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

T. N. Tiegs and K. R. Thorns 

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 2. 

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 HTGR 
fuel irradiations in the ORR. 1* 2 Fuel 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»J* 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 
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1. to test the performance of reference Triso-coated wsak-acid-.r-vjin 
fissile particles and reference Biso-coated fertile part-Lci.*-, 
both fuels coated in the 0.13-M-diam furnace; 

2. to study the matrix-particle interaction phenoaenoa an<i thv. effects 
of particle strength, matrix type, and particle surface c <».'?; it ions 
on irradiation performance; 

3. to investigate the irradiation behavior of coating micros*octures 
created by a variation in one of the coating process conditions — 
gas concentration, deposition rate, deposition terpen?: up <?, or 
batch size; 

4. to investigate the influence of stoichiometry and kernel ae?.sity 
on the irradiation performance of weak-acid-resin-deriv.V. fuels; 

5. to verify the adequacy of the performance of fissile hi.;J. ro be 
irradiated later in early proof-test elements ITI the Fo"'. St. Vrain 
Reactor; 

6. to compare the performance of coar.ings deposited in the 0.13-m 
coater by fritted and cone gas distribution systems. (Th? fritted 
system is the reference for the HTGR Recycle Demonstration Facility">; 
and 

7. to test the feasibility Df 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 analysis are 
reported elsewhere.5 

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

The OF-2 irradiation capsule was 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 -n low with a 6'.'.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 *.cnt.ainrcent tube 
85.73 mm (3.375 in.) below the horizontal midp.'.ane c.i th<- reactor. The 
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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 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 and monitor fission gas 
release. The entire in-core section of the capsule is shown in Fig. 1.1. 

The upper experimental compartment (c«»ll 2) contained two H-451 
graphite* specimen holders with a 9.53-mm-diam (0.375-in.) centr.il 
spline hole and four i5.95-mm-diam (0.628-in.) peripheral fuel holes. 
The upper holder, specimen holder A, was 168.3 ran (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-mtn-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 Chrotnel-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-mn-diaa (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 am (8.750 in.) long with a 61.054-mm (2.4037-in.) 

H-451 graphite manufactured by Great Lakes Carbcn Company (GLCC), 
New York. 

http://centr.il
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Fig. 1.1. In-core Section of OF-2 Capsule. To convert dimenaiona to millimeters, multiply by 25.4. 
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Fig. 1.2. Specimen Holder A of Irradiation Capsule OF-2. 
convert dimensions to millimeters, multiply by 25.4. 
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Fig. 1.3. Specimen Holder B of Irradiation Capsule OF-2. 
convert dimensions to millLaeter^, 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. 
Mine C-A thermocouples were incorporated to monitor axial, peripheral, 
and centerline graphite temperatures. Flux monitors were placed in the 
central graphite spline only. 

1.2 Description of OF-2 Fuel Specimens: Coated Particles 

Capsule 0F-2 required 88 fuel specimens. Of these, 86 vere fabri­
cated at ORNL and two specimens at LASL. The Triso-coateJ fissile 
particle test set consisted of 12 batches of weak-acid-res!• derived 
(WAR) particles with a wide range of stoichiometrics, from uranium oxide 
to uranium carbide; one batch of WAR U(C,N) particles; one batch of 
sol-gel (4Th,U)02 particles; and one batch of General Atomic Company's 

0*M.-MK7*-««M* 
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0 6 2 8 m torn ON A l » 0 « ! *om BC 

E NT PAL GRAP.-IITE SPLINE 
H0LE .O5T5" * t m 
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SECTION E-E 

Fig. 1 .4 . Specimen Holder C of Irradiation Capsule 0F-2. To 
convert dimensions to mil l imeters , multiply by 25.4 . 
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VSM UC2 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. Fabricated for the 
lower experimental compartment, cell 1, particle types 13, 14, and 15 
were coated in the large-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 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 6 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 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 particles. 
A H specimens were fabricated by the siug-injection technique.2 Forty-six 
fuel rods were fabricated to nominal dimensions of 15.75 mm 0D 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 X 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) 



Tablt I . I . Fiaallt Paitklt T M I StI for OF 2 

Tyj>» Batch Kt int l 
Compotiuon 

Nominal 
Convaition 

t%) 

Cuboniul ion 
Rata 

l*C/min) 

Coatti 

D u m . l t ! 
(mm) ' H 

Ann*,) 

Y t i 

Ktmt l 

37.'. 1 

irttan Uimtruioni." pm 

Buff il.TI SiC ol.TI 

39. J 32 3 32.9 32.2 

H u n D t ntitiai, m i / m ' 

il.TI SiC 

1 949 3.199 

Colli 

SiC 

o.3o 

t | R a m 
i/mm... 
>.i ri 

Tyj>» Batch Kt int l 
Compotiuon 

Nominal 
Convaition 

t%) 

Cuboniul ion 
Rata 

l*C/min) 

Coatti 

D u m . l t ! 
(mm) ' H 

Ann*,) 

Y t i 

Ktmt l 

37.'. 1 

irttan Uimtruioni." pm 

Buff il.TI SiC ol.TI 

39. J 32 3 32.9 32.2 

Kernel 

3.23 

BufTir 

1.24' 

ntitiai, m i / m ' 

il.TI SiC 

1 949 3.199 

- I I I 

2.1)25 

Colli 

SiC 

o.3o 

t | R a m 
i/mm... 
>.i ri 

1 OR-2332H WAR U C , o O , »$ i) i 64 Cont 

Ann*,) 

Y t i 

Ktmt l 

37.'. 1 

irttan Uimtruioni." pm 

Buff il.TI SiC ol.TI 

39. J 32 3 32.9 32.2 

Kernel 

3.23 

BufTir 

1.24' 

ntitiai, m i / m ' 

il.TI SiC 

1 949 3.199 

- I I I 

2.1)25 

Colli 

SiC 

o.3o 4,95 

•> OR2329-H* W A R U C j 5 J 0 , W 
0 2 64 Cont V t i 371 « 23.0 40.6 31.8 30.8 3.22 0.87' ' ' 1.949 3 198 2.023 0.29 4,97 

J OR-iJUH" WAR U f a , , 0 j . . »4 0 40 64 Cont Y t i 371 3 69.3 42 0 30.7 44.6 3.66 I.I 2' 1.945 ) 19) 1 994 (1.17 5 25 

4 OR 232: Jf* WAR UCj J 4 0 , „ . IJ 2 64 Cont Y t i 3797 49.8 35 7 32.3 394 3 12 1.14' 1 941 3207 1.971 0,23 6,06 

5 OR 2320-H W A R U C j , , 0 , , 4 2S 2 64 Cont Y t i 3740 4.18 368 34.3 .386 3,17 I.JI)' 1.953 .3.205 1.995 (122 7.02 

b OR 2211 H * WAR U C 4 » I O O V 7 50 i >>4 Cont Y t i 363.0 39 3 373 30.2 42.0 3.11 NU 1.948 3 202 1,997 0.16 4 94 

7 OR 2 2 0 7 - H * / W A R U C 4 „ 0 0 , 3 73 2 64 Cont Y t i 3664 62.7 38.9 31.1 4 2 7 .1.03 1.13' 1 941 3.199 2.009 0.17 5112 

8 OR 220a-H** W A R U C , t l 0 0 0 | 100 i 64 Cont Y t i 166 5 39.2 38 4 27.9 40,0 3.111 l . l l ' 1.947 J 199 1 997 0 15 4.71 

9 OR 2 I 2 I - H * ' * W A R U C , , , O 0 , » 100 6 64 f o n t Y t i 315.3 74 6 36 1 28.4 49.2 J 28 1 . l » ' 2 0 3.188 1.912 0.32 4 28 

l'> OR 2219-H d WAR UCj 4 . N . , , , N A m 2 64 Cont v.- 365 3 66.3 44.0 31.9 43 5 3.1)2 1.1)9' 1.947 3 192 1.977 0.17 5 12 

I I O R 2 3 2 I H * Sol|«nn 0 |U 0 JOJ NA NA 64 Cont Y t i 361 1 83 3 372 34.4 41 1 9 9 I .Ul ' 1 938 3 21)6 1.993 (1.22 6 3 2 

12 61 SI- 00-033' VS.M UCj NA NA NA' NA' I 9 6 0 99 33 32 38 10.99 1.0 7 1 92 3.20 1.85 N l ) ' " N l i ' 

13 A-601 W A R L ' C 4 J , 0 U 4 , 75 i 127 I I I ! No 354.2 SI.a IS 4** 3(1(1 3SH 303 1.217' 1 713* 3.206 1,724* Ni l 4.H4 

14 A - * U WAR U C j . 4 j O , 7 , IS > 127 Ir i t No 366.4 47 6 368 30,5 35.5 3.10 i.is«y I.;SJ* 3.204 1.696* 0.15 5.14 

IS A-615 WAR U C 4 , , O 0 47 7J 2 127 Cont No 334.1 Sl.o SO.?*1 29.5 324 3.08 1 M o ' 1.857* 3.200 1.910* NU 4.1)0 

Kernel dunwlei, buffer. inlei L1I. SK'. and outer LTI ihicknetiev 
Mercury giadwii column maauiiemcnt. uncoireded. 

cThui bjffei 
'inadiattd in HR B-9 and • 10. 
'Similar batch imdiattd in HRB-7. 8. 9, 10. and Mfcl VII 
'irraduttd in Union Mi. T VII 
'inadiatad in HRB-7 and * 
*»uft«i imcltntai comcttd fot uranium tnttrtng it dunn* lubttqutnt coating 
'Coaltd j i GtMial Atomic Company. 
'Dtntity afttr dtpotituif KTI. 
*Contctad tiaditnt dtntity. 
Top daruiiy 
m N A Not applicable 
"ND Not dattrmintd. 

00 
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Table 1.2. Fartlla Pa: rtlcla Teat Sat for 0F-2 

Batcl. 
Coatar Coal :lnj parametere LTI da pi salt Ion 

Rata 
(um/mln) 

Dimensions," wm Den»ity,b 

i.iti'irrected 

-./c»» 

Corrected 
Typa Batcl. 

Coatar 

Co a Concan- _., . 
t rat luii . 

<X) W 

Temper-
ature 
<*C) 

salt Ion 

Rata 
(um/mln) 

Dimensions," wm Den»ity,b 

i.iti'irrected 

-./c»» 

Corrected 
Typa Batcl. 

Type Memeter 
(ma) 

Co a Concan- _., . 
t rat luii . 

<X) W 

Temper-
ature 
<*C) 

salt Ion 

Rata 
(um/mln) 

Dimensions," wm Den»ity,b 

i.iti'irrected 

-./c»» 

Corrected 
Anneal Batcl. 

Type Memeter 
(ma) 

Co a Concan- _., . 
t rat luii . 

<X) W 

Temper-
ature 
<*C) 

salt Ion 

Rata 
(um/mln) Kernel Buffer LTI 

Den»ity,b 

i.iti'irrected 

-./c»» 

Corrected 
Anneal 

A OR-2266-HT" Cona 64 MArr*' <00 1275 14.1 506 94.8 91.3 2,02 Yea 
B OR-226J-HT'-* Cone 64 MAPP 100 1325 15.7 50» 9i'.. i 94.2 1.95 Yea 
C OR-2262-HT" Cona 64 MAPP 50 50 Ar 1275 6.5 507 98.0 85,1 2,01 Yea 
D OR-2261-HT4* Cona 64 MAPP SO 50 Ar 1325 7.4 506 95.8 88,9 1,89 Yea 
E OR-2264-hT''* Cona 64 HWP 25 75 Ar 1275 1.2 507 96.5 91,6 1,99 Yea 
F OR-226J-HT Cona 64 MAPP 21 75 Ar 1125 J.6 506 92.8 90,5 1.84 Yea 
C J-488J-" FrU 127 C ) H . 50 50 He 1)75 7.4 497.9 82.7 80,7 1.98 1.87 Yea 
K J-489" Frit 127 C.H» 50 50 He 1 J75 5.8 499,0 81.4 77,7 i.90 1.79 Yea 
I j-490"' FrU 12 7 Cjh, too IV 5 6.2 495,9 81.2 74.7 1.99 1.86 Yea 
J J-491"' Frit 127 ^.H* 100 i m 9,3 497.1 79.5 77.5 2.00 1.86 Yea 
K J-262-'" Conr 127 *=!»«. 100 1150 8.4 497 84,0 86.1 2.01 Yaa 
I. _>R-lo»9-MT Cone 25 C )K., 75 2 5 He 140*/ 21.5 508 79.4 74.7 1.94 Yaa 
M J-48t* Frit 127 C >M.. 50 50 He 1)75 7.4 497,9 R2.7 80.7 1.94 1.84 No 
S J-48) FrU 127 C iSI, too 1W5 6.2 495,9 80.2 74.7 1.96 1.81 No 
0 I-A».' Frit 127 C,H» 50 50 He 1)75 5.8 499,0 81.4 77. 7 1.8H 1.78 No 
e ,; •^d.-' Frit 127 C|H„ too 1)75 9.1 497,1 79.5 '7,5 1,95 1.81 No 

'Mean dimensions of kernel dlametur, buffer, and l.Tl thickness. 
* Mercury *radlen< column measurement. 
'irradiated In HT-JO. 
"MAPP *a» U marketed by AIRCO, Im 
"'Batch .1-488 rupture load va« 26. >l 
•'irradiated In HUB? and -8, OF-1. 
Temperature measured ut different point In turan>«; actual bed tunperat m< approxlwati 'y 13?5'C 

''hatch 1--«81 rupture load wan 22.4; N li.04 lb), weak particle la matrix Interaction enper Iment. 

IMJ <-,inil«f< primarily «>.» methyluietylfne and propadlene with ulkune* a* stabiliser*. 
(5.9.' !!>), strong |:.,riUla In matrix Inter.ict Ion experimanl. 
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Table 1.3. Matrix Test Set for OF-2 

fitch 

Additive 

Filler Average 
coke 
yield 
(I) 

Type Wt X Type Additive Wt t Type 

Average 
coke 
yield 
(I) 

Carbonization 
technique 

a 71 A- 2*0 None 29 Asbury 6353 18.3 A1 20 3 

b 71 A-240 Hone 29 Asburv 6353 37.3 In-tube 
c CA Proprietary 25.7-30.0° In-block or in-tube 
d 71.5 A-240 Hone 28.5 Asbury 6353 15.6 Graphite flour 

first maoer is the «ean of rods carbonized ir Magazine C and the second nuaber is the average 
for the rods in Magazines A and B. 

Fuel rods in Magazines A and 5 were carbonized tfi-tube, while fuel rods in Magazine C were 
carbonized ln-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 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 c is GA's proprietary matrix. Specimens were 
injected ac 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 
4.1 MPa (600 psi). Eight fuel rods with matrix type a were carbonized 
in a bed of AI2O3 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 
were carbonized in a graphite tube at a heating rate of 11.5 K/min, 
producing a coke yield of 29.8%. All specimens were subjected to a 
final heat treatment 4t 1800°C (2073 K) in argon for 30 min. For each 
of the iuel 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 2 3 5 U and 2 3 2 T h 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 Triso-coated 
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Table 1.5. Fuel Rods for 

Particle types 
Specimen — 
location 0 2 F i ss i le Fer t i le 

25.4-mm-long 
13 M 
13 G 
13 G 
14 M 
14 G 
14 M 

13 G 
14 M 
14 G 
13 M 
13 M 
14 G 

12 

12 . /—mm— long 

3-1 12 A 
- 2 2 B 
- 3 4 C 
- 4 6 D 
- 5 8 E 
- 6 10 F 
-7 2 L 
- 8 4 G 
- 9 3 H 
-10 8 I 
- 1 1 2 J 
-12 4 K 

4 - 1 11 G 
- 2 1 H 
- 3 3 i 
- 4 5 J 
- 5 7 A 
- 6 9 B 
- 7 1 c 
- 8 3 D 
- 9 5 E 
- 1 0 7 F 
- 1 1 1 A 
- 1 2 LASL LASL 

-2 Irradiation Capsule, Holder B 

Pitch-coke Loading, g 
Matrix yield 
type (Z) 2 3 5 U 2 3 2 T h 

(1.00-in.) Specimens 
b 38.56 0.0814 1.530 
a 17.89 0.0814 1.530 
c 30.62 0.0690 1.260 
a 20.08 0.0690 1.260 
b 37.06 0.0690 1.260 
c 27.75 0.0690 1.260 

b 36.36 0.0814 1.530 
b 36.82 0.0814 1.530 
a 18.89 0.0690 1.260 
a 20.78 0.0690 1.260 
c 29.63 0.0690 1.260 
c 29.79 0.0690 1.260 

(0.50-in.) Specimens 
d 15.7 0.0407 0 .765 
d 17 .4 0.0407 0 .765 
d 15 .8 0.0407 0 .765 
d 15 .4 0.0407 0 .765 
d N.D. 0 .0345 0 . 6 3 0 
d 14 .6 0.0345 0 . 6 3 0 
d 14 .1 0.0345 0 .630 
d 12 .0 0.0345 0 .630 
d 16 .4 0.0345 0 .630 
d 15 .8 0.0345 0 . 6 3 0 
d 15 .5 0.0345 0 . 6 3 0 
d 15 .2 0.0345 0 . 6 3 0 

d N.D. 0.0407 0 . 7 6 5 
d N.D. 0.0407 0 .765 
d 11 .5 0.0407 0 .765 
d 16 .4 0.0407 0 .765 
d 15 .5 0.0345 0 . 6 3 0 
d 15 .5 0 .0345 0 . 6 3 0 
d 16 .0 0 .0345 0 . 6 3 0 
d 1 5 . 1 0.0345 0 . 6 3 0 
d 1 5 . 1 0 .0345 0 . 6 3 0 
d 15 .6 0 .0345 0 . 6 3 0 
d 15 .7 0.0345 0 . 6 3 0 

LASL 0.0345 0 . 6 3 0 

Hole number followed by position from top. 
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part i c l e s was kept constant for each loading. Each specimen contained 
20 vol Z sh i s part i c l e s . Speciaens were fabricated to noainal dimensions 
of 15.75 mm diaa by 50.8 am long (0.620 by 2.00 i n . ) by the s lug-
inject ion technique and used matrix type c . Speciaens were injected at 
180°C (453 K) and 5.5 MPa (800 p s i ) , except that rods containing 
unannealed f e r t i l e part ic les types M and N were injected at 4 .1 MPa 
(600 p s i ) . Placement of fuel rod specimens in c e l l 1 (Fig. 1.4) was 
based on a s t a t i s t i c a l experimental design to minimize interact ion 
e f f e c t s . Rods were carbonized by the reference in-block technique with 
a heating rate of 11.5 K/min, producing an average coke y ie ld of 25.7Z. 
Al l fuel rods were subjected to a f ina l heat treatment at 1800*C 
(2073 K) in argon for 30 min. Table 1.6 describes the f i s s i l e and 
f e r t i l e par t i c l e types and the t o t a l weights of 2 3 5 U and 2 3 2 T h used in 
each fuel rod of specimen holder C. 

Table 1.6. Fuel Rods for OF-2 Irradiation Capsule, Holder &>*> 

Specimen 
Particle types Loading, » 

Specimen 
Location^ Fissile Fertile 2 35u 2 3 2 T h 

1-1 13 N 0.1338 2.780 
-2 13 I 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 0.1338 2.780 
-3 15 H 0.1590 3.460 
-4 '3 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 

-7 14 J 0.1338 2.780 
-3 13 I 0.1590 3.460 
-4 13 f? 0.3640 7.900 

a All specimens were 50.8 mm (2.00 in.) long, fabricated with 
type c matrix. 

Since test 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 - 25.7Z; high « 29.52; low - 23.6Z; number of samples - 16, 
standard deviation - 1.56; 95% confidence interval - 25.7 t 4.53Z. 

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 20Z 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 SO am (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 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 measurements can be used for qualitative evaluation ol 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., 8 5 m K r was in the range of 2-3 x 10~5) until approximately 
4000 hours. At that time the R/B began to increase and rose to where 
the 8 5 m K r was in the range 1 x 10-1*. Cell 1 contained only three types 
of fissile particles and eight types of fertile particles. *11 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 
raetallographic 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: 8 5 m K r was 1 x 10"1*. 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 
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3. POSTIRRADIATION EXAMINATIOBT 

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. 

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 magazines 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, 2' 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 Lo make removal difficult. 
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However, in those earlier tests t",;e pitch-coke yield was always more 
than 40Z, whereas Magazine C ha-J 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 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 loadings were too high, as the burnup 
profiles were much higher than those of neighboring fuel rods. 

Additional gross gamma scans (0.55-0.75 KeV) 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 magazines before the fue, rods 
were removed. Inhomogeneity in the fissile and fertile fuel particles 
is shown by the change in gamma activity along the length of the fuel 
rods. Cf particular interest were the scrns 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 inhomc -neity causes the 
temperature profile to differ by -2 K from the homogeneous situation.7 

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 - loss than 
2.5 mm/min (0.1 in./min) - past a 0.51- by 25- by 425-mm (20-mil by 
L.O-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: 
9 SZr, 1 0 3Ru, 1 2 5 m l c , 1 3 I ,Cs, 1 3 7 C s , u l C e , and ^ C e (see Appendix). 
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Rods After Their Removal from Graphite 
|. (d) Stack A-4. Fuel rod 1 is on the 
aounts/min. A 0.51- by 1090-mm 
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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: 110m, 'Ag, 13i» Cs, 
1 3 7 C s , ^''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, ̂ ^ C e 
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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. a i v slight uebonding at their edges. Fuel rods from holes 3 and 4 were 
in rv.ucii worse condition. Fight fuel rods had completely debonded and 
had :ii apparent structure. These rods were located in positions 1S-3-1, 
-2, -h, -7, -8, B-4-l, -2, and -11. Because the Tiatrix used to fabricate 
tiie rods from noles 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 vields lower than 18 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 also had many L"I 
failures on their surfaces. 



Fig. 3.8. Surface of Fuel Koti C-2-1 Showing Numerous ol.TI Failures. 
The arrow points to one of many outer pyrooarbon 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 length was also determined. The results 
are given in Table 3.1. The diametral shrinkage .is a function of fast-
neutron fluence (F. • 0.18 MeV) is shown in Fig. 3.9. The fuel rods : rum 
Magazines A and B exhibited shrinkage up to a fast Iluence of 
7 x 10''•' n/m'' (E > 0.18 McV), at which point a minimum was reached and 
the ro.!s began to swell. The rods carbonized in Robinson graphite 
shrank more than did those rods carbonized in-tube or in packed AI 0>. 

As shown in Table 1.3, these rods had the lowest average coke yield. 
Because the rods in Magazine C were carbonized i r.-M or',--, (!nit 

diametral changes v»ere calculated from the pre i r r.wl i .tl ion <i incusi >ms of 
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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 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.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 1 0 2 5 n/m2 (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. 0F-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-diaa 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. 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. 
(E > 0.18 MeV). 

Failure of the oLTI Coating Caused by Fast-Neutron Damage 
Particle batch A-601 irradiated in fuel rod C-2-2. 

Fig. 3.12. Failure of the oLTI Coating Caused by Matrix-Particl« 
Interaction. Particle batch A-615 irradiated in fuel rod C-2-1. 
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to determine whether the oLTI coating failures resulted rrom 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 
oLTI coatings for the fissile particles examined, and Fig. 3.IJ shows the 
relationship between oLTI coating failure and pitch-coke yiolds. 

Table 3.2. Failure praction of oLTI Coatings on 
Triso-Coated Particlts in OF-2 

Pitch- ol.TI 
coke Fissile failure 

Fuel Matrix yield particle fraction"* 
rod a type 0 (Z) batch i'*>\ './•) 

A-l-1 b 38.0 A-611 8 
A-1-2 a 17.0 A-601 3 
A-l-3 a 16.2 A-611 0 
A-1-4 c 31.0 A-611 7 
A-l-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-l-2 2 17.9 A-601 0 
B-l-3 C 30.6 A-601 7 
B-l-4 a 20.1 A-611 0 
B-l-6 c 27.8 A-611 0 
C-2-1 f 25. 7i A-615 c ioo'-' 
C-2-2 f 25.7^. A-601*' 0-7"'-
C-3-4 f 25.7" A-611 33 

/J 
Letter indicates magazine; first numb< r indicates 

hole, second number indicates rod. / 
Matrix types are as follows: 

Type Pitch Additive Filler Carbonization 
technique 

a A-240 none Asbury 6353 Packed A1,0, 
b A-240 none Asbury 6'53 In-tjbe 
c GA proprietary In-tube 
d GA proprietary In-block 

c ' 
Determined metallographically. 
Estimated. 
Fuel rod also contain< J Triso-coated inert particles. f 

•'All oLTI failures attributable to Triso-coated inert 
particles. 
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Failure fractions 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 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 netallogrn;hie 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 BAFQ (1.069), whereas oLTI coating failures 
were far fewer in batches A-601 and A-611, which had lower BAF0s (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 y 1 0 2 5 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 iiailures. 

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 
(< 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 752-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 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 experiments,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 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 mechanism. 

Fissile Particle Batch A-611; Approximately 152-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 kernel 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 those fission product? in high 
oxygen content kernels. These results are similar to previous studies.11 

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 oucer 

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 FissH 
side of micrographs, (a) Irradiated in fuel rod B-l| 
(b) Same. Polarized light, (c) Irradiated in fuel ! 
oLTI coating failure, (d) Same. Polarized light. ] 
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Fig. 3.17. Representative Particles from Fissil* 
right side of micrographs, (a) Irradiated in fuel rod 
field, (b) s.in.?. Polarized light, (c) Irradiated it 
(d) Sam. . Pol.irized light. 
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red A-1-6, near rod center. Bright field. 
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buffer surrounding the dispersed kernel was optically anisotropic. For 
the sar.i- reason as in batch A-601, no metallic fission products were 
observed ir. the kernel. Small localized fission products accumulated 
at the Si< seating. These accumulations resembled those in Fig. 3.16 
and had the ;̂ tn- relationship to the densified kernel as in A-601 and 
A-611. Sue a :ission product accumulations had caused the iLTI coating 
t.> graph itize and were themselves optically active under polarized light. 
Many tir-s a -ap between the SiC and iLTI coatings had formed where the 
fission pivhuts had accumulated. 

3.3.2 Fissile parricles 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 oi the fuel rods from Magazine B will be performed only 
after tnty are examined by the Irradiated Microsphere Gamma Analyzer 
(IM<;A) system.-- Results of the metallography will be coupled with the 
gannta anal.sis so as to better determine fuel performance. 3 The 
fissile panicles examined included WAR particles at various conversion 
levels, sol-.-el (4rh,U)0o particles, and VSM UC2 paiticles. 

Metallography was performed on fuel rods A-4-2 and A-4-10, which 
both cont.'ined fissile particles WAR UC5.U3 0^95 at a nominal conversion 
of 07.. ;!?,_• LVO 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 urn. 
Representative particles are shown in Fig. 3.19. The kernels and buffers 
h.:d d̂ nsifieri to create a void volume between the kernel and the iLTI 
coating. This effect is typical of WAR kernels at all conversion levels.11 

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 UO?, the kernels were characterized by fission gas 
bubbles, ceramic inclusions, and metallic inclusions. Under polarized 
li^ht, most particles showed an optically active layer of carbon on the 
inner surface of the iLTI coating. Evidently, the oxygen potential was 
snf l icienlly high to transport carbon out of the kernel and buffer, the 



Fig. 3.19. Representative Particles (rorr. Kiss 
is t"> the right of the mirrographs. 150-. (1) i'i\ 
light. (c) From fuel rod A-4-10. Bright field. ( 
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;ile UCr.<:,3ol>05 Batch OR-2332-H. 
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d) Same. Polarized light. 

The rod's surface 
(b) Same. Polarized 
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•,.;.:.. ions were present. In addition, no Iar :/.< d 
: .: i.ivi-r of vapor-deposited carbon on the 
. .!•• in rods A-.-: .--id ,\-'.-!'> (Fir,. 5.Jl). 
.:-. in i'i-. \.22. Iioro .-•.n.-»l'. parts .<!' the 
. i ': oalinr, on the hot side of the particle. 
••••;•. n i;.;rat ion. Sinilar nitration of kerne! 

-jonvvrt.-t! WAR particles with huftYr coal in-. 
.'. ic inclusions l'nought to ho pallidiun at 
•': ."TVi-d. These .md ot her results' 1 show 
tl.ic'r.ni-s-; oi '.-.'.\K particles to .M ..r. docs not 
r~. mo-. 
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Fig. 3.21. Representative Particles of Fissile 
Rod A-3-4. I50x. The outer surface of the rod is fr 
(c) Bright field. On inner surface of rod. (b) and 
surface of rod. 
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Batch OK-2329-H (IL,:^.^) Irradiated in Fuel 
jward the right of tin- microprnphs. (a) and 

(<i) Polarized li«ht. At 4200 „m from outer 
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F i g . 1.22. Mig ra t i on of P a r t s <f t'tu- K« r m l in liu> il.Tl Co.xi iny: 
of a F i s s i l e P a r t i c l e from Hatch OR-J \29-U ( IT .0 . ) . (a) Bright 
f i e l d . (i>) P o l a r i s e d l i g h t . 
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Another WAR particle type with a nominal conversion of 02 was 
-.-x.iained in rods A-4-5 and A-4-9- It was carbonized at a very high rate 
(see Tables 1.1 and 1.4) and thus had a composition of L'^ i 5 8 0; .^. A 
Cv'tai of 11 particles were observed with no amoeba of the kernel 
reiiJily 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 UO-, as fission gas bubbles, ceramic inclusions, «nd metallic 
inclusions were present. The metallic-appearing palladium inclusions 
•it the SiC were also observed. 

Metallography was performed on fuel rod A-3-5 containing WAR 
1 X 5 ^ 0-. z-y with a nominal conversion of 152. A total of 10 particles 
were observed with no failures or amoeba. Representative particles are 
shown in Fig. 3.24. The kernel was dispersed in a portion of the den­
sified buffer and in the excess kernel carbon. In contrast to results from 
recent tests,L '*»''»1 * the densificd buffer was not optically anisotropic 
under polarized lij;ht. No corrosion of the SiC was observed. 

The fissile particle in fuel rod A-4-6 was a WAR UC5.12 Ol.5<* particle 
«itr. a nominal conversion of 257.. So failures were seen in the ten 
particles examined. Representative particles are shown *a Fig. 3.25. The 
kernel and buffer 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 palladium1 ' •'* - were seen at the SiC coating, penetrating it 
about 1—i urn. 

Another WAK particle with composition UCi, .cj 0?>.<>7 anJ a nominal 
conversion of ^0~ was contained in rod A-3-f>. A total of only four 
particles were observed in the metalloj;raphic cross section. Representa­
tive particles are shown in Fij;- 3.26. The kernel had two main phases 
dispersed in th<. donsificd buffer, as in the 25%-convertcd WAR particles 
in rod A-4-6. Fission product accumulations were scon at the SiC 
coatinj; with penetrations of about ) \.m in particles at the outer surface, 
and 13 ,.m in particles near the inner surface. The fission product 
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le UC.ioOj.oi. Batch OR-2218-H. Rod's outer surface 
rom fuel rod A--'+-5, on rod's outer surf; :e. Bright 
rod A-4-9, at 2100 ;;m from rod's outer surface. 
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R e p r e s e n t a t i v e P a r t i c l e of F i s s i l e Batch OR-2J22-H 
.' I r r a d i a t e d in Fuel Rod A - ) - 5 . 150,-. The r o d ' s o u t e r 
i>v.-ird the r i g h t s i d e of m i c r o g r a p h s . (a) Br igh t f i e l d . 
'• l i g h t . The p a r t i c l e was l o c a t e d 1800 -̂m from the r o d ' s 
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F i e . 3 . 2 3 . R e p r e s e n t a t i v e F ' a r t i c l c from F i s s i l e I'C: , i0. •,.. Batch. 
OR-2320-H. Ttie p a r t i c l e had been i r r a d i a t e d in t 'nel rod A-A-fi and was 
l o c a t e d 900 ,.m from t h e rod ' . s o u t e r s u r f a c e , which i s t o t h e ri; ' .ht oi 
t hese mic rog raphs . l r >0- . (a) Firiglit f i e l d . (h) P o l a r i z e d 1. ii'.lit. 
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a* * 

Fig. 3.26. Representative Particle from Fissile UCfc,«30o.»7 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 1 8 and examined extensive Iv 
by the electron microprobe. The results of the study 1 1 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 
UCj^n, O0.53 with a nominal conversion of 75Z. 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 urn. The electron microprobe 
study 1 1 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 UC3.68 Oo.Ol P a r t * c l e s 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 urn. Other results11 

indicate that rare earth fission products corroded the SiC. 
Another lOOZ-converted WAR particle type with a stoichiometry of 

u c2.61 00.16 was contained in fuel rod A-4-1. It 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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••.•': ... ::.'t :.si it'ii out during, mcla1lo^raphic preparation. Kcpiv-
• ••::: ;::.. .:•::- les are presented in Kiv.. i.l't. All the particles 

::•-'::-•: t •:•: ;:<•: to :-e i:i excel lent. iiTiJit ion with no apparent SiC 
• :.-•: •'.'" :::u'.>:! product accirsu I at ions. This sane particle bate!*, 

::':-•.:i •:.-: in Hki>-'» and -10 shoved snasj»tw rare earth fission 
.'•'•:;;• '. i :r.>i ion . t«j<i hii;h tailure fractions. UV should point out tii.it 

' : i ^ :"•>; w.-.r. .it fin- very end of the capsalc-; chert' Che operat in^ Ccnpera-
•.-!!"<-•• wt :"•-• r.i'hcr low. Kvideiitly they were low enough that the r.irr 

:ii:: : ;.;.;ior] products did not corrode tin Sit." coating. The performance 
::;-•• and -'llii-r 100 -converted WAK particles did n.-t appear l<> difi'er, 

:.• • t;;.- kernels were denser. 
A :• <t a ! i o;;raph ic exam inal ion was n» *de o! lnel rod A-'*-S nut,! in in;: 
1- i < -* Tii,i )<> fissile particle. A total o! IJ parli< ies were 

• •v:-\ in Liu- sanipie; no broken SiC cc.atins'.s no failuris were seen. 
L •::•[. '.\ particle is shown in li;j. >. 50. Miyhl. particles had observable 

.-. ; ' ! : •. i>: i";ii"! nitration o! 10 .'::•.. The kernel had a t.pic.i! 
• ;.;. .ippearar.ee with lission ;;,is bubbles and metallic inclusions 

•••re:.c:il . • *'" "Co t isslon praducl accunu lat ion or SiC corrosion was 
:-serv.-d. 

A VSM I'C. particle from '.uel rod A-J-1 was examined. Of the thirtv-
. i.-.lit particles observed, no broken SiC. coal'nj'.s no lai hires were 
..!•,•;>. .\ ivpica! particle is shown in l*i;'. • J. il. The kernels resembled 
r-.-pical i'C with sons.' indications ot' plasticity durins; irradiation. 
r.iphit i x.a lion ot the il.Tl coatinj', on the cold side wa.s observed in 
1 > particles, which were always located e-n the inner hall' of the rod 
! iiat is, in areas of higher temperature. Very si ij;ht corrosion less 
i ii.ni .'. ..;:: of the SiC. coatinj', was seen where il.Tl j-raph i t izal ion had 
• MT>irred. We should point out that this rod, like A--',-1 previously 
discussed, was at the very end of the capsule, where tin- operating tempera­
tures are typically lower. 

Metallography was also performed on fuel rod A-5-8, which contained 
V.'AR fissile particles with a composition of I'C _, . N - #., .;. A tvpical 
part icle is shown in F'u;. 5. 52. We believe that lack of oxygen in the 
r-inel inhibited any amoeba migration. However, this particle tvpr 
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Fi j ; . J . 2 9 . R e p r e s e n t a t i v e P a r t i c l e from F i s s i l e U: m. .i> _ . !'• u> ii 
OR-2121-H. P a r t i c l e had been i r r a d i a t e d in Im-l rod A - ' t - I . iin p.ir t i > 
was loca ted on the r o d ' s o u t e r s u r f a c e , which i s t o t in rii-.ht ;>i t h e s e 
m i c r o g r a p h s . 1 ) 0 - . ( a ) I'.rij-.lit M e l d . <l>) P<> I ar i/.•<! i i - i w . 
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I i / , . } . ! ( ) . Kepreseiil.it ive I'.irl ie I <• I rem l i s s i l e K.iteh OR- I 'm - l l , 
'.v'i-.i.'li Consisted ol Sol-Cel (I'll # I' # )() . The p . i r t i r l e had luen 
i ri.J<i i i ! i'd in luel rod A-'t-.H .-mil wis Inc i ted on tin- rod 's outer 
;iirt.K c Tin' rod 's outer stir tare is (n I hi- rij-Jit ol these micro­

graphs. Note the amoeba ol the kernel up the temper.iture r.r.id i n . : . 
! • ' ) • . r.i ) i'.i i-.-hi f i e l d . 0>) I'ol.ir i;:ei| I ii.hi . 
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Fig. 3.32. Representative Particle from Fissile Batch OR-2219-H 
(UC3.68N0.53)« Irradiated in fuel rod A-3-8. The particle was 
located 1600 \xm from the rod's outer surface. The rod's outer 
surface is to the right of the micrographs. 150*. (a) Bright 
field, (b) Polarized light. 



61 

suffered froa the same problem *s does a 100X-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 urn. 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-temperature 
region. Magazine B, will show similar results. 

3.5.3 Fertile particles 

Nearly all the Biso-coated Tn0 2 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, 9Z 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-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 
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FiR. 3.18. Typical Biso-Coatcd ThO; 

Irradiated in Fviel Rod A-3-7. 125<. (a) 
liRht. 

Particle from Batch .1-488 
Bright field, (b) Polarized 
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Ffj;. i.Wt. Typical Biso-Cnatcd Tl>«) I ' . i r l u l c I nmi li.u < h .!-'•.: 
I rrndiat I'd in Kurl Rod C.-J-l. Thr rod w.is i l n c u s o l id.it r«l in .>l>i.iin 
Inosr p n r t i r l i - s . I'»0'. (.1) Krii-.l" f i •-1 «l _ d>) f'.-l.ir i ;•••<!' l i - h r . 
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y\-.\. \.br}. Typ i iaJ Biso-Coated Tho i ' . - i r t i r lc from Bfitcb I-4R2 
I r . i . l i . U f . l in Fuel. Rnd C - 2 - 1 . 12 r>-. (a ) Bright f i e l d . (H) Po la r i zed 
I i i*.i>r . 
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F I R . \.Ub. Typ i r . i l Kisn-Cnatcd The I'.-trs. f« I «* from K. iuh 
OK-22f>f»-HT I r r a d i a t e d in F.icl Knd .A-' i - ' i . ! . ! "> . ( i > Kri>:lii f i e l d . 
(h ) Po la r i zed l i p h t . 
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F<g. 3.47. Typical Biso-Coated ThO? 
I r rad ia ted in Kutvl Keel C-2-4. 125-. (a) 
l i g h t . 

Part ic le - from Batch J-487 -
Bright f i e l d , (b) Polarized 
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Fi K. 3.48. ThO? Kernel 
Irradiated in fuel rod A-3-1. 

from Batch I-4.H1 
I25x. 

with No Buffer Coming. 
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Fig. 3.49. Blao-Coatad ThOa Partlela - tram Batch J-4B1 - with Craekad 
Coating*. Irradlatad la foal rod a-3-1. Beta kaxaal aaoaara to hava 
convartad to a earhida. 125x. (a) Bright fiald. (b) folarlsad light. 
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3.5.4 Matrices 

Five aetrices «nt weed ia the faaclcatloe of the feel rode for the 
0F-2 capeele. Hay are described la lahie 1.3. The of fact of Irradla-
tioa oa the apuaraw • of the aetrlcee la shown la Figs. 3.50 throagh 
3.54. The Infineon of the aatrlcee oa foal rod integrity aad particle 
perforaeace have baaa aieraeetd ia Sects. 3.3 aai 3.5.1, respectively. 

lha aetrix shown ia Fig. 3.50 wee Bade froa 71 wt Z Ashland a-240 
pitch aad 29 vt Z Ashary 6353 filler, aad was carboaixad la packed AljOa. 
This coabiaatioa rasalted ia low cohe yields (average - 1I.3Z) for tha 
foal roda. lha ladlvldoal filler partlclaa vara diacaraihla. 

la contrast, tha aatrix thoaa ia Pig. 3.51 waa alao aada froa 
71 wt Z Ashland a-240 pitch aad 29 wt Z aahary 6353 filler, hat waa 
carbonised la a graphite tehe to aiaalate ia-hlock carhoaisatloa. The 
raaalt waa a blgb-coke-yleld aatrix (average - 37.3Z), which appeared 
"blocky"; the iadlvldeal filler partidaa ware aot dlaceralhle. 

lha aatricea ahowa ia Figs. 3.52 aad 3.53 both aaad GA'a proprietary 
coapoeltloa aad aaad alallar carbonisation aodea — ia-hlock aad 
i, respectively. Their appaarancaa aad coke yields, ae expected, 

•site aladlar. The iadlvidaal filler particles war* aot diacaraihla, 
aad tha coke yields ware ia aedloa raoge (25-30X). 

Tka aatrix shown ia Fig. 3.54 waa aade froa 71.5 wt Z Ashland A-240 
pitch aad 29.5 wt Z Asbory 6353 filler, aad waa carbonised ia packed 
graphite floor. Tha remit w t a low-coke-yleld aatrlx (average - 15.6Z), 
the filler particles of which ware barely discernible. 



Fig. 3.30. Rspraaantatlva Araa of Matrix - Aftar Irradiation - Mada 
fro* 71 wt X Ashland A-240 Pitch, 29 wt X Asbury 6333 Filler and Carbonitad 
in Fackad AI2O3. This aaapla is from fual rod 1-1-4. SOOx. (a) Irlght 
fiald. (b) Polarltad light. 
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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 fuai rod 
A-2-3. 500x. (a) Bright field, (b) Polarlxed light. 
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Fig. 3.52. Representative Area o*" Matrix - After Irradiation - Mada 
from General Atonic Company Proprietary Compoaition and Carbonlced in 
Magasine C. Sample from fuel rod C-2-1. 500x. (a) Bright field, 
(b) Polarised light. 



Fig. 3.53. Representative Area of Matrix - After Irradiation - Made 
from w " -oprietary Composition from General Atomic Company and Carbonlied 
in a Graphite Tube. Sample is from fuel rod B-l-6. 500*. (a) bright 
field, (b) Polarized light. 
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Fig. 3.54. Mproaontatlva Araa of Matrix - Aftar Irradiation -
Mado froa 71.5 wt X Aahland A-240 Fitch, 28.5 wt X Aabury 8353 FUlar 
and Carbonlaad in Packed Graphlt* Flour. Sample la fro* fual rod 
A-3-8. (a) Bright flald. (b) Polarlsad light. 
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3.6 Elactroa Microproba Esaninetloa 

lha electron adcroprobe was weed to tetania* the behavior of 
fission products froa fiaailc particles from batches A-601 aad A-611. 
As previous stadias 1 1 bad investigated the fission product behavior of 
Hal particles aase ia the a—11 laboratory costers, w* aaadad to know 
whether that infomation applies to particles ande in the 0.13-a-disn 
coater. 

3.6.1 Fiaaile particle batch A-601 

A fiaaile particle from batch A-601 and which wns eraalnod aetallo-
graphlcally ia shown in Fig. 3.55. It was irradiated in foal rod C-3-3 
aad its appearance was typical of the particles from batch A-601 
described earlier. 

The backecattered electron inage and the distributions of uraaiua 
and chlorine are presented ia Fig. 3.56. As shown, the uraaiua was 
located in the nain kernel phase and in the dens if led buffer. The 
highest concentrations were in the aain kernel phase* but sow* accumula­
tions were localised in the densifled buffer. Chlorine, believed to 
aggravate fission product behavior and SIC corrosion,19 waa 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 waa not aa distinct aa the others. The 
chlorine waa located in the kernel and along the inner surface of the 
1LTI coating. Previous results 1 1 have shown that the chlorine is asso­
ciated with the rare earth fission products Id, Ce, La, and Pr. 

The distributions of the rare earth fission products lid, Ce, La, 
and Pr are shown in Fig. 3.57. They were observed in the kernel, the 
denaifiad buffer, along the Inner surface of the 1LTT coating, and at 
the SIC coating on the cold side of the particle. These results agree 
with those of previous studies, 1 1* 1* which showed that the retention of 
the rare earth fission products depended on the initial oxygen content 
of the kernel. 

The distributions of zitconlun, strontium, and bariiia are shown in 
Fig. 3.58. Host of the slrconlua was located in the aaln kernel phaee, 



Fig. 3.55. Batch A-601 Fissile Particle Exaadned with Electron 
Hicroprobe. The particle was irradiated in fuel rod C-3-3 and was 
located on the outer surface of the rod. 
to the right of the Micrographs. 150*. 
(b) Polarized light. 

The rod's outer surface is 
(a) Bright field. 
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UM# CI I* 
Fig. 3.56. Particle froa Fissile Batch A-601. Cold side of particle 

located at bottoa of photographs, (a) Optical. Bright field, 
(b) Backscattered electron iaage. (c) U MB x-ray display, (d) CI Lo x-ray 
display. 
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Fig. 3.57. Particle from Batch A-601. 
of Fig. 3.56. X-ray displays of (a) Nd La, 
(d) Pr La. 

Me 
Orientation identical to that 
(b) Ce La, (c) La La, and 
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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 densifled 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. 1 1 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 kernel. 

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 aetallographic 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-l-3 and its appearance was typical of 
particles from that batch. 
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Fig. 1.58. Particle from Batch A-601. 
of Fig. 3.56. X-ray displays of (a) Zr La, 

Orientation identical to 
(b) Sr La, and (c) Ba Lu. 

that 
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Fig. 3.59. Particle frost Batch A-601. 
of Fig. 3.56. X-ray displays of (a) Cs La, 
(d) Ru La. 

Orientation identical to that 
(b) Xe La, (c) Ho La, and 
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Fi^ . j .6 ( ) . i ' a r t i c l e tron Batch A-blU. {*) r"U x-ray display i s 
•i.ine o r i e n t a t i o n as in Yip.. J .36. (b) Backscattered electron image 
old s ide of p a r t i c l e . (c) I'd x-ray display of cold s ide of pcr t i c l c . 
\'d 1.1 x-ray display — represen ta t ive of other rare earths — of cold 

sidf el particle. 
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F i g . I.fil. Batch A-bl I F i s s i l e P a r t i c l e F.xan-.ined w i t h K l e c t r o n 
Mic roprobe . The p a r t i c l e was i r r a d i a t e d in fuel rod C-. '-l and was 
3000 urn f>om tl:c o u t e r s u r f a c e of Uie rod . Rod ' s s u r f a c e i s In t he 
r i g h t «'f the m i c r o g r a p h s . r><)-. (a ) Br i .'hi f i e l d . ('!>) P o l a r i ;.v<\ 
1 i « h t . 
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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.11 

The rare earth fission product distributions — Nvl, 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 t'.ie inner surface of the iLTI coating. These results 
resemble previous studies11 of partially converted WAR particles. 
Ue observed no migration of the rare earth fission products to the SiC 
coating. In particles with such a high initial oxygen content — the 
ratio cf 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). the surfaces of the 
kernel phase, noble metal inclusions were identified. Evidently the 
molybdenum and ruthenium precipitate out of solution in the kernel 



95 

R74906 

orncAi 300, BSE IMAGE 

l)W Cll«* 

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) CI La x-ray 
display. 
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Fig. 3 .65 . P a r t i c l e from Batch A-611. Or i en t a t i on I d e n t i c a l to t h a t of F I R . 1.62. X-ray 
l i n e - d i s p l a y s of (a) cesium, (b) molybdenum, and (c\) mthonlum. 
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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 costing 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- depends on the initial 
oxyRen content of the kernel. The results on the fissile WAR particles 
coated in the 0.13-m-dinm coater resemble those on partially converted 
WAR particles coated in 0.025-m-diara nnd 0.063-ra-diam coaters. ' '• There­
fore, many previous results on fission produit behavior in WAR particles 
apply to particles coated in the 0.13-m-diam coater. 

Fig. 3.66. Particle from Batch A-611. (a) Pd La x-ray dispiay in 
same orientation as in Fig. 3.63. (b) Backscattercd electron imago of 
cold side of particle, (c) Pd Li x-ray display of cold side of particle. 
(d) Nd Lrt x-ray display - representative of those of other rare earths -
on cold «ide of particle. 
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4. CONCLUSIONS 

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

Triso-coated WAR ^articles coated in the 0.13-*-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 2 3 were coated by the fritted gas distributor 
in the 0.13-m-diam coater. We believe they will per for* well under actual 
RTGR 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 anlsotropy. 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 30Z had significantly more oLTI-coating failures than did 
matrices with yields below 30%. 

The Biso-coated ThOj 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 H, 5.40 lb), 
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.13 
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The Triso-coated WAR particles with stoichiometrics ranging from 0 
to 1002 converted performed as expected. The high-oxygen-content par­
ticles (02 converted) showed —oebi of the kernel up the temperature 
gradient. In the low-oxygen-content particles (1002 converted) tested 
previously,1* 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 0F-2. This difference resulted 
from irradiation temperatures lower than 1150*C-(1423 K) facing these 
particles. He expect that 1002-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 (152-752) converted WAR particles showed good irradia­
tion performance. Ho 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 fro* 
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 t<402), 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 to as to qualify a fuel for licensing. Conventional methods 
do not provide sufficient information. For example, virtually all the 
Biso-coated Th02 particles appeared to be in good condition after irradia­
tion. These particles were used to demonstrate the irradiation behavior 
of various coating aicrostructures arising from a variation of the 
coating process conditions. However, other tests 1 9' 2 3 have shown that 
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intact Biso-coated Th0 2 particles aay have permeable pyrocarbon coatings, 
which can leak fission gases. Such particles, therefore, are actually 
failed. Additional PIE, in the fora of IMGA analysis and internal gas 
pressure measurements, will be performed on these Biso-coated TI1O2 
particles and reported later. 1 3 In addition, many observations are 
required to ascertain whether the performance of fuel particles is 
adequate. Hetallographic 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. 1 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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GAMfA SPECTRA OF INDIVIDUAL FUEL RODS FROM OF-2 
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Fig, A.6. Activity of Fuel Rods from Stack B-2. 



112 

900 

*» 

«00 0 - " " o H 4 « w * t 
• - « • « < 100 NNI 

*-« 4-2 4-1 4-4 4-3 4-« 4-T 4-« 4-» 4-tO 4-11 4 -« 
STICK W M H 

Fig. A.7. Gaana Activity of Fuel Rods from Stack B-3. 
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Fig. A.8. Gamma Activity of Fuel Rods from Stack B-4. 
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Fig. A.9. Gamma Activity of Fuel Rods from Stack C-1. 
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Fig. A.10. Gamma Activity of Fuel Rods from Stack C-2. 
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Fig. A.11. Activity of Fuel Rods froa Stack C-3. 
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Fig. A.12. Gamna Activity of Fuel Rods froa Stack C-4. 


