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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 ccating on the Triso-coated particles
tn fail. Such failure dependad 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. INTRCDUCTION

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 irradiatiomn (30 MW).

The 0F-2 irradiation experiment was the second in a series of HIGR
fuel irradiations in the ORR.!»2 Fuel was irradiated to approximately
80Z of HIGR burnup and fast-neutron exposure (E > 0.18 HeV).+ Details
of the capsule design, instrumentation (both thermometry and dosimetry),
and fuel typee have been reported previously.l»3»* For completeress,
this report presents a summary of the test objectives and capsule design.

The objectives of this experiment are:

*
Engineering Technology Division.

+'I'he capsule was removed from the reactor about three months ahead
of schedule because the ORR was shut down for an extended period.
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1. to test the performance of reference Triso-coated weak-acld-c>sin
figsile particles and reference Biso-coated fercile particiec-,
toth fuels coated in the 0.13-w—diam furnace;

2. to study the mairix-particle interaction phenomenusn and <hw #ifects
of particle strength, matrix tvpe, and particle surface cuedizions
on irradiation performance;

3. to investigate rhe irradiation behavior of coating microsty.:ctures
created by a variation in one of the ccating process condivions —
gas concentsation, deposition r1ate, deposition terper?:ure, or
batch size;

4. to investigate the influence of stoichiometry and kern.! nersity
on the irradiation performance of weak-acid-resin-deriva’ fuels;

5. to veriiy the adequacy of the performance of fissiie irw:2) *o be
irradiated later in early procf-test elements in the ¥e:t St. Vrain
Reactor;

6. to compare the performance of coarings devosited in the .13-m
coater by fritted and cone gas distribution systems. (Th= fritted
system is the reference for the HTGR Recycle Demonstrati-»n Facilit};
and

7. to test the feasibility >f removing fuel rods {rom 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 2rC particles and two fuel rods (to be described
later). Detailed descriptions of their fabrication and analvsis are

reported el sewhere.?

1.1 Description of the OF-Z Capsule and Fuel Specimer Holders

The OF-2 irradiation capsule was similar in design to the JOF-1
capsule,2 being a dcuble-walled water-cooled stainlesns stzel vesgsel.
The total active test space was a cylinder 0.610 m iony with 3 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 .cntainment tube

85.73 mm (2.375 in.) below the horizontal midplane c¢. th# 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 nbjectives i, 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 aild 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 hoider, 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 twc 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, ani centerline graphite temperatures. Flux monitors
were alsc built into each specimen holder and central graphiie 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~dian (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 Carbcn Company (GLCC),
New York.
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Fig. l1l.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. Each 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 wers incorporated to momnitor axial, peripheral,
and centerline graphite temperatures. Flux monitors were placed in the

central graphice spline only.

1.2 Description of OF-2 Fuel Specimens: Coated Particles

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

sol-ge. (4Th,U)0; particles; and one batch of General Atomic Company's
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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. Each fissile particle batch is 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. Fahricated for the
lower experimental compartment, cell 1, particle types 13, 14, and 15
were coated in the ‘arge-diameter coating furnace. 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 isotrcpic
(iLTI) coating had been deposited.

Sixteen batches of Biso-coated fertile particles were selected for
OF-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 arnealed at 1800°C for 10 min in a fluidized bed, but the

remaining types were not annealed.

1.3 Fuel Pods

For each fuel rod specimen fabricated, one batch each of fissile
and fertile particles was selected from its proper test set and combined
with a particular matrix type. The matrix 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 particlas.
Al]l specimens were fabricated by the siug-injection technique.2 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 Z Asbury 6353 graphite in Ashland Oil 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 Teat Set for OF-2

i

Nominal Carbonization Coater

‘E;lllhl Rates

Type Batch COI:;::::IOI\ Conversion . Rate Diameter Annedl Mean Q‘P\.‘mw",'.'. »m e 5 Mean D‘"““"’" m.}m“" - : ‘

%) (*C/min) (mm) Type Keinel Buff LTI SiIC olTl Kemnel Buffer il.TI $iC ol Il 8iC 1T
1 OR23I2H WAR UCs 430, .98 0 2 64 Cone Yes 3701 9. 323 329 322 323 124 1949 X199 2028 030 498
2 OR2329H°  WARUCg 4,0, 47 n 2 &4 Cone Yes 3719 23u 406 M.B o8 122 087 1949 3 98 2023 029 497
30 OR2BHY  WARUC, 4405 .04 0 m 64  Cone Yer 3713 693 420 07 44e  de6 112 1948 3193 1994 047 828
4 ORH  WARUCs $40) v 1S 2 64  Cone Yes 3797 49.8 387 123 394 a2 a4 1940 3207 1971 022 ene
$  OR2W-H WAR UCs 130 54 28 b 64  Cone Yes 1740 438 Jes 33 e 17 130l 1950 3208 te9s 022 10
6 OR2NIHY  WARUC, 410047 s 2 a4 Cone Yes 3630 $93 378 302 420 31l N 1948 3202 1997 016 494
7 OR-2207-HE/  WAR UCq 1400 53 73 2 54 Cone Yes 3664 627 39 3.1 427 3w L3 year 3099 2009 017 S0
8  OR2208HY  WARUC, 0004 1o 2 64  Cone Yer 668 $92 M4 279 4uu 2ottt 1547 3199 1997 04S 4
9 OR22-HT WARUC; 4,00 s ) 6 64  Cone Yer MS3 46 e 24 492 Saw ol 20 LIRS [982 012 428
I OR219-HY WARUC) ¢uNn g3 NA™ 2 64 Cone Vv JeS.d 663 4du 319 a43s 302 109l 1947 3492 1977 war s
1l OR2I21LH®  Solgel TngaUp ;07  NA NA 64 Cone Yesr 360 KLY 372 M4 4LL 99 108 19X 3206 199) 022 6N
12 ol5t-o0-038' VSM UC, NA NA NA! NA! 196.0 99 33 32 s 1099 1.7 1.92 320 188 ND' " ND!
13 A0 WAR UCy 130043 73 2 127 Fnt No 3542 sa.s 3sa® o0 e 3o 1Y 11k 3aue 1745 ND O 4k
14 A6l WAR UCs 430, 7 18 2 127 Fmt No o4 476 J6k 303 3885 310 LisY  183% 3204 1.696% 0438 sS4
1S Ab1S WAR UCq 1200 47 73 2 127 Cone No 1841 $1b 3u9? 295 A2a vom 13300 st ya200 191X ND O A0w

“Ketnel diameter, buiter, wniter LTY, $iC, and outer LT] thicknesses,
Mercury gradient volumn meawtement, uncotrected,
“Thin buffer.
Irtadiated \n HRB-9 and -10.
‘Simila batch uradiated in HRB-7, -8, -9, -10, and MET VII.
Ieradiated in Dragon ML T VII.
Sirradiated in HRB-7 and 8.
Buffer thickness corrected for wranium entering it dunng subsequant coating
‘Coatad at General Atomic Company.
/Density after depositing KTI.
Corrected gyadient density.
op density.
"NA. Not applicable.
"ND: Not determinad.
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Table 1.2. Fertile Particle Test Set for OF-2

— -

Coating parameters LTl depoaition

Type Batch _Lomeer . " Dimensions,® um pensity, b 2/cm? . ,
Type 31:::;.: Gas t:;z;zu “\t:;“‘ %?E;: (u:7::n) Kernel  Buffer LTI Launrrected  Corrected Annes
A OR-2266-HT¢ Cone 84 HAPPI 100 1275 4.1 506 94,8 91.) 2,02 You
] OR-2263-4T  Ccne 64 MAPP 100 1328 15.7 508 9.t 94,2 1.95 Yeou
c UR-2262-HT®  Cone 64 MAPP 50 50 Ar 1275 6.5 507 98.0 85,1 2.01 Yes
] OR-2261-HT  Cone 64 MAPP 50 50 Ar 132% 1.4 506 95.8 8.9 1.49 Yes
E OR-Zlbk-th Cone 64 MAI'P 25 75 Ar 1275 4.2 507 96.5 81,4 1.99 Yes
F DOR=-2263-HT Cone &4 MAPP 25 75 Ar 132% 3.6 508 92.8 90,5 1.84 Yes
G J-488"> 7 Prie 127 C\H, S0 SO He 1375 7.4 497.9 82.7 80,7 1.98 1.87 Yos
W J-489" Frit 127 Cyl, 50 50 e 1375 3.8 499,0 81.4 7.7 .90 1.78 Yos
L =490 Fric 127 Cihg 100 1375 6.2 495,9 8.2 4.7 1.99 1.86 Yas
J J-a9* Prit 127 CN, 100 1375 9.3 497, 19.5 1,8 2.00 1.86 Yeu
K 12627 Cone 27 Gyl 100 1350 8.4 497 8.0  B6,1 2,01 Yau
L IR-1849-HT Cone 25 CH,, 78 25 Ho L1400/ 21.% 508 79.4 74,7 L.94 Yon
n J-aa® Frit 127, 50 50 He 13175 7.4 497.9 82.7 80,7 1.94 1.84 No
N 1-36) Fric 127 ¢, 100 1% 6.2 49%.9 80.2 4.7 1.96 1.43 No
] 1-482 Fric 127 C i, 50 90 He 1379 5.8 499.0 81.4 7.7 1.84 1.78 No
P 1378 8.3 497.1 79.5 77.5 1.9% 1.81 No

J a2 rrie 127 C M, 100

:Ncan dimensions oY kernel Jiametor, butfer, and LTI thicknesn,

&ﬂ-tcuty kfadient column measurement.

Irradisted tn HT-)0.

‘MAPP gas 1w marketed by AIRCO, inc,, snd conslsts primarily of methylavetylene and propadiene with albanes aw stabilizers.
“Hateh J-488 tugture load was 26,31 0 (5,92 Ih), strong parcticle in mitrix interaction experimant.

flrrddla(ed in HRB-? and -8, UF-1),

franpvra:ure measured at different point {n furance; actual bed temperat ire approximat: 'y 1325°C,

“Hateh o8l rupture load was 22,40 N (5. 04 1h), weak particle Lo matrix interaction experiment.
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Table 1.3. Matrix Test Set for OF-2

Pitch Filler Average
—_— coke
Type Wt 2 Type Additive We 2 Type yield Carbonjization
(%) technigue
a 71 A-240 None 29 Asbury 6353 18.3 Al,0,
-] 11 A-240 Kone 29 Asbury 6353 31.3 In-tube
c GA Proprietary 25.7-30.0% In-block or tn—tubeb
d 71.5 A-240 None 28.5 Asbury 6353 15.6 Graphite flour

%rhe first number is the mean of rods carbonized ir Magazine C and the second number is the average
for the rods in Magazines A and B. ’

bFul rods in Magazines A and 2 wvere carbonized %—tuhe. while fuel rods in Magazine C were
catbonized In-block. /
I3

graphite fiour 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 matrix types a, b, and c¢. Matrix
types a and b were the same types as in the 12.70-mm-long (0.500-in.)
specimens; matrix type ¢ 1s GAfé nroprietary matrix. 3pecimens were
injected a:t 180°C (453 K) and 5.5 Mra (800 psi), except for thosa con-
taining unannealed fertile bq&ches M and N, which were injected at

4.1 MPa (600 psi). Eight fqél rods with matrix type a were carbonized

in a bed of Al,05 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 c
vere carbonized in a graphite tube at a heating rate of 11.5 K/min,
producing a coke yield of 29.8%7. All specimens were subjected to a

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

of the iuel rods in ppecimen 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 235y and 232Th contained
in each rod.

For the lower experimental compartment 16 fuel rod specimens were
fabricated. Each specimen 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 Trison-coated
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Table 1.5. Fuel Rods for OF-2 Irradiation Capsule, Holder B

Particle types Pitch-coke Loading, g
Specimen Matrix vield
location® Fissile Fertile type () 235y 2321
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 c 30.62 0.0690 1.2060
-4 14 M a 20.08 0.0690 1.260
-5 14 G b 37.06 0.0690 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 i4 G c 29.79 0.0690 1.260
12.7-mm-1long (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 A G d 12.0 0.0345 0.630
-9 3 H d 16.4 0.0345 0.630
-10 8 1 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 Q.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

%Hole number followed by pesition from top.
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particles was kept coanstant for each loading. Each specimen contained
20 vol X 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). Piacement 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%Z.
All fuel rods were subjected to a final heat treatmert at 1800°C

(2072 X) in argon for 30 min. Table 1.6 describes the fissile ard
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 Irradiation Capsule, Holder Ca’b

Particle types Loading, g

Srecimen

Location® Fissile Fertile 235g 2321,
1-1 13 N 0.1338 2.780
-2 13 1 0.1338 2.780
-3 4 G 0.1590 3.460
-4 13 0 C.3640 7.900
2-1 15 0 0.1338 2.780
-2 13 G 0.1333 2.780
-3 15 H 0.1590 3.460
-4 13 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 1 0.1590 3.460
-4 13 N 0.3640 7.900

A1l specimens were 50.8 mm (2.00 in.) long, fabricated with
type ¢ matrix.

Since test specimens were not removed irom 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 = 25.7Z; high » 29.5Z; low = 23.6%; number of samples = 16,
standard deviation = 1.56; 952 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 in the E-7 position of the ORR core
on June 21, 1975, and terminated irradiation on Aug. 1, 1976 following
8440 hr at reactor full power (30 MW).

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

The result was an increase of approximately 202 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 bottom of Magazine C, where

the maximum temperature was 1350°C (1623 K). Details of these results
are presented in rer. 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 measurements can be used for qualirative 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
conscant (e.g., 35Kr was in the range of 2-3 x 1075) until approximately
4000 hours. At that time the R/B began to increase and rose to where
the 85™Kr was in the range 1 x 10~%. Cell 1 contained only three types
of fissile particles and eight types of fertile particles. %Il 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 irradiation.
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We note that at the beginning cf irradiation the R/B measurements
in Cell 2 were higher than in Cell 1: 85MKr was 1 x 10™%. During the
metallographic examinaticn the fuel was in generally good condition.
However, faulty fabrication caused some fertile particles to fail.
These fabrication failures may have produced the high initfal 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
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Fig. 2.2, Preliminary Estimates of Neutron Fluence and Fuel Burnup
in Specimen Holder A 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 magzzines were
retrieved in excellent condition. In addition the fibrous carbon
insulators used at the ends of the magazines were removed.

The primary and secordary containments were slit open to expose their
inner surfaces. As shown in Fig. 3.1, the secondary ccatainment 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. Inner (Bottom) and Outer (Top) Containments. Note
the sooty appearance of the inner containment as compared with the outer

containment.

All three magazires were opened easily and the spines and fuel
rods removed easily. This included the fuel rods carbonized in-block and
contained in Magazine C. In previous tests,z’5 rods carbonized in-block
had been very difficult to remove. We assumed that a bond had been

established between the rods and the graphite io make removal difficult.
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However, in those earlier tests tiie pitch-coke yield was always more
than 40Z, whereas Mzgazine C ha? a pitch-coke yield of 25.7Z. This
difference may have resulted in a weaker bond between the fuel rods and
the graphite in Magazine C thar 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
vere 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 neuiron reaction rates expected at this axial
position of the ORR core. This problem is discussed ia detail in ref. 3.
The gamma scans showed that the loadings were too high, as the burnup
profiles were much higher than those of neighbo~ing fuel rods.

Additional gross gamma scans (0.55-0.75 McV) were made of the fuel
rod stacks after their removal from the graphite ma.azines (Figs. 3.2-3.4).
These scans resembled those made of the mazazines betore the fue. rods
were removad. Inhomogeneity in the fissile and fertile fuel particles
is shown by the change in gamma activity along the length of ~he fuel
rods. Cf particular interest were the scons 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 inhomu -:neity causes the
temperature profile to differ by *2 K from the humogeneous situation.’

In conjunction with the gross gammaz 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 alwavs taken from the
middle portion of the fuel rod to minimjize any edge effects. The
profiies of the following isotupes were determined along each fuel stack:
95zr, 193py, 125y 13%¢cg, 137cg, l4lce. 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: llomAg, 13kcs,
137¢cg, 14%4ce. 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 iIncrease 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, lubce
was observed at the bottom of each magazine and nowhere else. We have
found no plausible explanation 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.
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Tues rods indicated that in ten rods, rreom Lot 12 failed particles

were Viaibieo  The remaining 2o rods indicated no visibic failures on
Ui Tiied rowd sriiee.

Maarnine B, Fuel rods from holes 1 and 2 were in good condition, with
niv osiight debonding at their edges.  Fuel rods trom holes 3 and 4 were
in much worse condition.  Eight tuel rods had complcetely debonded and
Gad ae apparent structure.  These rods were jocated in positions B-3-1,
-2, =t, -7, -8, B-4-1, -2, and -1l. Because the matrix used to rabricate
the rods from noles 3 and § was characterized by low coke vields
(12-17.47), the resulting fuel rods were weak. Thus, we can conclude
tiat zenerally, during irradiation, the integrity ot fuel rods with

coke vields lower than 187 is poor. Theretfore, the use of such rods
should be discouraged. The cight 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 Tuel rods.

Magazine €. The fuel rods from this magazine were in good cordition

with only moderate debonding of a few rods. Visual examination at high
magnification cevealed manv 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 also had many L1

failures on their surfaces.



Fig. 3.8. Surface of Fucel Rod €C-2-1 Showing Numerous olTI Failures.
The arrow points fo one of many outer pyvrocarboen coating failures.

3.4 Dimensional Analysis

We inspected each fuel rod by measuring its diameter at the top,
midlength, and bottom at 0 and 90° with a dial gage comparator and
V-block assembly. A maximum lenpth was also determined. The results
are given in Table 3.1. The diametral shrinkage as a tunction of tast-
nautron fluence (F > 0.18 MeV) is shown in Fig. 3.9. The fuel rods rrom
Magazines A and B exhibited shrinkage up to a fast tluence of
7 x 10°° n/m? (E > 0.18 MeV), at which point a minimum was rcached and
the rols began to swell. The rods carbonized in Robinson graphite
shrank more than did those rods carbonized in-tube or in packed Al 0.,
As shown iiu Table 1.3, thesc rods had the lowest average coke vicld.

Because the roads in Magazine € were carbonized in-bloelr, their

diametral cuaanges were calculated trom the preirradiation divnensions of



Table 3.1, OF-2 Fuel Rod Dimensional Change

Diameter Length Estimated Diameter Length Estimaved
s after Change after Change average after Change after Change average
pecinen irradiation (%) irradiation (x) fast fluenced SPecimen irradiation ) irradiation ) tast fluence”
(1in.) (in.) (n/ca?) (in.) (in.) (n/ca?)
OP-2A-1-1 0.6061 -2.32 0.9715 -2.8% 2.09 x 102! OF-2B-1-1 0.6001 ~3.46 0.9517 -3.60 6.51 x 10%¢
-2 0.6051 -2.53 0.9655 -2.87 2.69 -2 0.5986 «3,.61 0,9528 -3,6b 6.99
-3 0.6018 -2.94 0.9630 =3.46 3.38 -3 0.5991 -3,84 0.959) ~4.,20 7,44
-4 0.6026 -3.09 0.9708 -3.68 4,08 -4 0.596¢ -1,.84 0.9621 -4.10 7.85
-3 0.6031 -3,08 0.9692 -3.0/ 4.72 -5 0.6011 =3,47 0.955% -4.,07 8,11
-6 0.6025 -3.17 0.9530 -3.89 $.40 -6 0.6009 ~3.56 0.9499 -3,69 8,31
OF-2A-2-1 0.606) -2.38 0.9668 -2.48 2.09 OP-2B-2-1 0.5982 ~3.58 0,9697 -2.6% 6,51
-2 0.6040 -2.85 0.9630 -3.14 2.69 -2 0.5996 -3,51 0.9%83 ~-3.58 6.99
-3 0.6017 -3.08 0.9520 -3.66 3.38 -3 0.5977 -3, N1 0.9540 -3.98 7,44
-4 0.6038 -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 -3.3% 4,272 -5 0.5971 ~3.71 0.965) -3.9% 8.11
-6 0.8000 -3.26 0.9681 -3.38 $.40 -6 0.6006 -3,3% 0.9693 -3.9% 8.3
or-=2Aa-3-1 0.6034 -2.63 0.4874 -2, 44 1.94 OF-2B-3~1 Debonded 6,38
-2 0.6036 -2.71 0.4842 -2.08 2.25% -2 0.5837 ~5.9% 0.4%09% -5.92 b, b4
-3 0.359A4 -3.55% 0.4792 -3.25% 2.55 -3 0.5936 ~4.32 0.4612 -7.87 6.86
-4 0.6011 -3.14 0.4869 -2.42 2.83 -4 0.5765 ~1.03 0,469 -5.34 .1
-5 0.5994 -3.35% 0.4361 -3.01 3.19 -5 0.5872 ~5.78 0.4721 =-4,.86 7.31
~6 0.6000 -3.38 0.4747 -3.02 3.57 -6 Debonded 7.%6
-7 0.5995 -3.35% 0.4760 -3.72 3.92 -7 Debonded 7.73
-8 0.5986 -3.5: 0.4866 -1.76 4.24 -8 Dabonded 1.91
-9 0.5980 -3.64 0.4841 ~-3.51 4.56 -9 0.5939 ~4,16 0.4787 -4.72 8.01
-10 0.5968 -3.83 0.4764 -3.8% -.88 -10 0.5937 ~4,26 0.4702 -4,61 8.20
-11 0.5966 -3.76 0.4770 -3.5 5.23 ~11 0.5934 ~4,31 0.4799 -4.82 8,26
-12 0.93%07 -3.80 0.4802 -3.13 5.58 -12 0.5946 ~4.,07 0.473%0 ~-h,06 8.36
OFP-2A-4~1 0.6074 -2.16 0.4843 -2.00 1.9 OF-2h-4-1 Debonded 6.8
-2 0. 6062 -2.29 0.4862 -2.0% 2,25 -2 Debonded 6,64
-3 0.6069 -2.14 0.4743 -2.13 2.5% -3 0.5943 ~-4,19 0,4654 -4,49 6.86
-4 0.6027 -2.82 0.4745 -3.56 2.8 -4 0.5930 ~4. 45 0.484Y -4.17 7.11
-3 0.6046 -2.58 0.4832 -2.56 3.19 -$ 0,5946 4,16 0,4082 -4,91 7.1
-6 0.95992 -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 -2.38 3.92 -7 0.5913 ~4,61 0.4699 -5.19 7.7%
-8 0.6010 -3.14 0.4872 -2.8% 4,24 -8 0.5910 «4, 74 0.4716 -5.2 7.91
-9 0.6001 -3.33 0.4833 -2.82 .56 -9 0,5923 ~4 .48 0.476% -4 .64 8.01
-10 0.5960 -3.86 0.4759 -4.09 +.88 -10 0.5936 ~4,29 0.4730 6,36 8.20
=11 0.6009 -4.01 0.4756 -3.16 5.2 ~11 0.5924 ~4.,42 0.488) -2.30 8,26
-12 0.5914 -4.40 0.4896 -3.20 5.58 =12 Dabonded 8,36
or-2c-1-12 0.6103 -1.69 1.9641 -4.32 8.91
-2 0.6094 -2.12 1.9741 -2.0% 8.50
-3 0.6086 -2.23 1.9411 -2.3? 7.62
-4 0.6053 -2.61 1.9128 -2.13 $.86

N
o
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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 many more Triso-coated
particles (in the form of inerts and fissiles) than did rods irradiated in
the other twc 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.8'9

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 1025 n/m? (E > 0.18 MeV), at which point a minimum was reached
and the graphite began to swell. These magazines experienced similar
temperatures. On the other hand, Magazine A, which operated at a much
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 fajilures 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 oLTI coatings
on the Triso particles but with none of the Biso coatings of fertile or
inert particles. No 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-neutrcn 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.

Ry
an CANNS o D van

POl
e e B L e N s s
uoor gl noos

Fig. 3.12. Failure of the oLTI Coatirg 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 “rom 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 on 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
OoLTI coatings for the fissile particles examined, and Fig. 3..3 shows the

relationship between oLTI coating failure and pitch-coke yields.

Table 2.2. Failure Fraction of oLTI voatings on
Triso-Coated Particles in OF-2

Pitch- ol.TX
coke Fissile failure
Fuel Matrix 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 c 30.9 A-601 6
A-2-3 b 37.6 A-601 19
B-1-2 2 17.9 A-601 0
8-1-3 c 0.6 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 f 25.77 A-6017 0-7%-
C-3-4 f 25.7° A-611 33

Il etter indicates magazine; first number indicates
hole, second number indicates rod. I}

bMatrix types are as follows:

Carbonization

Type Pitch Additive Filler ' technique
a A-240 none Asbury 6353  Packed Al.0.
b A-240 none Asbury 6'53  In-tube
c GA proprietary In-tube
d GA proprietary In-block

cDetermined metallographically.
dEscimated.
eFuel rod also contaim ! Triso-coated fnert particles.

fkll oLTLI failures attributable to Triso-coated inert
particles.
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Failure fractiens of the oLTI coatings in batches A-601 and -611
ranged from 0 to 337%. The only trend observed was that the rods with
higher pitch-coke vields (typically matrix type b) had higher oLTI
failure fractions. In addition the oLTI coating of these two particle
bat-hes 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 ar: metallogro:-hic section. The Biso-coated particles
apnarently were able to shrink with the matrix during irradiatior, so
strong interactions were minimized. On the other hand, the SiC coating
prevented the Triso-coated particles from shrinking with the matrix, so
strong interzactions 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 amisotropy. All oLTIs (100%Z) 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. Failure of the oLTI at high pitch-coke yields occurred, even
at such relatively low fast-nautron exposures as less than 5 » 10235 n/m3.
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. In-block carbonization resulted in consistently higher oLTI
coating tailures.

Other than the oLTI coating faillures of the fissile particles from
the three batches in Magazine C, the fuel apparently peiformed very
well. No broken SiC coatings and only slight fission product attack
(€ 3 um) 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.
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Fissile Particle Batch A-601: Approximately 75%-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 kermel phases
were dispersed in the densified buffer with no visible metallic 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 expeti.ments,10 the densified
buffer was optically isotropic. Localized fission product accumulations,
rare earths and palladium, were observed at the SiC coating (Fig. 3.16).
These fission preducts primarily accumulated in the areas adacent tc
where the WAR kernels had shrunken and adhered to the iLTlI coating.

This indicates that rare earth or palladium migration most probably

follows a solid diffusion mechanism.

Fissile Particle Batch A-611: Approximately 15%-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 kernei 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 irradiated UO;, in which fission gas bubbles and inclu-
sions are visible. Metallic fission product inclusions observed in the
kernel phase indicate nonsolubility of tiiose fission products in high
oxygen content kernels. These results are similar to previous siudies.!!
Very slignt 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 oucer
surface of the rod (the "cold" side of the particle) is on the right
in the figure.
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le Batch A-601. 150x. Rod surfacz is on right
-3, on outer surface of rod., Bright ffeld.
rod A-1-2, near rod center. Bright field. Note



Loy
L

Fig. 3.10.
Intertace.  Vrom (issile particle batch A-601 irradiated in fuel rod
B-1-2. a) Bright ricld. () Polarized Tight.

Fission Product Mecumulations at SiC-ilTI Coating



BOEONS 00 o e

e Tt |

Lres

Coating
in fuel raé



BLANK PAGE




R73122

Fig. 3.17. Representative Particles from Fissil
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f<u  rod A-l-6, near rod center. Bright field.



F ol
b=

Fisr. 3,017, Repreaepratio .

ssraphs, 130, (oY Jreai:,
radiated an fuel rod o< oy e



'R K

™t
,
»

T

i

ssile Batern 4-615.
Bright fi.'d.  (b) Same.
ame,

Poliirized Tight.

Rod surface

is art rigsht
Polarized Tirht

of m.:.ro-
(¢ 7r-




BLANK PAGE




42

buffer surrvanding the dispersed kernel was optically anisotropic. For
the same reison as in batch A-601, no metallic fission products were
ohserved in the Kernel. Small localized fission products arcumulated

t the Si¢° cvating. These accumulations resembled those in Fig. 3.16
and had the same relationship to the densified kernel as in A-601 and
A-6l1. Such rission product accumulations had caused the iLTI coating

te graphitize and were themselves optically active under polarized light.
Many times 2 gap between the SiC and iLTI coatings had formed where the

fission products had accumulated.

3.5.2 Fissijv particles made in laboratory coater

Metallography was also performed on selected fuel rods from Magazine
A, which ventained tissile particles made in the laboratory coater.
Metallogranis of the fuel rods from Magazine B will be performed only
alter tiev are examined by the Irradiated Microsphere Gamma Analyzer
(IMGA) svstem. - Results of the metallography will be coupled with the
gimma gnalviis s0 as to better determine fuel performance.13 The
fissile particles examined included WAR particles at various conversion
levels, soi-zel (4Th,U)O» particles, and VSM UC, particles.

Metallography was performed on fuel rods A-4-2 and A-4-10, which
hoth contrined fissile particles WAR UCc 43 0y 95 at a nominal conversion
of 07. “he two metallographic cross sections display 21 particles in
all. Amoeba was observed in 16 and 227 of the particles in A-4-2 and
A-4-10, respectively. The maximum migration observed was 10 um.

Reprosentative particles are shown in Fig. 3.19. The kernels and buffers

hid densiricd to create a void volume between the kernel and the iLTI
Cvating. This effect is typical of WAR kernels at all conversion levels.!!
The kernel often was dispersed in the densified buffer and in excess kernel

carbon {.s in Fig. 3.19(a)], instead of agglomerating [as in Fig. 3.19(c)].
As in irradiated U0», the kernels were characterized by fission gas
bubbles, ceramic inclusinns, 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

siafliciently high to transport carbon out of the kernel and buffer, the
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Another WAR particle tvpe with a nominal conversion of 0 was
cxamined in rods A-4-5 and A-4-9. It was carbonized at a very high rate
(sce Tables 1.1 and 1.4) and thus had a composizion of UCy 55 O2_24- A
total of 11 particles were observed with no amoeba of the kernel
reuadily apparent. Representative particles are shown in Fig. 3.23.
Jeposition of carbon was seen on the surfaces of the void volume, as in
the previous two particle batches. The kernels resembled those of
irradiated U0-, as fission gas bubbles, ceramic inclusions, and metallic
iaclusions were present. The metallic-appearing palladius inclusious
2t the SiC were also observed.

Metallography was performed on fuel rod A-3-5 containing WAR
UCz 22 U; 22 with a nominal conversjion of 15Z. A tetal of 10 particles
were observed with no failures or amoeba. Representative particles are
shown in Fig. 3.24. The kernel was dispersed ir a portion of the den-
siiied buffer and in the excess kernel carbon. In contrast to results from
rccent tests,'ls 5,13 the densified buffer was not optically anisotropic
under polarized light. No corrosion cf the SiC was observed.

The fissile particle in fucl rod A-4-6 was a WAR UC;_j» O} su. particle
witnh a2 nominal conversion of 257. =~o failures were seen in the ten
particles examined. Representative particles are shown .a Fig. 3.25. The
kernel and buffer had densified ss 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 palladium‘“-“ — were seen at the SiC coating, penetrating it
about 1-3 um.

Another WAR particle with composition UCy, ,c3 0nr 47 and a nominal
conversion of 307 was contained in rod A-3-6. A total of only four
particles were observed in the metallographic cross section., Representa-
tive particles are shown in Fig. 3.26. The kernel had two main phases
dispersed in the densified buffer, as in the 25Z-converted WAR particles
in rod A-4-6. Fission product accumulations were seen at the SiC
coating with penctrations of about 3 um in particles at the outer surface,

and 15 um in particles near the inper surface. The fission product
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i '.ooa. Representative Particle of Fissile Batch OR-2322-H
}oirradiated in Fuel Rod A-3-5., 150-. The rod's outer
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Fig. 3.25. Representative Particle from Fissile UC: (.0,
OR-2320-H. The particle had becen irradiated in tuel rod A-4-6 and was
located 900 im from the rod's outer surface, which is to the rizht of

these micrographs.  150-,  (a) Bright field. (b)

., Batch

Polarized Lisht.
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Fig. 3.26. Represcntative Particle from Fissile UC.,¢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. 150x. (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 op‘how the kernel had densified.
Most accumulations appeared on the SiC adjacent to the densified kernel.
While palladium wmay contribute to it, wmuch of the corrosion is telieved
attributable to the rare earth fission products. This same batch of
particles was irradiated in HRB-9 and -10 tests!® and examined extensivelv
by the electron microprobe. The results of the study!! 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 corrcsion,!? was observed in
the particles.

Fuel rod A-4-7 was metallographically examined; it contained WAR
UCy 14 Og_s3 with a nominal conversion of 757. 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 ym. The electron microprobe
studyll of this particle batch had also shown considerable rare earth
migration (as well as chlorine in some particles), so the discrepancy in
S$1iC penetration probably arose from factors other than the kernel
composition.

Fuel rod A-3-7 containing WAR UC3 ¢g Og o} Particles with nominal
conversion of 1002 was examined. Twenty-seven particles were observei;
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 uym. Other results!l
indicate that rare earth fisszion products corroded the SiC.

Another 100Z-converted WAR particle type with a stoichiometry of
UC;,61 Og,15 was contained in fuel rod A-4-1. 1t differed from the pre-
vious 100%-converted WAR particle in that its kernel density was higher
(see Tables 1.1 and 1.4). Only three particles were observed in which
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Fip. 3.268. Representative Particie crom Vianile T o ooa 00
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mot taltlen out doaring metallograpihic preparation. Repre-

: . Ticles are preseated io Fieo 302900 Al the particles
. erpe el te bBeoin excellent condition with no apparent Sic
Tonoor rinden product accamulat ions. This same particle batoeh,
rooeifale D dnr HRB=9 and ~10 showed mussive rare earth fission
ronlne to cdoration and high tailure fractions. we shouid point our that

Coais vl was oot the very end of the capsale: there the operating temperi-
voowers rathier low.  FEvidently thev were low enough that the rore

crin fission products did not corrode the SIC coating.  The perliormmee

cther IO —converted WAR particles did not appear to difier,

e Uhe reraels were denser.

A retatiezraphic caamination was mede of Toel rod A=5-3 containing

- S THLIDO Fissile particle. A rotal o 3D particies were
worcedd in the sample; no broken SiC cantings no Failures were seen.
Lo particte is shown in Fige 30300 Fight particles had observabl.:

yoaximan migration of 10 Cme The kernel hoad o topical

Lo appearance with Vission sas bubbles and metallic inclusions
Srenent. s Mo fission product accumulation or S5iC corrosion was
Soerved.

AVSM UC particle rrom tuel rod A-3-1 was czamined.  OF the thirtv-
cizht particles observed, no broken Si€C coatings no failures woere
e N dwpical particle is shown in Fig. 3030, The kernels resembled
topteal T with some indications of plasticity during irradiation.
raphitization of the (LTI coating on the cold side was abserved in

P particles, which were aiways Jocated en the inner hald of the rod

thal s, in areas of higher temperature. Very slipght corrosion less
than oo ol the SiC coating was scen where PiLTE praphitization had
cevnrred. We should point out that this rod, Vike A-4-1 previously

discussed, wis at the verv end of the capsule, where the operating temperi-
tures arce typically lower.

Metallography was also performed on fucl rod A-3-8, which contained
WAR Fissile particles with a composition of UC. o No . A tvpical

sarticle is shown in Fig. 3.32. We helieve that lack of oxvyeen in the

cernel inhibited any ameeba migration.  However, this particle tvpe
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29. Representative Particle from Fissile VO 00 0 Baleh

Particle had been irradiated in tfuel rod A-4-1.  The particie

wias located on the rod's outer surface, which (s to the risht of these

micropraphs,

190-. () Bright ticld., (b)) Polarised e,
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Fiy. 3.300 Kepreseatative Particle trom Pissile Batch OR=2321-11,
Wirich Consisted of Sol=Gel (Th U0 . The particle had been
irradiaied in tuel rod A=4-34 and was located on the rod's outer
anrtace., fhe rod's outer surtace is to the right of these micro-
praphs. Sote the ameeba o the kernel up the temperature pradient .
Ty, (a) bricht Yield, (hy olariced Tisht,



VP Treadiared i Fool
JhO0 b e Phe o rod T ontes
PP o the cold e ot 1in
The bt ide o
Fivhr,

i

Shetosrapihe.,

Fivo 3.0 Representat e
: (o

R E1

]
H

partie e,

Cart i de tpees i be Bt
vl o et e !
e, NEEE 'R BT ! it
TR Tty
L T L I T L S TR B




Fig. 3.32. Representative Particle from Figsile Batch OR-2219-H
(UC3,68Np,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.



suffered from the same problem as does a 100%-converted WAR particle —
fission product wmigration dowm the temperature gradient with subseguent
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, poscibly by rare earth fission
products or by palladium, appearcd to be 1-2 ym. In 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-temsperature

region, Magazine B, will show similar resul:s.

3.5.3 Fertile particles

Nearly alil the Biso-coated Thf; 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
tc have performed well, with one exception.

In particle batch J-481, examined in fuel rod A-3-1, 92 of the
particles lacked a buffer coating (Fig. 3.48). Evidently this problem
had occurred during the coating process. In addition, in 4Z 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-48]1 particles were metallographically examined and no bad particles
were observed. 1In 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
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Fig. 3. 34, Fvpical Biso-Conted ho o Particle ‘rom Rateh
OR=2262-HT Ferradiared in Fael Sod == [ Corv Bricht toedd,
(b)) Polarized Light,
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Fig, .37, Tepical Biso-Ceated Thy Particle from Batch
ORe 2k Gt irradiated in Fuel Rod A=4-10, 1%, (a) Bripgh. tield.
(g Covbarioed Ticoho.
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Fig. 3.38. Typical Biso~Coated ThO. Particle - from Batch .J-488
{rradiated in Fuel Rod A-3-7. 125<. (a) Bright field. (b) Polarized
light.
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Fic. 3,39, Tepical fliso=Coated Tho Particle from Batch .J-489
Trradiated in Frel Novd A=A='. [y . () l’.ri;:hl ficld. (h) Polarized

Vionr,
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Fig. 3.500 Tvpical Biso-Coated ThO  Parti, e from Bateh £ 090
rradiated in Fuel Rod A-3=2, 1250 G Bright tield. by Polpi o
Fight.
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Fig. 3.484, Typical Riso-Coated ThO. Particle trom Baten =903
Irradiated in Fuel Bod C-1-1. The rod was deconsolidated to obtain
loose particles,  1h0-, (a) Brivht ticld, (o) Polariced ichr,



Fiz. 3.4%. Typical Biso=Coated Tho. Particle  from Batch .J=4K2
Ircadiated in Fuel Red €C=2-1. 125%.. €a) Bright field. (%) Polarized
Lisht.
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Fig. 3.4h. Tvpical Biso-Coated ThO Particle from Batch
OR=-2266-HT - irradiated in Fuel Rod A=4%=5. 13- (G 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 €-2-4. 125+, (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. 125«.



Yig. 3.49. Biso-Coated ThO; Particle — from Betch J-481 — with Cracked
Coatings. Irradisted in fuel rod A~3-1. Note kezmsl appears to have
converted to a carbide. 125x. (a) Bright field. (b) Polarised light.




J-481 was met. Alse, preirradiatisa radisgraphs of these batches showed
thet all (100X) of the particles were goed. Tims, the pressmce of fertile
mun-mmhﬁb}le—nhmuﬁh
time. hmmuw&hm

Since the metallography provided me definitive iafermation om the
performamce of fertile particles wader irradistion, conclusions mest be
drawa sfter smalyses by the DCA system, mow in pregress, ars completed.l3
Other stwiies have showa thet Biso-costed ThOy perticler, which sppesred
to be iatact, hed permesble costings thet relessed fissisn geses.29,2!

3.5.4 Metrices

Five uatrices were weed in the fabrication of the fuel rods for the
OF-2 capsule. Thsy are described in Tabie 1.3. The effect of irradis-
tion on the appeszance of the mstrices is showa ia PFigs. 3.50 throwgh
3.54. The influence of the matrices om fuel rod iategrity amd perticle
pexformence have beea discussed in Sects. 3.3 anmd 3.5.1, respectively.

The matrix showm in Fig. 3.50 vas mede from 71 wt I Ashland A~240
pitch and 29 vt X Asbury 6353 filler, and was carbonized in pecked Al;0;.
This cosbisation resulted im low coke yields (averags - 18.37) for the
fuel rods. The individual filler perticles were discermible.

ia contrast, the matrix cshowm in Pig. 3.51 was alec mede from
71 wt I Ashland A-240 pitch and 29 wt I Ashbury 6353 filler, but was
carbonized in a graphite tube to simulste im-block carbomization. The
result was s high-coke-yield matrix (sverage -~ 37.3%), which appesred
"blocky”; the individusl filler particles wers sot discermible.

The metrices shown ia Pigs. 3.32 and 3.53 both used GA's proprietary
satrix composition and used similar carbonization modes — im-block and
in-tube, respectively. Their appesrances and coke yields, as eapected,
were quite similsr. The individusl filler particles were not discernible,
and the coke yields were in sedium range (25-302).

The matrix shown in Fig. 3.56 was nade from 71.5 wt X Ashland A-240
pitch and 28.5 wt I Asbury 6353 filler, and was carboniszed in pecked
graphite flour. The result was s low-coke-yield metrix (average - 15.6%),
the filler particles of which were barely discernible.




Fig. 3.30. Representative Ares of Matrix — After Irradiation ~ Made
from 71 wt X Ashland A-240 Pitch, 29 wt X Asbury 6353 Filler and Carbonised
in Packed Al,03. This sample is from fuel rod B=1-4, 500x. (a) Bright

field. (b) Polarized light.



Fig. 3.51. Representative Area of Matrix After Irradiation.
Matrix is made from 71 wt X Ashland A-240 pitch, 29 wt X Asbury 6333
filler and carbonized in a graphite tube. Sample is from fual rod
A-2-3, 500x. (a) Bright field. (b) Polarized light.
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Fig. 3.52. Representative Area o: Matrix — After Irradiation — Made
from General Atomic Company Proprietary Composition and Csrboniszed in
Magazine C. Sample from fuel rod C-2-1, 500x. (a) Bright field.

(b) Polarized liight.



Fig. 3.53. Representative Area of Matrix — After Irradiation — Made
from . " -oprietary Composition from Ceneral Atomic Company and Carbonized
in a Grapuite Tube. Sample is from fuel rod B-1-6. 500x. (a) Bright

field. (b) Polarized light.
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Fig. 3.34. Representative Area of Matrix — After Irradiation —
Made from 71.5 wt X Ashland A-240 Pitch, 28.35 wt X Asbury 6333 Filler
and Carbonised in Packed Graphits Flour. Sample is from fuel rod
A-3-8. (a) Bright field. (b) Polarized light.




3.6 Electrom Nicroprobe Examinatiom

The electroe microprobe wes used to determime the behavior of
fission products from fissile perticles from batches A-601 sad A-611.
As previcus stuiies!! had imvestigated the fission product behavior of
VAR particles made in the small lsboratory costers, wve meeded to know
whether thet information applies to particles made in the 0.13-n-dism
coater.

3.6.1 Fissile particle batch A-601

A fissile particle from batch A-601 and vhich wvas examined metallo-
graphically is showm 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 esxlier.

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 concentratious were in the main kernel phase, but some accumula-
tious were localized in the densified buffer. Chlorine, believed to
aggravate fission product behavior and S$iC corrosion,!? was also observed
in the particle. However, because of the relatively low conceatration
of chlorine and the asssociated 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
1LT1 coating. Previous results!! have shown that the chlorine is asso-
ciated with the tare earth fission products Bd, Ce, La, and Pr.

The distributions of the rare earth fission products Wd, Ce, la,
and Pr are shown in Fig. 3.57. They were observed in the kermel, the
densified buffer, slong the imier surface of the 1iLTI coating, and at
the SiC coating on the cold side of the particle. These results agree
wvith those of previous studies,!!?1® vhich showed that the retention of
the rare earth fission products depended on the initial oxygen content
of the kernel.

The distributions of zirconium, strontium, and barium are shown in
Fig. 3.58. Most of the zirconium was located in the main kernel phase,




Fig. 3.55. Batch A-601 Fissile Particle Examined with Electron
Microprobe. The particle was irradiated in fuel rod C-3-3 and wvas
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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ums Clie
Yig. 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 La x-ray
display.
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lole hie
Fig. 3.57. Particle from Batch A-601. Orientation identical to that

of Fig. 3.56. X-ray displays of (a) Nd La, (b) Ce La, (c) La La, and
(d) Pr La.




but concentrations vere 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 costings. Previous studies have

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

S1C 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 incto 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 kermel.

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 vas irradiated in fuel rod C-1-3 and its appearance was typical of
particles from that batch.
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Fig. 3.58. Partivle from Batch A-60l. Orientation identical to that
of Fig. 3.56. X-ray displays of (a) 2r La, (b) Sr Lz, and (c) Ba La.
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Fig. 3.59. Particle from Batch A-601. Orientation identical to that
of Fig. 3.56. X-ray displays of (a) Cs La, (b) Xe La, (c) Mo La, and

(d) Ru La.
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Fig. 3.60. Particle trom Batch A-bUL. (a) Pd X-ray display is
in =ame orientation as in Fig. 3.36. (b)) Backscattered electron image
ot vold side of particle. (o) Pd x-rav displav of celd side of perticle.
(4 Nd L« x-ray displav - representiative of other rare earths — of cold
side of particle.



Fig. 3.6i., Batch A-611 Fissile Particle Examined with Electron
Microprobe. The particle was irradiated in tuel rod C--1 and was
3000 im from the cuter surface of the rod., Rod's surface is to the

right of the micrographs,  150-.  (a) Brizht field. (b)) Polarized
light.



94

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.l!

The rare earth fission product distributions — Nu, Ce, La, Pr — are
presented in Fig. 3.63. They were preferemntially located in the kernel
phase, but relatively high concentrations were observed in the densified
buffer and along the inner surface of the iLTII coating. These results
resemble previous studies!! 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 z{ cvygen 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). . the surfaces of the
kernel phase, noble metal inclusions were identified. Evidently the

molybdenum and ruthenium precipitate out of solution in the kernel

S A e
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Ums Clia

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 M8 x-ray display. (d) Cl La x-ray
display.
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Fig. 3.65,
line — displays of (a) cesium, (b) mo'!ybdenum, and (c¢) ruthenium.
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Particle from Batch A<6ll, Orientation identical to chat of Fig. V.62,
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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 fission
products from partially converted WAR particle:z depeads 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 cn partially converted
WAR particles coated in 0.025-m-diam and 0.063-m-diam coaters.:- There-
fore, many previous results on fission praduct beh.,vior in WAR particles

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

75462

PaLn

Pd LY Niin

Fig. 3.66. Particle from Batch A-611. (a) Pd La x-ray dispiay in
same orientation as in Fig. 3.A3. (b) Backscattered electron image of
cold side of particle. (c) Pd Lx x-ray display of cold side ot particle.
(d) Nd La x-ray display — representative of those of other rare earths —
on cold =<ide of particle.
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4. COWCLUSIONS

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

Triso-coated VAR narticles 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 wvere 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
RTGR irradiatiom conditioms.

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
yields above 302 had significantly more oLTI-coating failures than did
matrices with yields below 302.

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 msy have been permeable
during irradiation, further tests of the irradiation performance are
being pursued.”
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The Triso-coated HAR particles with stoichiometries ranging from 0
to 1002 converted performed as expected. The high—oxygen—content par-
ticles (02 couverted) showed smoebs of the kernel up the temperature
gradient. In the low-oxygen-couteant particles (1002 couverted) tested
previously,!® high-yield rare esrth fission products accumulated at the
SiC coating on the cold side of the particle. However, this accusula-
tion wvas not observed in the particles in OF-2. This difference resulted
from irradiation temperatures lower than 1150°C. (1423 K) facing these
particles. We expect that 100Z-comverted particles from Magazine B will
shov rare earth migration down the temperature gradient. Magazine B had
a higher average temperature [1350°C (1623 K)] than did Magazine A.

The partially (152-75%) comverted WAR particles showed good irradia-
tion performance. Wo amoeba migration was observed. However, sowme rare
earth fission product migration to the SiC coating was observed in
particles from Magazine C, wvhich had relatively high temperatures (a
maximm of 1350°C, 1623 K). The partially converted WAR particles frua
Magazine A showed no evidence of rare earth migration (maximm 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 (25 versus ~40X), 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 anslyses are needed to determine particle
performance so as to qualify a fuel for licensing. Conventional methods
do not provide sufficient infcrmation. For exsmple, 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!9:23 have shown that
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intact Biso-coated ThO; particles may have permeable pyrocarbon coatings,
vhich 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 on these Biso—coated ThO;
particles and reported later.!3 1In 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, additicnal use
of the IMGA system to statistically determine fuel particle performance
at high confidence levels will be done.!3 When the IMGA 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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