed this evenly dispersed porosity {[Fig. 5-24(b)],

indicating that it was not irradiation damage.

Table 5-4 summarizes the metallographic examinations on the

TRISO-coated particles discussed in this section.

5.5.2. U0y and UO5 TRISO Plus Silicon-Alloyed BISO Particle Types

Capsule HRB-15B tested an advanced fuel type, the Uo§ kernel. Oxygen
is released when an oxide kernel fissions, building a gas pressure inside
the particle and apparently also enhancing kernel amoeba migration.
However, oxygen can be gettered by ZrC at HTGR operating temperatures

through the following reactions:
09 + ZrC » Zxr0p + C (5-1)
2C0 + ZrC » Zr0O9 + 3C (5-2)
according to whether the free oxygen reacts with ZrC directly or first

reacts with carbon coatings, then with ZrC. The net effect of the ZrC is to

buffer the oxygen potential at the ZrC/ZrOy equilibrium.

Oxide fuel kernels have performance advantages over carbide kernels in
relation to hydrolysis of failed fuel and migration of rare-earth fission
products. Therefore, oxide fuels offer potential performance improvement if

amoeba migration and the buildup of gas pressure can be controlled by adding
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ZrC. Two different methods of incorporating ZrC into fuel particles were
tested in HRB-15B: (1) a solid layer of ZrC was deposited over the kernel,
as shown in Fig. 5-25, and (2) ZrC was dispersed throughout the buffer layer
in a codeposition process, as shown in Fig. 5-26. In both cases, a 10— um
seal coat of dense PyC was applied directly to the kernel before the ZrC was
deposited to protect the kernel from possible chemical reactions. The solid
layer of ZrC was tested at nominal thicknesses of 5 and 10 um, whereas the
batch with ZrC dispersed in the buffer had an amount of ZrC equivalent to
that of a solid 5-um layer. 1In all cases, more than enough zirconium was
present to react with all of the oxygen released through fissions in the UOjp

kernels.

Figures 5~-25 and 5-26 show that a new phase has formed in irradiated
particle kernels with ZrC getters. Electron microprobe techniques examined
these features for chemical composition, as illustrated in Fig. 5~27, and
the features were found to consist largely of carbon. A small amount of
cesium was also distributed throughout the features in about the same con-
centration as in the buffer PyC. The features did not contain appreciable
amounts of uranium, cerium, palladium, ruthenium, neodymium, praseodymium,
or molybdenum, which were all rather uniformly distributed throughout the
remainder of the kernel, nor did they contain zirconium, which was found

only outside the kernel where it had been originally deposited.

The only detrimental irradiation effect observed in UO§ particles
concerned occasional cracking of the porous inner buffer layer of the
particles, as shown in Fig. 5-28. Perhaps kernel expansion, resulting from
formation of the large carbon phases, contributes to this buffer cracking.
In addition, the shrinkage of the inner buffer layer caused by short-range
fission recoils seems to be less in U0§ particles than in U0, particles,
where a much more distinct densified inner buffer layer has left a gap
between the kernel and buffer (Fig. 5-29). This type of buffer damage was
restricted to UO§ particles, however, as illustrated by the cracked buffer

layers in Fig. 5-19.
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Also, a large number of silicon-alloyed BISO particles are in capsule
HRB-15B, including nine different batches of LEU fissile particles and two
batches of ThOy fertile particles (Table 2-1). No irradiation-induced fail-
ures of structural coatings were observed for any of these particles, but
autoradiography of the graphite trays in which the particles were irradiated
(Section 5.4) suggests that some leakage of fission products occurred
through intact silicon-BISO coatings. This will be investigated in more
detail in out-of-pile thermal annealing experiments on irradiated particles.
The nine batches of LEU fissile particles with silicon-alloyed BISO coatings
had an ~40-uym~thick inner ring of pure PyC in their outer coatings. This
was followed with the deposition of an ~120-um-thick alloyed layer. The
larger irradiaton-induced shrinkage of the pure IPyC ring in relation to the
alloyed outer portion of the coating sometimes caused delamination cracks to

open up between these coating components, as shown in Fig. 5-30.

Clear demarcation lines were seen within the alloyed portion of the
coating itself, in many cases. These lines at first appeared to be delami-
nations; however, higher magnification examinations showed them to be bands
of higher porosity within the coating (Fig. 5-31) and not separations. The
only other irradiation damage observed in silicon-alloyed BISO particles was
buffer damage in ZrC-gettered particles (Fig. 5-32), the same as had been
observed for TRISO particles (i.e., buffer cracking in particles with solid
ZrC layers and selective erosion of buffer layers containing dispersed ZrC

to produce a characteristic flower-petal design).

5.6. ELECTRON MICROPROBE

ORNL performed electron microprobe analysis on metallographic mounts of
four particle types irradiated in HRB-15B: (1) TRISO-coated UCg,207.g (tray
84), (2) TRISO UCyp (tray 90), (3) TRISO U0y with ZrC layer (tray 98), and
(4) silicon-BISO-coated UO2 with ZrC layer (tray 28). Figure 5-27 shows
microprobe results on a particle from tray 28. 1In all cases, the heavy
metals (U,Pu) remained within the kernel. Similarly, the volatile and non-

volatile fission product metals identified either remained within the kernel
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(Fig. 5-33) or concentrated at the kernel-buffer interface (Fig. 5-34).
During metallography, most particles showed a ring of densified buffer mate-
rial, which may account for the buildup of some fission product metals at
this location. This microprobe showed no fission product buildup at the
IPyC or 8iC layers. Since the three TRISO-coated samples analyzed were all
at peak exposure positions in the capsule, the relatively low irradiation
temperature of ~900°C was considered to be the main reason for fission

products not moving within these particles.

5.7. GAMMA ANALYSIS

5.7.1. TIrradiated Microsphere Gamma Analysis

The ORNL Irradiated Microsphere Gamma Analyzer (IMGA) characterized
unbonded particles from 11 particle batches irradiated in capsule HRB-15B,
as shown in Table 5~5. In addition, the particles characterized with the
ORNL postirradiation gas analyzer (PGA) and listed in Table 5-7 were also
gamma~counted with the IMGA. This completely automated device separately
gamma-scanned particles from each batch; fission product activity ratios
were then calculated from the data to indicate coating integrity in the par-
ticles. The fission product activity ratios that existed in the particles
at the end of the irradiation were back—-calculated from the IMGA-measured
inventories using the known isotopic disintegration rates. Appendix C sep-
arately details the IMGA analysis, and Section 6 discusses the results. In
summary, the analysis indicated no cesium loss from the particles, but

detected an unquantified amount of silver release.

5.7.2. Gamma Scan of Empty Particle Trays

A germanium—lithium detector gamma scanned selected particle trays
(after the irradiated particles had been removed) to determine the type and
quantities of nuclides present. These data were useful for correlating with

autoradiography, IMGA, and other PIEs in characterizing the complete irradi-

ation performance of the fuel particles. Twelve empty particle trays were '
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scanned separately, including ones that had shown significant activity on
the autoradiograph and ones that had not. All the trays scanned had small
amounts of scandium, chromium, cobalt, and in some cases, manganese, as a
result of the activation of the stainless—steel thermocouple sheaths which
were adjacent to the inner circumferences of all trays. This activity was

also apparent on the tray autoradiographs.

Fission product nuclides were also detected on most of the trays
scanned. Specifically, Cs-134, Cs-137, and Ag-110m were detected in varying
amounts, as detailed in Table 5-6. The scanning was done over an energy
range of 1 to 2048 keV. Detector live times averaged 13.16 min for one
group of trays that was counted for 15 min and 4.84 min for another group
that was counted for, 5 min. The major peaks employed and the average

counting errors for each were

Major Peaks (keV) Av Counting Errors (%)

Ag=-110m 1384 .7 <18
Cs-134 796 <9
Cs—-137 661.7 <5

In some cases, as noted in Table 5-6, the counting errors exceed those given
here, because the activities were very small and the count rate was propor-
tionately lower. The percent release values were calculated by dividing the
fission products measured on the trays by the fission products calculated
for each tray (see Sections 6.1 through 6.3). The nuclide inventories were
calculated using data generated with the CURIE code. This code was run for
the selected tray positions in HRB-15B as part of the burnup analysis (see
Section 4.2). Appendix D discusses the errors associated with the tray

gamma scans.

5.8. POSTIRRADIATION GAS ANALYSIS

The ORNL PGA measured the postirradiation gas content of particles

from 11 TRISO-coated capsule batches tested in HRB-15B. Comparing selected
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fission gases released from each particle upon crushing to the IMGA-
calculated theoretical inventory gave the particle gas retentiveness. Three
essentially stable isotopes of krypton (Kr-83, Kr—89, and Kr-86) and four of
xenon (Xe-131, Xe-132, Xe-134, and Xe-136) were collected following a sepa-
rate and complete crushing of each particle at room temperature. A time-

of -flight mass spectrometer quantified the different gas species present in
five particles from each of the 11 batches. Reference 8 gives more complete

details on the PGA and its operatiom.

Table 5-7 presents results on the average nmoles of krypton and xenon
collected per particle for each particle batch. The theoretical inventories
of the particles were also calculated, based on the mean kernel loading of
each batch and the kernel burnup. Table 5-7 gives the ratios of the mea-
sured and theoretical gas contents, showing that these particles retained
high percentages of fission gases. The ratios ranged from 72% to 111% with
no trends evident among the different kernel types. In qualifying these
data, a typical standard deviation of 15 um on a 350-um kernel could account
for a 12% variation in the theoretical inventories. Also, the measured
inventories had l¢ variations as high as 13% for krypton and 14% for xenon,
explaining how some values exceed 100%. Thus, measured/theoretical ratios

of the magnitude obtained here are not unreasonable.

5.9. FISSION GAS RELEASE

Irradiated fuel particles from three capsule samples were reirradiated
in the GA TRIGA reactor to determine the postirradiation release~to-birth
rate of Kr—-85m. TRISO-coated UCqp,70g.5, (Th,U)02, and UCy particles were
mixed with graphite flour to simulate fuel rod geometry and irradiated at
1100°C in accordance with test procedure ACD-140-A-7. Each sample had a
low release rate only slightly higher than the corresponding preirradiation
value, as shown in Table 5~8. These results agree with the PGA data (Sec-
tion 5.8), which indicated high fractions of fission gases retained in the

particles.
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5.10. OPyC COATING DENSITIES

Measurements of postirradiation OPyC coating densities were made on
seven particle types from capsule HRB-15B. The outer coatings were broken
off the substrates remotely, then placed in a liquid gradient column for the
density determination. Three of the samples were from TRISO-coated samples
with standard OPyCs, and four were silicon-doped OPyCs from silicon-BISO
particles. Table 5-9 tabulates the results, and Figs. 5-35 and 5-36 plot

them.

Figure 5-35 compares the standard OPyC measured density changes with
published data (Ref. 9); these changes are fairly consistent with the pub-
lished values. The silicon—-doped OPyC measurements shown in Fig. 5-36,
however, when compared with published values for unrestrained silicon-0PyC
density change (Ref. 10), are quite different. Even though the initial den~-
sities differ considerably and the silicon-OPyC layers are semirestrained on
the fuel particles, the same trend of demnsity increase with fluence would be
expected. Because OPyCs are more difficult to separate from BISO particles
than from TRISOs and because this work had to be done remotely the samples
obtained from the irradiated particles were very possibly unclean with
buffer fragments attached. Although not certain, this would explain the

apparent density decrease shown in Fig. 5-36.
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Fig. 5-2. Subassembly 3 after removal from the containment and application
of the reference paint stripe
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Fig. 5-4. Graphite tray No. 84 with irradiated TRISO UCQ.201.6 particles
in place: 6.5 x 1025 n/m2 (E > 29 £ yrer fast fluence, 26.5%
FIMA at a time-average maximum particle surface temperature
of 905°C
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Postirradiation appearance of TRISO UCy 207 ¢ particles from
graphite tray No. 84: 6.5 x 1025 n/m2 (E > 29 fI)yrgr fast

fluence, 26.5% FIMA at a time-average maximum particle surface
temperature of 905°C
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Fig. 5-8. Postirradiation appearance of silicon-~BISO (Th,U)02 particles
from tray No. 114: 6.2 x 1025 n/m2 (E > 29 £ yrer fast fluence,

16.27% FIMA at a time-average maximum particle surface temperature
of 895°C
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Fig. 5-9.

Postirradiation appearance of silicon-BISO UO2 particles from
tray No. 118: 6.1 x 1025 n/m2 (E > 29 fDyrer fast fluence,

26,3% FIMA at a time-average maximum particle surface temperature
of 915°C
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Fig. 5-11.

(b)

Autoradiographs of graphite particle trays, holders 3 and 6:
(a) holder 3, 4.5 to 5.2 x 1025 n/m? (E > 29 fJ)grgr fast
fluence at a time-average temperature of 800°C and (b) holder
6, 4.7 to 6.3 x 1025 n/m? (& > 29 fI) TR fast fluence at a
time-average temperature of 860°C. Film exposure time was

10 min.
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Fig. 5-12. Autoradiographs of graphite particle trays, holders 8 and 1l4:
(a) holder 8, 6.3 to 6.5 x 1025 n/m2 (E > 29 fJ)gTcr fast
fluence at a time-average temperature of 845°C and (b) holder
14, 3.7 to 4.6 x 102% n/m® (E > 29 £J)ypep fast fluence at a
time-average temperature of 855°C. Exposure time was 10 min.
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Fig. 5-13.

L7927-10

L7927-1

Postirradiation appearance of TRISO ThO, kernels: (6252-15-
0140-3) 6.4 x 102 n/n? (E > 29 £J)yrgr fast fluence, 5.7%
FIMA and time~average maximum particle surface temperature
of 860°C

5-30




L7927-19 (b)

Fig. 5-~14.

Postirradiation appearance of 1:1(Th,U)0, TRISO kernels: (a)
(6155-05~0111-1) 3.8 x 1025 n/m? (E > 29 £J)ypqp fast fluence,
11.1% FIMA and time-average maximum particle surface temperature
of 840°C and (b) (6155-05-0111-3) 6.6 x 102> n/m2 (E > 29 £I)yrer
fast fluence, 16.47% FIMA and time-average maximum particle
surface temperature of 885°C
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Fig. 5-16.

L7927-72 (a)

L7927-41 (b)

Postirradiation appearance of UCy 70qg_ 5 TRISO kernels: (a)
(6157-08-0210-1) 4.3 x 1025 (E > 29 £J)ypgg fast fluence, 21.2%
FIMA and time-average maximum particle surface temperature of
860°C and (b) (6157-08-0210-3) 4.8 x 1025 n/m? (E > 29 £I)ypar

fast fluence, 24.2% FIMA and time-average maximum particle
surface temperature of 915°C

5«33



Fig, 5~17.

i

L7927-60 (b)

Postirradiation appearance of UCy 507,71 TRISO kernmels: (a)
(6157-08-0311-1) 4.0 x 1025 n/m2 (E > 29 £J)yrgr fast fluence,
20.3% FIMA and time-average maximum particle surface temperature
of 860°C and (b) (6157-08-0320-6) 6.4 x 1025 n/m? (E > 29 £ yurer
fast fluence, 26.67% FIMA and time-average maximum particle
surface temperature of 915°C
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Fig. 5-18.

L7927 25 (a)
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L7925.98 (b)

Postirradiation appearance of UCy 20y  TRISO kernels: (a)
(6157-09-0120-5) 3.8 x 102> n/m2 (E >'89 £fJ)yTor fast fluence,
22.3% FIMA and time-average maximum particle surface temperature
of 915°C and (b) (6157-09-0120-3) 6.5 x 1022 n/m2 (E > 29 £Dyrcr
fast fluence, 26.5% FIMA and time-average maximum particle
surface temperature of 905°C
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L7927-63

F

ig.

5-19.

(a) L7925-129 (b)

Examples of kernel extrusion into buffer cracks/voids: (a)
UCg,501.1 particles (6157-08-0320-6), 6.4 x 1025 (E > 29 £3)ypcr
fast fluence, 26.6% FIMA and (b) UCy TRISO particles (6151-21-
0111-3), 6.6 x 1022 n/m? (E > 29 fJ)gpeg fast fluence, 26.6%
FIMA. Both had time-average maximum particle surface tempera-
tures of "900°C
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L7927-82

Postirradiation appearance of TRISO particle from tray No. 168
without the kernel, showing densified buffer caused by fission
recoils: 3.8 x 1025 n/m2 (E > 29 £I)uTer fast fluence at a
time~average maximum particle surface temperature of 915°C
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Fig. 5-21.

L7927-32 (b)

Examples of TRISO coating cracks believed to be an artifact
of ‘mount preparation: (a) (6157-08-0320-6) 6.4 x 1025 n/m2
(E > 29 £I)gpgr fast fluence, 26.67% FIMA and time-average
maximum particle surface temperature of 915°C - and (b) (6157~
09-0120-5) 3.8 x 1023 n/m? (E > 29 £J)gpcg fast fluence,
22.3% FIMA and time-average maximum particle surface temper-
ature of 915°C
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L7927-8 (a) L7927 22 (b)

Fig. 5-22. Examples of short, lenticular flaws observed in unbonded
particles irradiated in HRB-15B: (a) (6252-15-0140-3)
6.4 x 1025 n/m® (E > 29 £J)ypgg fast fluence, 5.7% FIMA and
time-average maximum particle surface temperature of 860°C
and (b) (6155-05-0111-3) 6.6 x 102> n/m? (E > 29 £J)ypgr
fast fluence, 16.47 FIMA and time~average maximum particle
surface temperature of 885°C
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L7927-14

Fig. 5-23.

(a) L7927-2 (b)

SiC porosity type observed in HRB-15B particles on only the
inner half ‘of the SiC layer: - (a) (6155-05-0111-3) 6.6 x 1025
n/m2 (E > 29 fI)grcr fast fluence, 16.4% FIMA and time-average
maximum particle surface temperature of 885°C and (b) (6252-
15-0140-3) 6.4 x 1025 n/m2 (E > 29 £J)ypeg fast fluence, 5.7%
FIMA, and time-average maximum particle surface temperature

of 860°C
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L7927 50

Fig. 5-24.

(a) MP80037 2 (b)

SiC porosity type observed both in irradiated HRB-15B UC,O
particles and in unirradiated particles from the same batcges:
(a) (6157-08-0210-3) irradiated at 4.8 x 1025 n/m? (E > 29
fJI)urgr fast fluence, 24.2% FIMA and time-average maximum
particle surface temperature of 915°C and (b) unirradiated
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L7925-13 L7925 12

Postirradiation appearance of a UC% TRISO particle with a solid layer of ZrC around the kernel:
(6152-03-0111-3) 6.6 x 1025 n/m2 (E > 29 £3) yrer fast fluence, 26.67% FIMA and time-average maximum
particle surface temperature of 905°C. The free carbon formed when ZrC reacts with oxygen has
apparently been rejected back into the kernel to form the growth features shown.
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L7925-66

Fig. 5-26.
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L7925-67 1792568

Postirradiation appearance of a UO% TRISO particle with ZrC dispersed throughout the buffer
layer: (6152-02-0110-1) 6.1 x 1025 n/m? (E > 29 fJ)HTGR fast fluence, 26.2% FIMA and time-
average maximum particle surface temperature of 915°C. Carbon growth features are again
observed in the kernel.



=g

L7925 114

Fig. 5-27.

(d) (e)

Electron microprobe photos to determine the chemical composition of growth features: (a)
optical micrograph, (b) back-scattered electron image, (c¢) U Mo, (d) Zr Lo, and (e) Ce La.
(6447-02-0110-1) 4.8 x 1025 n/m2 (E > 29 fI)yrgr fast fluence, 22.5% FIMA and time-average
maximum particle surface temperature of 860°C. Cerium, palladium, ruthenium, neodymium,
praseodymium, and molybdenum were distributed approximately like uranium, except that their
concentrations were lower. Carbon shows up as the dark phase in (b).
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Fig. 5-28.

L7925-60 {b)

L7925-14 (a)

Examples of buffer cracking in UCH particles: (a) 5-um ArC layer around kernmel (6152-03-
0111-3)y 6.6 x 1025 n/m? (E > 29 £ yrgr fast fluence, 26.67% FIMA and time-average maximum
particle surface temperature of 905°C and (b) 10-um ZrC layer around kernel (6152-03-0210-2),
4.0 x 1025 n/m2 (E > 29 f))yrgr fast fluence, 22.8% FIMA and time-average maximum particle
surface temperature of 915°C. This is thought to be caused by a combination of two effects:
(1) kernel swelling caused by the formation of the internal carbon growths and (2) lack of
buffer shrinkage that occurs in the more heavily densified inner surface ring penetrated

by fission recoils in ungettered particles [ see (b)].
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L7925-20 (a) L7925-21 (b) L7925-26 (c)

Fig. 5-29. An ungettered UO, TRISO particle following irradiation: (6152-01-0120-3) 4.9 x 1025 n/m2
(E > 29 £J)grgr fast fluence, 24.2% FIMA and time-average maximum particle surface tempera-
ture of 915°C. Note the larger gas bubbles in (b) compared to those in the previous ZrC-

gettered oxide particles. WNote also in (c) the beginning of pin-hole chemical attack of the
SiC diffusion barrier.
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L8003-41

£8003-40
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Fig. 5-30.
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Fig. 5-32.

.

L7925-115 (a) L8003-16 (b)

Irradiation damage to the inner buffer layer in silicon~allo§ed UO% BISO particles: (a) a

5 ym ZrC layer around the kernel (6447-02-0110-1), 4.8 x 102 n/m2 (E > 29 £J)yrgr fast fluence,
22.5% FIMA and time-average maximum particle surface temperature of 860°C and (b) ZrC dispersed
throughout the buffer layer (6447-01-0110-2), 4.5 x 1025 n/m2 (E > 29 £J)yper fast fluence,
23.6% FIMA and time-average maximum particle surface temperature of 915°C



Fig. 5-33.

Electron microprobe photos of a UCy 207 g TRISO particle
(6157-09-0120-3) irradiated to 6.5 x 1025 n/m? (E > 29 £I)y7gR»
26.5% FIMA and time-average maximum particle surface temperature
of 905°C: (a) back-scattered electron image, (b) Zr La, (c) Pd
Lo, and (d) Cs Lo
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Fig. 5-34.

Electron microprobe photos of a UCy TRISO particle (6151-21-

0111-3) irradiated to 6.6 x 1025 n/m2 (E > 29 £J)gper,> 26- 6%

FIMA and time—average maximum particle surface temperature of
905°C. (a) back-scattered electron image, (b) Ru La, (c) Nd

Lo, and (d) Ce Lo
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OPyC DENSITY (MG/M3)

o}
21
\ 4@_ PUBLISHED DATA (REF. 9)
\\ o} INITIAL DENSITY = 1.81
§ O INITIAL DENSITY = 1.87
1.8 F
1.7 I | I | | |
0 1 2 3 4 5 6 7
FAST FLUENCE, & [(102° n/m?) (E > 29 fl)y1gR!
Fig. 5-35. Comparison of measured OPyC density change for standard OPyC

coatings from HRB-15B TRISO particles versus published data
(Ref, 9)., Irradiation temperature was “900°C.
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. Fig. 5-36., Measured silicon-OPyC density change versus fluence for four
HRB-15B samples and published values for unrestrained silicon-
OPyC., Irradiation temperatures for all cases were “850°C.
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76-6

TABLE 5-1

FAILURE FRACTIONS OF GA TRISO-COATED INERT PARTICLES TESTED IN HRB-15B

Particle
Designation
and
Batch No.

Particle Location and Fast Fluence, & [(n/mz)(E > 29 £3)grerl

Spine

Spine 2

Spine 3

Spine &

4.0

Top
x 1025

Bottom
5.1 x 1025

Top Bottom
x 1025 6.5 x 1025

Top Bottom
6.4 x 1025 5.9 x 1023

Top
4.7 x 1025

Bottom
3.6 x 1025

A
(Small PyC)
6351~-05-010

b
(Large PyC)
6351-05-040

B
(Small $i/PyC)
6351-05-020

E
(Large Si/PyC)
6351-05~050

C
(Anisotropic)
6351-05-030

F
{Isotropic)
6351-05-060

3/106

18/60

= 0.03®

= 0.30

5/101 = 0.05

Lost

13/62

43/43

- 13/62 = 0.21

1.00 -

- 4/32 = 0.125

10/80 = 0.13 -

-- 7/64 = 0.11

35/35 = 1.00 -

- 4/31 = 0.13

7/61 = 0.11

47/47 = 1.00

7/63 = 0.11

2/32 = 0.06

(3)3/106 means 3 of

the 106 particles examined had failed, giving a failure fraction of 0.03.
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TABLE 5-2

DIMENSIONAL CHANGE OF HRR-15B

GRAPHITE TRAYS

Postirradiation .
Measurements Diameter

Preirradiation . Change, Fast Fluence,

Tray Measurements [em (in.)] AD/Dg & [(1025 n/m2)

No. fem (in.)] 0 deg 90 deg Average (%) (E <29 £D)yrer]
5. 2.232 (0.8786) 2.240 (0.8820) 2.241 (0.8823) 2.241 (0.8822) 0.41 3.6
6 2.232 (0.8786) 2.240 (0.8820) 2.241 (0.8823) 2.241 (0.8822) 0.41 3.7
14 2.277 (0.8963) 2.291 (0.9018) 2.289 (0.9010) 2.290 (0.9014) 0.57 4.1
18 2.307 (0.9084) 2.320 (0.9133) 2.321 (0.9137) 2.320 (0.9135) 0.56 4.3
30 2.327 (0.9163) 2.344 (0.9227) 2.342 (0.9222) 2.343 (0.9225) 0.68 5.0
31 2.327 (0.9163) 2.342 (0.9221) 2.344 (0.9230) 2.343 (0.9226) 0.69 5.0
48 2.341 (0.9215) 2.363 (0.9305) 2.358 (0.9282) 2.361 (0.9294) 0.86 5.7
76 2.360 (0.9292) 2.382 (0.9377) 2.382 (0.9376) 2.382 (0.9377) 0.91 6.5
77 2.360 (0.9292) 2.382 (0.9378) 2.380 (0.9372) 2.381 (0.9375) 0.89 6.5
84 2.360 (0.9291) 2.387 (0.9396) 2.386 (0.9393) 2.386 (0.9395) 1.11 6.5
100 2.360 (0.9293) 2.386 (0.9393) 2.386 (0.9392) 2.386 (0.9393) 1.08 6.5
108 2.361 (0.9297) 2.385 (0.9388) 2.385 (0.9388) 2.385 (0.9388) 0.98 6.4
122 2.360 (0.9291) 2.383 (0.9380) 2.384 (0.9384) 2.383 (0.9382) 0.98 6.0
123 2.360 (0.9291) 2.385 (0.9389) 2.384 (0.9385) 2.384 (0.9387) 1.03 6.0
130 2.360 (0.9292) 2.383 (0.9382) 2.382 (0.9378) 2.383 (0.9380) 0.95 5.7
131 2.360 (0.9292) 2.380 (0.9370) 2.380 (0.9369) 2.380 (0.9370) 0.84 5.7
146 2.327 (0.9162) 2.350 (0.9252) 2.348 (0.9243) 2.350 (0.9248) 0.94 5.0
158 2.307 (0.9081) 2.325 (0.9155) 2.330 (0.9172) 2.328 (0.9164) 0.91 4.4
168 2.276 (0.8961) 2.296 (0.9040) 2.295 (0.9036) 2.296 (0.9038) 0.86 3.8
176 2.277 (0.8963) 2.293 (0.9029) 2.295 (0.9035) 2.294 (0.9032) 0.77 3.4




TABLE 5-3

COMPARISON OF GA PARTICLE BATCH VISUAL EXAM RESULTS WITH PARTICLE TRAY AUTORADIOGRAPHIC OBSERVATIONS(a)
Holder | Tray Kernel Coating
No. No. Type Type Visual Exam with Particles in Trays Autoradiograph
1 2 (Th,U)0y Si-BISO | One crushed particle(b) So much activity from tray No. 2
that film is completely over—
exposed
1 15 ThOy TRISO Black spots on ~12 particles, no crushed Some activity indicated but not
or broken ones good, distinct pattern
1 20 UCo Si~BISO | Two crushed particles One large and one small bright
spot seen
5 38 ucy TRISO Eight crushed particles, broken tray Completely overexposed film
5 54 (Th,U)0, | TRISO Three crushed particles, two in one place | One large and one small bright
spot in right location
5 58 (Th,U)0y | TRISO Four crushed particles, three in one Two bright spots; one large and
place, one alone one small
5 62 (Th,0)0, | TRISO Three crushed particles, two together, one | Two bright spots; one large and
alone one small
6 141 ThO, Si~BISO | All particles in place, no failure Completely overexposed; must
observed still be a particle in the tray
6 150 veo TRISO Holder No. 6 was the one that the 1lid One large, bright spot; many
came loose on during shipment; smaller spots like debris
6 152 uco TRISO particles were spilled and broken
6 66 (Th,U)09 | TRISO No particle damage observed Bottom of tray showed a faint
pattern; tray No. 67 had ThO,
Si-BISO and showed release
8 80 uco TRISO Two crushed particles close together Two small, bright spots close
together
8 67 ThOp Si-BISO No particle damage observed Distinct hole pattern evident
on this tray and bottom of
tray No. 66
8 81 ThOy 5i~BISO | No particle damage observed Distinct hole pattern evident
here and on bottom of tray No. 80
8 70 Uog Si~B150 No particle damage observed Distinct pattern seen but only on
one area of the tray (~12 holes)
10 97 ThOy BISO No particle damage observed Several bright holes observed
10 94 (Th,U)0y | TRISO No particle damage observed Debris~like spots seen on bottom
of this tray (tray No. 95 was
ORNL)
11 135 ThOy BISO Not visually examined Tray was bright all over with a
(ORNL) few distinct bright spots
12 103 ThO, Si~-BISO | No particle damage observed One big, bright spot on tray as
if one particle were stuck in a
hole
12 108 uco TRISO No particle damage observed Very faint pattern on the top of
this tray
13 121 ThOy BISO No particle damage observed Quite a bit of activity on this
tray but not a distinct pattern
seen
13 118 U0y Si-BISO | No particle damage observed Activity seen in one area of tray
but not a distinct pattern
14 156 Uo§ Si-BISO | No particle damage observed Clear hole pattern seen; three
full rings and partly full fourth
ring
14 158 UCy S$i-BISO | No particle damage observed Bright, clear hole pattern; can
count 72 holes
(a)Patticle trays not listed in this table showed no significant activity on the autoradiograph.
(b)

Section 5.1 for more details.

Crushed here refers to damage incurred during capsule disassembly and is not an irradiation effect.
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TABLE 5-4
RESULTS OF METALLOGRAPHIC EXAMINATION ON GA TRISO-COATED ThO2, 1:1(Th,U)0y, AND UCx0y TESTED IN HRB—IBB(a)

Time-
e e [ moster aer stc tayer®
Kernel Fast Fluence, Particle Into Densified Short, Porosity in 1n? Porosity
Tray Kernel Burnup (4 [(1025 n/m2) Surface Buffer~IPyC Buffer Area Around | Lenticular | Inner Half DISburse?c)
No. Type (% FIMA) (E < 29 £J)grcrl Temp( °C) Separation Cracks Cracked Kernel Flaws of Layer Throughout
71 | Tho, 5.7 6.4 860 19/21¢® 0/21 o/21 21/21 1/21 21/21 0/21
8 1:1(Th,U)0y 11.1 3.8 840 10/18 0/18 0/18 0/18 X 6/18
92 1:1(Th,U)07 16.4 6.6 885 0/19 /19 0/19 X 2/19 19/19 0/19
166 Ucy 22.5 3.9 915 X 0/20 0/20 X 0/20 0/20 0/20
90 ucy 26.6 6.6 905 X X X X 0/20 0/20 Slight
18 UCp.790.5 21.2 4.3 860 21/21 X X X 0/21 0/21 X
150 UCq.700.5 24.2 4.8 915 X X 1/21 X 2/21 0/21 X
12 | UCq.501.1 20.3 4.0 860 5/21 X 0/21 X 0/21 0/21 X
104 | UCo.501.1 26.6 6.4 915 19/21 2/21 2/21 X 0/21 0/21 21/21
168 | UCq.201.6 22.3 3.8 915 X 0/20 0/20 X 0/20 0/20 Slight
84 UCp.201.6 26.5 6.5 905 X 0/20 0/20 X 0/20 0/20 Slight
(a)

X indicates that the attribute was observed but was not quantified.

kernel migration, pressure vessel failures, or irradiation-induced OPyC failures were observed in this examination.

(b)

Several samples and cracks through the IPyC, SiC, and OPyC layers that were attributed to mount preparation.

19/21 means 19 of the observed attribute out of 21 particles examined. No



TABLE 5-5
GA PARTICLE SAMPLES TESTED IN HRB-15B SUBMITTED FOR IMGA ANALYSIS AT ORNL

Particle Kernel Number of
Tray Data Retrieval Kernel Coating Burnup Particles
No. No. Type Type (% FIMA) Analyzed
80 6157-08-0320-4 | UCg.49071.12 | TRISO 26.4 26
116 6448-01-0110-2 | UCy.4901.12 | Si-BISO 26.4 21
138 6152-02-0110-10 | vo%(2a) TRISO 25.2 20
156 6447-01-0110-2 | vo5(a) $i-BISO 23.6 24
148 6152~01-0120-3 U009 TRISO 24.2 24
118 6447-00-0110-2 U002 §i-BISO 26.3 24
50 6155-05-0220-1 (Th/U)09 TRISO 14.9 25
114 6445~01-0110~2 (Th/U)09 Si-BISO 16.2 15
181 6252-15-0131-5 ThOo TRISO 2.7 25
67 6542-42~0210-5 ThO9 Si-BISO 5.6 25
77 6542-27-0190-4 ThOsy BISO 5.9 25

(a)This particle type had a ZrC-doped buffer layer.
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TABLE 5-6
COMPARISON OF GAMMA-SCAN RESULTS WITH AUTORADIOGRAPHY
OF HRB-15B GRAPHITE TRAYS

656

Gamma—Scan Results(a) {onifi
(uCi/sample) Significant
Tray Kernel Coating Activity seen on
No. Type Type Cs-134 Cs-137 Ag-110m Autoradiography?
96 UCy TRISO - —_— 1.0 (27) No
90 UCy TRISO - - 0.4 (52) No
34 | ucy TRISO 0.5 (16) — 1.1 (9.4) No
166 | UCy TRISO 0.2 (25) - 0 No
71 ThOy TRISO 3.5 (5) 0.9 (12) 0.9 (18) No
68 UCp.700.5 Si-BISO 6.3 (2.8) 3.6 (5.4) 1.0 (17) No
70 | Uo3 Si-BISO |13.0 (1.8) | 5.4 (3.9) 1.0 (15) Yes
158 UCo Si~BISO - - 86.0 (2.2) Yes
156 | vo% Si-BISO - - 47.0 (29) Yes
67 ThO9 Si-BISO 16.0 (1.4) 11 (1.5) - Yes
81 ThO9 Si-BISO 22.7 (1.4) 13.2 (1.7) - Yes
97 | Thos BISO 0.63 (23) - - Yes
(a)

the measured values.

for each count.

The activities given were back-calculated to the end of the irradiation from
The numbers in parentheses are the lo counting errors (percent)
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TABLE 5-7
PGA RESULTS OF 11 GA PARTICLE BATCHES TESTED IN HRB-15B

Fast Fluence, Kernel Irradiation Total Gas Theoretical Measured/
Tray Kernel Coating ¢ [(1025 n/m2) Burnup Temp Measured Inventory Theoretical U/Th
No. Batch No. Type Type (E < 29 fl)ypgr] | (% FIMA) (°c) z ke(a) | £ Xe(b) | (omoles)(e) | (mmoles){(d) %) (mg/kernel)
12 6157-08-0311 | UCo 501 .3 TRISO 4.0 20.3 860 3.89 32.32 36.21 48.8 74 0.2243/0
18 6157-08-0210 | UCq,700.5 TRISO 4.3 21.2 860 4.14 35.26 39.40 55.0 72 0.2435/0
84 6157-09-0120 | UCp,201 .6 TRISO 6.5 26.5 905 6.27 63.22 69 .49 64.4 108 0.2310/0
90 6151~21-0111 | UCy TRISO 6.6 26.6 905 5.83 55.59 61.42 59.7 103 0.2140/0
92 6155-05~0111 | (Th,U)02 TRISO 6.6 16 .4 885 4.27 38.16 42.43 38.3 111 0.1101/0.1059
98 6152-03-0111 Uog(e) TRISO 6.5 26.7 915 3.84 41.05 44 .89 41.3 109 0.1477/0
71 6252-15-0140 | ThOg TRISO 6.4 5.7 860 3.53 15.83 19.36 26.9 72 0/0.4270
168 6157-09-0120 | UCq,201 .¢ TRISO 3.8 22.3 915 5.69 53.15 58.84 52.9 111 0.2310/0
150 6157-08-0210 | UCp,700.5 TRISC 4.8 24.2 915 5.50 51.47 56 .97 60.6 94 0.2436/0
104 6157-08-0320 | UCp,501.1 TRISO 6.4 26.6 905 5.80 63.27 69.07 62.2 111 0.2238/0
124 6152-02-0110 Uog(f) TRISO 5.9 26.1 915 3.10 36.19 39.29 41.6 94 0.1537/0

(a)lncludes Kr-83, Kr-84, and Kr-86.
(b)Includes Xe-131, Xe~132, Xe-134, and Xe-136.

(C)Average of five particles for each batch.

Calculated using mean kernel loadings for each batch (% FIMA kernel burnup) and assuming 0.277 krypton and xenon atoms per fissile and 0.271 atoms per
fission for the fertile particles.

(e)This particle type had a 5-um ZrC layer applied to the kernel.

f
)This particle type had a ZrC-doped buffer layer.




TABLE 5-8
PRE~ AND POSTIRRADIATION FISSION GAS RELEASE OF
THREE GA TRISO-COATED PARTICLE TYPES TESTED IN HRB-15B

Nuz?er Fission Gas Release(a)
Irradiated (R/B)
Tray Kernel Coating Particles Preirradiation | Postirradiation
No. Type Type Analyzed (x 10-7) (x 10-6)
18 UCp.700.5 TRISO 18 6.1 .
166 UCy TRISO 46 . .
48 (Th,U)09 TRISO 106 8.0 1.2

(2)Release/birth rate for Kr-85m at 1100°C.
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TABLE 5-9
OPyC DENSITY OF SEVEN GA PARTICLE TYPES TESTED IN HRB-15B

9-4

Tray Kernel Coating QF??EOE%UE7SSS OFyC Density (Mg/m3)
No. Batch No. Type Type (E > 29 £J)grer] | Preirradiation| Postirradiation| Change (%)(2)
181 6252-15-0131 | ThO9 TRISO 3.1 1.81 2.12 +17
48 6155-05-0120| (Th,U)09| TRISO 5.7 1.87 1.99 +6
92 6155-05-0111| (Th,U)09| TRISO 6.6 1.87 2.00 +7
2 6445-01-0110| (Th,U)02| Si-BISO 3.4 2.05 1.96 -4
24 | 6447-01-0110| UOp* $i-BISO 4.6 2.11 2.00 -5
51 6542-42-0210| ThO9 §i-BISO 5.9 2.22 2.11 -5
81 6542-42-0210 | ThO9 Si-BISO 6.5 2.22 2.07 -7

(a){(pf - 00)/ 051 x 100, where pf

postirradiation density, and pg

preirradiation density.



TABLE 5-10

DESCRIPTION OF GA INERT TRISO PARTICLES TESTED IN HRB-15B

Particle Description ~ Designation

Particle Components, Anistropic Isotropic
Their Properties, and Small PyC- Large PyC- Small Si/Pyc- | Large Si/PyC- $i/PyC~ 8i/PyC-
Deposition Conditions A D B E (o F
Batch No. 6351-05-010 | 6351-05~040 | 6351~-05-020 6351-05-050 6351-05-030 | 6351~050-060
Kernel
Composition [o} C C C C C
Diam (um) 450 450 450 450 450 450
Buffer PyC
Thickness (um) 97 97 97 97 97 97
Inner Pyc
Thickness (um) 131 240 123 226 120 230
sic
Thickness (um 34 48 34 47 36 46
Density (Mg/m) 3.17 3.21 ap(2) 3.22 3.17 3.22
Outer Coating
Composition
Carbon (wt %) 100 100 77 76 85 80
Silicon (wt %) 0 0 23 24 15 20
Thickness (um) 44 46 40 43 23 37
Volume (mm”) 0.143 0.232 0.125 0.206 0.069 0.177
Density (Mg/m3) 1.90 1.83 2.12 2.08 1.94 2.09
Coating Conditions
Temperature (K) 1558 1573 1648 1648 1573 1573
Time (8) 660 696 900 750 804 840
Rate [m/Gs (um/min)) 66.7 (4.0) 66.1 (4.0) 44.4 (2.7) 57.3 (3.4) 28.6 (1.7) 44.0 (2.6)
Gas Flows(P) (m3/Ms)
Coating Gases
C3Hg 17.5 12.2 6.5 6.5 6.5 6.5
CoHy 8.7 6.1 3.3 3.3 3.3 3.3
Helium/silane 0 0 26.7 26.7 26.7 26.7
Helium Diluent 99.0 150.0 47.0 156.0 47.0 156.0
Total Flow 125.2 168.3 83.5 192.5 83.5 192.5
Charge Wt (g)
In 52.75 48.00 54.36 50,00 49,00 50.00
Out 67.15 57.80 68.09 61.40 55.30 59.87
Total Particle
Diam (um) 1061 1312 1037 1276 1003 1270
Hg Density (Mg/mg) 1.95 1.97 1.97 2.00 1.98 2.02
Composition
Carbon (wt %) 80.6 79.9 77.9 75.8 77.5 76.8
Silicon (wt %) 19.7 22.7 24.1 23.2 24.2 20.4

(a)
(d)

ND = not determined.
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These gases flowed through a 35-mm graphite coating tube that was 229 mm long; the levitated bed of
fluidized particles was contained within the coating tube.
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TABLE 5-11
ATTRIBUTE COMPARISON OF DENSITY-SEPARATED BATCHES WITH GA PARENT BATCHES TESTED IN HRB-15B

Coating Thickness

Total Particle

Decrease in

Increase in

Batch Kernel (1m) Buffer Particle
a ? ) Diam o Diam  Density | Thickness Density
No.'2 Kernel Type (um) Buffer| IPyC| SiC| OPyC| (um) (Mg/m3) (%) (%)
6155-05-0100 | (Th,U)09 357 94 34 36 46 760 2.83 - -
6155~05-0111 | (Th,U)02 356 68 34 39 44 726 3.02 27.7 7.0
6157-08-0300 |UCq,4901.12 359 123 47 41 44 863 2.49 - -
6157-08-0311 | UCp,4901.12 354 91 47 46 44 810 2.69 26.0 8.0
6157-09-0100 | UCqy,2001.64 372 136 43 41 42 877 2.50 o ——
6157-09-0111 | UCqy,2001.64 372 112 43 42 42 850 2.60 17.7 4.2
6152-01-0100 | U029 299 134 41 32 40 769 2.37 - -
6152-01-0111 | U0y 300 102 41 37 41 742 2.55 23.9 7.8
*
6152~-03-0100 UOz(b) 312 82 35 37 41 742 2.64 - -
*
6152-03-0111 Uoz(b) 310 66 35 39 41 708 2.71 19.5 2.8
6151-21-0100 | UCo 348 121 37 39 50 835 2.55 - -
6151-21-0111 UCq 344 89 37 44 50 784 2.72 26.4 6.7
6252-15-0100 | ThO9 456 54 36 38 48 807 3.40 - ——
6252-15-0131 | ThO9 453 49 36 38 48 795 3.48 9.3 2.4

(a)
(b)

Parent batch is given first, density-separated batch second.

This particle type had a 5-um-thick ZrC layer applied to the kernel.
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6. DISCUSSION

Most fuel in capsule HRB-15B was irradiated at temperatures from
~800° to 900°C and fast neutron exposures less than 6.0 x 1025 n/m2
(E > 29 fJ)grgr. This was since much of the irradiated fuel will undergo
additional out-of-pile testing over the next few years to support the refer-
ence LEU fuel choice and to provide an initial data base in support of LEU
fuel performance models. The predictable result was that the fuel in HRB-
15B was not exposed beyond design levels; consequently, none of the tradi-
tional forms of particle damage, such as pressure vessel failure or attack
of SiC layers by fission products, were observed in the PIE. Useful perfor-
mance data were gathered, however, through the variety of PIE procedures and

additional calculational techniques performed.

6.1. RETENTION OF THE VOLATILE METALS CESIUM AND SILVER

A significant part of the PIE effort for HRB-15B ws directed at
determining to what extent volatile fission metals were retained by the
fuel particles. Fission product silver is of particular interest with LEU
fuel, because it has a greater yield from U-238 than from U-235. This sub-
section discusses the agreement between several PIE methods used to assess
the retention of metallic fission products in the HRB-15B particles. Sub-
sections 6.2 and 6.3 discuss the overall irradiation performance of the

TR1IS0-coated and Si-BISO-coated particles, respectively.

Table 6~1 compares the percent release values for Ag—-110m and Cs-137
derived by three methods. Appendix C details the IMGA work; generally, the
IMGA indicated no release of Cs-137, but significant loss of Ag-110m from
the particles characterized. Although the IMGA results give no basis for

assuming errors beyond the calculated total uncertainties given in



Appendix C (9% to 15% for Cs-137/Ru-106 and 10% to 16% for Ag-110m/Ru-106), ‘

some aspects of these results are still unexplained:

1. TRISO particles would be expected to release less fission metals
than Si-BISO particles under equivalent irradiation conditions,
since the latter lack the SiC barrier coating employed in the
TRISO design. Yet, the IMGA results indicated no distinctions
between the two particle types in this respect. The preirradia-—
tion characterization of the particle batches revealed no abnormal
deficiencies in the SiC layers of the TRISO particles that would
cause them to be suspect. Also, as Table 6-1 shows, the TRISO
particles were not predicted to release Ag-110m under the HRB-15B

irradiation conditions.

2. If ~30% of the Ag-110m inventory escaped from the fuel particles,
more silver than found on the particle trays would be expected;
yet, the tray gamma-scans found very small amounts of Ag-110m, as
shown in Tables 5-6 and 6-1. These findings would be compatible
only if the Ag-110m had diffused easily through the graphite trays
and was deposited elsewhere in the capsule. Although a conclusive
mass balance of Ag-110m on all the capsule components would be
necessary to verify this, workers at both GA and ORNL do not
believe that silver would diffuse so easily through dense POCO
graphite at these relatively low temperatures (see Figs. 4-1
through 4-4). Also, if silver diffused through the trays, rather
than the distinct hole patterns seen on many of the tray autoradi-

ographs, a smeared activity pattern would have been more likely.

The tray gamma-scans and autoradiography results agreed better with
performance model predictions and with relative expectations for the two
particle types. As noted from Tables 5-3 and 5-6, only the Si-BISO trays
always exhibited activity (on the autoradiographs) with sharp hole images

matching the particle loadings, except for tray No. 97, which had




BISO-ThOy particles. No trays which had TRISO particles showed this kind of
activity. Because no data on silver transport in Si-PyC were available, the
Ag-110m release from the Si-BISO particles was not predicted; however, as
stated previously, zero Ag-110m release was predicted from the TRISO parti-
cles under these irradiation conditions. ©Not all the particle trays were
gamma-scanned; however, all were autoradiographed (except the ORNL trays,
which all contained ThO2 particles). Several shortcomings of the tray
gamma-scan/autoradiography results should be recognized. From only the 12
trays scanned (see Table 5-6), the significant activity seen on the autora-
diographs and the presence of either Ag-110m or Cs-137 cannot be directly
correlated. One tray (No. 97) showed some significant activity, but no fis-
sion products were found by gamma-scan, while two trays (No. 68 and 71) had
sizeable quantities of cesium present but no activity pattern upon autoradi-
ography. Of the trays that showed significant autoradiograph patterns,
trays No. 67 and 81 had cesium but no silver, while trays No. 156 and 158
had silver but no cesium. Possibly, activity below a threshold level is not

seen by autoradiography but is detected by gamma-scan.

Another source of error in this work is that each particle tray served
as the 1id for the tray directly beneath it. Thus, fission products
released from the particles could be deposited on the inner walls of their
own tray and on the underside of the tray above. This would mean that the
gamma—-scan results for each tray could underestimate the amounts of fission
products released by the particles in that tray. Of course, this effect
could be partially or wholly compensated for by fission products coming from
the particles in the tray beneath the one of concern, so that exactly quan-
tifying this error would be difficult. From hole surface area considera-
tions alone, if no other fission products were deposited from neighboring

trays, the underestimation of the tray gamma-scans would be ~20%.

In comparing the IMGA and particle tray gamma-scan results, the errors
associated with the two methods should also be examined. As shown in Appen-
dix C, the total lo wmcertainty in the IMGA results is 77 to 157 for Cs-137
and 10% to 167 for Ag-110m, with Ru-106 as the stable isotope. The
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corresponding values for the tray gamma-—scanning (assuming the same ‘
uncertainty in the calculated fission product inventories as with IMGA) are

13% to 167 for Cs-137 and 227 to 24% for Ag-110m (see Appendix D). Even

allowing for these errors and the ~207 underestimation discussed above for

the tray gamma scans, the results for the TRISO particles are still

incompatible and those for the Si-BISO particles only agree slightly.
6.2. FISSILE TRISO PARTICLE PERFORMANCE

Much evidence gathered after the irradiation indicates that all TRISO-
coated fissile particles tested remained intact and retained virtually all
of their fission products except Ag—-110m. As Table 6~1 indicates, the sev-
eral techniques employed to assess fission metal retention show no signifi-
cant release of cesium from the TRISO particles. The 0 to 8% Cs-137 release
indicated by IMGA is within the total uncertainty on the IMGA results (927
retention x 14% total error for Cs-137/Ru~106 ratio = ~13% lo error, 797 to
105% retention, or 0 to 217% loss of Cs-137 possible at the 677 confidence

level) and, as such, is not convincing evidence of release by itself.

As discussed in Section 6.1, the IMGA findings for Ag—110m release
from the TRISO particles do not agree with the results of other PIE tests or
the performance model predictions. While the indicated average 277 Ag-110m
release using Ru-106 as the stable isotope is two to three times what can be
attributed to the total error on the IMGA results, the remaining evidence
gathered in this PIE indicates very little release of Ag-110m. The 0.1% to
0.6%Z Ag-110m found by gamma-scanning several of the empty particle trays,
even allowing for large errors associated with gamma-counting very small
amounts of Ag-110m, cannot be reconciled with the IMGA results unless the
silver freely diffused out of the graphite. This is not expected at these
relatively low temperatures. Also, although the irradiation conditions were
not identical, Dragon data on LEU-TRISO particles agrees well with the con-
tention of little Ag-110m release. After 4000 h, LEU-UO9-TRISO particles
irradiated at 1000°C showed ~0.1% release of Ag~110m (Ref. 11). Such small

amounts of Ag-110m release, even at these low temperatures, is not



unexpected, since silver can apparently permeate completely intact SiC lay-
ers under certain conditions. While the exact mechanism whereby this

release takes place is not yet understood, optimization of the microstruc-
ture of the SiC is believed to be necessary to minimize the release of this

volatile fission metal from LEU-TRISO particles.

Thus, the authors contend that the evidence gathered during this PIE
will not support a Ag-110m release level greater than 17 from the HRB-15B
fissile TRISO particles.

As for all other detectable fission products in the fissile TRISO
particles examined, the PGA analysis indicated that the gases xenon and
krypton were retained in the particles; no significant activity was seen in
the autoradiography or gamma-scans of the particle trays; the microprobe
analysis showed no nuclides beyond the buffer layers of these particles.
Fission gas release measurements on three fissile TRISO samples had low

(1076) release of Kr-85m at 1100°C.
6.3. SILICON BISO-COATED PARTICLE PERFORMANCE

The findings of this PIE indicate that the Si-BISO particles, including
fissile and fertile types, released more cesium and silver than the TRISO
particles. Distinct activity patterns seen on the autoradiographs of sev-
eral trays that had contained Si-BISO particles exactly matched the loading
patterns of the fuel particles in those trays. Gamma-scans of the empty
Si-BISO trays also revealed significant quantities of cesium and silver.
Comparing the amounts found on the trays with theoretical end-of-life inven-
tories of these fission products (CURIE calculated) gives release values of
0.04% and 0.05% for Cs-137 from UC(p,700.5 and UOZ with a ZrC layer, respec-—
tively; 2% and 137 for Ag~110m from UC9 and Uo; with a ZrC-doped buffer,
respectively; and 0.12% and 0.17% for Cs-137 from ThOy particles, all with
Si-BISO coatings. Table 6~1 also shows the fissile particle results in the

$i-BISO columns.



Concerning cesium release from the fissile Si-BISO particles, much of ‘
the discussion in Section 6.2 on the TRISO particles applies equally well
here. No cesium release was predicted using current performance models; no
significant amounts were found in the IMGA work or in the tray gamma-scans
(the 0.04%Z to 0.05% cesium release detected from the UCq(,70qg.5 and Uog Si-
BISO samples is near the minimum detectable range for the equipment). Sig-
nificant quantities of cesium were found, however, on two graphite trays
that had held ThOp S5i-BISO particles (trays No. 67 and 81, Table 5-6). The
amounts found were 0.12% and 0.177%, respectively, of the calculated theoret-
ical inventories. This indicated release from the ThOp Si-BISO particles is
unexpected, particularly since a standard BISO-ThO7 sample in tray No. 97 at
a similar exposure level exhibited no detectable release when the empty par-
ticle tray was gamma-scaned, and it showed only slight activity when auto-
radiographed. Visual exam of these Si-BISO-ThOs particles did not indicate
failed or otherwise defective outer coatings. In addition, the important
OPyC parameters of thickness, density, coating rate, and weight percent sil-~-
icon for these particles were not significantly different from the nominal
OPyC properties of several batches of Si-BISO-ThOy particles used in a
series of postirradiation cesium release experiments, which showed improved
cesium retention compared to the reference BISO-coated ThO particle (Ref.
12). As discussed in Section 6.1, cross—contamination between adjacent par-
ticle trays during irradiation was possible. Gamma-scans of every particle
tray that could verify this, however, were not done during this PIE. Cor-
relating these observations with ThOy performance model predictions would
be useful to further develop fission product transport models, but is beyond

the scope of this report.

Regarding silver retention in the fissile Si-BISO particles in HRB-15B,
no performance model prediction was available because of a lack of data on
silver transport in Si-PyC. IMGA results indicated 237 to 32% Ag-110m loss
from these particles, while the tray gamma-scans revealed 27 to 137 of the
theoretical Ag-110m inventories deposited on the empty trays. In contrast

to the TRISO gamma-scan results, the tray gamma-scan and IMGA data for fis-

sile 8i-BISO particles agree somewhat if the total uncertainties on the two ‘
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techniques are considered. Why the two gamma-scans with the Si-BISO parti-
cles agree better than gamma-scans with TRISO particles is not known. The
tray gamma-scan results are recognized to be based on relatively few parti-
cle tray measurements, and the IMGA results, as discussed in Section 6.1,
are not without suspicion. Thus, saying that silver release ranging from O
to 30% from the fissile Si-BISO particles in HRB-15B seems reasonable, based
on the PIE results. While quantitative release fractions for this particle
type have not been predicted, these results are not unexpected for the Si-
BISO particle performance relative to the TRISO particle performance, since

the former lacks the discrete SiC barrier to fission metals.
6.4, UCXOy KERNELS WITH DIFFERENT 0O/U RATIOS

HRB-15B tested four different UCXOy kernel types to explore possible
performance differences with varying 0/U ratios from 0.5 to 1.6. No pres-—
sure vessel performance differences were identified among these samples, and
no kernel migration or fission product buildup was observed in the metal-
lography of the UCXOy types in HRB-15B. However, SiC fission product attack
was seen in low-oxygen UCp,70g.5 TRISO particles irradiated at ~1250°C in
HRB-14 (Ref. 3), suggesting that differences may exist under more severe

conditions.
6.5. POCO GRAPHITE DIMENSIONAL CHANGE

Graphite dimensional change rates are important in the design and
thermal analysis of irradition tests, because critical temperature control
gaps greatly influence fuel temperatures. POCO AFX-9Q graphite was used for
the subassemblies in HRB-15B, and the design of the components was based on
a graphite dimensional change function shown in Fig. 6-1. This curve is
only a general relationship for POCO dimensional change with fluence and
does not account for irradiation temperature or variations among different
grades of graphite (Ref. 2). Thus, a checking procedure run during the
irradiation plotted the dimensional change value that allowed calculated

capsule temperatures to match thermocouple temperatures. Figure 6-1 also
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shows these data and the actual measured dimensional changes of graphite
trays that were given in Fig. 5~10. Because not all factors are accounted
for in these calculations (no data exist for fluence dependence of the coef-
ficient of thermal expansion in POCO, for example, and the graphite trays
are assumed to remain circular and centered within the primary containment),
the best-fit-to—-experiment data do not exactly agree with the measured val-
ues. However, the same trend and relative magnitude are apparent. For the
measured data in Fig. 6-1, the temperature effect mentioned in Section 5.3
has been emphasized, showing that even the 50°C temperature difference
between subassembly 1 and the others had a significant effect on the dimen-
sional change of this graphite. These measured values are consistent with
the limited irradiation data on POCO graphites, indicating that grades AFX-
5Q and AFX~8Q are nearly stable when irradiated at 1000°C to a peak fast
fluence of ~6.5 x 1025 n/m? (E > 29 f£J)yrcr and expand with fluenée at lower
irradiation temperatures (Ref. 13). The difference between the design curve
and actual measured dimensional change of the POCO trays shown in Fig. 6~1
did not affect fuel particle temperatures in HRB-15B because of the capsule
design. As mentioned in Section 4, the thermocouples directly indicated
tray temperatures with no intervening gas gaps, so temperature could be con-
trolled throughout the test without regard for the tray to primary contain-
ment gap size. This is not the case, however, with conventional HRB cap-
sules that utilize a graphite sleeve. 1In the conventional design, fuel
sample temperatures are calculated on the basis of an assumed gas gap size,
and deviations from assumed dimensional change rates will cause errors in
the calculated temperatures. Thus, the dimensional change behavior of the
graphite is important to know. Data of this type will be accumulated for
several irradiation tests under varied exposure levels to quantify this

relationship and reduce uncertainties in future thermal analyses.




6.6. SIZE EFFECT ON INERT TRISO PARTICLES

Capsule HRB-15B irradiated two sizes of inert TRISO particles having
similar outer coatings, consisting of both standard PyC (particles A and D)
and a silicon-alloyed PyC (particles B and E). The first four columns of
Table 5-10 describe these two pairs of test particles and give deposition
conditions for their outer coatings that were being tested. Particle sizes
were controlled by varying the thickness of the IPyC layer; this layer was
roughly twice as thick for the larger 1300-um particle of both test pairs
than for the smaller 1050-pm particle. Other coating thicknesses were
roughly comparable for all particles. The last two columns of Table 5-10
describe a third set of particles (C and F) in which outer coatings were not
sufficiently similar to permit size comparisons on failure rates. The coat-
ing rate for the smaller C particle fell below the critical value of 33 m/Gs
(2 ym/min) during fabrication, and this is known to produce an anisotropic
coating that is subject to large irradiation-induced shrinkages. While this
third set of particles could not be used to judge size effects, it was
included in the test to obtain additional information on the influence of

coating rate on particle failure.

Table 5-1 gives failure statistics for the different inert particles
and average neutron-fluence values for the various sample locations. Figure
6-2 plots these data for the two different sizes of particles having similar
coatings of standard PyC (A and D) and of silicon-alloyed PyC (B and E) as a
function of fluence, and the wide range of fluence involved is observed to
significantly affect coating failure. Failure fractions of the larger size
particles for each of the coating types (D and E) are also considerably
higher than for the smaller particles of the test pairs (A and B), with fac-
tors of difference ranging from about two to four over the fluence range.
Thus, a very definite size effect appears to be present in the irradiation
performance of the coated particles, with failure rates running at least
twice as high for 45-um coatings of either type on 1300-um particles as on
1050-um particles.



Any inert particle failure strongly argues in favor of a size effect,
because coating failure was essentially zero over the full-fluence range
investigated for nominal 850-pm fueled TRISO particles of many different
types that were irradiated along with the inert particles in capsule HRB-
15B. Using these additional data, Fig. 6-3 plots coating failure as a func-
tion of particle size for a common fluence of 5.5 x 1025 n/mz, and the

strong increase of failure with particle size is readily apparent.

To illustrate the extreme sensitivity of coating failure to deposition
conditions within certain critical ranges, Fig. 6-4 plots coating failures
for the third pair of test particles (C and F) in which the smaller particle
was known to be coated at a rate that produces anisotropic coatings subject
to large irradiation-induced shrinkages. The failure curve for the larger F
particle that was coated at an acceptable rate agrees reasonably well with
curves D and E of Fig. 6-3 for similar sized particles in those test pairs.
However, the failure curve for the anisotropic C particle increases rapidly
with fluence to reach 100%, and based on size effects alone, this curve for
the smaller particle should fall below the larger particle curve of Fig.
6~4, as do the A and B curves in Fig. 6-3. Thus, the coating~rate variable
causes an order-of-magnitude upward shift in the failure rate of particle C
compared to the similar-sized A and B particles of Fig. 6-3, whereas the
size effect itself only causes failure to roughly double over the size range
studied. This illustrates the necessity to carefully control deposition

conditions in studies on particle size effects.
6.7. DENSITY-SEPARATED TRISO-PARTICLE BATCHES

Density—-separated samples from seven TRISO parent batches were included
in HRB-15B as part of on-going pressure vessel performance model studies.
The parent batches had first been characterized for total particle density
using a representative split sample, then approximately the upper 10% por-
tion was separated out for inclusion in the capsule. These highest density
particles represented the portions of the parent batches made with the high-

est probability of failure by the pressure vessel mode. Table 5-11 gives
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the attributes of the parent and density-separated portions of the seven
batches and shows the percent difference in the buffer thicknesses for each
particle type. Little failure (maximum of 1.17 at peak capsule fluence) was
predicted with the TRISO*MONTE design computer code [failure assumed when
the SiC stress reaches =-23.23 MPa (-3400 psi)], and no pressure vessel fail-
ures were observed in any of the density-separated batches during the PIE.
Higher failure would have been predicted at higher levels of exposure and
temperature. A few of these particles seen in the metallographic examina-
tion had no buffer layers and, from all indications, were still completely
intact. The information gained from this work, while not identifying spe-
cific performance limits, indicates that the particle designs tested are
extremely reliable and conservative from a pressure vessel standpoint at the

exposure levels encountered in this capsule.
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TABLE 6-1

MEASURED AND CALCULATED PERCENT RELEASE VALUES FOR Cs-137 AND Ag-110m
FROM FISSILE PARTICLES IRRADIATED IN CAPSULE HRB-15B

TRISO Si-BISO
(%) %)
Test/Analysis Cs-137 Ag~110m Cs~137 Ag-110m Comments

Performance model 0 0 0 (b) Difficult to compare zero release

predictions(a) predictions with quantitative
measurements

IMGA results with 0 0 to 17 0 15 to 17 These IMGA results were insensitive

Zr-95 as stable isotope to particle type, capsule position,
and burnup. Ag-110m is difficult to

IMGA results with 0 to 8 22 to 32 0 to 4 23 to 32 measure in irradiated particles

Ru-106 as stable isotope because of high background activity.

Gamma-scans of empty o 0.15 to 0.6} 0.04 to 0.05 2 to 13 Improved precision because of low

particle trays background activity. Not all
irradiated trays gamma-scanned.

Conclusions No release | Less than No release ~10% release | Uncertainties in the results stem

1% release from assumptions used in calculating
theoretical and measured
inventories.
(a)

Private communications of diffusive release predictions by B. F. Myers at GA, June 1980 to December 1980.

(b)No prediction made since silver transport data in Si-PyC are not available.




7. CONCLUSIONS

Capsule HRB-15B irradiated numerous candidate LEU fissile kernel types
and particle designs at exposure levels of 3.0 to 6.6 x 1025 n/m? (E > 29
£I)yrgr fast fluence, 197 to 27% FIMA fissile burnup, 1.7% to 6.0% FIMA fer-
tile burnup, and time-averaged maximum particle surface temperatures from
815° to 915°C with the following results (the capsule objective from Section

2.1 to which each conclusion applies is noted where appropriate):

1. No performance disadvantages were identified in any of the LEU
fissile candidate particle types (see Section 2.3.l1) tested
(1,2).

2. No kernel migration, pressure vessel failure, SiC attack, or OPyC

failure (except for inerts) were observed (1,4).

3. Evidence gathered after irradiation indicates that all TRISO-~
coated fissile particles tested remained intact and retained
virtually all of their fission products. Findings indicate

silver release from these particles no greater than 17 (1,2).

4. No differences were observed in the performance of three UCxOy

kernel types with varying O/U ratios (3).

5 Particle tray autoradiograpy and gamma-scans of the trays and
particles showed that silver release occurred from the Si-BISO-
coated fissile particles, with the indicated losses ranging from
0 to 30%Z. Cesium was retained, as predicted in these figsile
particles, but measured releases of cesium from 0.1%7 to 0.2% from
the fertile Si-BISO particles exceeded performance model

predictions (6).



10.

The UO% particles (with ZrC added to buffer the oxygen potential)

performed as expected at the exposure levels encountered in this
test. Carbon growth features observed within the kernels of the
gettered particle types were not seen in the standard, unbuffered

U0y particles (5).

OPyC density changes agreed fairly well with published data for
standard OPyC coatings. Measured density changes of silicon-—
doped OPyC coatings ranged from -4% to -7%, which were
inconsistent with published values for unrestrained silicon-OPyC

density changes.

Measured POCO graphite dimensional changes in HRB-15B did not
agree with general design data currently used in thermal analysis

codes at ORNL, primarily because of temperature effects.

The failure rate of outer coatings on TRISO particles caused by
irradiation-induced shrinkage onto the more stable SiC substrate
increases for a given neutron fluence and irradiation temperature
as the particle size increases, consistent with predictions of

Weibull theory.

Seven density-separated TRISO-coated particle samples with thin
buffer layers showed no pressure vessel failures, consistent with
predictions for irradiation temperatures lower than the normal

design limit of 1250°C (4).
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APPENDIX A
FUEL SAMPLE EXPOSURE LEVELS IN HRB-15B
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HRB-15B PARTICLE

TABLE A-1

EXPOSURE LEVELS FOR SUBASSEMBLY 1

Maximum
gar;icle Kernel Burnup
Tray Experimenter Kernel Coating Sample u;ezie eF??iog%uiyggi (% _FIMA)
No. GA ORNL Type Type No. °c) (E > 29 fJ)yrgr] | Fissile | Fertile
1 X ThOg TRISO A-824-HT-1 815 3.4 - 1.7
2 X (Th,U)09 S$i-BISO 6445-01-0110-1 840 3.4 10.3 -
3 X ThO2 TRISO A-825~HT-1 815 3.5 - 1.9
4 X U0o2 Si~BISO 6447-00-0110-1 860 3.6 19.1 -
5 X ThO2 Si-BISO 6542-42-0210-1 815 3.6 - 2.1
6 X ¥C0.4901.12 | Si-BISO | 6448-01-0110-1 860 3.7 19.4 -
7 X ThO2 TRISO A-826-HT-~1 815 3.7 - 2.3
8 X (Th,U)02 TRISO 6155-05-0111-1 840 3.8 11.1 -
9 X ThOz TRISO A~827~HT-1 815 3.% - 2.4
10 X (Th,U)02 TRISO 6155-05-0111-2 840 3.9 11.3 -
1 X ThO2 TRISO A-828-HT-1 815 3.9 - 2.6
12 UCG.4901.12 | TRISO 6157-08-0311-1 860 4.0 20.3 —
13 X ThO2 TRISO A-833-HT-1 815 4.0 - 2.8
14 UCp.4901.12 | TRISO 6157-08-0311-2 860 4.1 20.6 -
15 ThO2 TRISO 6252-15-0140-1 815 4.2 - 2.9
16 U022 TRISO 6152-01-0120-1 860 4.2 20.9 -
17 X ThOg TRISO A-834~HT~1 815 4.3 - 3.1
18 X UCo.6900.51 | TRISO 6157-08-0210-1 860 4.3 21.2 -
19 X ThO2 TRISO A-835-HT-1 815 4.4 - 3.2
20 X ucy S3i~BISO | 6449-00-0110-1 860 4.4 21.5 -
21 X ThOg Si-BISO 6542-42-0210~2 815 4.5 —— 3.4
22 X UCg.2001.64 | TRISO 6157-09-0120-1 860 4.5 21.7 —
23 X ThOp TRISO 6252-15-0140-2 815 4.6 - 3.5
Spacer
2 X vo3¢®) $4-BISO | 6447-01-0110-1 | 860 4.6 22.0 —
25 X ThO2 TRISO A~836-HT-1 815 4.7 - 3.6
26 X UC0,.2001.64 | TRISO 6157-09-0111-1 860 4.7 22.3 -
27 X ThO2 TRISO A-837-HT-1 815 4.8 - 3.8
28 X voj(» Si-BISO | 6447-02-0110-1 860 4.8 22.5 —
29 X ThO2 TRISO A-824-HT-2 815 4.9 - 3.9
30 X UCo.6900.51 | TRISO 6157-08~0210-2 860 5. 22.7 -
31 X ThO2 BISO 6542~27-0190-1 815 5.0 - 4.0
32 X V09 TRISQ 6152-01-0120-2 860 . 23.0 -
33 X ThOp $i~BISO | 6542-42-0210-3 815 5.1 -- 4.1
34 X ucy TRISO 6151-21~0120~1 860 5.1 23.2 -
35 X Tho? TRISO A-825-HT-2 815 5.2 - 4.3
36 X U02 TRISO 6152~01-0111-1 860 5.2 23.4 -
37 X ThO2 TRISO A-826-HT~2 815 5.3 - 4.4
38 X uca TRISO 6151-21-0111-1 860 5.3 23.6 -
39 X ThO2 TRISO A-827-HT-2 815 5.4 - 4.5
40 X Uoi(b) TRISO 6152~03-0111-1 860 5.4 23.8 -
41 X ThO2 TRISO A-828-HT~-2 815 5.5 - 4.6
42 X voy* () TRISO | 6152-03-0111-2 | 860 5.5 24.0 -
43 ThO2 TRISO 6252-15-0131-1 815 5.5 - 4.7
44 UCp.2001.64 | TRISO 6157-09-0120-3 860 5.6 24,2 -
45 X ThOg TRISO A~833-HT-2 815 5.6 - 4.8
46 X uca TRISO 6151-21-0111-2 860 5.7 24 .4 -

(S)This particle type had a ZrC-doped buffer layer.

(b)This particle type had a 5-um—thick ZrC layer applied to the kernel.
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. TABLE A-2

HRB-15B PARTICLE EXPOSURE LEVELS FOR SUBASSEMBLY 2

Maximum
Farticle Kernel Burnup
Tray Experimenter Kernel Coating Sample Su;i;ge ¢F??§Og%u:7;33 (% FIMA)
No. GA ORNL Type Type No. °c) (E > 29 fi)yrgr] | Fissile | Fertile
47 X ThOy BISO 6542~27-0190~2 860 5.7 -= 4.9
48 X (Th,U)02 TRISO 6155~05-0120-1 885 5.7 14.8 -
49 X ThOp TRISO A-834-HT-2 860 5.8 - 5.0
50 X (Th,U)07 TRISO 6155-05-0220-1 885 5.8 14.9 -
51 X ThOy Si~BISO | 6542-42~-0210-4 860 5.9 - 5.1
51 X (Th,U)07 TRISO 6155-05-0120-2 885 5.9 15.0 -
S3 X ThOp TRISO A-835~-HT-2 860 5.9 - 5.2
54 X (Th,U)09 TRISO 6155-05-0220-2 885 6.0 15.2 -
55 X ThOp TRISO A-836-HT-2 860 6.0 - 5.2
56 X (Th,U)0, TRISO 6155-05-0120~3 885 6.0 15.3 -
57 X ThO, BISO 6542-27-0190-3 860 6.1 - 5.3
58 X (Th,U)0y TRISO 6155-05-0220-3 885 6.1 15.4 -
59 X ThO, TRISO A-837-HT-2 860 6.1 - 5.4
60 X (Th,U)0y TRISO 6155-05-0120~4 885 6.2 15.5 -
61 X ThOy TRISO A-824-HT-3 860 6.2 -— 5.5
62 X (Th,U)02 TRISO 6155-05~0220-4 885 6.2 15.6 -
63 X ThOy TRISO A-825-HT-3 860 6.2 - 5.5
64 X (Th,U}0 TRISO 6155-05-0120-5 885 6.3 15.6 -
65 X ThOg TRISO A-826-HT-3 860 6.3 - 5.6
66 X (Th,U)02 TRISO 6155-05-0220-5 885 6.3 15.7 -
67 X ThOg Si~BISO | 6542~42~-0210-5 860 6.3 - 5.6
68 X UC.7100.54 | Si-BISO | 6448-02-0110-1 905 6.3 26.0 -
69 X ThOy TRISO A-827-HT-3 860 6.4 - 5.7
Spacer
70 X vo3(®) Si-BISO | 6447-02-0210-1 | 905 6.4 26.0 -
71 X ThOy TRISO 6252-15-0140-3 860 6.4 - 5.7
72 X UCQ.2001.64 | Si-BISO | 6448-00-0110-1 905 6.4 26.1 -
73 X ThOp TRISO A-828-HT-3 860 6.4 - 5.8
74 X UCh,4901.12 TRISO 6157-08-0320-1 905 6.4 26.2 -
75 X ThOy TRISO A-833-HT~3 860 6.5 - 5.8
76 X UCp.49901 .12 | TRISO 6157-08-0320-2 905 6.5 26.3 -
77 X ThOg BISO 6542-27-0190-4 860 6.5 - 5.9
78 X UC(.4901.12 | TRISO 6157~08-0320-3 905 6.5 26.4 -
79 X ThOg TRISO A-834-HT-3 860 6.5 -— 5.9
80 X UCH.4901.12 | TRISO 6157-08-0320-4 905 6.5 26.4 -
81 X ThOg Si-BISO | 6542-42-0210~6 860 6.5 - 5.9
82 X UCo.4901.12 | TRISO 6157-08-0320~5 905 6.5 26.5 -
83 X ThO2 TRISO A-835-HT-3 860 6.5 - 6.0
84 X UCp,2001.64 | TRISO 6157-09-0120-3 905 6.5 26.5 -
85 X ThOg TRISO A-836-HT-3 860 6.5 - 6.0
86 X UCo.4901.12 | TRISO 6157-08-0311-3 905 6.6 26.6 -
87 X ThOg TRISO 6252-15-0131-2 860 6.6 - 6.0
88 X vog* (™) TRISO | 6152-03-0111-3 | 905 6.6 26.6 —
89 X ThOg TRISO A-837~-HT~-3 860 6.6 —~— 6.0
90 X ucy TRISO 6151-21-0111~3 905 6.6 26.6 -
91 X ThO2 BISO OR-2262-HT-1 860 6.6 - 6.0
92 X (Th,U)0, TRISO 6155-05-0111-3 885 6.6 16.4 -
. (a)This particle type had a 10-pwm-thick ZrC layer applied to the kernel.

b)This particle type had a 5-um-thick ZrC layer applied to the kernel.
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TABLE A-3
HRB-158 PARTICLE EXPOSURE LEVELS FOR SUBASSEMBLY 3

Maximum
Particle Kernel Burnup
Tray Experimenter Kernel Coating Sample SU;Z:;e wy??;og%uﬁyzss (% FIMA)
No. GA ORNL Type Type No. °c) (E > 29 fl)gygr] | Fissile | Fertile
93 X Tho, TRISO | 6252-15-0131-3 | 870 6.5 - 6.0
94 X (Th,U)07 TRISO | 6155-05-0111-4 | 895 6.5 16.4 -
95 X | Thop BISO A=T765-HT-1 870 6.5 — 6.0
96 X ucs TRISO | 6151-21-0111-4 | 915 6.5 26.7 -
97 X Thoz 8IS0 6542-27-0190-5 | 870 6.5 - 6.0
98 X vop* (@) TRISO | 6152-03-0l11-4 | 915 6.5 26.7 -
99 X | o, BISO A-786-HT-1 870 6.5 - 6.0
100 X UCo.4901.12 | TRISO | 6157-08-0311~4 | 915 6.5 26.7 -
101 X | ™oy BISO A-786-HT-2 870 6.5 — 6.0
102 X 40y TRISO | 6152-01-0111-2 | 915 6.5 26.7 -
103 X Thoy Si-BISO | 6542-42-0110-1 | 870 6.5 - 6.0
104 X UCo.4901.12 | TRISO | 6157-08-0320-6 | 915 6.4 26.6 -
105 % Tho, TRISO | 6252-15-0140-4 | 870 6.4 - 6.0
106 X UCo.4907.12 | TRISO | 6157-08-0320-7 | 915 6.4 26.6 -
107 X Thoy $1-BISO | 6542-42-0110~2 | 870 6.4 - 6.0
108 X UCo.4901.12 | TRISO | 6157-08-0320-8 | 915 6.4 26.6 -
109 x | Thoy BISO J-482-HT-1 870 6.3 - 6.0
110 X ¥Cp.4501.12 | TRISO | 6157-08-0320-9 | 915 6.3 26.5 -
111 x | o, BISO J-489-HT-1 870 6.3 - 5.9
112 X UCp,4901.,12 | TRISO 6157-08-0320-10 915 6.3 26.5 -
113 x| hop BISO F-489-HT-2 870 6.3 - 5.9
114 X (Th,U)02 S1-BISO | 6445-01-0110-2 | 895 6.2 16.2 | -
115 X | Thoy BISO J-491-HT-1 870 6.2 - 5.9
Spacer
116 X UCy.4901.12 | S1-BISO | 6448-01-0110-2 | 915 6.2 26.4 -
117 X Thoy BIS0 6542-27-0190-6 | 870 6.2 - 5.8
118 X 10y Si-BISO | 6447-00-0110-2 | 915 6.1 26.3 -
119 x | Thoy BISO J649-HT-1 870 6.1 - 5.8
120 X voy® TRISO | 6152-02-0110-1 | 915 6.1 26.2 -
121 X Tho, BISO 6542-27-0190-7 | 870 6.0 - 5.8
122 X wos ™ TRISO | 6152-02-0110-2 | 915 6.0 26.1 -
123 x | o BISO J-651-HT-1 870 6.0 - 5.7
124 X uogfb) TRISO | 6152-02-0110-3 | 915 5.9 26.1 --
125 % | Thoy BISO A-765-HT-2 870 5.9 — 5.7
126 X voy® TRISO | 6152-02-0110-4 | 915 5.9 26.0 -
127 X Thoy Si-BISO | 6542-62-0110-3 | 870 5.8 - 5.6
128 X voy® TRISO | 6152-02-0110-5 | 915 5.8 25.8 -
129 x | Thop B150 A-786-HT-3 870 5.7 - 5.5
130 X vo§(® TRISO | 6152-02-0110-6 | 915 5.7 25.7 -
131 X Thoy TRISO | 6252-15-0140-5 | 870 5.7 - 5.5
132 % voi(® TRISO | 6152-02-0110-7 | 915 5.6 25.6 -
133 x | oy BISO A-786-HT-4 870 5.6 - 5.4
134 X voj(® TRISO | 6152-02-0110-8 | 915 5.5 25.5 -
135 x | hoy BISO J-482-HT-2 870 5.5 - 5.3
136 X uos® TRISO | 6152-02-0110-9 | 915 5.5 25.4 -
137 X Tho B150 6542-27-0190-8 | 870 5.4 - 5.3
138 X vos(» TRISO | 6152-02-0110-10| 915 5.4 25.2 -

(E)This particle type had a 5-ym-thick ZrC layer applied to the kernel.
(b)

This particle type had a ZrC-doped buffer layer.
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TABLE A-4
HRB-15B PARTICLE EXPOSURE LEVELS FOR SUBASSEMBLY 4

Maximum
Particle F F1 Kernel Burnup
Tray Experimenter Kernel Coating Saaple Su;i::e o ??{0 5u§7;§; (% FIMA)
No. GA ORNL Type Type No. {°c) (E > 29 £I)yyerl Fissile | Fertile
139 X ThO,y BISO J~489-HT-3 870 5.3 - 5.2
140 X (Th,U)03 TRISO 6155-05-0111-5 895 5.3 15.1 -—
141 X Thoy S1-BISO | 6542-42-0110-4 870 5.2 - 5.1
142 X UCg.4901.12 | TRISO 6157-08-0311-5 915 5.2 24.9 5.0
143 X ThO7 BISO J~489-HT-4 870 5.2 - 5.0
144 X (Th,U)02 TRISO 6155-05-0111-6 895 5.1 14.9 —
145 X Tho, TRISO 6252-15-0131-4 870 5.0 - 4.9
146 X UCp.4901.12 | TRISO 6157-08-0311-6 915 5.0 24.6 -
147 X Tho, BISO J-491-HT-2 870 4.9 - 4.8
148 X U0, TRISO 6152-01-0120~3 915 4.9 24.2 -
149 X Tho, BISO J-649-HT~2 870 4.8 - 4.7
150 X UC).6900.51 | TRISO 6157-08-0210~3 915 4.8 24.2 --
151 X Tho, BISO J-651-HT-2 870 4.7 -— 4.6
152 X UCq.20001.64] TRISO 6157-09-0120~4 915 4.7 24.0 -
153 X Tho BISO 6542-27-0190-9 870 4.7 — 4.5
154 x Uog%a) S1-BISO | 6447-02-0210-2 | 915 4.6 23.8 -
155 X Thoy BISO A-765-HT-3 870 4.5 - 4.k
156 X wo,* (™) S1-BISO | 6447-01-0110-2 | 915 4.5 23.6 -
157 X Thoy BISO A-786~HT~5 870 44 — 4.3
158 X ucy S1-BISO | 6449-00-0110-2 915 4ot 23.4 -—
159 X ThO, BISO A-786-HT~6 870 4.3 - 4.2
160 X UCo.2001.64 | TRISO 6157-09-0111-2 915 4.3 23.2 -
161 X ThO, S1-BISO | 6542-42-0110-5 870 4.2 - 4.1
Spacer
162 X o3 () TRISO | 6152-03-0210-1 | 915 4.2 23.0 -
163 X ThOg TRISO 6252-15-0140-6 870 4.1 - 3.9
164 X voj(® TRISO 6152-03-0210~2 915 4.0 22.8 _—
165 X ThOp BISO J-482-HT~3 870 4.0 -— 3.8
166 X uc, TRISO 6151-21-0120-2 915 3.9 22.5 -
167 X Tho, BISO 6542-27-0190-10{ 870 3.9 — 3.7
168 X UC(.0201.64 | TRISO 6157-09-0120~5 915 3.8 22.3 -
169 X Tho, BISO J-489-HT-5 870 3.8 - 3.5
170 X uo§‘°> TRISO 6152-03-0111-5 915 3.7 22.0 -
171 X Tho, BISO J-489-HT~6 870 3.7 - 3.4
172 X ucy TRISO 6151-21-0111-5 915 3.6 21.8 -
173 X ThO, BISO J~491-HT-3 870 3.6 - 3.3
174 X U0, TRISO 6152-01-0111-3 915 3.5 21.5 -
175 be ThO,y S1-BISO | 6542-42-0110-6 870 3.5 - 3.1
176 X o3 TRISO 6152-03-0111-6 915 3.4 21.2 -
177 X ThOy BISO J-649-HT-3 870 3.3 - 3.0
178 X ucy TRISO 6151-21-0111-6 915 3.3 20.9 -
179 X ThOy BISO J-651-HT-3 870 3.2 - 2.8
180 X UCp.7100.54 | S1~BISO | 6448-02-0110-2 915 3.2 20.6 -
181 X ThO TRISO 6252~15-0131-5 870 3.1 - 2.7
182 X voj(®) $1~BISO | 6447-02-0110-2 915 3.1 20.3 -
183 X ThOp BISO OR-2622-HT-2 870 3.0 - 2.5
184 X UC).2001.64 | SI~BISO | 6448-00-0110-2 915 3.0 20.0 —
(a)

This particle had a 10-pm-thick ZrC layer applied to the kernel.
(b)This particle type had a ZrC-doped buffer layer.

(C)This particle type had a 5-um-thick ZrC layer applied to the kernel.
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APPENDIX B
UNCERTAINTY ANALYSIS ON REPORTED FUEL PARTICLE TEMPERATURES

To find the 1o uncertainty in the calculated time-—average maximum
particle surface temperatures reported in Tables A-1 through A-4, the propa-
gation of errors approach was employed. Mean values and estimated standard
derivations were first tabulated for each of the variables in Eq. 4-1.

Table B-1 gives these. The equation was then partially derived for each of
the independent variables and evaluated using the mean values of the vari-
ables. Table B~2 gives these results. The following formula was then used

to calculate the uncertainty:

2 2 2 2
Y A A S s 2 fof 5 . _
S M )% YT T T e ) % T lse) % (B-1)
max P 1 1 2 2

The calculated OATpax by this method = 10°C. To this uncertainty

the uncertainty in the time-average graphite tray temperatures is added,

which is estimated to be 15°C. Therefore,

ZGAT = 20°C .

max
20ATray Temp =30°Cc .
= 50°C .

20overall B

This is the 957 confidence estimate of the overall uncertainty in the

calculated time-average maximum particle surface temperatures.



TABLE B-1
MEAN VALUES AND ESTIMATED STANDARD DEVIATIONS
.FOR EACH VARIABLE IN EQ. 4-1

Variable in Mean Time- Estimated Standard
Eq. 4-1 Averaged Value Deviation
0.4 w(a) 20 = #10%Z, op = 0.02
T 840°C 20 = #7%, 6f = 30
Gy 2840 20 = 5%, gz = 213
1
G2 13.3 20 = *15%, OGZ = 0.998
(a)

Fissile, rather than fertile, particle
power was used, since the fissile particle is the
greater of the two with the larger uncertainly.




TABLE B-2
PARTIAL DERIVATIVES OF EQ. 4-1 AND MEAN VALUE
EVALUATIONS FOR USE IN EQ. B-1

Partial Derivatives

Evaluation of Partials
Using Mean Values From

of Eq. 4-1 Table B-1
of =
< - (Gl T)/Gz 150
P
af _ _
3 = P/G2 0.03
of
aGl = P/G2 -0.03
g—g = _'1—-2—'[P(G1 —?)] -4.52

2 G




APPENDIX C
GAMMA ANALYSIS AT ORNL

by T. N. Tiegs

Eleven batches of coated particles fabricated by GA and irradiated
in capsule HRB-15B were examined at ORNL with the IMGA system, as shown in
Table 5-5. An additional 11 batches of coated particles from HRB-15B were
submitted by GA for analysis with the PGA system at ORNL (see Table 5-7).
As standard practice, prior to PGA measurement, the particles were gamma-
analyzed with the IMGA system to measure burnup so that the theoretical
inventories of fission gases in the individual particles could be calcu-
lated. Ony small numbers of particles were examined, compared to the total

irradiated.

Measurements of the gamma~ray spectrum from irradiated fuel particles
has been shown to be useful in determining the performance and fission prod-
uct retention characteristics of the particles (Refs. C-1 through C-3).

This is accomplished by taking the ratio of volatile to stable fission prod-
ucts (e.g., Cs-137/Zr-95). The ratios can then be compared to calculated
ratios and an assessment made of the performance of the particle batch

relative to fission product retention.

The activity ratios of particular interest are Cs-137/Zr-95 and
Ag-110m/Zr-95. The Cs-137/Zr-95 ratio is a good indicator of the SiC coat-
ing integrity and has been useful in determining the impact of SiC-fission
product interactions during irradiation and out—of-pile heating tests. The
Ag-110m/Zr-95 ratio is of interest because of the influence of silver
release on activity in the primary circuit and the attendant implications
to the maintenance philosophy of the reactor. The yield of fission product
silver from Pu-239 fissioning is considerably higher than from U-235
fissioning, which causes silver retention to be much more of an issue with

the current reference LEU fuel cycle than it was in the past with an

Cc-1




HEU cycle. Silver release has been observed from particles which have ‘

successfully retained cesium.

Table C-1 summarizes the results on the Cs-137/Zr-95 and Ag-110m/Zr-95
ratios. The Ag-110m/Zr-95 ratios were not obtained for the ThO; particles.
Due to the low Ag-110m production in thorium fuels, it was not readily

detected.

The Cs-137/Zr-95 ratios for all of the particle batches examined
indicated that no Cs-137 release had occurred. The reason for the observed
ratios being ~10% higher than the calculated ratios is unknown, although, as
will be shown later, the discrepancy is believed to arise in the calculation
of the Zr-95 inventory in the particles. The discrepancy was rather consis-
tent among the different particle batches. 1In previous irradiation tests,
the calculated and observed ratios have had very good agreement (Refs. C-3

through C-6).

While no Cs-137 release had apparently occurred, the Ag-110m/Zr-95
ratio indicated that the particle batches exhibited varying degrees of
Ag~110m release. The highest releases were on the order of 16% of the total

inventory according to the Ag-110m/Zr-95 ratio.

Fission product Ag-110m is difficult to measure directly by gamma-
analysis in irradiated particles and, thus, required tedious examination
procedures. The difficulties arise, because Ag~110m, while a good gamma
source by itself, is in low enough concentration in irradiated particles
compared to other gamma-emitting fission products that detection is diffi-
cult. Counting times for each individual particle were from 500 to 1000 s
detector live-time (actual times were 20% to 40% higher depending on
detector dead-time). Counting errors on the Ag-110m gamma peak at 884 keV

were on the order of 8%.

Fission product Ru-106 can also be used in place of Zr-95 in determin-

ing volatile fission product release. When the measured fission product .




inventories were compared with calculated inventories using different cross
section sets, some interesting observations were made. (Three cross section
sets have been considered in this analysis, as detailed later. Table C-2
compares the observed versus the calculated fission product inventories for
position HRB-15B-116. The trend is similar in all other positions. The Cs-
137 and Ru~106 inventories are calculated too high with the ORNL cross sec~-
tions and too low with the GA cross sections, with the observed inventories
approximately half way between the two. On the other hand, both sets of
cross sections overpredicted the Zr-95 inventory observed in the particles.
This is why the measured Cs—-137/Zr-95 ratios were all ~10% above the calcu-
lated ratios. For this purpose, the Cs-137/Ru-106 and Ag-110m/Ru-~106 ratios

may have more quantitative significance.

The production of Ru-106 is similar to Ag-110m, in that much greater
yields are associated with plutonium fissions. Thus, the Cs-137 /Ru-106
ratios get smaller with increasing plutonium fissions. Compare the Cs-

137 /Ru~106 ratios between the three cross section sets shown in Table C-3.
(ORNL No. 1 set will have the highest number of plutonium fissions.) Now,
when the Ag-110m/Ru-106 ratios are calculated where both inventories get
larger with increasing number of plutonium fissions, the ratios do not sig-
nificantly change from one cross section set to another (also shown in Table

c-3).

Table C-1 also tabulates the Cs-137/Ru-106 and Ag-110m/Ru-106 ratios.
As shown, the observed Cs~137/Ru~106 ratios are much closer to calculated
values than the Cs-137/Zr~95 ratios. Although some of the values are below
100%, no Cs-137 release can be concluded. This is because ratios are very
neutron-flux dependent, and ~5{ error in the theoretical calculations would

not be unexpected.

The Ag-110m/Ru-106 ratio, on the other hand, indicates that releases
of Ag-110m could be as high as 32% from some particle batches. Further
detailed analyses will have to be performed to improve the accuracy of the

calculated ratios.



Recently, some questions as to the correct heavy-metal fission and
neutron capture cross sections for the RB-facility in HFIR have been brought
to light. Table C-3 compares the cross sections. Reference C-7 discusses
the origin of the ORNL cross sections. The calculated ratios used in the
comparisons with the measured Cs-137/Zr-95 and Ag-110m/Zr-95 ratios just
shown used the ORNL No. 2 cross sections from Table C-4. As will be shown
later, those cross sections predict activity ratios closer to the observed

ratio than any others.

Table C-5 compares the Cs-137/Zr-95 and Ag-110m/Zr-95 ratios derived
using the different cross sections. As shown, the Cs-137/Zr-95 ratio does
not change significantly, whereas the Ag-110m/Zr-95 ratio does. Those

observations have two related reasons:

1. The U-238 capture cross section changes significantly between the
different sets, with the GA set being the lowest. Consequently,
that set predicts the lowest amount of plutonium production and

fissioning.

2. The fission product yields between uranium and plutonium are only

significantly different for Ag-110 production.

Table C-6 compares the fission yields for the various fissile isotopes (Ref.
C-8). So while the ORNL cross sections predict higher plutonium fissioning,
the calculated theoretical ratios change very little for the Cs-137/Zr-95
ratio but drastically for the Ag-110m/Zr-95 ratio.

From all of the ratio comparisons made, no Cs-137 release is believed
to have occurred from the particle batches examined with the IMGA system at
ORNL. However, Ag—-110m release from the particles apparently occurred, but
because of the uncertainties in the calculated ratios, no definitive

quantitative release values are concluded.




The overall errors (lg) attributed to the IMGA results are as follows:

Cs-137/Ru-106 (fissile particles) 7.1 - 14.2
Cs-137/Ru~-106 (fertile particles) 8.7 - 15.0
Ag-110m/Ru-106 10.3 - 16.0

These were calculated based on the counting statistics and the errors

attributable to the calculated fission product inventories. The counting
errors are <0.6% (512 keV) and <0.8% (622 kev) for Ru-106 on fissile parti-
cles; 5.0% (512 keV) for Ru-106 on fertile particles; <0.67Z (662 keV) for
Cs-137; 5.0% to 7.5% (884 keV) for Ag—110m on fissile particles. The uncer-

tainty in the calculated fission product inventories is believed to range

from 5% to 107%, based on uncertainties in neutron fluxes, cross sections,

fission yields, decay constants, and irradiation history. These errors were

combined using the propagation of errors formula to arrive at the overall

errors given above.
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TABLE C-1
SUMMARY OF Cs-137/Zr-95, Ag-110m/Zr-95, Cs-137/Ru-106, AND Ag-110m/Ru-106
OBSERVED/CALCULATED RATIOS(2) FOR HTGR FUEL PARTICLES
IRRADIATED IN CAPSULE HRB-15B

. (Observed Ratio/Calculated Ratio) x 100
Particle Batch
Tray Location Cs-137/Zr-95 Cs~137/Ru-106 Ag~110m/Zr~95 Ag-110m/Ru~106

12 107.9 92.2 94.0 71.7
18 112.6 106.4 88.5 76.1
50 102.2 98.3 109.3 77.9
67(b) 111.7 - — —
71(b) 104.7 - - -
77(b) 109.2 - - -
80 108.6 100.2 83.3 73.9
84 111.1 103.0 83.8 70.7
90 112.3 103.3 85.9 72.2
92 105.7 101.2 83.7 71.1
98 111.7 102.1 84.8 70.9
104 112.3 95.6 84.4 67.9
114 100.1 98.5 83.8 76.6
116 110.7 104.3 83.7 73.1
118 110.9 100.8 85.1 71.7
124 111.2 100.6 85.1 70.3
138 106.5 95.0 92.2 76.2
148 110.0 99.5 85.0 70.8
150 111.7 100.0 87.2 72.8
156 107.8 96.3 83.4 68.4
168 112.3 97.3 99.5 77.7
181(b) 110.8 - - -

a s .. .
( )All ratios are of disintegrations per

(b)Only Cs-137/Zr~95 ratios were obtained on ThO9 batches.

second at end of irradiation.



TABLE C-2

COMPARISON OF OBSERVED AND CALCULATED FISSION
PRODUCT INVENTORIES FOR FUEL PARTICLES

IRRADTIATED IN POSITION HRB-15B-116

Fission Product Contents Per

Particle (moles)

Ru-106 Zr-95 Cs-137

Observed(a) 4 .222E-9 3.629E-9 1.487E-9

Calculated(b) 4 .636E-9 4 .266E-9 1.567E-9

Calculated(c) 3.773E-9 3.905E-9 1.417E-9
(a)

(b)

Average of 21 particles.

Calculated with CACA-II code and ORNL No. 2
cross sections; calculations made with ORNL No. 1

cross sections would be higher.

(c)

sections.

€ Calculated with CACA-II code and GA cross




TABLE C-3

COMPARISON OF CALCULATED Cs-137/Ru-106 AND Ag-110m/Ru-106

RATIOS USING DIFFERENT CROSS SECTIONS

Calculated Cs-137/Ru-106 Ratios

Calculated Ag-110m/Ru~106 Ratios

Position | ORNL No. 1(8) |ORNL No. 2(a) | ca(a) ORNL No. 1(2) TorNL No. 2(8)| ¢a(a)
12 1.511E-1 1.819E-1 2.033E-1 5.939E-3 5.703E-3 5.498E-3
18 1.281E-1 1.529E-1 1.708E-1 6 .545E-3 6.335E-3 6.142E-3
50 1.271E-1 1.443E-1 1.648E-1 9.697E-3 9.443E-3 9.162E~3
80 9.913E-2 1.140E-1 1.266E-1 1.097E-2 1.070E-2 1.046E-2
84 9.884E-2 1.136E-1 1.260E-1 1.101E-2 1.074E-2 1.050E-2
90 9.855E-2 1.132E-1 1.256E-1 1.104E-2 1.078E-2 1.054E-2
92 1.184E-1 1.321E-1 1.506E-1 1.091E-2 1.065E-2 1.037E-2
98 9.777E-2 1.121E-1 1.243E-1 1.114E-2 1.087E~2 1.064E-2

104 9.803E-2 1.124E-1 1.247E-1 1.113E-2 1.086E-2 1.062E-2
114 1.188E-1 1.325E-1 1.512E-1 1.088E-2 1.062E-2 1.034E-2
116 9.904E-2 1.138E-1 1.264E-1 1.100E-2 1.073E-2 1.049E-2
118 1.017E-1 1.173E-1 1.306E-1 1.077E-2 1.050E-2 1.025E-2
124 1.020E-1 1.179E-1 1.312E-1 1.060E-2 1.033E-2 1.010E-2
138 1.079E-1 1.257E-1 1.405E-1 9.865E~3 9 .600E-3 9.359E-3
148 1.133E-1 1.329E-1 1.490E-1 9.373E-3 9.111E-3 8 .864E-3
150 1.106E-1 1.331E-1 1.491E-1 9.214E-3 8.958E-3 8.713E-3
156 1.171E-1 1.381E-1 1.548E-1 8.805E-3 8.551E-3 8.311E-3
168 1.295E-1 1.542E-1 1.732E-1 7.608E-3 7.358E-3 7.132E-3

a . . P .
( )Cross section sets as identified in Table C-4.



TABLE C-4

ONE-GROUP MICROSCOPIC CROSS SECTIONS
USED IN CAPSULE HRB-15B BURNUP ANALYSES

Capture (barn)

Fission (barn)

Nuclide | ORNL No. 1 | ORNL No. 2 GA ORNL No. 1 |ORNL No. 2 GA
Th-232 3.96 2.77 3.15 0.008 0.006 0
Pa-233 32.2 32.2 30.2 - -

Pa-234 150.0 150.0 5.0 1500.0 1500.0 50
U-233 16.1 16.1 15.8 151.0 151.0 144
U-234 40.1 40.1 36.5 - - 0
U-235 27.9 27.9 24.5 144 .0 144.0 123
U-236 10.2 10.2 10.2 - -

U-237 110.0 110.0 30.0 - -

U-238 8.44 5.908 4.5 0.033 0.023 0.023
Np-237 65.6 65.6 50.6 - -

Np—-238 13.0 13.0 13.0 570.0 570.0 570
Np-239 8.3 8.3 8.3 - - 0
Pu-238 130.0 130.0 130.0 - - 0
Pu-239 142.0 142.0 142.0 281.0 281.0 281
Pu—-240 287.0 287.0 287.0 - - 0
Pu-241 109.0 109.0 88 329.0 329.0 350
Pu-242 36.5 36.5 17.3 - - 0
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TABLE C-5

COMPARISON OF CALCULATED Cs-137/Zr-95 AND Ag-110m/Zr-95

RATIOS USING DIFFERENT CROSS SECTIONS

Calculated Cs-137/Zr-95 Ratios

Calculated Ag-110m/Zr-95 Ratios

Position |ORNL No. 1(2) [ORNL No. 2(2)] ¢a(a) ORNL No. 1(2) | orNL No. 2(a) | ga(a)
12 1.775E-2 1.790E-2 1.728E-2 6.306E-4 5.074E~4 4 .239E~4
18 1.788E-2 1.808E-2 1.750E-2 8.577E-4 6.902E -4 5.766E-4
50 1.846E-2 1.914E-2 1.847E-2 1.153E-4 9.280E-4 7.658E~4
80 2.120E-2 2.173E-2 2 . 146E-2 2.178E-3 1.893E-3 1.650E-3
84 2.123E-2 2.177E-2 2.150E-2 2.197E-3 1.910E-3 1.666E-3
90 2.127E-2 2.181E-2 2.154E-2 2.215E-3 1.928E-3 1.683E-3
92 1.860E-2 1.931E-2 1.873E-2 1.593E-3 1.446E-3 1.201E-3
98 2.139E-2 2.193E-2 2.168E-2 2.265E-3 1.975E-3 1.727E-3

104 2.141E-2 2.195E-2 2.172E-2 2.260E-3 1.969E-3 1.723E-3
114 1.871E-2 1.943E-2 1.883E-2 1.591E-3 1.444E-3 1.1998-3
116 2.143E-2 2.198E-2 2.170E-2 2.210E-3 1.923E-3 1.676E-3
118 2.143E-2 2.198E-2 2.166E-2 2.107E-3 1.824E-3 1.582E-3
124 2.135E-2 2.187E-2 2.154E-2 2.057E-3 1.777E-3 1.540E-3
138 2.104E-2 2.153E-2 2.108E~2 1.779E-3 1.519E-3 1.300E-3
148 2.089E-2 2.153E-2 2.082E-2 1.593E-3 1.348E-3 1.145E-3
150 2.069E-2 2.122E-2 2.062E-2 1.594E-3 1.352E-3 1.152E~3
156 2.057E-2 2.099E-2 2.042E-2 1.421E-3 T.194E-3 1.010E-3
168 1.985E-2 2.017E-2 1.952E-2 1.065E-3 8.789E-4 7.362E-4
(a)

Cross section sets as identified in Table C-4.



COMPARISON OF FISSION YIELDS(2)

TABLE C~6

BETWEEN FISSILE ISOTOPES

Fission Yields

Fissile )

Isotope Ru-106 Ag—-109 Zr-95 Cs-137

U-233 0.259 0.045 6.192 6.790

U-235 0.400 0.033 6.497 6.227

Pu-239 4.309 1.654 4.890 6.633

Pu-241 6.182 2.249 4.089 6.854
(a)

Thermal fission yields from Ref. C-8.
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APPENDIX D
UNCERTAINTY ANALYSIS ON TRAY GAMMA-SCAN RESULTS

Other than statistical counting errors, the accuracy in determining the
full energy peak efficiency is within a relative standard deviation of 5%.
This error was derived by propagating the overall uncertainty of the certi-
fied radioactivity standard source and the errors introduced by using an

aliquot thereof to prepare the working standard for calibration.

The statistical counting errors are determined during spectral
analysis, and these errors are shown in the computer output under the head-
ing SIGMA 7. The statistical counting error, the calibration error, and any
other error, such as chemistry errors, must be included in arriving at the
total error. The GA Analytical Chemistry Department has assigned a 17 errvor
for each time diluting, weighing, and pipeting operations are performed.

For example, if a sample was assigned that needed to be weighed, diluted,
and pipetted and that had a statistical counting error of 1.81%, the overall

error would be

o =(5)2 + (1.81)2 + (1)2 + (1)2 + (1)2 = 5.6% .

Generally, the chemistry errors do not significantly change the overall
error. In this example, the chemistry errors increased the error from 5.3%

to 5.6%.

Originally, when the HRB-15 trays were counted, the interest was
qualitative rather than quantitative, so that geometry errors were not con-
sidered necessary. However, when quantitative values were to be considered,
determining the error in geometry was necessary. (The standard geometries
are 2/5 and 2 dram.) To quantify the original spectral data, the GA Analyt-

ical Chemistry Department determined correction factors for each shelf
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height and detector used to acquire these data. Based on these correction .
factors, the maximum geometry error was for HRB-15B tray No. 166, which was
high by 147%.

All HRB-15B tray shelf-height geometry errors are shown below:

Geometry

Tray No. Shelf Height Error®
166 20 14.0
34 30 11.2
70, 96, 67, 71, 68, 90 40 10.4
158, 81, 67, 156, 97 50 8.3

The error introduced in determining these geometry/detector corrections

is 2% and should be included when determining each overall error.

All trays were decayed to the end of irradiation, January 4, 1979.

The overall uncertainty for the tray gamma-scan results were determined

using the following formula:

Ooverall © \/(Gmeasured)2 + (C’calculated)2 s

where Ongicuylated = uncertainties associated with calculated fission
product inventories (i.e., uncertainties in neutron
fluxes, cross sections, fission yields, decay constants,
and irradiation history. They are believed to range

from 5% to 10%).
Omeasured = VX2 + y2 + z2

*All errors are on the high side (i.e., positive division).
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where x lo accuracy in determining the full energy peak efficiency (i.e.

5%) »

y = average shelf height geometry errors (i.e., for HRB-15B tray

gamma-scans, it was 9.95%),

z = average 10 counting error for each nuclide (i.e., for HRB-15B tray

gamma-scans, it was Cs-137 = 4.6% and Ag-110m = 17.8%).

Thus,

Omeasurement = V52 + 9.952 + 4.62 = 12.0% for Cs-137

Omeasurement = V52 + 9.952 + 17.82 = 21.0% for Ag-110m

Ooverall for Cs-137 = V122 + 52 or 102 = 13% to 15.6%

Goverall for Ag-110m = /212 + 52 or 102 = 21.6% to 23.3% .



Fig. 2-4. Preirradiation x-radiograph
of HRB-15B, after encapsul-
ation








