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OPERATION AND POSTIRRADIATION EXAMINATION OF ORR CAPSULE OF-2:
ACCELERATED TESTING OF HTGR FUEL

T. N. Tiegs and K. R. Thoms"
ABSTRACT

Irradiation capsule OF-2 was a test of High-Temperature
Gas~Cooled Reactor fuel types under accelerated irradiation
conditions in the Oak Ridge Research Reactor. The results
showed good irradiation performance of Triso-coated weak-
acid-resin fissile particles and Biso-coated fertile
particles. These particles had been coated by a fritted
gas distributor in the 0.13-m-diam furnace. Fast-neutron
damage (E > 0.18 MeV) and matrix-particle interaction caused
the outer pyrocarbon coating on the Triso-coated particles
to fail. Such failure depended on the optical anisotropy,
density, and open porosity of the outer pyrocarbon coating,
as well as on the coke yield of the matrix. Irradiation of
specimens with values outside prescribed limits for these
properties increased the failure rate of their outer pyrocarbon
coating. Good irradiation performance was observed for weak-

acid-resin particles with conversions in the range from
15 to 75% UC,.

1. INTRODUCTION

Irradiation capsule OF-2 was a test of High-Temperature Gas-—Cooled
Reactor (HTGR) fuel types under accelerated irradiation conditions in
the Oak Ridge Research Reactor (ORR). The irradiation of capsule OF-2
started June 21, 1975 and ended Aug. 1, 1976 after 8440 hr of reactor
full-power irradiation (30 MW).

The OF-2 irradiation experiment was the second in a series of HIGR
fuel irradiations in the ORR.1»2 TFuel was irradiated to approximately
80% of HTGR burnup and fast-neutron exposure (E > 0.18 MeV).+ Details
of the capsule design, instrumentation (both thermometry and dosimetry),
and fuel types have been reported previously.1’3’“ For completeness,
this report presents a summary of the test objectives and capsule design.

The objectives of this experiment are:

%
Engineering Technology Division.

"The capsule was removed from the reactor about three months ahead
of schedule because the ORR was shut down for an extended period.

1



1. to test the performance of reference Triso-coated weak-acid-resin
fissile particles and reference Biso-coated fertile particles,
both fuels coated in the 0.13-m—diam furnace;

2. to study the matrix-particle interaction phenomenon and the effects
of particle strength, watrix type, and particle surface conditions
on irradiation performance;

3. to investigate the irradiation behavior of coating microstructures
created by a variation in one of the coating process conditioas —
gas concentration, deposition rate, deposition temperature, or
batch size;

4. to investigate the influence of stoichiometry and kernel deansity
on the irradiation performance of weak-acid-resin-derived fuels;

5. to verify the adequacy of the performance of fissile fuel to be
irradiated later in early proof-test elements in the Fort St. Vrain
Reactor;

6. to compare the performance of coatings deposited in the 0.13-m

coater by fritted and cone gas distribution systems. (The fritted

system is the reference for the HIGR Recycle Demonstration Facility);

and
7. to test the feasibility of removing fuel rods from the graphite
holder after full-life irradiation, particularly rods carbonized

in-block.

In addition to the ORNL specimens, Los Alamos Scientific Laboratory
(LASL) tested loose ZrC particles and two fuel rods (to be described
later). Detailed descriptions of their fabrication and analysisg are

reported elsewhere.>

1.1 Description of the OF-2 Capsule and Fuel Specimen Holders

The OF-2 irradiation capsule wag similar in design to the OF-1
capsule,2 being a double-walled water-cooled stainless steel vessel.
The total active test space was a cylinder 0.610 m long with a 62.0-mm
diameter (24.0 by 2.44 in.). This test space was divided into two com—
partments by a copper bulkhead brazed in the primary containment tube

85.73 mm (3.375 in.) below the horizontal midplane of the reactor. The



upper compartment — designated cell 2 — contained three-fifths of the
test space and was used for objectives 2, 3, and 4. The lower compart-
ment — designated cell 1 — contained the remaining two-fifths of the
test space and was used for objectives 1, 5, 6, and 7. Each compartment
had its own sweep-gas system and was independently swept with a helium
and neon gas mixture to control temperature and monitor fission gas
release. The entire in-core section of the capsule is shown in Fig. 1.1.

The upper experimental compartment (cell 2) contained two H-451
graphite® specimen holders with a 9.53-mm~diam (0.375-in.) central
spline hole and four 15.95-mm~diam (0.628-in.) peripheral fuel holes.

The upper holder, specimen holder A, was 168.3 mm (6.625 in.) long and
61.34 mm (2.415 in.) in diameter, and was designed to operate at a maxi-
mum temperature of 1150°C. The lower holder, specimen holder B, was
168.3 mm (6.625 in.) long and 61.16 mm (2.408 in.) in diameter, and was
designed to operate at a maximum temperature of 1350°C. Each specimen
holder contained 36 fuel rods; Figs. 1.2 and 1.3 represent specimen holders
A and B, respectively. Holes 1 and 2 each contained six 25.4-mm-long
by 15.75-mm-diam (1.00- by 0.620-in.) fuel specimens; holes 3 and 4 each
contained twelve 12.7-mm-long by 15.75-mm-diam (0.50- by 0.620~in.) fuel
specimens. In addition specimen holder B contained about two cubic
centimeters of LASL loose-coated inert particles.

Specimen holder A contained 12 thermocouples — 11 Chromel-P vs Alumel
(C-A) and one platinum-molybdenum (Pt-Mo). Specimen holder B contained
seven thermocouples — 6 C~A and 1 Pt-Mo. These were used to monitor
axial, peripheral, and centerline graphite temperatures. Flux monitors
were also built into each specimen holder and central graphite spline.

The lower experiment compartment (cell 1) contained one H-451 graphite
specimen holder with a 9.53-mm~diam (0.375-in.) central spline hole and
four 15.95-mm~-diam (0.628-in.) peripheral fuel holes. This holder,
specimen holder C, was designed to operate at a maximum temperature

of 1350°C and was 222.25 mm (8.750 in.) long with a 61.054-mm (2.4037-in.)

“H-451 graphite manufactured by Great Lakes Carbon Company (GLCC),
New York.
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Fig. 1.1. In-core Section of OF-2 Capsule. To convert dimensions to millimeters, multiply by 25.4.
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diameter. Figure 1.4 describes specimen holder C. FEach fuel hole con~
tained four 50.8-mm-long by 15.75-mm-diam (2.00- by 0.620-in.) fuel rods.
Nine C~A thermocouples were incorporated to monitor axial, peripheral,
and centerline graphite temperatures. Flux wmonitors were placed in the

central graphite spliae only.

1.2 Description of OF-2 Fuel Specimens: Coated Particles

Capsule OF-2 required 88 fuel specimens. Of these, 86 were fabri-
cated at ORNL and two specimens at LASL. The Triso~coated fissile
particle test set consisted of 12 batches of weak-acid-resin-derived
(WAR) particles with a wide range of stoichiometries, from uranium oxide
to uranium carbide; one batch of WAR U(C,N) particles; one batch of

sol-gel (4Th,U)0, particles; and one batch of General Atomic Company's

ORNL-DWG 75-4460R
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Fig. 1.4. Specimen Holder C of Irradiation Capsule OF-2. To
convert dimensions to millimeters, multiply by 25.4.



VSM UC, particles. FEach fissile particle batch isg described in Table 1.1.
All particle batch types except type 15 were included in the fuel speci-
mens in the upper experimental compartment, cell 2. TFabricated for the
lower experimental compartment, cell 1, particle types 13, 14, and 15
were coated in the large-diameter coating furnmace. Types 13 and 14 were
coated by the reference fritted gas distribution system, and type 15 by
the cone distribution system. Particle types 1 through 11 were annealed
at 1800°C for 10 min in a fluidized bed after the outer low-temperature
isotropic (oLTI) coating had been deposited. Particle types 13 through
15 were similarly annealed after the inner low-temperature isotropic
(iLTI) coating had been deposited.

Sixteen batches of Biso-coated fertile particles were selected for
0F-2. Nine of the fertile batch types were coated in the large-diameter
coating furnace. Batch types G through J, and M through P were coated
by the fritted gas distributor, and batch type K by the cone distribution
system. Specific coating parameters — deposition rates, geometries, and
densities — are described in Table 1.2. Fertile particle types A through
L were annealed at 1800°C for 10 min in a fluidized bed, but the

remaining types were not annealed.

1.3 TFuel Rods

For each fuel rod specimen fabricated, one batch each of fissile
and fertile particles was selected from its proper test set and cowmbined
with a particular matrix type. The wmatrix test set for OF-2 is described
in Table 1.3.

For the upper experimental compartment 72 fuel rod specimens were
fabricated. Each specimen contained a mixture of Triso-coated fissile
particles, Biso-coated fertile particles, and Biso-coated carbon particles.

All specimens were fabricated by the slug-injection technique.?

Forty-six
fuel rods were fabricated to nominal dimensions of 15.75 mm OD by 3.30 mm
ID by 12.70 mm long (0.620 by 0.130 by 0.500 in.). The fuel rods used
matrix type d with 28.5 wt % Asbury 6353 graphite in Ashland 0il Company
A~240 petroleum pitch. Specimens were injected at 180°C (453 K) and

4.1 MPa (600 psi) and carbonized in a bed of high-fired 3000°C (3273 K)



Table 1.1. Fissile Particle Test Set for OF-2

i 4 izari . R . 3 Coating Rates

Type Batch Co;\(::;ietlion C?)I:\r/];rsl:)ln C“b;‘;‘;&m” Diam::’te: Anneal - Meéi Dutnenslons,.” wm - Mean Dens#“i’ mg/mi — “.Egng[min'
(%) (°C/min) mm) Type Kernel Buff LTI SiC oLTI Kernet Buffer iLTI SiC o1 SiC  oLTi

1 OR2332H WAR UCs_4301.95 0 2 64 Come Yes 3731 39.2 323 329 322 323 1241 1949 3199 2025 030 495

2 OR-2329-8°  WAR UCs 530; 97 0 2 64  Cone Yes 3719 23.0 406 31.8 308 322 08797 1949 3198 2023 029 497

3 OR22i8-HY  WARUC, 5502 94 0 40 64  Cone Yes 3713 69.3 420 307 446 366 1.2 1945 3193 1994 017 525

4 OR-2322-H°  WARUCs.5401 69 15 2 64  Come Yes 3797 49.8 357 323 394 312 1145 1941 3207 1971 023 6.06

5 OR-2320-H WAR UCq (201 54 25 2 54  Cone Yes 3740 433 368 343 386 347 1300 1953 3205 1995 022 7.02

6 OR2211-H%  WAR UC44300.97 50 2 64  Cone Yes 3630 59.3 37.5 302 420  3ii  ND 1948 3202 1997 0.16 4.94

7 OR-2207-HAS  WARUC41400.53 75 2 64  Come Yes 3664 62.7 389 311 427 303 1.3 1941 3399 2009 0.17 5.02

8 OR-2208-HY  WARUC3¢500.01 100 2 64 Come Yes 3665 592 38.4 279 400 301 111t 1947 3199 1997 015 471

9 OR-2121-HP/¢ WARUC,6:00.16 100 6 64 Cone Yes 3153 746 36.1 284 492 528 1100 20 3188 1982 032 4.28

10 OR22i9-H%  WARUC;¢sNgs3  NAT 2 54 Cone Yes 3653 663 44.0 319 435 302 1090 1947 3192 1977 017 5.2
11 OR-2321-H¢  Solgel Thg gUg 202  NA NA 64 Cone Yes 3611 833 372 344 411 9.9 108 1938 3206 1995 .22 632
12 6:151-00:035  VSMUC, NA NA NA{  NAf 196.0 99 33 32 38 10,99 1.07 192 320 135 NDM ND'
13 A601 WAR UC4 380061 75 2 127 Pt No 3542 588 3547 300 358 303 1.m7  L713% 3206 1724F N 484
14 A1l WAR UC5 450, 75 15 2 127 Frit  No 3664 47.6 368 305 355 510 1159 1.753F 3204 1.696% 015 514
15 A615 WAR UC4.1200 .47 75 2 127 Come No 3541 5.0 307" 295 324 308 13300 1.857% 3200 1910 ND  4.00

IKerne; diameter; buffer, inter {Ti, SiC, and outer L'{T thicknesses,
“’Mcrcury gradient column measurement, uncorrected.

CThin buffer.

%irradiated in HRB-9 and -10.

€Similar batch irradiated in HRB-7, -8, -9, -10, and MET VIL.
Irradiated in Dragon MET VII.

4Irradiated in HRB-7 and -8.

“Buffer thickness corrected for uranium entering it during subsequent coating.

'Coated at General Atomic Company.

Density after depositing KTI.
Corrected gradient density.

Yop density.

"NA: Not applicable.

"ND: Not determined.



Table 1.2, Fertile Particle Test Set for OF-2

Coating parameters LTI deposition

o Coater Dimensions,® um Density,b g/cm3
e parel Diameter Gas Coneen- Diluent Temper- Rate ; Anneal
Type (nm) trafion (% agure (um/min) Kernel  Buffer LTI Uncorrected  Corrected
(%) ¢

A OR-2266-HT¢  Cone 64 uappd 100 1275 14.1 506 94.8 91.3 2.02 Yes
B OR-2265-HT®  Cone 64 MAPP 100 1325 15.7 508 96.1 94.2 1.95 Yes
C OR-2262-HT°  Cone 64 MAPP 50 50 Ar 1275 6.5 507 98.0 85.1 2.01 Yes
D OR-2261-HT®  Cone 64 MAPP 50 50 Ar 1325 7.4 506 95.8 88.9 1.89 Yes
I3 OR-2264-HT®  Cone b4 MAPP 25 75 Ar 1275 3.2 507 96.5 91.6 1.99 Yes
F OR-2263-HT Cone 64 MAPP 25 75 Ar 1325 3.6 506 92.8 90.5 1.84 Yes
G J-488% € Frit 127 C3Hg 50 50 He 1375 7.4 497.9 82.7 80.7 1.98 1.87 Yes
24 J-489° Frit 127 CaHg 50 50 He 1375 5.8 49%.0 81.4 77.7 1.96 .79 Yes
1 J-490¢ Prit 127 CaHg 100 1375 6.2 495.9 86.2 74.7 1.99 i.86 Yes
J J-491° Frit 127 C3Hg 100 1375 9.3 497.1 79.5 77.5 2.00 1.86 Yes
K J-2627 Cone 127 GoHg 100 1350 8.4 497 84.0 86.1 2.01 Yes
L OR-1849-HT Cone 25 €3Hg 75 25 He 14009 21.5 508 79.4 74.7 1.94 Yes
M J-s3f Frit 2y C3Hg 30 50 He 1375 7.4 487.9 82.7 20.7 1.94 1.8% No
N J-483 Frit 127 Callg 100 1375 6.2 495.9 80.2 4.7 1.96 1.83 No
0 J-482 Frit 127 CsHg 50 50 He 1375 5.8 499.,0 8i.4 7.7 1.88 1.78 No
P J-487 Frit 127 C3Hg 100 1375 9.3 497.1 79.5 77.5 1.95 1.81 No

aMean dimensions of kernel diameter, buffer, and LTI thickness.

bMercury gradient column measurement.

“Irradiated in HY-30.

aMAPP gas is marketed by AIRCO, Inc., and consists primarily of methylacetylene and propadiene with alkanes as stabilizers.
eBatch J-488 rupture load was 26.33 4 (5.92 1b), strong particle in matrix interacticn experiment.

flrradiated in HRB-7 and -8, OF-1.

gTemperacure measured at different point ia furaunce; actual bed temperature approximately 1325°C.

,

3 cea R o ow o W . e . .
Batch J-481 rupture load was 22.42 N {5.04 1b}, weak particle in matrix intaraction experiment.
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Table 1.3. Matrix Test Set for OF-2

Pitch Filler Average
—_——— —- coke

Type Wt % Type Additive Wt % Type yield Carbonization
%) technique

a 71 A-240 None 29 Asbury 6353 18.3 Al,03

b 71 A-240 None 29 Asbury 6353 37.3 In-tube

c GA Proprietary 25.7-30.0% In-block or in-tubeb

d 71.5 A-240 None 28.5 Asbury 6353 15.6 Graphite flour

“The first number is the mean of rods carbonized in Magazine C and the second number is the average
for the rods in Magazines A and B.

b .
Fuel rods in Magazines A and B were carbonized in-tube, while fuel rods in Magazine C were
carbonized in-block.

graphite flour at a heating rate of 1 K/min. The remaining 26 fuel
specimens were fabricated to nominal dimensions of 15.7 mm diam by

25.4 mm long (0.620 by 1.00 in.) with watrix types a, b, and c. Matrix
types a and b were the same types as in the 12.70-mm-long (0.500~1in.)
specimens; matrix type c is GA's proprietary matrix. Specimens were
injected at 180°C (453 K) and 5.5 MPa (800 psi), except for those con-
taining unannealed fertile batches M and N, which were injected at

4.,] MPa (600 psi). Eight fuel rods with matrix type a were carbonized

in a bed of Al,03 at a heating rate of 6 K/min, producing a coke yield of
18.3%. Eight rods with matrix type b were carbonized in a graphite tube
(to simulate in-block carbonization) at a heating rate of 2 K/min, pro-
ducing a coke yield of 37.1%. And eight fuel rods with matrix type ¢
were carbonized in a graphite tube at a heating rate of 11.5 K/min,
producing a coke yield of 29.8%Z. All specimens were subjected to a

final heat treatment at 1800°C (2073 K) in argon for 30 min. For each

of the fuel rods in specimen holders A and B (Figs. 1.2 and 1.3),

Tables 1.4 and 1.5 describe the fissile and fertile particle types and
matrix types used, along with the total weights of 235U and ?3°Th contained
in each rod.

For the lower experimental compartment 16 fuel rod specimens were
fabricated. Each specimea contained a mixture of Triso-coated fissile
particles, Biso-coated fertile particles, Triso— and Biso-~coated carbon
particles, and H~451 shim particles. The rods in position 4, however,
contained no inert particles. To keep dimensional changes of the fuel

rods uniform in this compartment, the ratio of Biso~ to Triso-—coated
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Table 1.4. Fuel Rods for OF-2 Irradiation Capsule, Holder A

Particle types Pitch~coke Loading, g
Specimen Matrix yield
location® Fissile Fertile type (%) 235y 2327h
25.4-mm~long (1.00-in.) Specimens
1-1 14 M b 39.97 0.2380  3.980
-2 13 M a 16.99 0.2380  3.980
-3 14 G a 16.16 0.1350 2.610
~4 14 G c 31.09 0.1350 2.610
-5 13 G b 36.23 0.1060 2.190
~6 13 M c 30.86 0.1060 2.190
2-1 14 M a 18.2 0.2380  3.980
-2 14 G b 37.65 0.2380 3,980
-3 13 M b 37.62 0.1350  2.610
~4 13 G c 30.88 0.1350 2.610
~5 14 M c 29.20 0.1060 2.190
-6 13 G a 17.38 0.1060 2.190
12.7~mm~long (0.50~in.) Specimens

3-1 12 M d 18.4 0.1190 1.990
-2 2 I d 18.1 0.1190 1.990
-3 11 H d 17.0 0.1190 1.990
-4 2 G d 19.6 0.1190 1.990
-5 4 K d 24.7 0.0675 1.805
~6 6 J d 19.2 0.0675 1.805
-7 8 G d 15.2 0.0675 1.805
-8 10 H d 14.6 0.0675 1.805
-9 4 I d 16.5 0.0530  1.095
-10 2 C d 14.1 0.0530 1.095
~11 8 A d 15.7 0.0530 1.095
~12 12 B d 14.7 0.0530 1.095
4-1 9 G d N.p.» 0.1190  1.990
-2 1 H d N.D. 0.1190 1.990
-3 9 I d N.D. 0.1190 1.990
-4 1 J d 13.5 0.1190 1.990
-5 3 A d 15.2 0.0675 1.805
-6 5 B d 14.8 0.0675 1.805
~7 7 C d 34,7 0.0675 1.805
-8 11 D d 10.8 0.0675 1.805
~9 3 E d 12.6 0.0530  1.095
~10 1 F d 34.4 0.0530 1.095
~-11 7 A d 13.9 0.0530  1.095
~-12 LASL LASL LASL 0.0530  1.095

“Uole number followed by position from top.

bN.D.: Not de

termined.
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Table 1.5. Fuel Rods for OF-2 Irradiation Capsule, Holder B

Particle types Pitch~coke Loading, g
Specimen Matrix yield o
location® Fissile Fertile type (%) 235y 2327y
25.4-mm~long (1.00-in.) Specimens

1-1 13 M b 38.56 0.0814 1.530
-2 13 G a 17.89 0.0814 1.530

-3 13 G o 30.62 0.0690 1.260

—4 14 M a 20.08 0.06%0  1.260

-5 14 G b 37.06 0.06920 1.260

-6 14 M c 27.75 0.0690 1.260
2-1 13 G b 36.36 0.0814 1.530
-2 14 M b 36.82 0.0814 1.530

-3 14 G a 18.89 0.0690 1.260

~4 13 M a 20.78 0.0690 1.260

~5 13 M c 29.63 0.0690 1.260

-6 14 G c 29.79 0.0690 1.260

12, 7-mu-long (0.50-in.) Specimens

3-1 12 A d 15.7 0.0407 0.765
-2 2 B d 17.4 0.0407 0.765
-3 4 C d 15.8 0.0407 0.765
-4 6 D d 15.4 0.0407 0.765
-5 8 E d N.D. 0.0345 0.630
-6 10 F d 14,6 0.0345 0.630
-7 2 L d 14.1 0.0345 0.630
-8 4 G d 12.0 0.0345 0.630
-9 3 H d 16.4 0.0345 0.630
-10 8 I d 15.8 0.0345 0.630
-11 2 J d 15.5 0.0345 0.630
12 4 K d 15.2 0.0345 0.630

4-1 11 G d N.D. 0.0407 0.765
-2 1 H d N.D. 0.0407 0.765
~3 3 I d 11.5 0.0407 0.765
-4 5 J d 16.4 0.0407 0.765
-5 7 A d 15.5 0.0345 0.630
-6 9 B d 15.5 0.0345 0.630
-7 1 C d 16.0 0.0345 0.630
-8 3 D d 15.1 0.0345 0.630
-9 5 E d 15.1 0.0345 0.630
~-10 7 F d 15.6 0.0345 0.630
-11 1 A d 15.7 0.0345 0.630
~-12 LASL LASL LASL 0.0345 0.630

Mole number followed by position from top.
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particles was kept constant for each loading. Each specimen contained
20 vol % shim particles. Specimens were fabricated to nominal dimensions
of 15.75 mm diam by 50.8 mm long (0.620 by 2.00 in.) by the slug-
injection technique and used matrix type c. Specimens were injected at
180°C (453 K) and 5.5 MPa (800 psi), except that rods containing
unannealed fertile particles types M and N were injected at 4.1 MPa
(600 psi). Placement of fuel rod specimens in cell 1 (Fig. 1.4) was
based on a statistical experimental design to minimize interaction
effects. Rods were carbonized by the reference in-block technique with
a heating rate of 11.5 K/min, producing an average coke yield of 25.7%.
A1l fuel rods were subjected to a final heat treatment at 1800°C

(2073 X) in argon for 30 min. Table 1.6 describes the fissile and
fertile particle types and the total weights of 235y and 232Th used in

each fuel rod of specimen holder C.

Table 1.6. Fuel Rods for OF-2 Irvadiation Capsule, Holder ¢ b

Particle types Loading, g

Specimen

Location® Fissile Fertile 235y 2327y
1-1 13 N 0.1338 2.780
-2 13 I 0.1338 2.780
-3 14 G 0.1590 3.460
-4 13 0 0.3640 7.900
2-1 15 0 0.1338 2.780
-2 13 G 0.1338 2.780
-3 15 H 0.1590 3.460
-4 15 P 0.3640 7.900
3-1 14 M 0.1338 2.780
-2 14 P 0.1338 2.780
-3 13 J 0.1590 3.460
-4 14 M 0.3640 7.900
4-1 15 H 0.1338 2,780
-2 14 J 0.1338 2.780
-3 13 I 0.1590 3.460
~4 13 N 0.3640 7.900

a11 specimens were 50.8 mm (2.00 in.) long, fabricated with
type ¢ matrix.

Since tegt specimens were not removed from the magazine, actual
coke yields were not available. However, typical sample specimens
were processed in another holder at the same time as the actual test
specimens. Coke yield data from the sample specimens are: mean
coke yield = 25.7%; high = 29.5%; low = 23.6%; number of samples = 16,
standard deviation = 1.56; 95% confidence interval = 25.7 * 4.53%.

“Hole number followed by position from top.
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2. CAPSULE IRRADIATION

Capsule OF-2 began irradiation im the E~7 position of the ORR core
on June 21, 1975, and terminated irrvadiation on Aug. 1, 1976 following
8440 hr at reactor full power (30 MW).

During inifial operation the total reaction rates were higher in
the ends of the capsule because of a change in the neutron spectruu.

The result was an increase of approximately 207 in heat generation rate
for fuel rods located at the top of Magazine A and at the bottom of
Magazine C, that is, rods at the ends of the capsule. 'The major tempera-
ture changes were for fuel rods in the top 50 mm (2 in.) in Magazine A,
which operated at approximately 100 K above the design temperature of
1150°C (1423 K) and for fuel rods at the hottom of Magazine C, where

the maximum temperature was 1350°C (1623 K). Details of these results
are presented in ref. 3.

A complete listing of fission gas release-to-birth rate ratios
(R/B) for cells 1 and 2 is presented in Fig. 2.1. Cell 1 was occupied by
Magazine C, while Magazines A and B were in cell 2.

The R/B measuremernts can be used for qualitative evaluation of fuel
performance during irradiation. At the beginning of irradiation, con-
tamination~ and fabrication-induced fuel failures, but not irradiation-~
induced fuel failures presumably cause the fission gas release.

In cell 1 containing just Magazine C, the R/B remained relatively
constant (e.g., °°™Kr was in the range of 2-3 x 107°) uniil approximately
4000 hours. At that time the R/B began to increase and rose to where
the 85MKy was in the range 1 x 10™". Cell 1 contained only three types
of fissile particles and eight types of fertile particles. All of these
particle types were contained in cell 2 under similar conditions (approxi-
mately half the test space was comprised of these particle types), with
the exception of fissile particle batch A-615. However the R/B measure-
ments in Cell 2 decreased throughout the irradiation. Thus, we decided
that the fissile batch A-615 caused the increase in R/B. As the
metallographic section will present later, batch A-615 had very aniso-

tropic pyrocarbon coatings, which failed during irvadiation.
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Fig. 2.1. Fission CGas Release-to-Birth Rate Ratios for OF-2 During
Irradiation. (a) Cell 1. (b)) Cell 2.
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We note that at the beginning of irradiation the R/B measurements
in Cell 2 were higher than in Cell 1: B85™Ky was 1 x 107", During the
metallographic examination the fuel was in generally good condition.
However, faulty fabrication caused some fertile particles to fail.
These fabrication failures may have produced the high initial R/B in
Cell 2.

Preliminary estimates of fast-neutron fluence and fuel burnup have
been made and are presented in Figs. 2.2 through 2.4. We emphasize
that these are preliminary values that will be revised when the dosimetry

analysis is completed.6

Thermocouple locations R7393]
Hole Numbsers and N rs
Estimated
N Distance Average Estimated Average Burnup (8 FIMA)
// N Above HMP Fast Fluence
@ \ (in.) (E »0.18 MeV) 235y 238y 232m
\ ) (Neutrons/cu?} x 102!
/ \
* . ! . o 10.50 1.94 50.0 2.29 0.59
~ G) / A “4 1~ 1000 2.25 54.1 2.83 0.74
\ ~
-~ 9.50 2.55 58.3 3.48 0.94
T -  9.00 2.83 61.7 4.14 1.13
- .
, C)\ - 8.50 3.19 59.9 4.20 1.14
b,
K t _. 8.00 3.57 63.0 4.89 1.35
16 2 i
° O v Q ‘ . 7.50 3.92 65.2 5.46 1.53
O /\. —  7.00 4.24 67.1 6.01 1.71
. -
T —  6.50 4.56 69.0 6.63 1.91
3 - 6.00 4.88 70.4 7.15 2.08
» \
O / - 5.50 5.23 71.2 7.74 2.28
‘ — 5.00 5.58 73.0 8.31 2.48
.

Fig. 2.2. Preliminary Estimates of Neutron Fluence and Fuel Burnup
in Specimen Holder A of Capsule OF-2.
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Thermocouple Locations . Estimated X
and Numbers Distance hverage Estimated Average Burnup (% FIMA)
Above HMP Fast ¥luence
(in.) (E >0.18 Mev) 235y 238y 2327
(Neutrons/om?) x 1021
Hole Numbers
X - 3.625 6.38 75.5 8.69 2.9
% = 3.12% 6.64 76.1 10.1 3.13
3% —  2.825 6.86 76.7 10.6 3.29
-~  2.125 7.11 77.3 11.0 3.44
@1 ~  1.625 7.31 77.8 11.4 3.60
2
2 - 1125 7.56 78.1 1.7 3.71
S
5 ~  0.625 7.75 78.4 12.1 3.84
&\ ~  0.125 7.91 18.7 12.4 3.94
2 {— -0.318 8.01 79.0 12.7 4.07
A0 |~ -0.875 8.20 79.2 12.9  4.15
KX
I<>\ -~ ~1.375 8.26 79.4 13.1 4.22
&
‘%{R‘ - -1.875 8.36 79.5 13.2 4.28

Fig. 2.3. Preliminary Estimates of Neutron Fluence and Fuel Burnup
in Specimen Holder B of Capsule OF-2.

Thermocouple Locations Estimated
and Numbers Distance Average Estimated Average Burnup (% FIMA)
Hole Rumbers Above HMP Fast Fluence -
(in.) (E >0.18 MeV) 233 238y 23249,
(Neutrons/cm?) x 1021

— ~4.875 8.921 79.6 13.4 4.34
- -6.875 8.50 79.0 12.7 4.07
—_— ~B.875 7.62 77.5 11.2 3.50
- -10.87% 5.86 75.9 9.15 2.77

Fig. 2.4, Preliminary Estimates of Neutron Fluence and Fuel Burnup
in Specimen Holder C of Capsule OF-2.
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3. POSTIRRADIATION EXAMINATION

3.1 Disassembly

The OF-2 capsule was sectioned and the end bulkheads and accompany-
ing thermocouples were removed. All three graphite magazines were
retrieved in excellent condition. In addition the fibrous carbon
insulators used at the ends of the magazines were removed.

The primary and secondary containments were slit open to expose their
inner surfaces. As shown in Fig. 3.1, the secondary containment had a
dark sooty film deposited on the inner surface, in contrast to the
primary containment, which remained shiny. The inner surface of both

cells 1 and 2 were equally sooty in appearance.

R72838

Fig. 3.1. 1Inner (Bottom) and Outer (Top) Containments. Note
the sooty appearance of the inner containment as compared with the outer
containment.

All three magazines were opened easily and the spines and fuel
rods removed easily. This included the fuel rods carbonized in-block and

255 rods carbonized in-block

contained in Magazine C. In previous tests,
had been very difficult to remove. We assumed that a bond had been

established between the rods and the graphite to make removal difficult.



19

However, in those earlier tests the pitch-coke yield was always more
than 40%, whereas Magazine C had a pitch-coke yield of 25.7%. This
difference may have resulted in a weaker bond between the fuel rods and
the graphite in Magazine C than in the previous tests and it may explain

the ease of their removal.

3.2 Gamma Scanning

Gross gamma scans (0.55--0.75 MeV) were made along the lengths of
each magazine and indicated some inhomogeneity in the fissile and fertile
fuel particles in the fuel rod. The burnup profiles along the magazines
were fairly constant except for the bottom portion of Magazine C. Fuel
rods located at this position had been loaded with much more fuel to
compensate for the lower neutron reaction rates expected at this axial
position of the ORR core. This problem is discussed in detail in ref. 3.
The gamma scans showed that the leoadings were too high, as the burnup
profiles were much higher than those of neighboring fuel rods.

Additional gross gamma scans (0.55-0.75 MeV) were made of the fuel
rod stacks after their removal from the graphite magazines (Figs. 3.2-3.4).
These scans resembled those made of the magazines before the fuel rods
were removed, Tnhomogeneity in the fisslle and fertile fuel particles
is shown by the change in gamma activity along the length of the fuel
rods. Of particular interest were the scans made of the fuel rods from
Magazine C. Ten activity peaks, and hence, ten valleys were associated
with each fuel rod; they resulted from the use of a 20~way splitter-
blender during fuel rod fabrication. This inhomogeneity causes the
temperature profile to differ by 22 K from the homogeneous situation.’

In conjunction with the gross gamma scans, gamma spectra to iden-
tify particular isotopes were acquired on each fuel rod. To obtain a
representative spectrum, each rod was moved very slowly — less than
2.5 mm/min (0.1 in./min) — past a 0.51- by 25~ by 425-mm (20-mil by
1.0-in. by 17-in.) collimator. The spectra were always taken from the
middle portion of the fuel rod to minimize any edge effects. The
profiles of the following isotopes were determined along each fuel stack:

957y, 103Ry, 125Mpe, 13L+Cs, 137Cs, 1”1Ce, and "%Ce (see Appendix).
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After removal of the fuel rods, spectral gamma scans were made along
the length of the empty graphite magazines, as well. The collimator
used was 6.3 by 25 by 425 mm (0.25 by 1.0 by 17 in.) long. The
following isotopes were identified in the graphite: 110mp o, 13k¢g,
137¢cg, i4%Ce. The profiles for each magazine are given in Figs. 3.5
through 3.7. As shown, the gamma activity in Magazine A is relatively
constant with an increase near the bottom. On the other hand, the
profile from Magazine B shows an increase in cesium activity from top
to bottom, while silver activity remains fairly constant. Magazine C
shows a similar increase in cesium activity from top to bottom, with very
high activity at the bottom of hole 2. These high activities at the
bottom of Magazine C indicate a high failure fraction of particles in
that area. Remember, the heavy-metal loading at this position was too
high, resulting in a relatively high power density. Interestingly, Itlce
was observed at the bottom of each magazine and nowhere else. We have
found no plausible explamation for this. The silver activity in the
graphite magazines generally followed the burnup profile across the
capsule. This indicates that the release of silver from the particles
and fuel rods — not observed in the fuel rod scans — was constant and the

same for all particle types.

ORNL-DWG 7812118

20

e 19440e (4133 4ey)

il 0 134Cs  (604keV)
5 137Cs  (664keV) ,,vf’”’:

0 %mAg (657keV)

GLMMA ACTIVITY
{counts /sec}
)

5 T —-—'-M -

0 -+~ + + — + -+

TOP OF BOTTOM OF
(@) MAGAZINE MAGAZINE

ORNL-DWG 78-12119

20
z s ® 1Ce  (133keV)
5515 0 134Cs  (604keV) ]
83 © A *37Cs  (B61 keV)
gé " 0 H0agm(657keV) ]
=38 sl * -
g ______ _M

o} —t e - —+ 4 }

TOP OF BOTTOM OF
(5) MAGAZINE MAGAZINE

Fig. 3.5. Gamma Activity of Empty Graphite Magazine A from Capsule
OF-2. (a) Along holes 1 and 3. (b) Along holes 2 and 4.



24

ORNL-DWG 78-12420

50
45 b ]
40 b o '%Ce  (133kev) ]
g o 13%Cs  (804keV)
L 35 A 437Cs (661 keV) )
) 110 ~
£ 0 *OmAg (657keV)| .
g 30 |— ]
>_
= 25 b —]
>
-
g 20— N
s
45 +— —
=
: i
10 +— -
T Mﬂ] “-J
0
TOP OF BOTTOM OF
(@) MAGAZINE MAGAZINE
ORNL-DWG 78-42124
70
65— ]
60 |- —
55| ® %3Ce  ({33keV) _
0 139Cs  (604keV)
50 — A ‘STCS (661 keV) ]
5 0 "°mag (657keV)
@ -]
5 a5 r'-'* —1
g 40 — —
£
b 35 b .
>
~
Q 30} ]
<
> 25 b _
3
<
S 5g - ]
45 — —
10 }b-— e
51— /\)—"‘—“\'\c/j ed
0
TOP OF BOTTOM OF
(b)  MAGAZINE MAGAZINE

Fig. 3.6. Gamma Activity of Empty Graphite Magazine B from Capsule
0F-2. (a) Along holes 1 and 3. (b) Along holes 2 and 4.



ORNL-DWG 78-12422

75
L ]
70 }— _
65 | ]
60 |- ® 193Ce  (133keV) -
0 13%Cs  (604keV)
85— ANITCs  (661keV) —
. 0 "OmAg (657keV)
§ 50 t-—- .
£ 45— ]
g
T 40— —
=
> 35f - ]
[
2
30 |— ]
<
3
z 50— _
w
20 }— ]
15 fem ]
10 t— ® —
5k —]
[ s ® 2 — S S 0
0
TOP OF BOTTOM OF
(@ wmacazine MAGAZINE
ORNL-DWG 7812123
70+ -
60} o '%9Ce (133 keV) —
’;; | o 34Cs (804 keV) ]
b A '37Cs  (BB1 keV)
2 50t 0 ''%mAg (657 keV) .
3 - ]
L
). | p—
& 40
Z ]
Z |
(&)
< 30— ]
<X
= - ]
2
S 20} —
10— —
— —"" T~ ]
. ~<L._____~D
TOP OF BOTTOM OFf
(b) MAGAZINE MAGAZINE

Fig. 3.7. Gamma Activity of Empty Graphite Magazine C from Capsule
0F-2. (a) Along holes 1 and 3. (b) Along holes 2 and 4.



26

3.3 Visual Examination

After the fuel rods were removed from the magazines they were

visually examined. The results are given below:

Magazine A. Fuel rods from this magazine were in good condition, with
only slight debonding. Fuel holes 1 and 2 each contained six 25-mm-

loag (1-in.) rods, and fuel holes 3 and 4 each contained twelve 13-mm-—
long (0.5-~in.) rods. Visual inspection of the surface of each of the
fuel rods indicated that in ten rods, from 1 to 12 failed particles

were visible. The remaining 26 rods indicated no visible failures on

the fuel rod surface.

Magazine B. Fuel rods from holes 1 and 2 were in good condition, with
only slight debonding at their edges. Fuel rods from holes 3 and 4 were
in much worse condition. Eight fuel rods had completely debonded and
had no apparent structure. These rods were located in positions B-3~1,
-2, -6, ~7, -8, B~4~1, -2, and ~11. Because the matrix used to fabricate
the rods from holes 3 and 4 was characterized by low coke yields
(12-17.4%), the resulting fuel rods were weak. Thus, we can conclude
that generally, during irradiation, the integrity of fuel rods with

coke yields lower than 187% is poor. Therefore, the use of such rods
should be discouraged. The eight completely debonded rods were not
visually examined for particle failures. From one to twelve failed
particles were seen on the surface of eight of the remaining 28 fuel rods,

but none were seen on the other 20 fuel rods.

Magazine C. The fuel rods from this magazine were in good condition

with only moderate debonding of a few rods. Visual examination at high
magnification revealed many outer pyrocarbon coating failures on the
surface of several fuel rods. Failures were most prevalent on the surface
of rods containing fissile particle batch A-615 (Fig. 3.8). Those fuel
rods with high loadings at the bottom of the magazine alsc had many LTI

failures on their surfaces.
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Fig. 3.8. Surface of Fuel Rod C-2-1 Showing Numerous oLTI Failures.
The arrow points to one of many outer pyrocarbon coating failures.

3.4 Dimensional Analysis

We inspected each fuel rod by measuring its diameter at the top,
midlength, and bottom at O and 90° with a dial gage comparator and
V-block assembly. A maximum length was also determined. The results
are given in Table 3.1. The diametral shrinkage as a function of fast-
neutron fluence (E > 0.18 MeV) is shown in Fig. 3.9. The fuel rods from
Magazines A and B exhibited shrinkage up to a fast fluence of
7 x 1025 n/m? (E > 0.18 MeV), at which point a minimum was reached and
the rods began to swell. The rods carbonized in Robinson graphite
shrank more than did those rods carbonized in-tube or in packed Al;03.
As shown in Table 1.3, these rods had the lowest average coke yield.

Because the rods in Magazine C were carbonized in-block, their

diametral changes were calculated from the preirradiation dimensions of



Table 3.1. OF-2 Fuel Rod Dimensional Change

Diameter Length Estimated Diameter Length Estimated
Speci after Change after Change average Specimen after Change after Change average
pecimen irradiation (%) irradiation (%) fast fluence? pec irradiation (%) irradiation (%) fast fluence®
(in.) (in.) (n/cm?) (in.) (in.) (n/cm?)

OF-2A-1-1 0.6061 -2.32 0.9715 -2.85 2.09 x 1021 0F-2B-1-1 0.6001 -3.46 0.9517 -3.60 6.51 x 1021

-2 0.6051 -2.53 0.9655 ~2.87 2.69 -2 0.5986 -3.61 0.9528 ~-3.66 6.99

-3 0.6018 -2.94 0.9650 -3.46 3.38 -3 0.5991 -3.84 0.9593 =-4.20 7.44

-4 0.6026 -3.09 0.9708 -3.68 4.08 -4 0.596€ -3.84 0.9623 -4.10 7.85

-5 0.6031 -3.05 0.9692 -3.07 4.72 -5 0.6011 =3.47 0.9559 -4.07 8.11

-6 0.6025 -3.17 0.9530 -3.89 5.40 -6 0.6009 -3.56 0.9499 -3.69 8.31
OF-2A-2-1 0.6063 -2.38 0.9668 -2.48 2.09 OF-2B-2-1 0.5982 -3.58 0.9697 -2.65 6.51

-2 0.6040 -2.85 0.9630 -3.14 2.69 -2 0.5996 -3.51 0.9583 -3.58 6.99

-3 0.6017 -3.08 0.9520 -3.66 3.38 -3 0.5977 -3.71 0.9540 -3.98 7.44

-4 0.6035 -2.82 0.9682 -4.29 4.08 -4 0.5982 ~3.78 0.9573 -4.19 7.85

-5 0.6005 -3.50 0.9680 -3.35 4.72 -5 0.5971 -3.71 0.9653 -3.95 8.11

-6 0.6000 -3.26 0.9681 -3.38 5.40 -6 0.6006 -3.35 0.9693 -3.95 8.31
OF-2A-3-1 0.6034 -2.63 0.4874 ~2.44 1.94 OF-2B-3-1 Debonded 6.38

-2 0.6036 -2.71 0.4842 ~2.08 2.25 =2 0.5837 -5.95 0.4685 -5.92 6.64

-3 0.5984 -3.55 0.4797 -3.75 2.55 -3 0.5936 -4.32 0.4612 -7.87 6.86

=4 0.6011 -3.14 0.4869 -2.42 2.83 -4 0.5765 -7.03 0.4694 -5.34 7.11

-5 0.5994 -3.35 0.4861 -3.01 3.19 =5 . 0.5872 -5.78 0.4721 -4,86 7.31

-6 0.6000 -3.38 0.4747 -3.02 3.57 -6 Debonded 7.56

-7 0.5995 -3.35 0.4760 -3.72 3.92 -7 Debonded 7.75

-8 0.5986 -3.51 0.4866 ~1.76 4.24 -8 Debonded 7.91

-9 0.5980 -3.64 0.4841 -3.51 4.56 -9 0.5939 -4.16 0.4787 -4.72 8.01

-10 0.5968 -3.83 0.4764 -3.85 4.88 -10 0.5937 -4.26 0.4702 -4.61 8.20

-11 0.5966 -3.76 0.4770 -3.54 5.23 -11 0.5934 -4.31 0.4799 ~-4.82 8.26

-12 0.5967 -3.80 0.4802 -3.13 5.58 -12 0.5946 -4.07 0.4750 ~4.06 8.36
OF-2A-4-1 0.6074 -2.16 0.4843 -2.00 1.94 OF-2B-4~1 Debonded 6.38

-2 0.6062 -2.29 0.4862 ~2.05 2.25 -2 Debonded 6.64

-3 0.6069 -2.14 0.4743 -2.73 2.55 -3 0.5943 -4.19 0.4654 -4.49 6.86

-4 0.6027 -2.82 0.4745 -3.56 2.83 -4 0.5930 =4.45 0.4849 -4.17 7.11

-5 0.6046 -2.58 0.4832 -2.56 3.19 -5 0.5946 -4.16 0.4682 -4.91 7.31

-6 0.5992 -3.40 0.4772 -3.46 3.57 -6 0.5910 -4.69 0.4714 -5.11 7.56

-7 0.6013 -3.11 0.4822 -2.35 3.92 -7 0.5913 -4.61 0.4699 ~5.19 7.75

-8 0.6010 -3.14 0.4872 -2.85 4.24 -8 0.5910 -4.74 0.4716 -5.30 7.91

-9 0.6001 -3.33 0.4833 -2.82 4,56 -9 0.5923 -4.48 0.4765 -4.64 8.01

-10 0.5960 -3.86 0.4759 ~4.09 4.88 -10 0.5936 -4.29 0.4730 -6.36 8.20

=11 0.6009 ~4.01 0.4756 -3.16 5.23 -11 0.5924 =4.42 0.4881 -2.30 8.26

-12 0.5914 ~-4.40 0.4896 -3.20 5.58 -12 Debonded 8.36
OF-2¢-1-1P 0.6103 ~1.69 1.9641 -4.32 8.91

-2 0.6094 ~2.12 1.9741 -2.05 8.50

-3 0.6086 ~2.23 1.9411 -2.37 7.62

-4 0.6053 ~-2.61 1.9128 -2.13 5.86

8¢



Table 3.1 {continued)

Diameter Length Estimated Diameter Length Estimated
: after Change after Change average after Change after Change average
Specimen irradiation §3] i{rradiation (%) fast fiuence? Specimen irradiation [64) irradiation (%3 fast fluence®
(in.) (in.) (n/cm?) (im.) (4n.) (n/em?)
OF-2C-2~1 0.6083 -2.28 ND 8,93 x 192!
-2 0.6088 -1.76 ND 8.50
-3 0.6151 -0.73 1.9580 -1.40 7.62
~4 0.6104 -1.50 1.9953 0.01 5.86
QF-2C-3-1 0.6105 ~2.26 2.0146 0.41 8.91
-2 0.6108 -1.83 1.9611 ~2.75 8.50
-3 0.6075 -2.53 1.9663 -2,36 7.62
-4 0.6027 -3.01 1.9201 ~3.23 5.86
OF-2C~-4-1 0.6115 -1,99 1.9582 ~3.24 8.91
-2 0.6086 ~-2.30 2.0228 -0.40 8.50
-3 (.6084 ~2.39 1.9583 ~3.31 7.62
-4 0.6082 -1.97 1.9204 -1.84 5.86

% > 0.18. MeV.

bSince actual specimens for holder C were not removed from the holder, the preirradiation dimensions were from typical as-fired
sample specimens processed at the same time as the actual test specimens.

62
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Fig. 3.9. OF-2 Fuel Rod Dimensional Changes Versus Estimated Fast
Fluences.

rods fabricated and processed exactly as the irradiated ones were. These
rods shrank less than did rods carbonized by any other procedure. We
should note that the rods in Magazine C contained mapny more Triso-coated
particles (in the form of inerts and fissiles) than did rods irradiated in
the other two magazines. The increase in Triso-particle packing fractions
apparently resulted in less irradiation-induced shrinkage. This agrees
with other data that indicate that fuel rod dimensional changes are
primarily controlled by the dimensional changes of the constituent fuel
particles.g’9

The graphite magazines were also dimensionally measured by opposing
dial indicators. The results are presented in Fig. 3.10. Magazines B
and C behaved similarly and both shrank up to a fast fluence of
8-8.5 x 102> n/m? (E > 0.18 MeV), at which point a minimum was reached
and the graphite began to swell. These wagazines experienced similar
temperatures. On the other hand, Magazine A, which operated at a wuch
lower temperature and neutron fluence, did not swell and shrank more

at the same fast fluence.
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Fig. 3.10. OF-2 Graphite Magazines' Dimensional Change as a Function
of Fast-Neutron Fluence.

3.5 Metallographic Examination

3.5.1 Fissile particles made in 0.13-m-diam coater

As mentioned previously, many coating failures were observed in
the fuel rods from Magazine C. Selected fuel rods from Magazine C were
examined metallographically to determine the cause of the coating
failures. Metallography revealed coating failures of the oLTL coatings
on the Triso particles but with none of the Biso coatings of fertile or
inert particles. WNo failed SiC coatings were observed, either.

The oLTI coating failures were attributable to fast-neutron damage
(Fig. 3.11) and matrix-particle interaction (Fig. 3.12). Because only
one random plane is observed in the metallographic cross sections, it
was not possible confidently to distinguish between fast-neutron damage
and matrix-particle interaction. To supplement the observations from
Magazine C fuel rods, further metallography was performed on rods from
Magazines A and B; these rods contained the same particle batches. The

rods differed only in carbonization method. Metallography was performed
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Fig. 3.11. Failure of the oLTI Coating Caused by Fast-Neutron Damage
(E > 0.18 MeV). Particle batch A-601 irradiated in fuel rod C-2-2.
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Fig. 3.12. Failure of the oLTI Coating Caused by Matrix-Particle
Interaction. Particle batch A-615 irradiated in fuel rod C-2-1.
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to determine whether the oLTI coating failures resulted from character-
istics of the matrix or of the particles: we found a combination of both
was responsible. Table 3.2 presents the tabulated results of the oLTI
coating failures 6n the Triso-coated particles. As shown, failures were
observed in most fuel rods that included all particle batches (that is,
A-601, -611, and -615). Table 3.3 lists the important properties of the
oLTI coatings for the fissile particles examined, and Fig. 3.13 shows the

relationship between oLTI coating failure and pitch-coke yields.

Table 3.2. Failure Fraction of oLTI Cocatings on
Triso-Coated Particles in OF-2

Pitch- oLTI
coke Fissile failure
Fuel MatriE yield particle fraction®
rod? type %) batch (%)
A-1-1 b 38.0 A-611 8
A-1-2 a 17.0 A-601 3
A-1-3 a 16.2 A-611 0
A-1-4 c 31.0 A-611 7
A-1-5 b 36.2 A-601 22
A-1-6 d 30.9 A-601 6
A-2-3 b 37.6 A-601 19
B-1-2 a 17.9 A-601 0
B-1-3 ¢ 30.6 A-601 7
B-1-4 a 20.1 A-611 0
B-1-6 c 27.8 A-611 0
c-2-1 £ 25.7% A-615¢ 100¢
c-2-2 £ 25.7% A-601¢ 0-7%7
C~3-4 f 25.7 A-611 33
Y etter indicates magazine; first number indicates
hole, second number indicates rod.
bMatrix types are as follows:
Type Pitch Additive Filler Carbonization
technique
a A-240 none Asbury 6353  Packed Al;03
b A-240 none Asbury 6353 In-tube
c GA proprietary In-tube
d GA proprietary In-block

e

Determined metallographically.

dEstimated.

€Puel rod also contained Triso-coated inert particles.

fAll oLTI failures attributable to Triso-coated inert
particles.
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Table 3.3. Important oLTI Properties of Fissile Particles
Fabricated in a 127-mm Coating Furnace and
Irradiated in OF-2

Open porosity oLTT densitya

Batch Baf,

%) Mg/m3)
A-6011 1.035 9.4 1.724
A-611 1.030 11.1 1.696
A-615 1.069 2.0 1.910

a . .
Corrected gradient density.
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Fig. 3.13. Rate of Irradiation-Induced oLTI Coating Failure for

Triso~Coated Fissile Particles in OF-2.

The highest oLTI failure fraction (100%) occurred in fuel rod
C-2-1, which contained particles from batch A-615 and was carbonized
in-block. This fuel vrod also contained Triso~coated inert particles,
which also showed 100% oLTI failure. The oLTI coatings on batch A-615
showed a high degree of optical anisotropy, expected because of the
high BAF(; measurements observed before irradiation (Fig. 3.14). Coatings
with high optical anisotropy typically have high rates of failure from

differential irradiation-induced shrinkage.?
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Fig. 3.14. Broken oLTI Coating of Fissile Particle Batch A-615
Irradiated in Fuel Rod C-2-1. (a) Under bright field. (b) Under
polarized light. Note bands of high optical anisotropy in oLTI coating.
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Failure fractions of the oLTI coatings in batches A-601 and -611
ranged from 0 to 33%. The only trend observed was that the rods with
higher pitch-coke yields (typically matrix type b) had higher oLTI
failure fractions. In addition the oLTI coating of these two particle
batches had much open porosity, which probably increased the bonding
between the matrix and the particle.

The Biso-coated fertile and inert particles showed no coating
failures in any metallogr~-hic section. The Biso-coated particles
apparently were able to shrink with the matrix during irradiation, so
strong interactions were minimized. On the other hand, the SiC coating
prevented the Triso-coated particles from shrinking with the matrix, so
strong interactions developed. Thus, coating failures were observed in
the Triso-coated particles, both fissile and inert, while none were
observed in the Biso-coated particles.

The following conclusions about oLTI failure were drawn from these
data:

1. The most important property resulting from irradiation of the
oLTI coating is optical anisotropy. All oLTIs (100%) failed in particle
batch A-615, which had a high BAF, (1.069), whereas oLTI coating failures
were far fewer in batches A-601 and A-611, which had lower BAF,s (1.030
and 1.035, respectively).

2. TFailure of the oLTI at high pitch-coke yields occurred, even
at such relatively low fast-neutron exposures as less than 5 x 102° n/mS3.
A pitch-coke yield of less than 30% is necessary to prevent oLTI failure.
The effect of high pitch-coke yield is increased by the great open
porosity of the pyrocarbon.

3. 1In-block carbonization resulted in consistently higher oLTI
coating failures.

Other than the oLTI coating failures of the fissile particles from
the three batches in Magazine C, the fuel apparently performed very
well. No broken SiC coatings and only slight fission product attack
(S 3 ym) were noted. The performance of the kernels in the three fissile
particle batches examined is summarized below. The observations for

each batch were virtually identical for all rods.



37

Fissile Particle Batch A-601: Approximately 757-Converted WAR. Examples

of the metallographic examination of batch A-601 are shown in Fig. 3.15.%
As is typical of all WAR particles, during irradiation the kernel and
buffer densified, creating a significant void volume. Two kernel phases
were dispersed in the densified buffer with no visible wmetallic inclu-
sions. The dispersion probably resulted from the high conversion level
since the metallic fission products are soluble in a high-carbon milieu.
In contrast to observations made in previous experiments,lo the densified
buffer was optically isotropic. ILocalized fission product accumulations,
rare earths and palladium, were observed at the SiC coaiing (Fig. 3.16).
These figsion products primarily accumulated in the areas adjacent to
where the WAR kernels had shrunken and adhered to the iLTI coating.

This indicates that rare earth or palladium migration most probably

follows a solid diffusion mechaniam.

Fissile Particle Batch A~611: Approximately 157%~Converted WAR. Examples

of the metallographic examination of batch A-601 from rods in every
magazine are shown in Fig. 3.17. Typical densification of kevnel and
buffer was observed. Like batch A-601, the kernel was dispersed in the
densified buffer with no optical anisotropy noted. The dispersed kernel
looked much like irvadiated UO,, in which fission gas bubbles and inclu-
sions are visible. Metallic fission product inclusions observed in the
kernel phase indicate nonsolubility of those fission products in high
oxygen content kernels. These results are similar to previous studijes.!!
Very slight fission product accumulations resembling those in Fig. 3.16
were observed on some particles, with no visible attack on the SiC
coating. No effects of a thermal gradient were seen; however, the fission

products accumulated near the densified kernel.

Fissile Particle Batch A-615: Approximately 75%-Converted WAR. Examples

of the metallographic examination of batch A-615 from rods in Magazine C
are shown in Fig. 3.18. Typical densification of kernel and buffer was

observed. The appearance of the kernel was as in batch A-601, but the

“In the following micrographs of particle metallography, the cuter
surface of the rod (the "cold" side of the particle) is on the right
in the figure.
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Fig. 3.15. Representative Particles from Fissile Batch A-601. 150x. Rod surface is on right
side of micrographs. (a) Irradiated in fuel rod B-1-3, on outer surface of rod. Bright field.
(b) Same. Polarized light. (c) Irradiated in fuel rod A-1-2, near rod center. Bright field. Note
oLTI coating failure. (d) Same. Polarized light.
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Fig. 3.16. Fission Product Accumulations at SiC-iLTI Coating
Interface. From fissile particle batch A-601 irradiated in fuel rod
B-1-2. (a) Bright field. (b) Polarized light.
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R73123

Fig. 3.17. Representative Particles from Fissile Batch A-611. 150x. Rod's outer surface is on
right side of micrographs. (a) Irradiated in fuel rod B-1-6 3500 um from rod's outer surface. Bright
field. (b) Same. Polarized light. (c) Irradiated in fuel rod A-1-6, near rod center. Bright field.
(d) Same. Polarized light.
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Fig. 3.18. Representative Particles from Fissile Batch A-615. Rod surface is at right of micro-
graphs. 150x. (a) Irradiated in fuel rod C-2-1. Bright field. (b) Same. Polarized light. (c) Tr-
radiated in fuel rod C-2-3. Bright field. (d) Same. Polarized light.
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buffer surrounding the dispersed kernel was optically anisotropic. For
the same reason as in batch A-601, no metallic fission products were
observed in the kernel. Small localized fission products accumulated

at the SiC coating. These accumulations resembled those in Fig. 3.16
"and had the same relationship to the densified kernel as in A-601 and
A-611. Such fission product accumulations had caused the iLTI coating
to graphitize and were themselves optically active under polarized light.
Many times a gap between the SiC and iLTI coatings had formed where the

fission products had accumulated.

3.5.2 VFissile particles made in laboratory coater

Metallography was also performed on selected fuel rods from Magazine
A, which contained fissile particles made in the laboratory coater.
Metallography of the fuel rods from Magazine B will be performed only
after they are examined by the Irradiated Microsphere Gamma Analyzer
(IMGA) system.'? Results of the metallography will be coupled with the
gamma analysis so as to better determine fuel performance.13 The
fissile particles examined included WAR particles at various conversion
levels, sol-gel (4Th,U)0; particles, and VSM UC, particles.

Metallography was performed on fuel rods A-4-2 and A-4-10, which
both contained fissile particles WAR UCg 13 07 95 at a nominal conversiomn
of 0%Z. The two metallographic cross sections display 21 particles in
all. Amoeba was observed in 16 and 22% of the particles in A-4-2 and
A-4-10, respectively. The maximum migration observed was 10 um.
Representative particles are shown in Fig. 3.19. The kernels and buffers
had densified to create a void volume between the kernel and the iLTI
coating. This effect is typical of WAR kernels at all conversion levels.!l
The kernel often was dispersed in the densified buffer and in excess kernel
carbon [as in Fig. 3.19(a)], instead of agglomerating [as in Fig. 3.19(c)].
As in irradiated UQj, the kernels were characterized by fission gas
bubbles, ceramic inclusions, and metallic inclusions. Under polarized
light, most particles showed an optically active layer of carbon on the
inner surface of the iLTI coating. Evidently, the oxygen potential was

sufficiently high to transport carbon out of the kernel and buffer, the
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Fig. 3.19. Representative Particles from Fissile UCs 4307 95 Batch OR-2332-H. The rod's surface
is to the right of the micrographs. 150x. (a) From fuel rod A-4-2. Bright field. (b) Same. Polarized
light. (c) From fuel rod A-4-10. Bright field. (d) Same. Polarized light.
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carbon later condensing on the iLTI coating. This agrees with calcula-

tionstt

made on particles with the stoichiometry, UCs 43 0;,95. In
addition, very small metallic-looking inclusions, believed to be
palladium,lS’l6 were observed at the SiC coating with no apparent
corrosion.

Metallography was performed on fuel rod A-3-5 containing
WAR-U.Cg 5),.07 g9 with a nominal conversion of 15%Z. A total of 10
particles were observed with no failures or amoeba. Representative
particles are showo in Fig. 3.24. The kernel was dispersed in a por-
tion of the densified buffer and the excess kernel carbon. In contrast
to resulis from recent tests,11’17’18 the densified buffer was not
optically anisotropic under polarized light. No corrosion of the §iC
was observed.

The fissile particle in fuel rods A-3-2 and A-3-4 was a WAR
UCs 59 01,97 with a nominal conversion of 0%. The thickness of the
buffer distinguished this fissile particle from the one contained in
rod A-4-2 and A~4-10. The present one had a "thin" buffer of 23.0 um
(see Table 1.1). A total of 33 particles were observed in the two
wmetallographic cross sections. Amoeba migration was not prevalent, but
migration up to 15 um was observed. Representative particles are shown
in Figs. 3;20 and 3.21. As in the previous rods, the appearance of the
kernels varied: some were dispersed in the densified buffer and had
excess carbon; some were agglomerated. Fission gas bubbles, ceramic
inclusions, and metallic inclusions were present. In addition, polarized
light illumination revealed a layer of vapor-deposited carbon on the
surfaces of the void volume, as in vods A-4-2 and A-4-10 (Fig. 3.21).
One unusual feature is shown in Fig. 3.22. Here small parts of the
kernel had penetrated the iLTI coating on the hot side of the particle.
We assume that this is an amoeba migration. Similar migration of kernel
pieces has been observed in 0Z%-converted WAR particles with buffer coatings
thicker than 50 um.l! Metallic inclusions — thought to be palladium — at
the SiC coating were again observed. These and other results!! show
that decreasing the buffer thickness of WAR particles to 23 um does not

appear to impair their performance.
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Fig. 3.20. Representative Particle from UCs_530; g7 Fissile Batch
OR-2329-H. The particle had been irradiated in fuel rod A-3-2 and was
located 900 ym from the rod's outer surface, which is to the right of
the micrographs. 150x. (a) Bright field. (b) Polarized light.
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Fig. 3.21. Representative Particles of Fissile Batch OR-2329-H (UCs, 5307, 697) Irradiated in Fuel
Rod A-3-4. 150x. The outer surface of the rod is toward the right of the micrographs. (a) and
(c) Bright field. On inner surface of rod. (b) and (d) Polarized light. At 4200 um from outer
surface of rod.
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Fig. 3.22. Migration of Parts of the Kernel in the iLTI Coating
of a Fissile Particle from Batch OR-2329-H (UCs5 530; .g97). (a) Bright
field. (b) Polarized light.
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Another WAR particle type with a nominal conversion of 07 was
exawined in rods A-4-5 and A-4-9. 1t was carbonized at a very high rate
(see Tables 1.1 and 1.4) and thus had a composition of UCy 58 Os_gy. A
total of 11 particles were observed with no amceba of the kernel
readily apparent. Representative particles are shown in Fig. 3.23.
Deposition of carbon was seen on the surfaces of the void volume, as in
the previous two particle batches. The kernels resembled those of
irradiated U0y, as fission gas bubbles, ceramic inclusions, and metallic
inclusions were present. The metallic~appearing palladium inclusions
at the 5iC were also ohserved.

Metallography was performed on fuel rod A-3-5 containing WAR
UCs,54 01 g9 with a nominal couversion of 15%. A total of 10 particles
were observed with no failures or amoeba. Representative particles are
shown in Fig. 3.24. he kernel was dispersed in a portion of the den-
sified buffer and in the excess kernel carbon. In contrast to results from
recent tests,11,17,18 the densified buffer was not optically anisotropic
under polarized light. No corrosion of the SiC was observed.

The fissile particle in fuel rod A-4-6 was a WAR UCs_ 15 071, 5y particle
wiith a nominal conversion of 25%. No failures were seen in the ten
particles examined. Representative particles are shown in Fig. 3.25. The
kernel and baffer had densified as the other WAR particles had. The kernels
had two main phases, which were dispersed together in the densified buffer
and excess kernel carbon. No fission gas bubbles or inclusions were
observed in the kernel. Small fission product accumulations — most
likely palladiumlsal6 — were seen at the SiC coating, penetrating it
about 1-3 um.

Another WAR particle with composition UCy g3 Op,97 and a nominal
conversion of 50% was contained in rod A-3-6. A total of only four
particles were observed in the metallographic cross section. Representa-
tive particles are shéwn in Fig. 3.26. The kernel had two main phases
dispersed in the densified buffer, as in the 25%-converted WAR particles
in rod A~4~6. TFission product accumulations were seen at the SiC
coating with penetrations of about 3 um in particles at the outer surface,

and 15 um in particles near the inner surface. The fission product
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Fig. 3.23. Representative Particles of Fissile UC4.5502.04 Batch OR-2218-H. Rod's outer surface
is to the right side of micrographs. 150x. (a) From fuel rod A-4-5, on rod's outer surface. Bright
field. (b) Same. Polarized light. (c) From fuel rod A-4-9, at 2100 um from rod's outer surface.
Bright field. (d) Same. Polarized light.
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Fig. 3.24. Representative Particle of Fissile Batch OR-2322-H
(UCs5 5407 ,69) Irradiated in Fuel Rod A-3-5.

150x.
surface is toward the right side of micrographs.
(b) Polarized light.

outer surface.

The rod's outer

(a) Bright field.
The particle was located 1800 um from the rod's
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Fig. 3.25. Representative Particle from Fissile UCs_ 1507 54 Batch
OR-2320-H. The particle had been irradiated in fuel rod A-4-6 and was
located 900 um from the rod's outer surface, which is to the right of
these micrographs. 150x. (a) Bright field. (b) Polarized light.
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Fig. 3.26. Representative Particle from Fissile UC4.e¢300.97 Batch
OR-2211-H. Particle has been irradiated in fuel rod A-3-6. The particle
was located on the rod's outside surface which is to the right of the
micrograph. 150%. (a) Bright field. (b) Polarized light.
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accumulations and SiC corrosion did not always depend on the radial posi-
tion of the particle in the rod, but rather on how the kernel had densified.
Most accumulations appeared on the SiC adjacent to the densified kernel.
While palladium may contribute to it, much of the corrosion is believed
attributable to the rare earth fission products. This same batch of
particles was irradiated in HRB-9 and -10 tests!® and examined extensively
by the electron microprobe. The results of the study!l showed that
although most rare earths are retained in the kernel, an appreciable
amount migrate to the SiC. In addition, chlorine, known to affect the
behavior of the rare earths as well as SiC corrosion,19 was observed in
the particles.

Fuel rod A-4-7 was metallographically examined; it contained WAR
UCy 1y Op,53 with a nominal conversion of 75%. Among the twenty par-
ticles observed no failures were seen. Typical particles are shown in
Fig. 3.27. Kernels resembled the previous two rods discussed. Small
fission product accumulations at the SiC coating were observed; however,
the maximum penetration was less than 2 um. The electron microprobe
study11 of this particle batch had also shown considerable rare earth
migration (as well as chlorine in some particles), so the discrepancy in
SiC penetration probably arose from factors other than the kernel
composition.

Fuel rod A-3-7 containing WAR UC3 gg Op_g) particles with nominal
conversion of 100% was examined. Twenty-seven particles were observed;
16 had cracked SiC coatings, but they were artifacts of the polishing.
The kernel was dispersed in the densified buffer and in excess kernel
carbon. Representative particles are shown in Fig. 3.28. As shown, the
densified buffer was optically anisotropic under polarized light.
Fission product accumulations were observed on the cold side of the
particles, as was corrosion, which penetrated about 5 um. Other resultsi!
indicate that rare earth fission products corroded the SiC.

Another 100%-converted WAR particle type with a stoichiometry of
UCy,.51 00,16 was contained in fuel rod A-4~1. It differed from the pre-
vious 100%-converted WAR particle in that its kermel density was higher

(see Tables 1.1 and 1.4). Only three particles were observed in which
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Fig. 3.27.

Representative Particle from Fissile UC. 1400 ss Batch
OR-2207-H.

The particle had been irradiated in fuel rod A-4-7. The

particle was on the rod's outer surface, which is to the right of the

micrographs. 150x. (a) Bright field. (b) Polarized light.
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Fig. 3.28. Representative Particle from Fissile UCs3,6800.01 Batch
OR-2208-H. Particle had been irradiated in fuel rod A-3-7 and was 900 um
from the rod's outer surface, which is to the right of these micrographs.
150x. (a) Bright field. (b) Polarized light.
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the kernel had not fallen out during metallographic preparation. Repre-
sentative particles are presented in Fig. 3.29. All the particles
examined appeared to be in excellént condition with no apparent SiC
corrosion or fission product accumulations. This same particle batch,
when irradiated in HRB-9 and -10 showed massive rare earth fission

product migration and high failure fractions.!8

We should point out that
this rod was at the very end of the capsule; there the operating tempera-
tures were rather low. Evidently they were low enough that the rare
earth fission products did not corrode the SiC coating. The performance
of these and other 100%-converted WAR particles did not appear to differ,
since the kernels were denser.

A metallographic examination was made of fuel rod A-4-8 containing
a sol-gel (4 Th,U)0, fissile particle. A total of 32 particles were
observed in the sample; no broken SiC coatings — no failures — were seen.
A typical particle is shown in Fig. 3.30. Eight particles had observable
amoeba with a maximum migration of 10 pm. The kernel had a typical
mixed oxide appearance with fission gas bubbles and metallic inclusions
present.”s18 No fission product accumulation or SiC corrosion was
observed.

A VSM UC, particle from fuel rod A-3-1 was examined. Of the thirty-
eight particles observed, no broken SiC coatings — no failures — were
seen. A typical particle is shown in Fig. 3.31. The kernels resembled
typical UC, with some indications of plasticity during irradiation.
Graphitization of the iLTI coating on the cold side was observed in
15 particles, which were always located on the inner half of the rod —
that is, in areas of higher temperature. Very slight corrosion — less
than 2 ym — of the SiC coating was seen where iLTI graphitization had
occurred. We should point out that this rod, like A-4-1 previously
discussed, was at the very end of the capsule, where the operating tempera-
tures are typically lower.

Metallography was also performed on fuel rod A-3-8, which contained
WAR fissile particles with a composition of UCz _gg Ny, s3. A typical
particle is shown in Fig. 3.32. We believe that lack of oxygen in the

kernel inhibited any amoeba migration. However, this particle type
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Fig. 3.29. Representative Particle from Fissile UC; ¢10qg 1 Batch
OR-2121-H. Particle had been irradiated in fuel rod A-4-1. The particle
was located on the rod's outer surface, which is to the right of these
micrographs. 150x. (a) Bright field. (b) Polarized light.
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Fig. 3.30.
Which Consisted of Sol-Gel (Thg, gUp,2)02.
irradiated in fuel rod A-4-8 and was located on the rod's outer

Representative Particle from Fissile Batch OR-2321-H,
The particle had been

surface. The rod's outer surface is to the right of these micro-
graphs. Note the amoeba of the kernel up the temperature gradient.
150%. (a) Bright field. (b) Polarized light.
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Representative Particle from Fissile Batch 6151-00-035

Fig. 3.31.
The particle was located

(VSM UC,) Irradiated in Fuel Rod A-3-1.
2600 pm from the rod's outer surface. Note the graphitization of the

iLTI on the cold side of the particle. The rod's outer surface is toward
the right side of micrographs. 125x. (a) Bright field. (b) Polarized

light.
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Fig. 3.32. Representative Particle from Fissile Batch OR-2219-H
(UC3,68Ng,53). Irradiated in fuel rod A-3-8. The particle was
located 1600 um from the rod's outer surface. The rod's outer
surface is to the right of the micrographs. 150x. (a) Bright
field. (b) Polarized light.
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suffered from the same problem as does a 100%-converted WAR particle —
fission product migration down the temperature gradient with subsequent
accumulation at the SiC. Of twelve particles observed, accumulations
located on the inner half of the rod were visible in about half of the
particles. Penetrations of the SiC, possibly by rare earth fission
products or by palladium, appeared to be 1-2 pm. 1In HRB-9 and -10,
these same particles exhibited massive rare earth fission product migra-
tion down the temperature gradient and, in some cases, subsequent SiC
failure. We expect that analysis of the rods from the high-temperature

region, Magazine B, will show similar results.

3.5.3 Fertile particles

Nearly all the Biso-coated ThO, fertile particles (see Table 1.2)
were examined metallographically, with the exception of batch OR-1849-HT.
This batch was contained in fuel rod B-3-7 only, and we decided to do an
IMGA analysis and perform metallography on the loose particles from
this rod later. Typical particles from each batch are presented in
Figs. 3.33 through 3.47. Generally, the metallographic examination
revealed very few microstructural differences among the particle batches,
although their coating properties varied. All the particle types appeared
to have performed well, with one exception.

In particle batch J-481, examined in fuel rod A-3-1, 9% of the
particles lacked a buffer coating (Fig. 3.48). Evidently this problem
had occurred during the coating process. In addition, in 4% of the par-
ticles the coatings had cracked and the kernels appeared to have converted
to carbide (Fig. 3.49).

While these results indicate a poorly coated batch of particles, other
results show that the bad particles were not representative of batch
J-481. The bad particles were observed in one metallographic cross
section only. On the other hand, eight other rods containing batch
J-481 particles were metallographically examined and no bad particles
were observed. In addition, seven more rods, which contained batch J-488
particles, were examined and no bad particles were observed. Batches

J-481 and J-488 were coated together, but J-488 was annealed while



Fig. 3.33. Typical Biso-Coated ThO, Particle — from Batch
OR-2265-HT — Irradiated in Fuel Rod A-4-6. 125x. (a) Bright field.
(b) Polarized light.



Fig. 3.34. Typical Biso-Coated ThOy Particle — from Batch
OR=2262-HT — Irradiated in Fuel Rod A-4-7. 125x. (a) Bright field.

(b) Polarized light.
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Fig. 3.35. Typical Biso-Coated ThO, Particle — from Batch
OR-2261-HT — Irradiated in Fuel Rod A-4-8. 125x. <(a) Bright field.
(b) Polarized light.
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Fig. 3.36. Typical Biso-Coated ThO, Particle — from Batch
OR-2264-HT — Irradiated in Fuel Rod A-4-9. 125x. (a) Bright field.
(b) Polarized light.
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Fig. 3.37. Typical Biso-Coated ThO, Particle — from Batch
OR-2263-HT — Irradiated in Fuel Rod A-4-10. 125x. (a) Bright field.
(b) Polarized light.
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Fig. 3.38. Typical Biso-Coated ThO, Particle — from Batch J-488 —
Irradiated in Fuel Rod A-3-7. 125x. (a) Bright field. (b) Polarized
light.
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Fig. 3.39. Typical Biso-Coated ThO, Particle — from Batch J-489 —
Irradiated in Fuel Rod A-4-2. 125x. (a) Bright field. (b) Polarized
light.
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Fig. 3.40. Typical Biso-Coated ThO; Particle — from Batch J-490 —
Irradiated in Fuel Rod A-3-2. 125x. (a) Bright field. (b) Polarized

light.
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Fig. 3.41. Typical Biso-Coated ThO, Particle — from Batch J-491 —
Irradiated in Fuel Rod A-3-6. 125x. (a) Bright field. (b) Polarized
light.
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Fig. 3.42. Typical Biso-Coated ThO, Particle from Batch J-262
Irradiated in Fuel Rod A-3-5. 125x. (a) Bright field. (b) Polarized
light.



pical Biso-Coated ThO;, Particle from Batch J-481

3.43. Ty
Fuel Rod B

Irradiated in

Fig.
light.

(b) Polarized

(a) Bright field

125x.

—1=6



73

R74574

R74575

Fig. 3.44. Typical Biso-Coated ThO, Particle — from Batch J-483 —
Irradiated in Fuel Rod C-1-1. The rod was deconsolidated to obtain
loose particles. 150x. (a) Bright field. (b) Polarized light.



Fig. 3.45. Typical Biso-Coated ThO, Particle — from Batch J-482 —
Irradiated in Fuel Rod C-2-1. 125x. (a) Bright field. (b) Polarized
light.
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Fig. 3.46. Typical Biso-Coated ThO, Particle — from Batch
OR-2266-HT — Irradiated in Fuel Rod A-4-5. 125x. (a) Bright field.
(b) Polarized light.
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Fig. 3.47. Typical Biso-Coated ThO; Particle — from Batch J-487 —
Irradiated in Fuel Rod C-2-4. 125x. (a) Bright field. (b) Polarized
light.
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Fig. 3.48. ThO, Kernel — from Batch J-481 — with No Buffer Coating.
Irradiated in fuel rod A-3-1. 125x.
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Fig. 3.49. Biso-Coated ThO, Particle — from Batch J-481 — with Cracked
Coatings. Irradiated in fuel rod A-3-1. Note kernel appears to have
converted to a carbide. 125x. (a) Bright field. (b) Polarized light.
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J-481 was not. Also, preirradiation radiographs of these batches showed
that all (100%) of the particles were good. Thus, the presence of fertile
particles with no buffer layers in rod A-3-1 cannot be explained at this
time. We are continuing to investigate this problem.

Since the metallography provided no definitive information on the
performance of fertile particles under irradiation, conclusions must be
drawn after analyses by the IMGA system, now in progress, are completed.!3
Other studies have shown that Biso-coated ThO, particles, which appeared

to be intact, had permeable coatings that released fission gases.zo’21

3.5.4 Matrices

Five matrices were used in the fabrication of the fuel rods for the
OF-2 capsule. They are described in Table 1.3. The effect of irradia-
tion on the appearance of the matrices is shown in Figs. 3.50 through
3.54. The influence of the matrices on fuel rod integrity and particle
performance have been discussed in Sects. 3.3 and 3.5.1, respectively.

The matrix shown in Fig. 3.50 was made from 71 wt % Ashland A-240
pitch and 29 wt % Asbury 6353 filler, and was carbonized in packed Al;03.
This combination resulted in low coke yields (average - 18.3%) for the
fuel rods. The individual filler particles were discernible.

In contrast, the matrix shown in Fig. 3.51 was also made from
71 wt % Ashland A-240 pitch and 29 wt % Asbury 6353 filler, but was
carbonized in a graphite tube to simulate in-block carbonization. The
result was a high-coke-yield matrix (average - 37.3%), which appeared
"blocky'"; the individual filler particles were not discernible.

The matrices shown in Figs. 3.52 and 3.53 both used GA's proprietary
matrix composition and used similar carbonization modes — in-block and
in-tube, respectively. Their appearances and coke yields, as expected,
were quite similar. The individual filler particles were not discernible,
and the coke yields were in medium range (25-30%).

The matrix shown in Fig. 3.54 was made from 71.5 wt % Ashland A-240
pitch and 28.5 wt % Asbury 6353 filler, and was carbonized in packed
graphite flour. The result was a low-coke-yield matrix (average - 15.6%),

the filler particles of which were barely discernible.



Fig. 3.50.
from 71 wt % Ashland A-240 Pitch, 29 wt % Asbur
in Packed Al,03.
field. (b) Polarized light.

Representative Area of Matrix — After Irradiation — Made

y 6353 Filler and Carbonized
This sample is from fuel rod B-1-4. 500x. (a) Bright

08



Fig. 3.51. Representative Area of Matrix After Irradiation.
Ashland A-240 pitch, 29 wt % Asbury 6353
Sample is from fuel rod

A-2-3. 500x. (a) Bright field. (b) Polarized light.

Matrix is made from 71 wt 7%

filler and carbonized in a graphite tube.

18



Fig. 3.52. Representative Area ol Matrix — After Irradiation — Made
from General Atomic Company Proprietary Composition and Carbonized in

Magazine C. Sample from fuel rod C-2-1. 500x. (a) Bright field.
(b) Polarized light.
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Fig. 3.53. Representative Area of Matrix
from . "-oprietary Composition from General Ato

in a Graphite Tube.

Sample is from fuel rod B-

field. (b) Polarized light.

— After Irradiation — Made
mic Company and Carbonized
1-6. 500x. (a) Bright

¢
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Fig. 3.54. Representative Area of Matrix — After Irradiation —
Made from 71.5 wt % Ashland A-240 Pitch, 28.5 wt % Asbury 6353 Filler
and Carbonized in Packed Graphite Flour. Sample is from fuel rod
A-3-8. (a) Bright field. (b) Polarized light.
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3.6 Electron Microprobe Examination

The electron microprobe was used to determine the behavior of
fission products from fissile particles from batches A-601 and A-611.
As previous studies!! had investigated the fission product behavior of
WAR particles made in the small laboratory coaters, we needed to know
whether that information applies to particles made in the 0.13-m-diam

coater.

3.6.1 Fissile particle batch A-601

A fissile particle from batch A-601 and which was examined metallo-
graphically is shown in Fig. 3.55. It was irradiated in fuel rod C-3-3
and its appearance was typical of the particles from batch A-601
described earlier.

The backscattered electron image and the distributions of uranium
and chlorine are presented in Fig. 3.56. As shown, the uranium was
located in the main kernel phase and in the densified buffer. The
highest concentrations were in the main kernel phase, but some accumula-
tions were localized in the densified buffer. Chlorine, believed to
aggravate fission product behavior and SiC corrosion,19 was also observed
in the particle. However, because of the relatively low concentration
of chlorine and the associated high background of the irradiated sample,
the chlorine x-ray display was not as distinct as the others. The
chlorine was located in the kernel and along the inner surface of the
iLTI coating. Previous results!! have shown that the chlorine is asso-
ciated with the rare earth fission products Nd, Ce, La, and Pr.

The distributions of the rare earth fission products Nd, Ce, La,
and Pr are shown in Fig. 3.57. They were observed in the kernel, the
densified buffer, along the inner surface of the iLTI coating, and at
the S5iC coating on the cold side of the particle. These results agree
with those of previous studies,11’1“ which showed that the retention of
the rare earth fission products depended on the initial oxygen content
of the kermnel.

The distributions of zirconium, strontium, and barium are shown in

Fig. 3.58. Most of the zirconium was located in the main kernel phase,
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Fig. 3.55. Batch A-601 Fissile Particle Examined with Electron
Microprobe. The particle was irradiated in fuel rod C-3-3 and was
located on the outer surface of the rod. The rod's outer surface is
to the right of the micrographs. 150x. (a) Bright field.

(b) Polarized light.
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R74910

BSE IMAGE

300 um

U Mg Cl L
Fig. 3.56. Particle from Fissile Batch A~601. Cold side of particle
located at bottom of photographs. (a) Optical. Bright field.
(b) Backscattered electron image. (c) U MB x-ray display. (d) Cl Lo x-ray
display.
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Nd La

300 pm

La Lo PrLa

Fig. 3.57. Particle from Batch A-60l. Orientation identical to that
of Fig. 3.56. X-ray displays of (a) Nd Lo, (b) Ce Lo, (c¢) La La, and
(d) Pr La.
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but concentrations were also in the densified buffer and iLTI coating.

On the other hand, strontium had migrated out of the kernel and had con-
centrated in the densified buffer. Strikingly, the x-ray display also
shows strontium in the iLTI and SiC coatings. Previous studies have

also detected strontium in the SiC coating,22 but its migration mechanism
through the SiC coating is not known. Also there is some question as to
the validity of this observation because of the interference between the
strontium and silicon characteristic x rays.11 The barium, like strontium,
had migrated out of the kernel and had concentrated in the densified
buffer with a lower concentration in the iLTI coating. However, the

SiC coating apparently stopped further migration.

The distributions of the volatile fission products cesium and xenon
are presented in Fig. 3.59. The cesium, like the barium just discussed,
migrated out of the kernel into the densified buffer and iLTI coating.

The SiC coating stopped further migration. The xenon also migrated out
of the kernel, but it concentrated on the periphery of the densified
buffer with very small concentrations in the iLTI. We believe that
much of the xenon was present in the large void volume created by the
kernel and buffer densification.

Molybdenum and ruthenium were concentrated in the main kernel
phase, while lower concentrations of them were found in the densified
buffer (Fig. 3.59). No migration of these fission products into the
iLTI coating was detected. Since no metallic inclusions were present
in the kernel phases, we expected the molybdenum and ruthenium to be
evenly distributed in the kermnel.

Palladium had migrated out of the kernel and had accumulated at the
SiC coating on the cold side of the particle (Fig. 3.60). These accumula-
tions were identified in the metallographic examination described earlier.
The rare earth fission products Nd, Ce, La, Pr were also associated

with the palladium accumulations.

3.6.2 Fissile particle batch A-611

The fissile particle examined from batch A-611 is shown in Fig. 3.61.
It was irradiated in fuel rod C~1-3 and its appearance was typical of

particles from that batch.
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Particle from Batch A-601. Orientation jidentical to
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La
Cs 300 pm Xe L&

Mo Lo Ru L

Fig. 3.59. Particle from Batch A-601. Orientation identical to that
of Fig. 3.56. X-ray displays of (a) Cs Lo, (b) Xe La, (c) Mo Lo, and
(d) Ru La.
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250 um

BSE Image

——100pm ————

Pd L Nd Lo

Fig. 3.60. Particle from Batch A-bUl. (a) Pd x-ray display is
in same orientation as in Fig. 3.56. (b) Backscattered electron image
of cold side of particle. (c) Pd x-ray display of cold side of particle.

(d) Nd Lo x-ray display — representative of other rare earths — of cold
side of particle.
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R74548

Fig. 3.61. Batch A-611 Fissile Particle Examined with Electron
Microprobe.

The particle was irradiated in fuel rod C-2-1 and was
3000 um from the outer surface of the rod.

right of the micrographs. 150x.

Rod's surface is to the
light.

(a) Bright field. (b) Polarized
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The backscattered electron image as well as the distributions of
uranium and chlorine are presented in Fig. 3.62. The uranium was heavily
concentrated in the kernel phases dispersed throughout the densified
buffer. Small concentrations were observed in the densified buffer itself.
Although chlorine was also associated with the kernel phases, none was
observed outside the densified kernel and buffer. The observations
agree with previous results.!!

The rare earth fission product distributions — Nd, Ce, La, Pr — are
presented in Fig. 3.63. They were preferentially located in the kernel
phase, but relatively high concentrations were observed in the densified
buffer and along the inner surface of the iLTI coating. These results

resemble previous studies?t!

of partially converted WAR particles.

We observed no migration of the rare earth fission products to the SiC
coating. In particles with such a high initial oxygen content — the
ratio of oxygen to uranium being 1.75 — most of the rare earths were
expected to remain in the kernel.

The fission product distributions for zirconium, strontium, and
barium are shown in Fig. 3.64. Like the particle from batch A-601 just
discussed, the zirconium also was observed in the kernel phase, in
the densified buffer, along the entire inner surface of the iLTI coating,
and in the iLTI coating in low concentrations. The strontium was also
in the kernel phase and densified buffer, but it appeared preferentially
deposited along the inner surface of the iLTI coating on the cold side
of the particle. Again strontium was evident in the SiC coating. Barium
was present in the kernel phase, densified buffer, and in the iLTI
coating in low concentrations.

The volatile fission product, cesium, had migrated from the kernel
into the surrounding densified buffer and iLTI coating (Fig. 3.65). No
Xenon x-ray display could be made because the xenon count rate was too
low to make a discernible image. Thus, we assume that much of the xenon
was originally present in the void volume.

The fission products molybdenum and ruthenium were preferentially
located in the densified buffer (Fig. 3.65). At the surfaces of the
kernel phase, noble metal inclusions were identified. Evidently the

molybdenum and ruthenium precipitate out of solution in the kernel
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OPTICAL 300 um G

U M3 Cl La

Fig. 3.62. Particle from Batch A-611. Cold side of particle is
at lower right corner of figures. (a) Optical. Bright field. (b) Back-
scattered electron image. (c) U MB x-ray display. (d) Cl La x-ray
display.
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Ce L

300 pm

la Loy Pr Lo

Fig. 3.63. Particle from Batch A-611. Orientation is identical to
that of Fig. 3.62. X-ray displays of (a) Nd La, (b) Ce La, (c) La La,
and (d) Pr Lu.
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Fig. 3.64. Particle from Batch A-611. Orientation identical to that of Fig. 3.62.
line — displays of (a) zirconium, (b) strontium, and (c) barium.
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Fig. 3.65. Particle from Batch A-611. Orientation identical to that of Fig. 3.62.

line — displays of (a) cesium,

(b) molybdenum, and (c) ruthenium.
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(presumably an oxide) and migrate out. These results resemble those
of previous studies.

Palladium again had migrated out of the kernel and accumulated at
the SiC coating on the cold side of the particle near the kernel's point
of attachment to the iLTI coating (Fig. 3.66). However, unlike particle
batch A-601, in this case the rare earth fission products were not
associated with the palladium accumulations.

Electron microprobe analysis showed that the behavior of figsion
products from partially converted WAR particles depends on the initial
oxygen content of the kernel. The results on the fissile WAR particles
coated in the 0.13-m-diam coater resemble these on partially converted
WAR particles coated in 0.025-m-diam and 0.063-m-diam coaters.!! There-
fore, many previous results on fission product behavior in WAR particles

apply to particles coated in the 0.13-m-diam coater.

R75462

p————— 250 pm ——

BSE Image

— 100 ym ————f

Pd Lo

N4 Lo

Pd La
Fig. 3.66. Particle from Batch A-611. (a) Pd La x-ray display in
same orientation as in Fig. 3.63. (b) Backscattered electron image of

cold side of particle. (c) Pd La x-ray display of cold side of particle.
(d) Nd La x-ray display — representative of those of other rare earths —
on cold side of particle.
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4. CONCLUSIONS

The OF-2 capsule tested various HTGR fuel types under a wide range
of irradiation conditions. These included Triso-coated fissile particles
and Biso-coated fertile particles.

Triso~coated WAR particles coated in the 0.13-m-diam coater with
a fritted gas distributor showed good irradiation performance. However,
in similar particles coated by a cone gas distributor, the oLTI coatings
had high failure fractions. The failures were attributed to the aniso-
tropy of the pyrocarbon layer, a characteristic of the coatings made by
the cone gas distributor. The fissile particles chosen for the Fort St.
Vrain Early Validation Tests?3 were coated by the fritted gas distributor
in the 0.13-m-diam coater. We believe they will perform well under actual
HTGR irradiation conditions.

During the metallographic examination, we could not confidently
distinguish between coating failures caused by matrix-particle interaction
and those by fast-neutron damage. Most coating failures occurred in the
oLTI coating on the Triso-coated particles. (Only one coating failure
was observed among the Biso-coated particles.) The most important
property of the oLTI coating was its anisotropy. Those fuel particles
with an oLTI Bacon Anisotropy Factor of less than 1.069 appear to have
performed best. Also important were the pitch-coke yields of the matrices
and the amount of open porosity of the pyrocarbon. Matrices with pitch-coke
yvields above 30% had significantly more oLTI-coating failures than did
matrices with yields below 30%.

The Biso-coated ThO, particles were coated under various conditions
of gas concentration, deposition rate, deposition temperature, and batch
size (see Table 1.2). From the limited results obtained during metallo-
graphy, the irradiation behavior of all the particles except one appeared
excellent. That exception had the lowest rupture load (22.42 N, 5.40 1b),
but none of the coating conditions distinguish it from particles from
the other batches. Because the particle coatings may have been permeable
during irradiation, further tests of the irradiation performance are

being pursued.?!3
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The Triso-coated WAR particles with stoichiometries ranging from 0
to 100% converted performed as expected. The high-oxygen~content par-
ticles (0% converted) showed amoeba of the kernel up the temperature
gradient. In the low-oxygen-content particles (100%Z converted) tested
previously,18 high~yield rare earth fission products accumulated at the
SiC coating on the cold side of the particle. However, this accumula-
tion was not observed in the particles in O0F-2. This difference resulted
from irradiation temperatures lower than 1150°C. (1423 K) facing these
particles. We expect that 100%Z-converted particles from Magazine B will
show rare earth migration down the temperature gradient. Magazine B had
a higher average temperature [1350°C (1623 K)] than did Magazine A.

The partially (15%-75%) converted WAR particles showed good irradia-
tion performance. No amoeba migration was observed. However, some rare
earth fission product migration to the SiC coating was observed in
particles from Magazine C, which had relatively high temperatures (a
maximum of 1350°C, 1623 K). The partially converted WAR particles from
Magazine A showed no evidence of rare earth migration (maximum tempera-
ture of 1150°C, 1423 K).

The fuel rods were easily removed from their respective magazines.
This included fuel rods carbonized in~block and out-of-block. In pre-
vious tests the fuel rods had been difficult to remove after in-block
carbonization. However, the pitch-coke yields of the rods carbonized in-
block in OF-2 were very much lower (v25 versus ~40%), so very little
bonding between the rods and the graphite occurred.

The findings from the postirradiation examination we described in
this report are typical of the previous capsule tests. Most of the
objectives of the OF-2 capsule test were achieved. However, this capsule
test indicates that more analyses are needed to determine particle
performance so as to qualify a fuel for licensing. Conventional methods
do not provide sufficient information. For example, virtually all the
Biso-coated ThO, particles appeared to be in good condition after irradia-
tion. These particles were used to demonstrate the irradiation behavior
of various coating microstructures arising from a variation of the

coating process conditions. However, other tests? 2223 have shown that
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intact Biso~coated ThO, particles may have permeable pyrocarbon coatings,
which can leak fission gases. Such particles, therefore, are actually
failed. Additional PIE, in the form of IMGA analysis and internal gas
pressure measurements, will be performed oun these Biso-coated ThOj
particles and reported later.'? In addition, many observations are
required to ascertain whether the performance of fuel particles is
adequate. Metallographic examinations do not provide a statistically
definitive number of observations to do this. Therefore, additional use
of the IMGA system to statistically determine fuel particle performance
at high confidence levels will be done.!3 When the TMGA analysis is
completed, all the objectives of the OF-2 capsule irradiation test will

have been met.
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APPENDIX

GAMMA SPECTRA OF INDIVIDUAL FUEL RODS FROM OF-2
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