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POSTIRRADIATION EXAMINATION OF RECYCLE TEST ELEMENTS 
FROM THE PEACH BOTTOM REACTOR 

T. N. Tiegs and E. L. Long, Jr. 

ABSTRACT 

The Recycle Test Elements were a series of tests of 
High-Temperature Gas-Cooled Reactor fuels irradiated in 
Core 2 of the Peach Bottom Unit 1 Reactor. They tested a 
wide variety of fissile and fertile fuel tĵ jes of prime 
Interest when the tests were designed. The fuel types 
Included U02J UC2J (2Th,U)02, (4Th,U)02, ThC2, and 
Th02. The mixed thorium-uranium oxides and the pure 
thorium oxide were tested as Biso-coated particles only, 
while the others were tested as both Biso- and Triso-coated 
particles. The Biso coatings on the fissile kernels con­
tained the fission products inadequately but on the fertile 
kernels they did so acceptably. The results from accelerated 
and real-time tests on the particle tjrpes agreed well. 

In particles with kernels made of UC2 the high-yield 
rare-earth fission products migrated out of the kernel and 
down the temperature gradient. In Triso-coated particles, 
these fission products accumulated at the SiC, which caused 
graphitization of the inner LTI and corrosion of the SiC. 

Kernels made of UO2 showed an unacceptable amount of 
migration up the temperature gradient. In Biso-coated 
particles kernels migrated at average temperatures as low as 
1298 K (1025°C) and at burnups of 53.7% FIMA. 

Slight amoeba was observed with kernels made of 
(2Th,U)02 irradiated at average temperatures of 1423 K 
(1150°C) and burnups of 21.7% FIMA. On the other hand, the 
(4Th,U)02 kernels showed no amoeba in any of the recycle 
test elements. 

The ThC2 particles performed adequately at moderate 
temperatures and burnups (<1523 K, 1250*0, and 3.0% FIMA), 
but amoeba was observed under more severe conditions. On the 
other hand, the Th02 kernels performed well and showed no 
amoeba, even at a highest average temperature of 1698 K 
(1425°C) and burnup of 3.1% FIMA, 

1. INTRODUCTION 

The Recycle Test Elements (RTE) were a series of tests of High 

Temperature Gas-Cooled Reactor (HTGR) fuel irradiated in Core 2 of the 

1 
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Peach Bottom Unit 1 Reactor, The work was a cooperative effort between 

Oak Ridge National Laboratory (ORNL) and General Atomic Company (GA), 

as part of the National HTGR Fuel Recycle Development Program.^ Fuel 

was fabricated for the RTE series by both ORNL and GA.2--5 

The RTEs were designed to replace standard Peach Bottom Reactor 

Core 2 fuel elements. But in place of the annular fuel compacts, six 

graphite bodies contained the fuel rods in a "telephone dial" arrange­

ment (Fig. 1.1), A detailed description of the design and assembly of 

the experiments is presented in ref, 2. Operation of the Peach Bottom 

Reactor" and irradiation of the RTE serieŝ ""-̂ ^ has been 

reported previously. 

The fuels irradiated were those of prime Interest at the time the 

tests were designed. These included both sol-gel oxide fuels fabri­

cated at ORNL3~"5 and carbide fuels fabricated at GA,2 Many 

changes have occurred in the HTGR recycle program since the RTE series 

was planned and the fuel fabricated.^^ Although most of the fuel 

0RNL-DWG70-92<4R 

Fig, 1.1, Recycle Test Element Showing End View of Single Fuel Body. 
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types in the RTE series have been eliminated from consideration by 

results from irradiation testing under accelerated conditions, examina­

tion of the fuel was important because it was necessary to show that 

the results from real-time testing, that is, the RTE series, were com­

parable to those from accelerated testing of the same fuel. 

A summary of the properties typical of the various particle 

batches is presented in Table 1,1, Detailed descriptions of the pro­

perties can be found in refs. 2 and 3. The particles were formed into 

fuel rods approximately 12,45 mm (0,490 in.) in diameter and 54.4 mm 

(2.14 In.) long by the slug-injection method. The matrix material for 

the ORNL fuel rods was 15V coal tar pitch mixed with approximately 35 

wt % AXM or 35—40 wt % graphite flour. The coal tar pitch and 

graphite flour came from Allied Chemical Company and Poco Graphite, 

Inc., respectively. The matrix material used for the GA fuel rods was 

a blend of 27 to 30% natural flake graphite flour and 70 to 73% coal 

tar pitch. 

After fabrication the green fuel rods were carbonized and heat 

treated by one of three methods. Some rods were carbonized and heat 

treated in individual graphite holders. Some were packed in graphite 

flour and placed in the graphite fuel bodies. And some were loaded 

directly into the fuel bodies, carbonized, and heat treated in place. 

The irradiation and postirradiation examination schedule of the 

RTEs is outlined in Table 1.2, Elements RTE-2 and -4 through -8 were 

charged into the Peach Bottom Reactor on July 14, 1970. In April 1971, 

RTE-7 was withdrawn and RTE-1 (renamed FTE-11) was inserted; RTE-4 was 

withdrawn in April 1972, RTE-2 was withdrawn in September 1973 and the 

remaining elements were withdrawn after reactor operations ceased on 

October 31, 1974. 

The postirradiation examination (PIE) of RTE-4 and -7 has been 

reported previously.3»9,12 Summaries of the postirradiation examina­

tions of the remaining elements have been published.•'•̂ » •̂'* This 

report plus refs, 2 and 3 complete the reporting of the recycle test 

element program. 



Table 1,1* Suinxnary of Pa r t i c l e Character is t ics From Recycle Test Elements 

Kernel 

Particle 
Batch*^ Type 

Mean 

Diameter 

(ym) 

Density 
(Hg/ra^) 

Coater 
Type^ 

Buffer Coating iLTI Coating 

(mm) (in.) 

Mean 
Thickness 

(urn) 
Density 
(Mg/m^) 

Thickness 
Density 
(Mg/m^) 

SIC 

Mean 
Thlckne 

(Um) 

N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 

N.A. 

N.A. 

Coating 

Density 
'"̂  (Mg/m') 

oLTI 

Mean 
Thickness 

(ym) 

73.2 

81.1 
129.1 
134.6 
123.2 
122.2 
128.6 

141.1 

-̂60 

63 

Coating 

Densi 
(Mg/m 

1.94 
1.90 

1.91 
1.92 
1.91 
1.91 
1.86 

1.85 

1.89 

N.D. 

^ 
BAF'' 
or 
OPTAF 

N.D.« 

N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 

N.D. 

N.D. 

N.D. 

PR-54 
PR-53 
PR-56 
PR-57 
PR-60 
PR-61 
PR-66 
PR-67 

OR-1256 
-1257 
-1258 

Mixed A 

PR-47 
PR-48 
PR-50 
PR-51 

4000-307 
4000-309 
4000-274 
4000-305 
4000-225 
4000-226 
4000-273 
4000-325 
4000-340 
4000-355 
4000-319 
4000-323 
4000-339 

(4Th,U)02 
(4Th,U)02 
(4Th,U)02 
(4Th,U)02 
(2Th,U)02 
(2Th,U)02 
(2Th,U)02 
(2Th,U)02 

Mixed 1,2,3 UO2 

Th02 

Th02 

ThOz 
Th02 
Th02 
Th02 

UC2 
DC 2 
UO2 
The 2 
ThCz 
The 2 
Th02 
DC 2 
DC 2 
DO2 
ThC2 
The 2 
Th02 

343.2 
343.2 
355.0 
355.0 
352.9 
352.9 
347.1 
347.1 

10.10 
10.10 
10.10 
10.10 
10.18 
10.18 
10.02 
10.02 

75-125 -v-lO.S 

350-500 10.0 

130 
130 
130 
130 
130 
130 
130 
130 

38 

38 

38 

409. 
409. 
390. 
390. 

99 
98 
111 
384 
350 
356 
410 
93 
95 
201 
387 
351 
410 

7 
7 
9 
9 

9.96 

9.96 
9.89 
9.89 

10.43 
10.57 
N.D. 
8.86 
8.84 
8.80 
N.D. 
10.43 
10.44 

N.D. 

8.78 
8.78 
9.95 

130 
130 
130 
130 

72.1 
72.1 
73.5 
73.5 
76.3 
76.3 
87.0 
87.0 

'V54 

044 

41-^45 

5 
5 
5 
5 

55.6 
55.6 
51.4 
51.4 

51 
47 

MO 
48 
49 
58 
55 
50 
45 
53 
54 
56 
62 

1.103 
1.103 
1.101 
1.101 

1.159 
1.159 
1.72 
1.172 

%1.4 

N.D. 

1.26 
1.26 
1.33 
1.33 

1.30 
1.34 
N.D. 

1.13 
1.21 
1.17 
1.26 
1.29 
1.34 
1.29 
1.15 
1.24 
1.32 

N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 

N.A. 

N.D. 

N.A. 
N.A. 
N.A. 
N.A. 

21 
N.A. 
N.A. 

23 
N.A. 
N.A. 
N.A. 
22 

N.A. 

27 
32 

N.A. 
N.A. 

1.85 

1.82 

1.79 
1.85 

1.05 

1.21 

1.21 

1.09 

N.A. 

N.A. 
N.A. 
N.A. 
N.A. 

20 
N.A. 
N.A. 
23 

N.A. 
N.A. 
N.A. 

20 
N.A. 

23 
27 

N.A. 
N.A. 

60-74 

3.21 

3.20 

3.19 

3.20 
3.21 

77. 
62. 
70. 
69. 

32 
74 

'V.60 
41 
66 
71 
75 
27 
73 
37 
36 
67 
81 

1 
2 
9 
8 

1.93 
1.94 

1.91 
1.91 

1.73 
1.84 
N.D. 
1.79 
1.88 
1.88 
1.94 

1.71 
1.78 
1.80 
1.86 

1.85 
1.78 

N.D. 
N.D. 
N.D. 
N.D. 

1.03 
1.02 

<1.09 
1.04 
1.08 
1.06 

<1.09 
1.11 
1.14 
1.07 
1.09 

1.10 
1.09 

Q̂ l Batches with numbers beginning with 4000- were fabricated by GA; all others were fabricated by ORNL. 

ORNL particles were coated either in a 0.13-m-dlam (5-ln.) coater bath or in a 0.05-m-dlam (1.5-ln.) coater bath using a core 

'Bacon Anlsotropy Factor (BAF.) or Optical Anisotropy Factor (OPTAF) for particles In RTE-1. 
i 
N.A. signifies not applicable. 

N.D. signifies not determined. 

as distributor. 



Table 1.2. Irradiation and Postirradiation Examination Schedule of Recycle Test Elements 

Element 

RTE-1 

RTE-2 

RTE-4 

RTE-5 

RTE-6 

RTE-7 

RTE-8 

(FTE-ll) 

Date Charged 
into Reactor 

April 1971 

July 1970 

July 1970 

July 1970 

July 1970 

July 1970 

July 1970 

Date Discharged 
from Reactor 

Oct. 1974 

Sept. 1973 

April 1972 

Oct. 1974 

Oct. 1974 

April 1971 

Oct, 1974 

Postirradiation 
Examination 
Time Period 

June 1976-Sept. 1976 

Dec. 1973-April 1974 

July 1972-Dec. 1972 

Jan. 1976-May 1976 

July 1975-Nov. 1975 

July 1971-Dec. 1971 

April 1975-July 1975 

Equivalent 
Full-Power 

Days 

650 

701 

385 

897 

897 

525 

897 

Maximum Fast-
Neutron 
Exposure, 
>0.18 MeV 
(n/m' 

3.0 X : 

3.1 

1.9 

4.1 

4.2 

1.2 

4.2 

') 

10" 

Maximum 
Fuel 

Burnup, 
FIMA 
(%) 

49.6 

45.6 

31.8 

58.7 

59.8 

20.0 

60.0 
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2, POSTIRRADIATION EXAMINATION OF RECYCLE TEST ELEMENT-7 

Recycle Test Element-7 was irradiated In core location ElO-06* of 

Peach Bottom Core 2 from 0 to 252 Effective Full-Power Days. This test 

element contained a variety of fissile and fertile fuel combinationsj 

as summarized in Table 2.1» Results from an early examination have 

been reported previously*-̂  

The irradiation conditions were analyzed under subcontract by GA, 

Summaries of the power history, heavy-metal burnup, and neutron fluence 

are presented in Tables 2»2j 2,3̂  and 2»4, respectively. The time-

averaged temperatures and temperature envelopes for the entire element 

are presented in Figs. 2̂ 1 through 2,8. Maximum burnup was 20% FIMA 

(Fissions per Initial Metal Atom); fast fluence (E >0.18 MeV) was 1.16 

K 1025 n/m2| and fuel temperature was 1575 K (1300*0, 

From previous results-̂  we concluded that the fuel particles all 

performed satisfactorily. The only indication of potential difficulty 

was the presence of numerous cracks in the outer Low-Temperature 

Isotropic coating (oLTI) of fuel rod RTE-7-3-7-3.* Additional metal­

lography on the same particle type but at a lower flux position^ that 

is J fuel rod RTE-7-5-5-5^ showed no failed oLTI coating. The fast-

neutron fluences (E >0.18 MeV) of the two positions differed; 1,16 x 

10^5 n/m^ versus 0.78 x 10^5 n/v^. The cracks were evidently 

caused by fast-neutron-induced dimensional changes in the pyrocarbon. 

Further metallographic examination revealed that a slight reaction 

had occurred at the interface between the inner Low-Temperature 

Isotropic coating (iLTI) and the SiC on the cold side of the fissile 

particles. This reaction formed graphite flakes that extended about 3 

]lm from the inner surface of the SiC into the ILTI. The reaction also 

resulted in a slight attack on the inner surface of the SiC layer to a 

depth of 1 to 2 ym. That this reaction appeared on the cold side of 

*RTE-W-X-Y-ZJ W = Experimental Test Element; X ^ Graphite Body 
in Element (1 Bottom, 6 Top); Y = Hole in Body; Z = Fuel Rod in Hole 
(1 Bottom). 



Table 2.1. Fuel-Loading Scheme for Recycle Test Element-7 

Body 

1,2,3 

4 

5,6 

Hole 

1,2 
3,4 
5,6 
7,8 

1,2 
3,4 
5,6 
7,8 

1,2 
3,4 
5,6 
7,8 

Fissile 

Particle Type 

UO2 Biso 
(2Th,U)02 
UO2 Biso 
UC2 Triso 

UO2 Biso 
UO2 Biso 
UC2 Biso 
(2Th,U)02 

(4Th,D)02 
(2Th,U)02 
UC2 Triso 
UO2 Biso 

Biso 

Biso 

Biso 
Biso 

Fuel 

Batch 

4000-274 
PR-60 
Mixed 2,3*̂  
4000-307 

4000-274 
Mixed 3 
4000-309 
PR-60 

PE-57-1, -6^^ 
PR-61 
4000-307 
Mixed 2 

Fertile 

Particle Type 

The 2 
The 2 
Th02 
The 2 

The 2 
Th02 
Th02 
The 2 

The 2 
Th02 
The 2 
Th02 

Biso 
Biso 
Biso 
Triso 

Biso 
Biso 
Biso 
Biso 

Biso 
Biso 
Biso 
Biso 

Fuel 
• 

Batch 

4000-226 
4000-225 
Mixed A 
4000-306 

4000-226 
4000-273 
Mixed A 
4000-225 

4000-225 
PR-48^ 
4000-226 
PR-51 

(PR-47) 

Carbonization 
Procedure for 
Bonded Rods 

CGT? 

PG/' 
PGF 
CGT 

CGT 

PGF 
PGF 

PGF 
PGF 
CGT 
PGF 

Carbonized in covered graphite tray. 

Carbonized in packed graphite flour. 
o 
Fuel stack RTE-7~3-5 was a combination of batches Mixed 2 and Mixed 3; fuel stack 

RTE-7-3-6 used batch Mixed 3| batch Mixed 2 was used in all others. 

Fuel stack RTE-7-5-2 used batch PR-57-6; all others used PR-57-1. 

^Fuel rod RTE-7-5-4-1 was a combination of batches PR-47 and PR-50: all others used PR-48. 



Table 2 . 2 . Recycle Test Element-7 Power, Flow, and Flux His tory 

Interval Reference 
Equivalent Full-

Power Time 

From EFPD 

0.00 
26.99 
62.71 
68.57 
202.06 

To EFPD 

26.99 
62.71 
68.57 
202.06 
252.il 

Sum/Tlme-Welghted 
Average 

Root Mean Square 

Irradiation 
Interval'^ 

(d) 

28.84 
38.84 
7.50 

140.94 
53.62 

269.74 

Absolute 
Radial Power 

(kW) 

103.66 
104.71 
87.47 
106.62 
107.16 
105.60 

3.27 

Thermal Analysis 

Relative 
Padlal 
Power 

0.794 
0.802 
0.802 
0.807 
0.818 
0.807 

0.007 

Coolant 
Relative Radial-
Power Factor 

0.971 
0.981 
0.978 
0.985 
0.990 
0.984 

0.005 

TRICUSP 
Channel Flow 

Ckg/s) 

0.0316 
0.0336 
0.O325 
0.0328 
0.0343 
0.0331 

0.0008 

Real 
rime* 
(d) 

28.84 
38.84 
7.50 

140.94 
60.00 
276.12 

Gage 
Power 
(kW) 

103.66 
104.71 
87.47 
106.62 
95.78 

103.17 

5.00 

lA^ 

3.66 X iQl' 
3.79 
3.20 
3.88 
3.50 
3.74 

0.18 

Nuclear Analysis 

Flux in Groups 

IB 

0.64 X 
0.67 
0.56 
0.68 
0.62 
0.66 

0.03 

10' " 7.27 
7.59 
6.40 
7.77 
7.08 
7.51 

0.34 

fi 

2 

^ in-

fia 

17 

3 

1.20 X IQI' 
1.25 
1.05 
1.28 
1.16 
1.24 

0.06 

4 

3 39 
4 15 
3 99 
4.04 

0.15 

"Tiae at nonzero power used in thermal analysis. 

*̂ Real calendar days used in nuclear analysis. Some short-term zero-power periods are included. 

The energy ranges for the flux groups follow: 

Group lA: 14.96 MeV > E > 0.18 MeV or 2.40 pj > E > 28.84 £J 
Group IB: 0.18 MeV > E > 8.65 x lo' eV or 28.84 fJ > E > 13.86 fj 
Group 2: 8.65 x lO* eV > E > 17.60 eV or 13.86 fJ > E > 2.82 aj 
Group 3: 17.60 eV > E > 2.38 eV or 2.82 aJ > E > 0.38 aJ 
Group 4: 2.38 eV > E > 0 or 0.38 aJ > E > 0 

Group lA, the fast-flux group, has been modified from the Gage output by a factor of 0.85. This accounts for the Peach Bottom energy cut-off of 8.65 x iQ** gy instead of 0 18 MeV 

http://252.il
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Table 2.3. Recycle Test Element-7 Burnup; 
per Initial Metal Atom 

Fissions 

Fuel 
Body 

1 

Mean 
Range 

2 

Mean 

Fuel Co 
Rod 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

Range/RMS 

3 

Mean 

1 
2 
3 
4 
5 
6 

Range/RMS 

4 

Mean 
Range 

5 

Mean 
Range 

6 

Mean 
Range 

Grand 
Grand 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

Mean 
Range/RMS 

re Height 
(inni) 

688 
742 
797 
851 
906 
960 

824 
327 

1082 
1136 
1190 
1244 
1299 
1353 

1217 
325 

1477 
1530 
1583 
1636 
1690 
1743 

1610 
319 

1873 
1927 
1981 
2035 
2089 
2143 

2008 
324 

2267 
2321 
2375 
2429 
2483 
2537 

2402 
324 

2664 
2718 
2772 
2825 
2879 
2933 

2799 
323 

1810 
2299 

Fertile FIMA 
(%) 

0.007 
0.020 
0.038 
0.059 
0.083 
0.106 

0.052 
0.035 

0.126 
0.145 
0.160 
0.173 
0.183 
0.189 

0.163 
0.022 

0.194 
0.195 
0.195 
0.192 
0.188 
0.182 

0.191 
0.005 

0.175 
0.168 
0,160 
0.152 
0.143 
0.133 

0.155 
0.014 

0.121 
0.109 
0,098 
0.086 
0.075 
0.064 

0.092 
0.020 

0.053 
0.039 
0.026 
0.017 
0.009 
0.003 

0.024 
0.017 

0.113 
0.064 

Fissile FIMA 
(%) 

4.659 
7.594 
10.507 
13.407 
15.176 
16.740 

11.347 
4.233 

17.620 
18.358 
18.829 
19.200 
19.488 
19.689 

18.864 
0.706 

19.863 
19.964 
20.035 
19.964 
19.823 
19.556 

19.868 
0.156 

19.258 
18.936 
18.553 
18.151 
17.695 
17.220 

18.302 
0.700 

16.655 
16.045 
15.352 
14.578 
13.735 
12.980 

14.891 
1.274 

12.258 
11.566 
10.876 
10.212 
9,552 
8.898 

10.560 
1.147 

15.639 
4.123 

Mixed FIMA 
(%) 

0.601 
0.987 
1.375 
1.764 
2.010 
2.230 

1.495 
0.570 

2.360 
2.471 
2.544 
2.603 
2.649 
2.680 

2.551 
0.109 

2.706 
2.720 
2.729 
2.717 
2.696 
2.656 

2.704 
0.024 

2.612 
2.565 
2.509 
2.451 
2.385 
2.315 

2.473 
0.102 

2.233 
2.145 
2.046 
1.937 
1.819 
1.713 

1.982 
0.180 

1.612 
1.511 
1.412 
1.319 
1.228 
1.139 

1.370 
0.161 

2.096 
0.581 
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Table 2.4. Recycle Test Element-7 Fast- and 
Thermal-Neutron Fluences 

Fuel 
Body 

1 

Mean 
Range 

2 

Mean 
Range 

3 

Mean 
Range 

4 

Mean 
Range 

5 

Mean 
Range 

6 

Mean 

Fuel 
Rod 

1 
2 
3 
4 
5 
6 

/EMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

Range/SD 

Total 
Total 

Mean 
Range/ 

Core Height 
(mm) 

688 
742 
797 
851 
906 
960 

824 
327 

1082 
1136 
1190 
1244 
1299 
1353 

1217 
325 

1477 
1530 
1583 
1636 
1690 
1743 

1610 
319 

1873 
1927 
1981 
2035 
2089 
2143 

2008 
324 

2267 
2321 
2375 
2429 
2483 
2537 

2402 
324 

2664 
2718 
2772 
2825 
2879 
2933 

2799 
323 

1810 
RMS 2299 

Fluence 

Fast, 
>0.18 MeV 

0.358 X 10^5 
0.503 
0.624 
0.734 
0.829 
0.905 

0.659 
0.187 

0.972 
1.027 
1.070 
1.106 
1.128 
1.144 

1.074 
0.060 

1.155 
1.159 
1.160 
1.158 
1.149 
1.138 

1.153 
0.008 

1.123 
1.103 
1.079 
1.051 
1.022 
0.991 

1.062 
0.046 

0.955 
0.916 
0.875 
0.831 
0.785 
0.732 

0,849 
0.076 

0.678 
0.626 
0.559 
0.487 
0.406 
0.299 

0.509 
0.129 

0,884 
0.257 

, n/m^ 

Thermal, 
<2.38 eV 

0.428 X 10^= 
0.538 
0.641 
0.741 
0.838 
0.929 

0.686 
0.171 

1.015 
1.086 
1.138 
1.177 
1.196 
1.211 

1.137 
0.068 

1.222 
1.227 
1.229 
1.228 
1.223 
1.216 

1.224 
0.005 

1.206 
1,192 
1.174 
1.150 
1.119 
1.081 

1.154 
0.043 

1.036 
0.990 
0.941 
0,891 
0.838 
0.782 

0.913 
0.087 

0.728 
0,678 
0.628 
0.583 
0.544 
0,514 

0.613 
0.074 

0.954 
0.253 
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I 

AX I AL POSITION •••102 C HH 3 

Fig. 2,1. Recycle Test Element-7 Time-Averaged Temperatures: Bodies 
1—6, Holes 1-2. 

a 

AXIAL POSITION •••102 ( MM 3 

Fig. 2.2. Recycle Test Element-7 Time-Averaged Temperatures: 
1-6, Holes 3-4. 

Bodies 
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16 18 20 22 2« 26 30 

AXIAL POSITION • • • l O ^ C MH 3 

Fig. 2.3. Recycle Test Element-7 Time-Averaged Temperatures: 
1—6, Holes 5—6. 

Bodies 

AXIAL POSITION •••!0^ C HH 3 

Fig. 2.4. Recycle Test Element-7 Time-Averaged Temperatures; 
1—6, Holes 7—8. 

Bodies 
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R-75306 

IS 20 22 2« Z« 28 

AXIAL POSITION •••10* C MM 3 

Fig. 2.5. Recycle Test Element-7 Temperature Envelope: Bodies 1—6, 
Holes 1—2. 

R-76307 

a 1" 

AXIAL POSITION •••10'' I MM 3 

Fig. 2.6. Recycle Test Element~7 Temperature Envelope: Bodies 1—6, 
Holes 3-4. 
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S 

AXIAL POSITION • • • l a ^ t m j 

Fig . 2 . 7 . Recycle Test Element-7 Temperature Envelope: 
Holes 5-6, 

Bodies 1—6, 

iO 12 1« 16 18 

AXIAL POSITION • - • 1 0 ^ t MM 3 

Fig. 2.8. Recycle Test Element-7 Temperature Envelope: Bodies 1—6, 
Holes 7-8. 



15 

the particles suggests that the rare-earth fission products were 

responsible for it.-'-̂  The graphitized region adjacent to the SiC is 

shown in Fig. 2.9. 

One fissile particle appeared to have failed by a pressure-vessel-

type failure mechanism (Fig. 2.10). The rather low burnup of the par­

ticle — 13.7% FIMA — makes this observation surprising. 

Additionally the dimensional changes in the rods from RTE-7 

exceeded those predicted by extrapolation of data at higher exposure 

from accelerated tests. The dimensional analysis of Sect. 10 will 

discuss this result further. 

3. POSTIRRADIATION EXAMINATION OF RECYCLE TEST ELEMENT-4 

Recycle Test Element-4 was irradiated in core location B10-06* 

from 0 to 385 EFPD. The fuel-loading combinations are shown in Table 

3.1, Preliminary results^ from an early visual and dimensional exam­

ination have been reported previously. The metallographic examination 

was delayed until the capability to polish carbide fuels was estab­

lished. 

The nuclear and thermal evaluations of this element were also per­

formed by GA. Summaries of the power history, heavy-metal burnup, and 

neutron fluence are given in Tables 3.2, 3,3, and 3.4. The time-

averaged temperatures and temperature envelopes for the entire element 

are presented in Figs. 3,1 and 3.2, The radial temperature profile at 

the maximum fuel temperature achieved is presented in Fig. 3.3. As 

shown, the maximum fuel temperature does not occur at the center line 

of the fuel rod but shifts toward the central axis of the element. 

Maximum burnups were 30.9, 4.9, and 0.6% FIMA for the fissile, 

mixed Th-U, and fertile particles, respectively. The highest fuel tem­

perature and fast-fluence exposure (E >0.18 MeV) were 1325^C and 1.92 x 

10^5 n/m^, respectively. These irradiation conditions were more 

severe than those encountered in RTE-7 and resulted in different irra­

diation behaviors observed in the metallographic examination. 

*See ref. 6 for core location. 
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•'•̂ x. ̂  ?"' 

* .. • .-:;s.'~̂ f.-.. 

< . > ' ; 

fff? ""•'^.. 
. ' • ^ 

V,-

'.^•\,y. -^:/: ' • • ' '' '-,' . •" K-h()fiis 

Fig. 2.9. Reaction on Cold Side of Triso-Coated UC2 Particle from 
RTE-7-5-5-5. (a) Bright field. (b) Polarized light. 500x. 
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250^. 
F i g . 2 .10. Pressure-Vessel-Type F a i l u r e Observed in RTE-7-5-5-5. 

Table 3 .1 Fuel-Loading Scheme for Recycle Test Element-4 

Body 

1 

2 

3 

4 

5 

6 

Fissile 

Particle Type 

UC2 Biso 

UC2 Triso 

Fuel 

(4.2Th,U)02 Biso 

UC2 Triso 

(2Th,U)02 Biso 

UC2 Biso 

Batch 

4000-309 

4000-307 

PR-54 

4000-307 

PR-61 

4000-248 

Fertile 

Particle Type 

ThC2 Biso 

ThC2 Biso 

ThC2 Biso 

The2 Biso 

ThCa Biso 

ThC2 Biso 

Fuel 

Batch 

4000-226 

4000-225 

9T-980-BL 

4000-226 

4000-225 

4000-225 

Fuel-Bed 
Type 

Bonded Rods 

Blended Bed 

Blended Bed 

Bonded Rods'̂  

Bonded Rods 

Blended Bed 

Carbonized in fuel body. 

Blended beds contain calcined graphite powder as a bed s t a b i l i z e r to 
prevent segregat ion. 

o Carbonized in packed graphite f lour . 



Table 3 . 2 . Recycle Test Element-4 Power, Flow, and Flux His tory 

Interval Reference 

cquo-vaxtjut 
Power Time 

From EFPD 

0.00 
26.99 
62.71 
68.57 
202.06 
252.41 
252.41 
298.00 
342.95 

To EFPD 

26.99 
62.71 
68.57 
202.06 
252.41 
252.41 
298.00 
342.95 
385.44 

Sum/Time-Weighted 
Average 

Boot Mean Square 

Irradiation 
Interval'^ 

(d) 

28.84 
38.84 
7.50 

140.94 
53.62 
0.00 
48.99 
50.19 
44.83 

413.75 

Absolute 
Radial Power 

(kW) 

112.80 
112.54 
93.46 
113.23 
110.04 
109.12 
106.70 
102.20 
107.63 
109.65 

4.34 

Thermal Analysis 

Relative 
Radial 
Power 

0.864 
0.862 
0.857 
0.857 
0.840 
0.833 
0.822 
0.818 
0.814 
0.842 

0.019 

Coolant 
Relative Radial-
Power Factor 

1.093 
1.091 
1.086 
1.086 
1.066 
1.057 
1.041 
1.038 
1.032 
1.067 

0.023 

TRICUSP 
Channel Flow 

(kg/s) 

0.0312 
0.0332 
0.0322 
0.0324 
0.0341 
0.0341 
0.0329 
0.0329 
0.0335 
0.0328 

0.0007 

Real 
Time* 
(d) 

28.84 
38.84 
7.50 

140.94 
60.00 
0.00 
56.40 
55.62 
46.98 
435.12 

Gage 
Power 
(kW) 

112.80 
112.54 
93.46 
113.23 
98.35 

92.68 
92.23 
102.69 
104.26 

8.94 

lA'' 

4.10 X 1 0 " 
4.21 
3.54 
4.35 
3.78 
0.00 
3.43 
3.55 
3.88 
3.96 

0.35 

Nuclear 

Flux 

IB 

0.72 X 
0.74 
0.63 
0.77 
0.67 
0.00 
0.61 
0.63 
0.68 
0.70 

0.06 

Analysis 

in Groups 

10 ' 8.11 
8.39 
7.07 
8.53 
7.64 
0.00 
7.03 
7.24 
7.92 
7.92 

0.57 

from Gag 

2 

X 1 0 " 

e, n/m s 

3 

1.34 X 1 0 " 
1.38 
1.16 
1.40 
1.25 
0.00 
1.15 
1.19 
1.30 
1.30 

0.09 

4 

4.43 X l o " 
4.49 
3.83 
4.66 
4.39 
0.00 
4.20 
4.34 
4.97 
4.51 

0.24 

Time at nonzero power used in thermal analysis. 

Real calendar days used In nuclear analysis. 

The energy ranges for the flux groups follow: 

Some short-term zero-power periods are included. 

Group lA: 14.96 MeV > E > 0.18 MeV or 2.40 pj > E > 28.84 fJ 
Group IB; 0.18 MeV > E > 8.65 x 10* eV or 28.84 tJ > E > 13.86 fJ 
Group 2: 8.65 x 10* eV > E > 17.60 eV or 13.86 fJ > E > 2.82 aJ 
Group 3: 17.60 eV > E > 2.38 eV or 2.82 aJ > E > 0.38 aJ 
Group 4: 2.38 eV > E > 0 or 0.38 aJ »> E > 0 

Group lA, the fast-flux group, has been modified from the Gage output by a factor of 0.85. This accounts for the Peach Bottom energy cut-off of 8.65 
10' eV instead of 0.18 MeV. 



19 

Table 3.3. Fissions per Initial Metal Atom for Recycle Test Element-4 

Fuel 
Body 

1 

Mean 
Range 

2 

Mean 

Fuel Core Height 
Rod 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

Range/RMS 

3 

Mean 
Range 

4 

Mean 
Range 

5 

Mean 
Range 

6 

Mean 
Range 

Grand 
Grand 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

Mean 
Range/RMS 

(mm) 

689 
743 
797 
850 
904 
958 

823 
322 

1083 
1137 
1190 
1243 
1297 
1350 

1217 
321 

1479 
1534 
1588 
1643 
1698 
1752 

1616 • 
328 

1874 
1928 
1982 
2036 
2090 
2143 

2009 
323 

2269 
2324 
2378 
2432 
2486 
2541 

2405 
326 

2664 
2718 
2773 
2827 
2881 
2935 

2800 
325 

1812 
2300 

Fertile FIMA 
(%) 

0.020 
0.060 
0.115 
0.178 
0.248 
0.319 

0.157 
0.104 

0.379 
0.436 
0.483 
0.522 
0.553 
0.575 

0.491 
0.068 

0.590 
0.594 
0.596 
0.586 
0.574 
0.556 

0.583 
0.014 

0.536 
0.514 
0.491 
0.466 
0.438 
0.409 

0.476 
0.043 

0.373 
0.337 
0.300 
0.265 
0.230 
0.196 

0.283 
0.061 

0.162 
0.121 
0.080 
0.052 

• 0.027 
0.009 

0.075 
0.053 

0.344 
0.196 

Fissile FIMA 
(%) 

7.441 
12.098 
16.723 
21.309 
24.193 
26.765 

18.088 
6.758 

28.156 
29.384 
30.129 
30.747 
31.204 
31.548 

30.195 
1.153 

31.826 
32.006 
32.156 
32.041 
31.849 
31.417 

31.883 
0.237 

30.947 
30.429 
29.827 
29.183 
28.459 
27.713 

29.426 
1.111 

26.804 
25.837 
24.714 
23.480 
22.118 
20.890 

23.974 
2.051 

19.716 
18.595 
17.479 
16.406 
15.335 
14.279 

16.968 
1.856 

25.089 
6.623 

Mixed FIMA 
(%) 

1.044 
1.721 
2.407 
3.094 
3.553 
3.969 

2.631 
1.021 

4.213 
4.431 
4.574 
4.694 
4.783 
4.849 

4.591 
0.217 

4.901 
4.929 
4.952 
4.927 
4.891 
4.815 

4.902 
0.044 

4.733 
4.643 
4.539 
4.429 
4.305 
4.177 

4.471 
0,191 

4.021 
3.856 
3.670 
3.469 
3.251 
3.052 

3.553 
0.335 

2.861 
2.670 
2.481 
2.309 
2.140 
1.978 

2.407 
0.301 

3.759 
1.079 
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Table 3.4. Recycle Test Element-4 Thermal-
and Fast-Neutron Fluences 

Fuel 
Body 

1 

Mean 

Fuel Core Height 
Rod 

1 
2 
3 
4 
5 
6 

Range/RMS 

2 

Mean 
Range 

3 

Mean 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

Range/RMS 

4 

Mean 
Range 

5 

Mean 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

Range/RMS 

6 

Mean 

1 
2 
3 
4 
5 
6 

Uange/EMS 

Total 
Total 

Mean 
Range/RMS 

(mm) 

689 
743 
797 
850 
904 
958 

823 
322 

1083 
1137 
1190 
1243 
1297 
1350 

1217 
321 

1479 
1534 
1588 
1643 
1698 
1752 

1616 
328 

1874 
1928 
1982 
2036 
2090 
2143 

2009 
323 

2269 
2324 
2378 
2432 
2486 
2541 

2405 
326 

2664 
2718 
2773 
2827 
2881 
2935 

2800 
325 

1812 
2300 

Fluence 

Fast, 
>0.18 MeV 

0.596 X 10^5 
0.827 
1.024 
1.202 
1.354 
1.479 

1.080 
0.303 

1.588 
1.675 
1.749 
1.813 
1.851 
1.882 

1.760 
0.102 

1.902 
1.913 
1.919 
1.920 
1.909 
1.892 

1.909 
0.010 

1.869 
1.839 
1.802 
1.755 
1.708 
1.661 

1.773 
0.072 

1.603 
1.540 
1.471 
1.397 
1.320 
1.234 

1.427 
0.126 

1.143 
1.051 
0.941 
0.819 
0.681 
0.495 

0.855 
0.220 

1.467 
0.423 

, n/m^ 

Thermal, 
<2.38 eV 

0.742 X 10^5 
0.923 
1.101 
1.274 
1.443 
1.604 

1.181 
0.295 

1.756 
1.884 
1.982 
2.060 
2.097 
2.128 

1.985 
0.130 

2.153 
2.165 
2.173 
2.174 
2.168 
2.157 

2.165 
0.008 

2.141 
2.117 
2.088 
2.045 
1.991 
1.924 

2.051 
0.075 

1.843 
1.759 
1.671 
1.579 
1.485 
1.384 

1.620 
0.157 

1.285 
1.189 
1.101 
1.021 
0.951 
0.897 

1.074 
0.134 

1.679 
0.454 
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• MIN FUEL 

• MM FUEL eocy 

• AWE FUEL eoCf 

• MIN FUEL a o t / 

AXIAL POSITIOW'IO^ C HH 3 

Fig, 3.1« Recycle Test Eleinent-4 Time-Averaged Temperatures: Bodies 

1-6, 

a - FWEL WIN 

D - MIM FOeC BODf 

1-6. 

AXIAL POSITION • • • ! 0 ^ C MM 3 

Fig. 3.2. Recycle Test Element-4 Temperature Envelope: Bodies 
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1500 

3 
1000 

ORNL-DWG 78-19953 

500 
25 35 
RADIUS OF ELEMENT (mm) 

Fig. 3,3» Recycle Test Element-4 Radial Temperature Profile at 
Peak Temperature of Fuel Rod for Time Interval 69-202 EFPD and Core 
Height 1944 mm. 

A metallographic section was taken from fuel rod RTE-4-4-l-3j 

which contained Triso-coated dense UC2 and Biso-coated ThC2« Its 

maximum time-averaged fuel temperature during irradiation was 1300"Cj 

and it achieved a bumup of 29,2% FIMA, Examination of the transverse 

section revealed no evidence of amoeba in either the UC2 or the 

ThC2 particles. Typical fissile and fertile particles are shown in 

Fig. 3.4.* However, of 526 Triso-coated UC2 particles^ 3% had SiC 

coatings with straight-line fractures, while in 1% the oLTI had failed. 

This same batch (4000-307) of Triso-coated UC2 particles was also 

in RTE-y^ where the oLTI of the particles behaved similarly* 

Further examination of these fissile particles under polarized-

light illtmination revealed that the iLTI had graphitized on the cold 

side of the particle^ as indicated by high optical activity (Fig. 3.5). 

*Note; In all the metallographic particle micrographs presented, 
the temperature gradient increases from left to right. 
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Fig. 3.4. Typical Particles from RTE-4-4-1^3. (a) Triso IIP f.- -i 
particle. 250x. (b) Biso The,, fertile particle. ISOx' "'^ '"''''" 
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• 

Fig. 3.5. Triso UC2 Particle from RTE-4-4-1-3 Showing Graphitlzation 
of the ILTI Coating. 250x. (a) Bright field. (b) Polarized light. 

• 
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In addition the inner surface of the SiC had corroded to a depth of 

5 |im. This behavior was observed over the entire metallographic cross 

section. Electron microprobe analysis showed the graphitized regions 

of the ILTI contained the high-yield rare earth fission products La, 

Ce, Pr, and Nd, as presented in Fig. 3.6. Similar results on dense 

UC2 irradiated under accelerated conditions-̂ ^ >-̂^ have been observed 

previously. Evidently the rare earths are able to migrate out of the 

kernel and down the temperature gradient. Further migration is stopped 

by the SiC, causing an accumulation in the ILTI, which results in 

graphitlzation of the iLTI and corrosion of the SiC. 

Matrix-particle interaction was also observed in fuel rod RTE-4-4-

1-3. Approximately 10% of the fissile particles contained tears that 

extended about halfway through the outer coatings, as shown in Fig. 

3.7. This was the first example of matrix-particle interaction 

observed in fuel rods carbonized in an RTE graphite fuel body. This 

fuel rod received a fast-fluence exposure (E >0«18 MeV) of 1.8 x 10^5 n/m^, 

or about 25% of the exposure expected in a commercial HTGR. 

Body 2 contained a blended bed of Triso-coated dense-UC2 fissile 

particles (batch 4000-307) and Biso-coated ThC2 fertile particles. 

Body 2 and body 4 were comparable because their fuel rods contained the 

same fuel system. While the fissile particles came from the same 

batch, the fertile particles came from different ones, although all 

fertile particles from all batches were ThC2. The microstructure of 

the blended bed resembled that of the coated particles contained in the 

fuel rods, with one exception. Graphitlzation of the cold side of the 

ILTI was found in the fissile particles across the entire cross section 

of the fuel rod in body 4 (Fig. 3.5), whereas this effect was not 

observed in any of the particles in the loose-bed sample. The metal­

lographic sample was taken from the middle of the stack from hole 1. 

The maximum fuel temperature for that position was 1110°C, about 200°C 

cooler than at RTE-4-4-1-3. The burnups were comparable. The migra­

tion of the rare-earth fission products evidently depends very much on 

temperature, and occurs at a relatively slow rate at temperatures below 

1100°C. Typical particles from body 2 are shown in Fig. 3.8. 



ON 

Fig. 3.6. Rare-Earth Fission Products Found on Cold Side of Triso-Coated Dense-UCa Kernel from 
RTE-4. (a) Optical Micrograph, (b) La La, (c) Pr La, (d) Backscattered electrons. (e) Ce La. 
(f) Nd La. 

^SF • 
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Fig, 3.7. Matrix-Particle Interaction Involving Triso UC2 
Particles from RTE-4~4-l-3. 200x. 

Fuel rod RTE-4-1-1-3, which contained Biso-coated UC2 and ThC2j 

was also metallographically examined. Its maximum time-averaged tem­

perature was 800°C and it achieved burnups of 16.7 and 0.1% FIMA in the 

fissile and fertile particles^ respectively. No particles were 

observed to have failed as a result of the irradiation test. However» 

two of the Biso coatings had broken during fabrication. We found no 

evidence of amoeba in either the UC2 or the ThC2 kernels. Although 

none of the coatings showed indications of potential failure^ the 

coatings on the UC2 kernels contained sooty regions that delineated 

layers in the pyrocarbon. Also, the outer layers of many particles 

contained cracks that extended 20 to 30 ym into the coatings. Typical 

fissile particles from this fuel rod, RTE-4-1-1-3, are shown in Fig. 

3.9. The fertile ThC2 particles appeared Identical to those from 

RTE-4-4-1-3 (Fig. 3.4). 
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•/•"i-'ftx: 

._ _̂  __ .̂^ il Particles from RTE-4-2. (a) Triso UCz fissile 
particle. Bright field. 250x, (b) Same. Polarized light. (c) Biso 
ThCa fertile particle. Bright field. 200x. (d) Same. Polarized light. 
Reduced 29%. 
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Fig. 3.9. Typical Fissile Particles from RTE-4-1-1-3. 250x. 

Electron microprobe examination of the Biso-coated UC2 from body 

1 detected the rare-earth fission products — La, Pr, Ce, and Nd — 

contained in the kernel and buffer coating (Fig. 3.10). These results 

indicate that the rare earths migrate out of the kernel into the buffer 

but diffuse very little into the LTI coating. The maximum fuel tem­

perature — 820°C — was considerably lower than that — 1320°C — 

observed in body 4, in which rare-earth migration was high. Also, 

because these particles were at the end of the element where the 
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Fig. 3.10 Rare-Earth Fission Products Found in a Biso-Coated Dense UC2 Kernel from RTE-4, 
Body 1. (a) Optical micrograph. (b) La La. (c) Pr La. (d) Backscattered electrons. (e) Ce La. 
(f) Nd La. 
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thermal-neutron fluxes (E <2.38 eV) were much lower, the heat generation 

by individual particles was lower. Again these results point to the 

large temperature-dependence of the rare earth behavior. 

The electron microprobe was also used to determine the behavior of 

cesium in the Biso-coated UC2 particles from body 1 (Fig. 3.11). 

Cesium was observed in all areas of the particle, but whether it 

migrated out of the particle could not be determined. Even at the low 

burnups and temperatures encountered by these fuel particles, cesium 

migration was extensive. These results point to the need for a SiC 

coating on fissile particles to contain the cesium during irradiation. 

The blended bed in body 6 contained Biso-coated UC2 and ThC2, 

This fuel system was also used in body 1, although the particles came 

from different batches. A metallographic section was prepared with 

particles from the middle of the stack from hole 1. These particles 

operated at a maximum time-averaged temperature of 1050°C and maximum 

burnups of 17,5 and 0,1% FIMA for the fissile and fertile particles, 

respectively. The microstructural features of the particles from body 

6 resembled those of the particles from body 1 in that no amoeba was 

detected and no indications of potential failure were found in either 

the fissile or the fertile particles. Typical particles are shown in 

Fig. 3.12. The short radial cracks noted in the peripheral regions of 

the Biso coating on the UC2 kernels In the fuel rods from body 1 

were also present in the loose-particle sample (Fig. 3.13), indicating 

that the cracks probably resulted from a coating problem rather than 

from a rod fabrication problem. 

The fuel system contained in the fuel rods in body 5 consisted of 

Biso-coated (2Th,U)02 and ThC2. The metallographic section was 

taken from fuel rod RTE-4-5-1-3, which operated at a maximum time-

averaged fuel temperature of 1260°C and obtained burnups of 3.7 and 

0,3% FIMA in the fissile and fertile particles, respectively. 

Examination of the transverse section from this fuel rod revealed 

neither amoeba nor evidence of potential failure of either the fissile 

or the fertile particles. A typical fissile particle is shown in Fig. 

3.14. These particles closely resembled their counterparts from the same 
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Fig. 3.11. Distribution of Cesium in a Biso-Coated Dense UC2 Kernel 
from Recycle Test Element-4, Body 1. (a) Optical micrograph. (b) Cesium La. 
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Fig. 3.12. Typical Particles From RTE-4-6. (a) Biso UC2 fissile 
particle. Bright field. 250x. (b) Same. Polarized light, (c) Biso 
ThC2 fertile particle. Bright field. 150x. (d) Same. Polarized light 
Reduced 23.5%, 
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Fig. 3.13, Appearance of Short Radial Cracks in Outer Low-
Temperature Isotropic Coating on the Biso UC2 Particles from RTE-4-6. 
750X. 

batch irradiated in RTE-7. Furthermore, the fertile particles also 

appeared identical to others from the same batch of Biso-coated ThC2 

in body 2 (Fig. 3,9), 

Body 3 contained a blended bed of Biso-coated (4Th,U)02 ^^'^ 

ThC2 particles. The metallographic sample was prepared with par­

ticles from hole 1, in the middle of the stack, which operated at a 

maximum time-averaged fuel temperature of 1210''C, and achieved burnup 

of 5.0 and 0.6% FIMA in the fissile and fertile particles, respec­

tively. No amoeba was evident in either the fissile or fertile par­

ticles. Nor was any indication of potential failure discerned. 

Typical fissile and fertile particles are shown in Fig. 3.15. 
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Fig. 3.14. Typical Biso (2Th,U)02 Fissile Particles From 
RTE-4-5-1-3, 150X, (a) Bright field. (b) Polarized light. 
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Fig. 3.15. Typical Particles From RTE-4-3-1. 150x. (a) Biso 
(4Th,U)02 fissile particle. Bright field. (b) Same. Polarized light. 
(c) Biso ThC2 fertile particle. Bright field. (d) Same. Polarized light. 
Reduced 27.57o. 

• 
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4. POSTIRRADIATION EXAMINATION OF RECYCLE TEST ELEMENT-2 

Recycle Test Eleraent-2 was irradiated in core location F07-06 of 

Peach Bottom Core 2* from 0 to 701 EFPD. It contained a variety of 

fissile and fertile fuel combinations, as summarized in Table 4,1. The 

only PIE results previously published are a summary in the Gas-Cooled 

Reactor Program Annual Progress Report.^^ 

Summaries of the power history, heavy-metal burnup, and neutron 

fluence performed by GA are presented in Tables 4.2, 4.3, and 4.4, 

respectively. The time-averaged temperatures and temperature envelopes 

for the entire element are presented in Figs. 4.1 and 4.2. 

Maximum burnups were 45,6, 1.7, and 10.5% FIMA for the fissile, 

fertile, and mixed thorium-uranium particles, respectively. The 

highest fuel temperature and fast fluence exposure (E >0,18 MeV) were 

1663 K (1390°C) and 3.1 x io25 n/m^, respectively. Again the irra­

diation conditions faced by RTE-2 were more severe than those faced by 

the two elements previously discussed. 

The element was received at ORNL in March 1974 and disassembly 

started in mid-April. The overall appearance of the element was 

excellent, with no evidence of any localized regions of corrosive 

attack. A sooty deposit was present in the region of the lower spacer-

ring of the graphite sleeve (Fig. 4.3). This sooty deposit rubbed off 

easily, exposing the as-machlned surface. Similar deposits were 

observed on the other test elements. After the upper and lower 

graphite reflector sections were cut off, the six graphite fuel bodies 

were pushed out of the graphite sleeve. The appearance of the fuel 

bodies was excellent, with no signs of surface corrosion. 

A representative number of fuel rods -- about 40% — were removed 

by tapping the graphite bodies on the hot-cell floor. As in the pre­

vious recycle test elements and other irradiation tests,•'•° the fuel 

rods carbonized in the graphite fuel bodies — bodies 4 and 6 — were 

considerably more difficult to remove than those carbonized before 

being loaded in the graphite fuel body — body 2. 

*See ref. 6 for description of core location. 
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Table 4 . 1 . Fuel-Loading Scheme for Recycle Test Element-2 

Body 

1 

2 

3 

4 

5 

6 

Fissile 

Particle Type 

UC2 Biso 

(2Th,U)02 Biso 

UC2 Triso 

UC2 Biso 

Fuel 

(4.2Th,U)02 Biso 

UC2 Triso 

Batch 

4000-248 

PR-66 

4000-307 

4000-309 

PR-55 

4000-307 

Fertile 

Particle Type 

ThC2 Biso 

ThC2 Biso 

ThCa Biso 

ThC2 Biso 

ThC2 Biso 

ThC2 Biso 

Fuel 

1 Batch 

4000-225 

9T-980-3L 

4000-225 

4000-226 

9T-930-BL 

4000-226 

Fuel-Bed 
Type 

Blended Bed^ 

Bonded Rod 

Blended Bed*̂  

Bonded Rod'' 

Blended Bed*̂  

Bonded Rod^ 

Blended beds contained calcined graphite powder as a bed stabilizer to 
to prevent segregation. 

Carbonized in packed graphite flour. 
c 
Carbonized in graphite fuel body. 

The general appearance of the fuel rods carbonized in the bodies 

was good, with only slight evidence of debonding of the particles at 

the surface (Fig. 4,4). Most fuel rods had separated at the original 

rod Interfaces, but in a few instances, two fuel rods had stuck 

together (Fig. 4.5). The two fuel rod segments bowed noticeably. This 

made its removal from the graphite body even more difficult. "Sooty" 

regions were noted along the fuel rods from body 4. The rods from body 

6 were free of surface deposits. The sooty regions of the fuel rods 

from body 4 were rust-colored. As Table 4,1 shows, the fuel rods from 

body 4 contained a Biso-Blso fuel system, while those from body 6 con­

tained a Triso-Biso system and operated at lower temperatures. We also 

noted that the graphite spine sample from body 4 was more radioactive --

about 5 rad at 0,61 m (2 ft.) — than that from body 6, which was 

200 mrad. The spine sample from body 3 contained a Triso-Biso fuel 

system and operated at temperatures comparable to those of body 4; its 

radiation level was also 200 mrad. These surface deposits will be 

discussed further in the metallography section, which describes evi­

dence that the deposits resulted from problems in the rod fabrication 

and not from different fission-product behavior. 



Table 4 . 2 . Recycle Test Element-2 Power, Flow, and Flux His tory 

Interval Reference 
Equivalent Full-

Power 

From EFPD 

0.00 
26.99 
62.71 
68.57 
202.06 
252.41 
252.41 
298.00 
342.95 
385.44 
385.44 
499.59 
564.07 
610.25 

Time 

To EFPD 

26.99 
62.71 
68.57 
202.06 
252.41 
252.41 
298.00 
342.95 
385.44 
385 44 
499.59 
564.07 
610.25 
701.23 

Sum/Txme-Weighted 
Average 

Root Mean Square 

Irradiation 
Interval 
(d) 

28.84 
38.84 
7.50 

140.94 
53.62 
0.00 
48.99 
50.19 
44.83 
0.00 

141.93 
72.69 
49.63 
98.73 
776.73 

Absolute 
Radial Power 

(kW) 

99.36 
105.62 
85.39 
107.68 
106.50 
106.11 
98.78 
101.45 
113.32 
113.98 
95.05 
106.17 
117.21 
117.67 
105.76 

7.82 

Thermal Analysis 

Relative 
Radial 
Power 

0.761 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

809 
783 
815 
813 
810 
761 
812 
857 
862 
847 
858 
903 
915 
839 

0.044 

Coolant 
Rel itive Radial-
Power Factor 

0.848 
0.902 
0.875 
0.912 
0.918 
0.919 
0.864 
0.924 
0.983 
0.990 
0.975 
0.995 
1 053 
1.074 
0.960 

0.066 

TRICUSP 
Channel Flow 

(kg/s) 

0.0321 
0.0339 
0.0329 
0.0331 
0.0346 
0.0346 
0.0336 
0.0333 
0.0337 
0.0337 
0.03O4 
0.0344 
0 0338 
0.0329 
0.0329 

0.0013 

Real. 

lime 
(a) 

28.84 
38.84 
7.50 

140.94 
60.00 
0.00 
56.40 
55.62 
46.98 
0.00 

145.87 
80.59 
51.56 
98.73 
811.87 

Gage 
Power 
(kW) 

99 36 
105.62 
85.39 
107.68 
95 19 

85 80 
91 55 
108 12 

92.47 
95.75 
115.68 
117.65 
101.36 

10 09 

IA'' 

3.3032 X 10" 
3.6010 
2.9487 
3.6899 
3.3236 
0.0000 
2.9528 
3.2218 
3.6891 
0.0000 
3.1573 
3.3079 
3.9925 
4.0213 
3.4806 

0.3380 

Flux 

IB 

0.5829 
0.6355 
0.5204 
0.6512 
0.5865 
0.0000 
0.5211 
0 5686 
0.6510 
O.OOOO 
0.5572 
0.5837 
0.7046 
0.7096 
0.6142 

0.0596 

Nuclear \nal>sis 

in Groups from Gage, 

2 

< lO" 6.7009 X lO" 
7.3206 
5.9947 
7.5224 
6.8135 
0.0000 
6.0526 
6.6257 
7.5339 
0.0000 
6.4538 
6.8991 
8.3621 
8.4192 
7.1627 

0.7394 

n/m^s 

3 

1.0902 X 10" 
1.1909 
0.9743 
1.2236 
1.1065 
0.0000 
0.9818 
1.0746 
1.2239 
0.0000 
1.0479 
1.1210 
1.3607 
1.3713 
1.1643 

0.1215 

4 

3.1741 X 

3.4195 
2.8294 
3.5851 
3.4300 
0 0000 
3.1659 
3.4827 
4.2682 
0.0000 
3.7371 
4.2132 
5.2581 
5.7284 
4.0041 

0.8115 

10" 

Time at nonzero power used m thermal analysis. 

Real calendar days used in nuclear analysis. Some short-term zero-power periods are included. 

The energy ranges for the flux groups follow: 

Group lA: 14.96 MeV > E > 0.18 MeV or 2.40 pj S E > 28.84 fJ 
Group IB 0.18 MeV S- E > 8.65 X lO" eV or 28.84 fJ S> E > 13.86 fJ 
Group 2- 8 65 X 10* eV > E > 17.60 eV or 13.86 fJ > E > 2.82 aj 
Group 3. 17.60 eV S> E > 2.38 eV or 2.82 nJ > E > 0.32 aJ 
Group 4: 2.38 eV S> E > 0 or 0. 38 aJ ? E > 0 

d Group lA, the fast-flux group has been modified from the Cage output by a factor of 0.85 Thi accounts for the Peach Bottom energy cut-off of 8.65 x 10» eV instead of 0.18 MeV. 
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Table 4.3. Fissions per Initial Metal Atom 
for Recycle Test Element-2 

Fuel 
Body 

1 

Mean 
Range/RMS 

2 

Mean 
Range/RMS 

3 

Mean 
Range/RMS 

4 

Mean 
Range/RMS 

5 

Mean 
Range/RMS 

6 

Mean 
Range/RMS 

Grand Mean 
Range/RMS 

Fuel 
Rod 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

Core Height 
(mm) 

688 
742 
797 
851 
906 
960 

824 
327 

1082 
1136 
1190 
1244 
1299 
1353 

1217 
325 

1477 
1530 
1583 
1636 
1690 
1743 

1610 
319 

1873 
1927 
1981 
2035 
2089 
2143 

2008 
324 

2267 
2321 
2375 
2429 
2483 
2537 

2402 
324 

2664 
2718 
27 72 
2825 
2879 
2933 

2799 
323 

1810 
2299 

Fertile FIMA 

(%) 

0.115 
0.279 
0.448 
0.618 
0.789 
0.958 

0.534 
0.289 

1.122 
1.271 
1.392 
1.490 
1.567 
1.623 

1.411 
0.173 

1.671 
1.692 
1.709 
1.715 
1.707 
1.674 

1.695 
0.017 

1.634 
1.589 
1.541 
1.493 
1.426 
1.355 

1.506 
0.095 

1.265 
1.169 
1.061 
0.953 
0.845 
0.741 

1.006 
0.181 

0.639 
0.535 
0.432 
0.331 
0.231 
0.134 

0.384 
0.173 

1.089 
0.523 

Fissile FIMA 

(%) 

13.387 
19.797 
25.856 
31.762 
35.326 
38.460 

27.431 
8.763 

40.142 
41.567 
42.512 
43.323 
44.025 
44.538 

42.684 
1.494 

44.990 
45.311 
45.570 
45.528 
45.350 
44.930 

45.280 
0.244 

44.452 
43.930 
43.440 
42.960 
42.101 
41.199 

43.014 
1.097 

40.156 
39.019 
37.704 
36.226 
34.608 
32.991 

36.784 
2.471 

31.380 
29.720 
28.046 
26.341 
24.649 
22.979 

27.186 
2.875 

37.063 
8.363 

Mixed FIMA 

(%) 

2.854 
4.307 
5.691 
7.045 
7.916 
8.697 

6.085 
2.035 

9.175 
9.587 
9.878 

10.123 
10.329 
10.479 

9.928 
0.445 

10.611 
10.694 
10.761 
10.757 
10.714 
10.601 

10.690 
0.064 

10.470 
10.327 
10.188 
10.051 
9.820 
9.578 

10.072 
0.301 

9.291 
8.980 
8.623 
8.232 
7.813 

7.396 

8.389 
0.653 

6.983 
6.558 
6.131 
5.699 
5.270 
4.848 

5.915 
0.730 

8.513 
2.13 
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Table 4.4. Recycle Test Element-2 Thermal-
and Fast-Neutron Fluences 

Fuel 
Body 

1 

Mean 
Range 

2 

Mean 
Range 

3 

Mean 

Fuel Core Height 
Rod 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

Range/RMS 

4 

Mean 

Range 

5 

Mean 
Range 

6 

Mean 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

Range/RMS 

Total 

Total 

Mean 

Range/RMS 

(mm) 

688 
742 
797 
851 
906 
960 

824 
327 

1082 

1136 
1190 
1244 
1299 

1353 

1217 
325 

1477 

1530 
1583 
1636 

1690 
1743 

1610 

319 

1873 
1927 
1981 

2035 

2089 
2143 

2008 

324 

2267 
2321 

2375 
24 29 

2483 
2537 

2402 
324 

2664 

2718 
2772 
2825 

2879 

2933 

2799 

323 

1810 

2299 

Fluence 

Fast, 

-•0.18 MeV 

0.973 X 10^^ 
1.354 
1.660 
1.938 
2.180 

2.373 

1.746 
0.479 

2.545 

2.688 
2.807 
2.909 
2.976 
3.029 

2.826 
0.168 

3.071 

3.096 
3.112 
3.118 
3.107 

3.091 

3.099 

0.016 

3.065 
3.026 

2.979 
2.918 
2.857 
2.794 

2.940 

0.094 

2.705 
2.610 

2.507 

2.390 
2.266 
2.128 

2.435 

0.197 

1.980 

1.830 
1.642 

1.436 

1.199 
0.871 

1.493 

0.376 

2.423 
0.665 

, n/m^ 

Thermal, 
<'2.38 eV 

1.150 X 1 0 " 

1.439 
1.727 
2.013 
2.295 

2.565 

1.865 
0.485 

2.820 

3.038 
3.209 
3.350 
3.429 
3.495 

3.224 
0.234 

3.548 
3.580 
3.605 
3.620 
3.621 
3.614 

3.598 
0.026 

3.597 

3.561 
3.512 

3.441 

3.353 

3.249 

3.452 

0.121 

3.119 
2.981 

2.833 

2.679 
2.519 

2.346 

2.746 
0.264 

2.173 
2.005 
1.850 
1.714 

1.595 
1.500 

1.806 

0.232 

2.782 

0.767 
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Fig, 4.1. Recycle Test Element-2 Time-Averaged Temperatures: Bodies 
1-6. 

R~ 75292 

e - FUEL MIN 

D - MIW PUEL fflODJ 

1-6. 

AXIAL POSITION •••10^ t MM 3 

Fig. 4.2. Recycle Test Element-2 Temperature Envelope: Bodies 
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Fig. 4.3. Sooty Deposit Near Lower Spacer-Ring on RTE-2 Graphite 
Sleeve. 3x. 

' * ' ,.f-r 

Fig. 4.4. Slight Debonding on Surface of Rods From RTE-2-6. 5> 
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ilitEs--,..;.„, ^ ^ . ., R-64747 

\ ^ / ^̂ yPr-̂  

* t . # R-64748 

Fig. 4.5. Comparison of Rods From RTE-2-6. 5x, (a) Two rods 
bonded together. (b) Two nonbonded rods. 
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The ORNL fuel rods carbonized before loading in graphite body 2 

were easily removed. The general appearance of the fuel rods was 

excellent5 with only slight evidence of debonding (Fig, 4,6). Of 24 

fuel rods removed from this body, three were found broken near mid-

length. The breaks were "clean/' and examination of the fracture 

surfaces revealed no broken coatings. 

The differences between observations of the rods carbonized in the 

graphite fuel bodies and of those that were not indicate a bond of some 

kind was established between the fuel rod and graphite body when the 

rods were carbonized in the body. This would explain differences in 

the ease of rod removal and in the appearance of the rod surfaces. 

The blended beds from bodies 1, 3, and 5 were sampled by a vacuum 

pickup system. All samples were obtained from hole 1 of each body. 

The loose fissile and fertile particles from body 1 were themselves 

found to be faceted. We also noted several doublets (Fig. 4.7). We 

discovered that the particles from body 3 were also faceted and we saw 

several broken particles and doublets, as well (Fig. 4.8). Samples 

from body 5 also contained faceted particles and doublets, and we 

observed a few broken particles (Fig. 4.9). 

R-64742 

Fig. 4.6. Appearance of Rods from RTE-2-2. 5x. 
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Fig. 4.7. Typical Biso UC2 Fissile (Small-Diameter) and Biso 
ThC2 Fertile (Large-Diameter) Particles from RTE-2-1-1. 14x, 
Doublets and facets are present In these particles. 

Fig, 4.8. Typical Triso UC2 Fissile (Small-Diameter) and Biso 
ThC2 Fertile (Large-Diameter) Particles from RTE-2-3-1. Note broken 
particle in lower left hand corner. 14x. 
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Fig. 4.9. Typical Biso (4.2Th,U)02 Fissile and Biso ThC2 Fertile 
Particles from RTE-2-5-1. 14x. 

Transverse sections through fuel rods from bodies 2, 4, and 6 were 

prepared for metallographic examination. In each case, samples were 

taken from the maximum-temperature region of each body. 

In the two rods examined from body 2 -- RTE-2~2-l-2 and RTE-2-

2-1-6 — we observed no coating failures or indications of them in 

the Biso-coated (2Th ,11)02 °^ ThC2 particles. We found no evidence 

of kernel migration in either the fissile or the fertile particles. The 

low irradiation temperature (the time-averaged temperature was 1020°C) 

would lead to very low kernel-migration coefficients, so the kernels 

would not be expected to migrate.-̂ ^ Figure 4,10 shows typical 

particles. 

No failures were found upon examination of 611 UC2 Biso fissile 

particles (batch 4000-309) from fuel rod RTE-2-4-1-1 from the high-

temperature region of body 4. The only significant change noted in the 

coatings on the fissile particle was densification and an accompanying 

increase in the anisotropy of the buffer layer. The buffer coating of 

the same batch of particles irradiated in RTE-4 body 1 showed some 



Fig. 4.10. Typical Particles From RTE-2-2-1-6. 
Bright field. (b) Same. Polarized light. (c) Biso 
Polarized light. Reduced 34%, 

00 

150X. (a) Biso (2Th,U)02 fissile particle. 
ThC2 fertile particle. Bright field. (d) Same. 
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anisotropy, but it was not as great as in RTE-2. Electron microprobe 

examination of the particles from RTE-2 showed migration of the rare-earth 

fission products Nd, La, Fr, and Ce into the buffer coating. The 

higher temperatures (1498 vs 1093 K, 1225 vs 820°C) and burnups (44.5 

vs 16,7% FIMA) attained by the particles In RTE-2 as compared to those 

in RTE-4 may have increased the content of the rare earths in and con­

sequently, the optical activity of the buffer coating. Optical acti­

vity of pyrocarbon caused by the rare earths has been observed 

previously. ̂ •̂'•' We found no failures in the ThC2 Biso fertile 

particles in RTE-2-4-1-1. We saw no evidence of migration of either 

the fissile or fertile kernels. Typical particles are shown in Fig. 

4.11, 

We examined 433 UC2 Triso fissile particles (batch 4000-307) 

from fuel rod RTE-2-5-1-1 and found four particles with failed PyC and 

SiC coatings. The oLTI coatings, as well, had failed on 14 particles 

(Fig. 4.12). The failures were mechanical ones and were in the form of 

radial cracks. Tears that indicated matrix-particle interaction were 

present In the oLTI layers of about 25% of the particles. 

In the fissile particles across nearly the entire diameter of fuel 

rod R-2-6-I-I5 we noted graphitlzation of the cold side of the ILTI. 

Graphitization of the ILTI is associated with the collection of rare-

earth fission products on the cold side of fissile particles, as the 

previous section on RTE-4 shows. The attack of the SiC by fission pro­

ducts was not measureable. The average fuel temperature was 1298 K 

(1025°C) during irradiation. We found no failures among the Biso 

ThC2 fertile particles. We also found no evidence of kernel migration 

In either the fissile or fertile particles. Typical particles from 

RTE-2-6-1-1 are shown in Fig. 4.13. 

Samples were taken from the maximum—temperature region of each of 

the bodies containing the blended beds and were examined metallographi-

cally. A sample from body 5 was found free of unusual microstructural 

features and its Biso (4.2Th,U)02 particles achieved 9,2% FIMA. This 

sample operated at a maximum time-averaged temperature of 1443 K 

(U70°C), and its Biso (4.2Th,U)02 particles achieved 9,2% FIMA. We 

saw no evidence of migration of either the (4.2Th,U)02 fissile or the 



Fig. 4.11, Typical Particles 
from RTE-2-4-1-1. (a) Biso UC2 
fissile particle. 200x. Bright 
field. (b) Same. Polarized light. 
(c) Biso ThC2 particle under bright 
field. 150X. Reduced 28.5%. 

o 
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Fig. 4.12. Failure of the oLTI Coating of Triso UC2 Fissile 
Particle from RTE-2-6-i-l. 250 x. 

Biso-coated ThC2 fertile kernels, nor any indication of failure or 

potential failure of either the fissile or fertile particles. Typical 

particles from 2-5-1 are shown In Fig. 4.14. 

Examination of the Biso UC2 fissile particles from body 1 

revealed no unexpected changes or failures. The maximum burnup in 

these particles was 38.5% FIMA and the maximum time-averaged tem­

perature was 1113 K (840°C). The kernels contained numerous relatively 

small fission gas bubbles and showed no evidence of migration. 

Polarized light clearly revealed a thin (3- to 4~ym) sealer coat that 

had been put on the buffer coating before deposition of the oLTI 

coating. The sealer coat did no harm to the coatings. In addition, 

optical anisotropy of the buffer coat was not evident in the batch 

4000-248 particles, but it was in the Biso UC2 particles from batch 

4000-309. However, the irradiation temperature may have been low 

enough to prevent sufficient fission-product migration out of the ker­

nel. Examination of the Biso ThC2 fertile particles revealed no evi­

dence of kernel migration or coating failure. Typical particles from 

RTE-2-1-1 are shown in Fig, 4.15. 
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Fig. 4.13. Typical Particles from RTE-2-6-1-1. (a) Triso UC?. fissile 
particle 400 ym from outer surface. Bright field. 250x. (b) Same, 
polarized light. (c) Biso ThCg fertile particle, mldradlus. Bright field. 
150x. (d) Same, polarized light. Reduced 34%. 
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^ ' ̂  

Fig. 4.14. Typical Particles from Maximum-Temperature Region of 
RTE-2-5-1. (a) Biso (4.2Th,U)02 fissile particle. 150x. Bright field, 
(b) Same. Polarized light. (c) Biso ThC2 fertile particle. 200x. 
Bright field. (d) Same. Polarized light. Reduced 36%. 
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Fig. 4.15. Typical Particles from Maximum-Temperature Region of 
RTE-2-1-1. (a) Biso UC2 fissile particle. 250x. Bright field. (b) Same. 
Polarized light. (c) Biso ThCz fertile particle. 200x. Bright field. 
(d) Same. Polarized light. Reduced 37.5%. 
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The Triso UC2 particles from body 3 showed many similarities to 

the particles bonded in rods from body 6. A count of 472 Triso 

coatings revealed that 17 SiC coatings (3.6%) had failed. 

Statistically, this represents a failure fraction range of between 2.8 

and 5.4% at a 95% confidence level. The failures were in the form of 

straight-line radial cracks. Viewing the coatings under polarized light 

showed that the failures were associated with graphitized regions in 

the ILTI layers. The apparent graphitization of the ILTI has been 

associated with the accumulation of the rare-earth fission products on 

the cold side of the particle. This behavior has been observed 

previously-̂ -̂'-' and occurred in the same batch of fissile par­

ticles used in the fuel rods in body 6 of this element. No tears in 

the outer surface regions were seen in any of the fissile particles. 

The absence of tears supports the matrix-particle interaction observed 

for the fuel rods contained in body 6 of this element. Examination of 

the Biso ThC2 fertile particles revealed no evidence of kernel migra­

tion or coating failures. Typical fissile particles from RTE-2-3-1 are 

shown in Fig, 4.16. 

5. POSTIRRADIATION EXAMINATION OF RECYCLE TEST ELEMENT-5 

Recycle Test Element-5 was Irradiated in core location ClO-06* 

from 0 to 897.4 Effective Full-Power Days of Peach Bottom Core 2. 

Table 5.1 identifies the type of fuel loading combinations in the ele­

ment. In addition, 12 fuel samples made from six types of graphite 

filler were located in the spine positions In bodies 2 and 4. Table 

5.2 shows the graphite fillers and fuels used in the spine samples. 

The nuclear and thermal evaluations of this element were also per­

formed by GA. Summaries of the power history, heavy-metal burnup, and 

neutron fluence are given in Tables 5,3, 5.4, and 5,5, respectively. 

The time-averaged temperatures and temperature envelopes for the entire 

element are presented in Figs. 5.1 through 5.8, Since the heavy-metal 

loadings in -- and, therefore, the power production from — fuel 

*See ref. 6 for core location. 
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Fig. 4.16. Triso UC2 Particles from RTE~2-3-l. 250x. (a) An Intact 
particle. Bright field. (b) Same. Polarized light, (c) A failed particle. 
Bright field. (d) Same. Polarized light. Reduced 32.5%. 
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Body 

1 , 2 , 3 , 

5 

6 

Table 5 

H o l e 

4 1 ,2 
3 , 4 
5 , 6 
7 , 8 

1 ,2 
3 , 4 
5 , 6 
7 , 8 

1 ,2 
3 , 4 
5 , 6 
7 , 8 

1. Fue l -Loading Scheme 

F i s s i l e F 

P a r t i c l e 

( 4 T h , U ) 0 ? 
( 2 T h , U ) 0 2 

UC2 T r i s o 
UO2 B i s o 

UO2 B i s o 
UC2 B i s o 
UC2 B i s o 
( 2 T h , U ) 0 2 

UO2 B i s o 

( 2 T h , U ) 0 2 
UC2 B i s o 
UC2 T r i s o 

Type 

B i s o 
B i s o 

B i s o 

B i s o 

j e l 

B a t c h 

P R - 5 7 - 1 
P R - 6 1 
4 0 0 0 - 3 0 7 
Mixed 1 

4 0 0 0 - 2 7 4 
4 0 0 0 - 3 0 ? 
4 0 0 0 - 3 0 ^ 
PR-60 

4 0 0 0 - 2 7 4 
P R - 6 0 
4 0 0 0 - 3 0 9 
4 0 0 0 - 3 0 7 

for Recycle Test Element-

P a r t i c 

ThC2 
Th02 
ThC2 
Th02 

The 2 
ThC2 
ThOz 
ThC2 

ThC2 
ThC2 
The 2 
ThC2 

F e r t i l e 

l e Type 

B i s o 
B i s o 
B i s o 
B i s o 

B i s o 
B i s o 
B i s o 
B i s o 

B i s o 
B i s o 
B i s o 
T r i s o 

F u e l 

B a t c h 

4 0 0 0 - 2 2 5 
P R - 5 1 
4 0 0 0 - 2 2 6 
P R - 4 8 ^ 

4 0 0 0 - 2 2 5 
4 0 0 0 - 2 2 6 
PR-47 
4 0 0 0 - 2 2 5 

4 0 0 0 - 2 2 6 
4 0 0 0 - 2 2 5 
4 0 0 0 - 2 2 6 
4 0 0 0 - 3 0 6 

- 5 

e a r b o n i z a t i o n 
P r o c e d u r e f o r 

F u e l - B e d 
Bonded 

Rods 

CGT^ 
PGF^ 

ecT 
PGF 

CGT 
CGT 
CGT 
PGF 

GGT 
PGF 
CGT 
CGT 

b 
Carbonized in covered graphi te t r a y . 

Carbonized In packed graphi te f lour . 

Stacks RTE-5-1-4 and RTE-5~4-
-1258, and PR-48. 

ac tua l ly used combinations of OR-1256, -1257, 

Table 5 .2 . Descr ip t ion of Graphi te F i l l e r Samples 
in Recycle Test Element-5 

Sample 

1A,1B 

2A,2B 

3A,3B 

4A,4C 

5A,5C 

6A,6B 

C o n t e n t 

35 

50 

40 

35 

40 

35 

Matr 

P a r t i c l e 
(pm) 

<40 

<27 

<27 

<40 

<40 

i x F i 

S i z e 

H e r 

M a t e r i a l 

TOZ G r a p h i t e 

Thermax Carbon B lack 

Robinson G r a p h i t e 

Poco G r a p h i t e 

S a n t a Mar i a G r a p h i t e 

Asbury G r a p h i t e 

B a t c h " 

Mixed 

Mixed 

Mixed 

Mixed 

Mixed 

Mixed 

3 

3 

3 

2 

2 

3 

F e r t i l e P a r t i c l e 
Batch^' 

Mixed A 

Mixed A 

Mixed A 

PR-51 

PR-51 

Mixed A 

d 

Samples lA, 2A, 3A, 4A, 5A, and 6A were located in body 2, all others in body 4. 

Weight percent of filler in matrix; the rest consisted of 15 V pitch. 

'All fissile particles were Biso UO2. 

All fertile particles were Biso Th02. 



Table 5 . 3 . Recycle Test Element-5 Power, Flow, and Flux His tory 

Interval Reference 

Power 

From EFPD 

0.00 
26.99 
62.71 
68.57 
202.06 
252.41 
252.41 
298.00 
342.95 
385.44 
385.44 
499.59 
564.07 
610.25 
701.23 
701.23 
748.00 
788.00 
818.00 
835.00 
858.00 
889.00 

Time 

To EFPD 

26.99 
62.71 
68.57 
202.06 
252.41 
252.41 
298.00 
342.95 
385.44 
385.44 
499.59 
564.07 
610.25 
701.23 
701.23 
748.00 
788.00 
818.00 
835.00 
858.00 
889.00 
897.30 

Sum/Time-Weighted 
Average 

Root Mean 

'̂ Tlme 

*Real 

Square 

Irradiation 
Interval^ 

(d) 

28.84 
38.84 
7.50 

140.94 
53.62 
0.00 
48.99 
50.19 
44.83 
0.00 

141.93 
72.69 
49.63 
98.73 
0.00 
50.74 
50.00 
39.20 
30.00 
29.00 
47.00 
12.00 

1034.67 

at nonzero power used in 

calendar 

Absolute 
Radial Power 

<kW) 

109.54 
110.06 
91.73 
111.38 
110.04 
109.91 
106.05 
102.58 
108.56 
108,56 
92.36 
102.70 
108.12 
107.64 
107.12 
107.25 
92.86 
88.49 
66,11 
91.57 
77.10 
68.18 
100.64 

11.52 

thermal analy 

days used in nuclear analysis 

Thermal Analy 

Relative 
Radial 
Power 

0.839 
0.843 
0.841 
0.843 
0.840 
0.839 
0.817 
0.821 
0.821 
0.821 
0.823 
0.830 
0.833 
0.837 
0.833 
0.834 
0.832 
0,829 
0.832 
0,825 
0,820 
0,817 
0,831 

0.008 

sis. 

. Some short 

sis 

Coolant 
Relative Radial-
Power Factor 

1.022 
1.027 
1.024 
1.027 
1,024 
1,023 
1,002 
1,008 
1,008 
1.008 
1,010 
1,019 
I ,024 
1,030 
1,024 
1,025 
1.024 
1.020 
1.022 
1.015 
1.008 
1.005 
1.019 

0.008 

-term zero-power 

TRICUSP 
Channel Flow 

(kg/s) 

0.0315 
0.0334 
0.0324 
0.0326 
0.0342 
0.0342 
0.0331 
0.0330 
0.0336 
0.0036 
0.0303 
0,0343 
0,0339 
0,0330 
0,0330 
0,0336 
0,0283 
0,0288 
0.0239 
0.0313 
0.0297 
0.0285 
0.0319 

0.002 3 

periods are inc 

Real 

Time^ 
(d) 

28.84 
J8.34 
7.50 

140.94 
60.00 
0.00 
56.40 
55.62 
46.98 
0.00 

145.87 
80,59 
51.56 
98,73 
0,00 
50.74 
50.00 
37.50 
30.00 
29.00 
47.00 
12.00 

1068,11 

luded. 

Gage 

Power 
(kW) 

109,54 
110,06 
91.73 
111.38 
98,36 
0,00 
92.12 
92.58 
103.58 
0.00 
89.86 
92.63 
104,08 
107.63 
0,00 

107,24 
92,85 
92,52 
66,08 
91,57 
77,11 
68,19 
97,49 

11 ,14 

lA-

3.8398 X 1 0 " 
3,9680 
3.3463 
4.0397 
3.5269 
0.0000 
3,3392 
3.4404 
3.7676 
0,0000 
3,2586 
3,3761 
3,9093 
3,9172 
0,0000 
3,9229 
3,5272 
3,5339 
2.4640 
3,4658 
2,9277 
2.5990 
3,5769 

0, iS07 

Nuclear Analysis 

Flux in Groups'" from 

IB 

0.6776 X 
0.7002 
0.5905 
0,7129 
0,6400 
0,0000 
0,5893 
0,6071 
0,6649 
0,0000 
0,5750 
0,5958 
0,6899 
0.6913 
0,0000 
0,6923 
0,6225 
0.6236 
0.4348 
0.6116 
0.5167 
0.4587 
0.6312 

0.672 

lO" 7.6528 X 
7.9480 
6.7055 
8.1200 
7.3545 
0.0000 
6.7642 
7,0167 
7,7106 
0,0000 
6,6798 
7.0021 
8.1762 
8.2578 
0.0000 
8,3117 
7,5295 
7.5755 
5,2758 
7.4760 
6,3494 
5,6527 
7,3949 

0.7408 

Gage, n/m^s 

3 

lo" 1.2067 X 
1.3093 
1.1029 
1.3363 
1.2064 
0.0000 
1.1077 
1.1489 
1.2618 
0.0000 
1.0923 
1,1443 
1.3362 
1.3506 
0.0000 
1.3583 
1.2309 
1.2386 
0.8620 
1.2230 
1.0394 
0.9254 
1.2113 

0.1224 

4 

10" 4,0640 X 
4,1530 
3,5469 
4,3280 
4.1434 
0.0000 
3.9475 
4.1123 
4.7400 
O.OOOO 
4.1875 
4.6973 
5,5858 
5,9857 
0,0000 
6,3233 
5.7814 
5.9781 
4.3249 
6,1038 
5,2752 
4,8053 
4.8240 

0.7971 

10" 

The energy ranges for the flux groups follow; 

Group lA 
Group IB 
Group 2 
Group 3 
Group 4 

14.96 MeV > t, > 0.18 MeV or 2.40 pj > E > 28.84 fj 
0.18 MeV > E > 8.65 x 10* eV or 28.84 IJ > K> 13.86 fj 
8.65 X 10" eV > E > 17.60 eV or 13.86 fJ 5> E > 2.82 aj 
17.60 eV > E > 2.38 eV or 2.82 aJ > E > 0.38 aJ 
2.38 eV > E > 0 or 0.38 aJ > E > 0 

Group lA, the fast-flux group, has been modified from the Gage output by 

of 0.18 MeV. 
factor of 0.85. This accounts for the Peacli Botto rgv cut-off of 8.65 10" 
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Table 5.4. Fissions per Initial Metal Atom for Recycle Test Element-5 

Fuel 
Body 

1 

Mean 
Range 

2 

Mean 
Range 

3 

Mean 
Range 

4 

Mean 
Range 

5 

Mean 
Range 

6 

Mean 
Range 

Grand 
Grand 

Fuel Co 
Rod 

1 
2 
3 
4 
5 
6 

:/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

Mean 
Range/RMS 

re Height 
(mm) 

687 
741 
795 
849 
903 
957 

822 
324 

1081 
1135 
1189 
1243 
1297 
1351 

1216 
324 

1477 
1531 
1585 
1639 
1693 
1747 

1612 
325 

1896 
1950 
2004 
2058 
2112 
2166 

2031 
324 

2266 
2320 
2374 
2428 
2482 
2536 

2401 
324 

2662 
2717 
2772 
2827 
2882 
2937 

2800 
331 

1814 
2305 

Fertile FIMA 
(%) 

0.287 
0.537 
0.790 
1.044 
1.298 
1.552 

0.918 
0.433 

1.791 
2.015 
2.194 
2.341 
2.451 
2.541 

2.222 
0.258 

2.621 
2.683 
2.738 
2.748 
2.746 
2.705 

2.707 
0.045 

2.653 
2.586 
2.512 
2.435 
2.354 
2.270 

2.468 
0.131 

2.140 
2.003 
1.844 
1.683 
1.522 
1.356 

1.758 
0.270 

1.186 
1.020 
0.855 
0.684 
0.512 
0.339 

0.766 
0.289 

1.807 
0.788 

Fissile FIMA 
(%) 

17.643 
26.060 
33.998 
41.698 
46.081 
49.876 

35.892 
11.302 

51.910 
53.740 
54.995 
56.049 
56.877 
57.460 

55.172 
1.899 

57.913 
58,312 
58.682 
58.738 
58.679 
58.265 

58.432 
0.297 

57.803 
57.279 
56.737 
56.185 
55.496 
54.772 

56.379 
1.030 

53.723 
52.573 
51.055 
49.344 
47.364 
45.361 

49.903 
2.899 

43.324 
41.137 
38.912 
36.748 
34.593 
32.450 

37.861 
3.717 

48.940 
10.270 

Mixed FIMA 
(%) 

2.834 
4.282 
5.663 
7.010 
7.871 
8.644 

6.051 
2.024 

9.146 
9.606 
9.943 
10.223 
10.439 
10.601 

9.993 
0.498 

10.736 
10.847 
10.949 
10.965 
10.955 
10.859 

10.885 
0.081 

10.746 
10.612 
10.470 
10.324 
10.153 
9.975 

10.380 
0.263 

9.710 
9.425 
9.066 
8.677 
8.249 
7.814 

8.824 
0.655 

7.370 
6.908 
6.440 
5.977 
5.514 
5.051 

6.210 
0.792 

8.724 
2.159 
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Table 5.5. Recycle Test Element-5 Fast- and Thermal-Neutron Fluences 

Fuel 
Body 

1 

Mean 
Range 

2 

Mean 
Range 

3 

Mean 
Range 

4 

Mean 
Range 

5 

Mean 
Range 

6 

Mean 
Range 

Total 
Total 

Fuel Co 
Rod 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

Mean 
Range/RMS 

re Height 
(mm) 

687 
741 
795 
849 
903 
957 

822 
324 

1081 
1135 
1189 
1243 
1297 
1351 

1216 
324 

1477 
1531 
1585 
1639 
1693 
1747 

1612 
325 

1896 
1950 
2004 
2058 
2112 
2166 

2031 
324 

2266 
2320 
2374 
2428 
2482 
2536 

2401 
324 

2662 
2717 
2772 
2827 
2882 
2937 

2800 
331 

1814 
2305 

Fluence 

Fast, 
>0.18 MeV 

1.308 X 10^5 
1.817 
2.217 
2.581 
2.890 
3.143 

2.326 
0.627 

3.367 
3.548 
3.703 
3.837 
3.924 
3.999 

3.730 
0.219 

4.056 
4.097 
4.127 
4.139 
4.136 
4.125 

4.114 
0.029 

4.102 
4.067 
4.020 
3.957 
3.890 
3.818 

3.976 
0.099 

3.720 
3.610 
3.486 
3.346 
3.195 
3.019 

3.396 
0.239 

2.824 
2.609 
2.356 
2.067 
1.724 
1.252 

2.139 
0.533 

3.280 
0.856 

, n/m= 

Thermal, 
<2.38 eV 

1.741 X 10^= 
2.190 
2.635 
3.077 
3.516 
3.937 

2.849 
0.751 

4.339 
4.682 
4.965 
5.205 
5.343 
5.464 

5.000 
0.390 

5.563 
5.632 
5.688 
5.725 
5.742 
5.748 

5.683 
0.067 

5.733 
5.692 
5.627 
5.524 
5.401 
5.247 

5.537 
0.170 

5.056 
4.848 
4.618 
4.376 
4.125 
3.848 

4.479 
0.413 

3.564 
3.273 
3.017 
2.783 
2.581 
2.420 

2.940 
0.394 

4.415 
1.219 
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AXIAL POSITION •••10^ C HM 3 

Fig. 5.1. Recycle Test Element-5 Time-Averaged Temperatures: 
1-6, Holes 1-2. 
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Fig. 5.2. Recycle Test Element-5 Time-Averaged Temperatures; 
1—6, Holes 3—4. 
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Fig. 5.3. Recycle Test Element-5 Time-Averaged Temperatures: 
1-6, Holes 5-6. 
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Fig. 5.4. Recycle Test Element-5 Time-Averaged Temperatures 
1-6, Holes 7-8. 
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AXIAL POSITION •••10^ C MM 3 

Fig. 5.5. Recycle Test Element-5 Temperature Envelope: Bodies 1—6, 
Holes 1—2. 
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AXIAL POSITION •••10^ C MM 3 

Fig. 5.7. Recycle Test Element-5 Temperature Envelope: Bodies 1—6, 
Holes 5—6. 
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holes 1 and 2, 3 and 4, 5 and 6, and 7 and 8 varied within each fuel 

body, a set of temperatures is reported for each section of the test 

element containing one of these pairs of fuel holes. Temperatures for 

the spine samples were not calculated. 

Maximum burnups were 58.7 and 2.7% FIMA for the fissile and fer­

tile particles, respectively. The highest fuel temperature and fast-

fluence exposure (E >0.18 MeV) achieved were 1663 K (1390°C) and 4.1 x 

]̂ 025 n/m^, respectively. These irradiation conditions were more 

severe than those for the last recycle test element discussed. 

Like that of the other test elements, the overall appearance of 

RTE-5 was normal, with no unexpected features. The fission-product trap 

and end fittings were cut off and the six fuel bodies were removed from 

the graphite sleeve. The appearance of the bodies was excellent with 

no evidence of surface corrosion. 

Fuel rods were removed from all holes in body 3 and from holes 1, 

3, 5, and 7 in bodies 1, 2, 4, 5, and 6 by core drilling upward from 

the bottom of the body and pushing the stack out the top. The two 

spine samples were also removed. The rods appeared to be in good con­

dition, but showed some debondlng. Seen on many rods were broken par­

ticles attributed to abrasion during rod removal from the bodies. 

Cracked coatings were observed on many of the rods containing UC2 

Triso (batch 4000-307), which showed much oLTI failure from fast-

neutron damage. 

Fuel representing all fuel types was selected from the fuel bodies 

for metallographic examination. Because many fuel types were dupli­

cated in the element, fuel rods from the highest fluence regions were 

examined. Bodies 1, 2, 3, and 4 contained the same fuel types, so of 

these, only the fuel from body 3 was examined. The graphite filler 

samples were also examined metallographically. 

Examination of the polished cross section from fuel rod RTE-5-3-1-6 

containing Biso (4Th,U)02 from batch PR-57-1 and Biso ThC2 showed 

no failures. The particles appeared in good condition with no obser­

vable amoeba migration. Typical fissile particles are shown in Fig. 

5.9. They had an appearance typical of mixed oxides with fission gas 
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! • 

Fig. 5.9. Typical Biso (4Th,U)02 Fissile Particle from RTE-5-3-1-6. 
125X. (a) Under bright field. (b) Under polarized light. Reduced 15%. 
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bubbles and metallic inclusions present. The fissile and fertile par­

ticles achieved maximum burnups of 10.9 and 2.7% FIMA, respectively, 

and had a maximum time-averaged fuel temperature of 1393 K (1120°C). 

The Biso (2Th,U)02 particles from fuel rod RTE-5-3-3-6 were 

observed to be in good condition and no failures were found. Slight 

amoeba migration — less than 5 pm — of the (2Th,U)02 kernels 

up the temperature gradient was seen, while the Th02 kernels showed 

none. Typical particles are shown in Fig. 5.10. One fissile particle 

was observed to have a torn coating (Fig. 5.11). Under polarized light 

illimination the tears clearly appear to extend through a dense "band" 

in the oLTI coating. The tears are attributable to fast-neutron damage 

and not to matrix-particle interaction. The fissile and fertile par­

ticles in this fuel rod achieved maximum burnups of 21.2 and and 2.7% 

FIMA, respectively. The maximum time-averaged temperature was 1433 K 

(1160°C). 

A metallographic cross section was made from fuel rod RTE-5-3-5-7, 

which contained Triso UC2 from batch 4000-307 and Biso ThC2 from 

batch 4000-226. The fissile particles appeared to be in fair 

condition; graphitization of the ILTI coating had occurred in virtually 

every particle. The graphitization of the iLTI, associated with migra­

tion of the rare earths, is very temperature-dependent. The average 

time-averaged fuel temperature was 1293 K (1020°C). Similar behavior 

was observed in RTE-2. Fast-neutron-induced shrinkage caused oLTI 

coatings to break in approximately 5% of the fissile particles 

observed. Particles from the same batch and in the other recycle test 

elements behaved the same way. The Biso ThC2 fertile particles 

appeared to be in good condition with no failures or amoeba effect. 

Typical particles are shown in Fig, 5.12. 

Biso UO2 (batch Mixed 1) and Biso Th02 (see Table 5.1 for 

batch details) particles were contained in fuel rod RTE-5-3-7~6. The 

Biso UO2 particles were in poor condition. Amoeba migration of the 

kernel up the temperature gradient and through the buffer appeared in 

over half the 208 particles observed (Fig. 5.13). The kernels of par­

ticles at the rod thermal center [1175°G (1448 K) maximum time-averaged 
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Fig. 5.10. Typical Particles from RTE-5-3-3-6. 125x. (a) Biso 
(2Th,U)02 fissile particle. Bright field. (b) Same. Polarized light. 
(c) Biso Th02 fertile particle. Bright field. (d) Same. Polarized light. 
Reduced 32%. 
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Fig. 5.12. Typical Particles From RTE-5-3-5-7. (a) Triso UC2 Fissile 
particle. 250x. Bright field. (b) Same. Polarized light. (c) Biso ThCa 
fertile particle. 150x. Bright field. (d) Same. Polarized light. 
Reduced 32.5%. 

• 
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Fig. 5.13. Typical Particles from RTE-5-3-7-6. (a) Biso UO2 fissile 
particle. 200x. Bright field. (b) Same. Polarized light. (c) Biso ThOg 
fertile particle. 125x. Bright field. (d) Same. Polarized light. 
Reduced 14%. 
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temperature] appeared broken into parts (Fig» 5#14). The Biso Th02 

fertile particles appeared in good condition with no failures or amoeba 

effect (Fig. 5.13)* Under polarized light illuminationj a dense ani­

sotropic band is visible in the oLTI coating. The band was also 

observed in the particles before irradiation. This coating defect 

caused no observable harm. 

The Biso UO2 particles from batch-4000-274 and contained in fuel 

rod RTE-5-5-1-1 performed poorly. Amoeba migration of the kernel 

through the buffer had occurred In virtually all the 310 particles in 

the metallographic cross section. The particles resembled the Biso 

UO2 in RTE-5-3-7-6 (Fig. 5.14)5 where the kernels appear to have bro­

ken into separate parts and migrated up the temperature gradient (Fig. 

5.15). While this behavior was seen only at high temperatures in RTE-

5-3-7-6 (>1100°C), in RTE-5-5-1-1 the entire cross section was 

affected, because there, the minimum time-averaged fuel temperature was 

1025°C. Apparently the UO2 kernels were extremely plastic during 

irradiation. The Biso ThC2 particles from batch 4000-225 appeared to 

be in good condition with no failures or amoeba effect (Fig. 5.15). 

Examination of 425 UC2 Biso fissile particles (batch 4000-309) 

from fuel rod RTE-5-5-3-1 revealed no failures. As observed in RTE-2j 

the buffers of these particles denslfied, while their optical aniso-

tropy Increased (Fig. 5.16). The maximum time-averaged temperature 

for these particles was 1125°C. We observed slight amoeba migration — 

less than 5 ym -- in some, but no failures in any of the Biso ThC2 

fertile particles from batch 4000-226. 

A metallographic cross section was made of fuel rod RTE-5-5-5-1. 

It contained the same batch of fissile particles as described in RTE-5-

5-3-1. These 234 particles and the particles in RTE-5-5-3-1 were iden­

tical. The Biso Th02 fertile particles (batch PR-47) appeared in 

good condition. No failures were observed, but two fabrication defects 

were noted, A typical fertile particle is shown in Fig. 5.17, 

Observations were made on Biso (2Th,U)02 (batch PR-60) and Biso 

ThC2 (batch 4000-225) particles in RTE-5-5-7-1. Typical particles 

are shown in Fig. 5.18. No failures or amoeba migrations were 
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,^^ Ji^' ^^^• ^i^° ™ 2 Fissile Particle from the Thermal Center of 
RTE-5-3~7-6. 200x„ (a) Under bright field. (b) Under polarized light. 
Note kernel has broken into separate parts. 
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Fig. 5.15. Typical Particles from RTE-5-5-1-1. (a) Biso UO2 fissile 
particle. 250x. Bright field, (b) Same. Polarized light. (c) Biso ThC2 
fertile particle. 125x. Bright field. (d) Same. Polarized light. Reduced 
23.5%. 
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Fig. 5.16, Typical Particles from RTE~5-5-3~l. (a) Biso UC2 fissile 
particle. 250x. Bright field. (b) Same. Polarized light. (c) Biso ThC2 
fertile particle. 125x. Bright field. (d) Same. Polarized light. Reduced 
24%. 

• 
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Fig. 5.17. Typical Particles from RTE-5-5-5-1. (a) Biso UC2 fissile 
particle. 250x, Bright field. (b) Same. Polarized light. (c) Biso Th02 
fertile particle. 125x. Bright field. (d) Same. Polarized light. Reduced 
~J Z^ « w' /o o 
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Fig. 5.18. Typical Particles from RTE~5~5-7-l. 125x. (a) Biso (2Th,U)02 
fissile particle. Bright field. (b) Same. Polarized light. (c) Biso ThC2 
fertile particle. Bright field. (d) Same. Polarized light. Reduced 32.5%. 
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observed. The fissile particles had an appearance typical of mixed 

oxides, with fission gas bubbles and metallic inclusions present in the 

kernels. 

Because all fuel types were duplicated in the other fuel bodies, 

the only fuel rod used from body 6 for metallography was from stack 7 

(RTE-5-6-7-i). The Triso UC2 (batch 4000-307) particles appeared to 

be in fair condition with some graphitization of the ILTI. The average 

time-averaged fuel temperature was 1283 K (1010°C), The same particle 

batch behaved similarly in the other recycle test elements. Damage by 

fast neutrons broke oLTI coatings in approximately 20% of the fissile 

and 25% of the fertile particles. The buffers had separated from the 

iLTI and had denslfied around the kernel in nearly all the fertile par­

ticles. Typical particles are shown in Fig. 5.19. 

The matrix filler samples in the spines of bodies 2 and 4 appeared 

to be in good condition after irradiation. Section 9 of this report 

will refer to the dimensional changes of these samples. Although the 

matrix samples were not thermally analyzed, the particles from body 4 — 

Biso UO2 and Th02 from various batches — appeared to have been 

at high temperatures (Fig. 5.20). In RTE-1 these particles appeared 

similar (see Sect. 8): their time-averaged temperatures exceeded 

1723 K (1450°C), Metallographic sections were prepared from all the 

samples from body 4; the matrices are shown in Figs. 5.21 through 5.26. 

No matrix-particle Interaction was observed in any of the samples. The 

densest matrix was obviously the one with 50% thermax carbon black 

(Fig. 5.22). 

6. POSTIRRADIATION EXAMINATION OF RECYCLE TEST ELEMENT-6 

Recycle Test Element-6 was irradiated in core position DlO-06* 

from 0 to 897.4 Effective Full-Power Days of Peach Bottom Core 1. The 

fuel loadings are presented in Table 6.1. 

Tables 6.2, 6.3, and 6.4 present summaries of the nuclear and 

thermal analyses by GA of RTE-65 its power history, heavy-metal 

*See ref. 6 for core location. 
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F i g . 5 . 1 9 . T y p i c a l P a r t i c l e s from RTE-5--6-7-1 (a) Tr-f «n nr f 

pa„.cl . 250X. Bright f.eld. (.) s«e. Polarised 11 J " c f t r r ^ ' ' 
R e L f r S ^ ^""=^^- "^•<- -^^'•'f-"- <^)Sa»e. Pol J i d light. 
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Fig. 5.20. Typical Particles from RTE-5~4-lB [(a) and (b)], and 
RTE-5-4-2B [(c) and (d)]. (a) Biso UOg fissile particle. 250x. Bright 
field. (b) Same. Polarized light. (c) Biso ThOa fertile particle. 
Bright field. (d) Same. Polarized light. Appearance of particles 
indicates matrix-filler samples operated at time-averaged temperatures 
exceeding 1723 K (1450°C). Reduced 30%. 
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Fig. 5.21. Typical Appearance of Matrix from RTE-5-4-1B. 500x. Matrix contains 35 wt % JOZ 
graphite filler with particle size <40 ym. (a) Under bright field. (b) Under polaj-ized light. 
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Fig, 5.22. Typical Appearance of Matrix from RTE-5-4-1B. 500x. Matrix contains 50 wt % Thermax 
carbon black. (a) Under bright field. (b) Under polarized light. 
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Fig. 5.23. Typical Appearance of Matrix from RTE-5-4-3B. 500x. Matrix contains 40 wt % Robinson 
>raphlte filler with particle size <27 ym. (a) Under bright field. (b) Under polarized light. 
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Fig. 5.24. Typical Appearance of Matrix from RTE-5-4-4C. 500x. Matrix contains 35 wt % Poco 
graphite filler with particle size <27 ym. (a) Under bright field. (b) Under polarized light. 
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Fig. 5.25. Typical Appearance of Matrix from RTE-5-4-5C. 500x. Matrix contains 40 wt % Santa Maria 
graphite filler with particle size <40 ym. (a) Under bright field. (b) Under polarized light. 
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Fig. 5.26. Typical Appearance of Matrix from RTE-5-4-6B. 500x. Matrix contains 35 wt % Asbury 
graphite filler with particle size <40 ym. (a) Under bright field. (b) Under polarized light. 
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Table 6.1. Fuel-Loading Scheme for Recycle Test Element-6 

Body 

1 

2 

3 

4 

5 

6 

Fissile Fuel 

Particle Type 

UC2 Biso 

UC2 Trlso 

(2Th,U)02 Biso 

UC2 Triso 

UC2 Triso 

UO2 Biso 

Batch 

4000-309 

4000-307 

PR-60 

4000-307 

4000-307 

Mixed 1 

Fertile 

Particle Typ 

ThC2 Biso 

ThC2 Biso 

ThC2 Biso 

ThC2 Biso 

ThC2 Biso 

Th02 Biso 

Fuel 

le Batch 

4000-226 

4000-226 

4000-225 

4000-226 

4000-226 

PR~48 

Carbonization 
Mode 

Fuel Body 

Fuel Body 

Packed Graphite Flour 

Fuel Body 

Fuel Body 

Packed Graphite Flour 

All fuel particles were contained in bonded rods. 

burnups, and neutron fluences. The time-averaged temperatures and tem­

perature envelopes for the entire element are presented in Figs. 6. 1 

and 6. 2. 

The overall appearance of the element was excellent and had no 

unusual or unexpected features. The fission-product trap and end fit­

tings were cut off and the six fuel bodies were easily removed from the 

graphite sleeve. The bodies appeared to be in good condition and 

showed no signs of surface corrosion. Dimensional measurements of the 

graphite components of the fuel element were taken; they Included the 

sleeve, fuel bodies, and fuel rods. These results will be reported 

later. 

Fuel rods were removed from holes 1, 5, and 7 in bodies 1, 2, 4, 

5, and 6 and holes 1, 3, 5, and 7 in body 3. As in previous recycle 

test elements, the fuel rods carbonized in the graphite bodies, that 

is, in bodies 1, 2, 4, and 5, were more difficult to remove than those 

carbonized before being loaded in the graphite bodies, that is, in 

bodies 3 and 6. The rods appeared to be in good condition, except some 

particles on the surfaces incurred abrasion damage during removal from 

the fuel bodies. Many of the rods carbonized in the bodies were bonded 

together. This behavior had been observed in previous recycle test 

elements. Some failed particles — UC2 Biso and ThC2 Biso — were 

observed on the surface of rods from body 6. They appeared as bare 



Table 6 . 2 . Recycle Test Element-6 Power, Flow, and Flux His tory 

Interval Reference 
Equivalent Full-

Power 

From EFPD 

0.00 
26.99 

62.71 
68.57 

202.06 
252.41 

252.41 
298.00 
342.95 
385.44 
385.44 

499.59 
564.07 
610.25 
701.23 
701.23 
748.00 

788.00 
818.00 
835.00 
858.00 
889.00 

Time 

To EFPD 

26.99 
62.71 
68.57 
202.06 
252.41 
252.41 
298.00 
342.95 
385.44 
385.44 
499.59 
564.07 
610.25 
701 23 
701.23 
748.00 
788.00 
818.00 
835.00 
858.00 
889.00 
897.30 

Sum/Time-Weighted 
Average 

Root Mean Square 

Irradiation 
Interval 

(d) 

28.84 
38.84 

7.50 
140.94 

53.62 
0.00 

48.99 
50.19 
44.83 
0.00 

141.93 
72.69 
49.63 
98.73 
0.00 
50.74 
50.00 
39.20 
30.00 
29.00 
47.00 
12.00 

1034.67 

Absolute 
Radial Power 

(W) 

115.41 
115.41 

95.76 
116.40 
113.31 
112.66 
111.37 
106.82 

112.53 
112.00 
95.61 

105.06 
110.20 
109.44 
108.02 
108.15 
93.64 

88.91 
66.27 
91.57 
76.92 
67.84 
103.49 

12.78 

Thermal Analysis 

Relative 
Radial 
Power 

0.884 
0.884 

0.878 
0.881 
0.865 
0.860 
0.858 
0.855 
0.851 
0.847 
0.852 

0.849 
0.849 
0.851 
0.840 
0.841 
0.839 
0.833 
0.834 
0.825 
0.818 
0.813 
0.854 

0.018 

Coolant 
Relative Radial-
Power Factor 

1.064 

1.064 
1.059 
1.062 

1.049 
1.044 
1.042 
1.040 
1.038 
1.034 
1.041 
1.043 
1.045 
1.051 
1.040 
1.042 
1.042 
1.036 
1.039 
1.028 
1.020 
1.015 
1.045 

0.011 

TRICUSP 
Channel Flow 

(kg/s) 

0.0313 

0.0333 
0.0323 
0.0325 
0.0341 
0.0341 

0.0329 
0.0329 
0.0335 
0.0335 
0.0302 
0.0342 
0.0338 
0.0329 
0.0330 
0.0335 
0.0283 
0.0288 
0.0239 
0.0313 
0.0297 
0.0285 
0.0318 

0.0022 

Real, 
T ^ 
Time 
(d) 

28.84 
38.84 
7.50 

140.94 
60.00 
0.00 
56.40 
55.62 
46.98 
0.00 

145.87 
80.59 
51.56 
98.73 
0.00 
50.74 
50.00 
37.50 
30.00 
29.00 

47.00 
12.00 

1068.11 

Gage 

"^ower 
(W) 

115.41 
115.41 
95.76 

116.40 
101.28 

0.00 
96.75 
96.41 

107.36 
0.00 

93.02 

94.75 
106.08 
109.44 

0.00 
108.15 
93.64 
92.96 
66.27 
91.57 
76.92 
67.84 

100.25 

12.20 

lA'' 

3.9027 X l o " 

4.0195 
3.3824 
4.0852 
3.6434 
0.0000 
3.4139 
3.4986 
3.8241 

0.0000 
3.3169 
3.4196 
3.9576 
3.9625 
0.0000 
3.9600 
3.5701 
3.5731 
2.4920 
3.4972 
2.9500 
2.6170 
3.6228 

0.3829 

Nuclear 

Flux m 

IB 

0.6887 X l o " 

0.7093 
0.5969 
0.7209 
0.6430 
0.0000 
0.6024 
0.6174 

0.6748 
0.0000 
0.5853 
0.6034 
0.6984 

0.6993 
0.0000 
0.6988 
0.6300 
0.6305 
0.4398 
0.6172 
0.5206 
0.4618 

0.6393 

0.0676 

Analysis 

Groups from Gage 

2 

7.7083 X 
7.9864 
6.7260 
8.1505 
7.3507 
0.0000 
6.8858 
7.1142 
7.8084 

0.0000 
6.7882 
7 0928 
8.2842 
8.3634 
0.0000 

8.4073 
7.6381 
7.6786 
5.3496 
7.5644 

6.4160 
5.7088 
7.4755 

0.7359 

10" 

, n/m^s 

3 

1.2694 X 10 
1.3152 
1.1060 
1.3409 
1.2056 
0.0000 

1.1273 
1.1647 
1.2777 
0.0000 
1.1099 
1.1593 
1.3543 
1.3684 

0.0000 
1.3746 
1.2495 
1.2563 
0.8747 
1.2384 

1.0511 
0.9353 
1.2247 

0.1215 

4 

' 4.2169 X 
4.2920 

3.6570 
4.4437 
4.2392 
0.0000 
4.1337 
4.2798 
4.9208 
0 0000 
4.3572 
4.8569 
5.7685 
6.1781 
0.0000 
6.5097 

5.9653 
6.1614 
4.4580 
6.2773 
5.4169 
4.9304 

4.9829 

0.8134 

10" 

Time at nonzero power used in thermal analysis. 

Real calendar days used m nuclear analysis. Some short-term zero-power periods are included. 

The energy ranges for the flux groups follow: 

Group lA: 14.96 MeV > E > 0.18 MeV or 2.40 pJ > E > 28.84 fj 
Group IB: 0.18 MeV > E > 8.65 x lo" eV or 28.84 fJ > E > 13.86 fJ 
Group 2 
Group 3 
Group 4 

8.65 X 10'* eV > E > 17.60 eV or 13.86 fJ > E > 2.82 aJ 
17.60 eV > E > 2.38 eV or 2.82 aJ > E > 0.38 aJ 
2.38 eV ^ E > 0 or 0.38'aJ > E > 0 

Group lA, the fast-flux group has been modified from the Gage output by a factor of 0.85. This accounts for the Peach Bottom energy cut-off of 8.65 x lo'' eV instead of 0.18 MeV 
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Table 6.3. Fissions per Initial Metal Atom 
for Recycle Test Element-6 

Fuel 
Body 

1 

Mean 
Range 

2 

Mean 
Range 

3 

Mean 
Range 

4 

Mean 
Range 

5 

Mean 
Range 

6 

Mean 
Range 

Grand 
Grand 

Fuel 
Rod 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

Mean 
Range 

Core Height 
(mm) 

690 
744 
797 
851 
905 
959 

824 
322 

1084 
1138 
1192 
1245 
1299 
1353 

1219 
324 

1479 
1533 
1578 
1642 
1696 
1751 

1613 
326 

1875 
1929 
1983 
2037 
2091 
2144 

2010 
323 

2270 
2324 
2378 
2432 
2485 
2539 

2405 
323 

2660 
2714 
2768 
2822 
2876 
2931 

2795 
325 

1811 
/RMS 2295 

Fertile FIMA 
(%) 

0.323 
0.596 
0.883 
1.171 
1.450 
1.737 

1.027 
0.484 

2.009 
2.261 
2.457 
2.624 
2.749 
2.850 

2.492 
0.289 

2.937 
3.007 
3.068 
3.080 
3.075 
3.028 

3.032 
0.050 

2.967 
2.891 
2.807 
2.723 
2.630 
2.530 

2.758 
0.149 

2.389 
2.232 
2.051 
1.869 
1.692 
1.504 

1.956 
0.304 

1.314 
1.130 
0.952 
0.762 
0.571 
0.379 

0.851 
0.319 

2.019 
0.884 

Fissile FIMA 
(%) 

18.026 
26.379 
34.560 
42.513 
46.847 
50.768 

36.515 
11.506 

52.870 
54.740 
55.987 
57.075 
57.927 
58.519 

56.186 
1.932 

58.970 
59.378 
59.752 
59.808 
59.727 
59.301 

59.490 
0.301 

58.818 
58.279 
57.719 
57.171 
56.451 
55.676 

57.352 
1.064 

54.635 
53.418 
51.856 
50.052 
48.080 
46.016 

50.676 
2.984 

43.942 
41.717 
39.557 
37.370 
35.191 
33.033 

38.468 
3.724 

49.781 
10.468 

Mixed FIMA 
(%) 

3.306 
4.940 
6.556 
8.136 
9.097 
9.997 

7.005 
2.337 

10.577 
11.102 
11.475 
11.797 
12.044 
12.228 

11.537 
0.565 

12.377 
12.503 
12.617 
12.636 
12.618 
12.508 

12.543 
0.092 

12.376 
12.222 
12.058 
11.896 
11.697 
11.483 

11.955 
0.303 

11.190 
10.855 
10.441 
9.986 
9.506 
9.002 

10.163 
0.755 

8.495 
7.967 
7.456 
6.929 
6.404 
5.880 

7.188 
0.893 

10.065 
2.476 
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Table 6.4, Recycle Test Element-6 
Thermal and Fast Fluence 

Fuel 
Body 

1 

Mean 
Range 

2 

Mean 
Range 

3 

Mean 
Range 

4 

Mean 
Range 

5 

Mean 
Range 

6 

Mean 

Fuel Co 
Rod 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

Range/S.D. 

Total 
Total 

Mean 
Range/RMS 

re Height 
(mm) 

690 
744 
797 
851 
905 
959 

824 
322 

1084 
1138 
1192 
1245 
1299 
1353 

1219 
324 

1479 
1533 
1588 
1642 
1696 
1751 

1615 
326 

1875 
1929 
1983 
2037 
2091 
2144 

2010 
323 

2270 
2324 
2378 
2432 
2485 
2539 

2405 
323 

2660 
2714 
2768 
2822 
2876 
2931 

2795 
325 

1811 
2295 

Fluence 

Fast, 
>0.18 MeV 

1.396 X 1 0 " 
1.916 
2.325 
2.688 
2.985 
3.222 

2.422 
0.625 

3.435 
3.613 
3.761 
3.889 
3.972 
4.043 

3.786 
0.210 

4.101 
4.135 
4.161 
4.175 
4.170 
4.157 

4.150 
0.025 

4.134 
4.095 
4.046 
3.982 
3.916 
3.846 

4.003 
0.100 

3.887 
3.829 
3.555 
3.383 
3.239 
3.082 

3.496 
0.294 

2.912 
2.730 
2.523 
2.281 
2.001 
1.609 

2.343 
0.440 

3.367 
0.804 

, n/m' 

Thermal, 
<2.38 eV 

1.821 X l o " 
2.285 
2.745 
3.202 
3.655 
4.089 

2.966 
0.776 

4.502 
4.857 
5.145 
5.388 
5.531 
5.654 

5.179 
0.399 

5.756 
5.825 
5.881 
5.920 
5.935 
5.939 

5.876 
0.066 

5.923 
5.874 
5.805 
5.696 
5.563 
5.403 

5.711 
0.181 

5.199 
4.981 
4.743 
4.490 
4.227 
3.940 

4.597 
0.430 

3.647 
3.351 
3.094 
2.860 
2.653 
2.493 

3.016 
0.397 

4.558 
1.259 
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AXIAL POSITION •••1D2 C MM 3 

Fig. 6.1. Recycle Test Element-6 Time-Averaged Temperatures: Bodies 
1-6. 
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Fig. 6.2. Recycle Test Element-6 Temperature Envelope: Bodies 
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kernels surrounded by a black sooty region (Fig. 6.3)5 evidently 

resulting from the fission products released. Metallographic examina­

tion could not isolate these failed particles. 

Metallographic sections were taken from fuel rods RTE-6-1-1-5 and 

RTE-6-1-1-6, which both contained Biso UC2 (batch 4000-309) and Biso 

ThC2 (batch 4000-226). These particle batches were also irradiated 

in the recycle test elements previously discussed. Of the 583 fissile 

and 198 fertile particles observed, no failure or amoeba migration was 

seen. Typical particles are shown in Fig. 6.4. The maximum time-

averaged temperature for these rods was 880°C and the maximum burnups 

achieved were 50.7 and 1.7% FIMA for the fissile and fertile par­

ticles, respectively. The behavior of the fissile particles was as in 

RTE-4. The irradiation temperatures were relatively low [(1173 K 

(<900°C)]| consequently, the buffer coatings did not exhibit the 

increased optical anlsotropy observed at higher irradiation tempera­

tures. 

Triso-coated UC2 (batch 4000-307) and Biso ThC2 (batch 4000-

226) particles were contained in bodies 2, 4, and 5. Metallographic 

sections of fuel rods from these bodies offered a side-by-side com­

parison of the performance of these particle types. Samples were taken 

from fuel rods RTE-6-2~7-6, RTE-6-4-1-1, and RTE-6-5-5-2. The range of 

burnups in the fissile particles was relatively small (53.4—58.5% 

FIMA), but the temperature range was wide [(1173-1453 K (900-1180°C) 

time-averaged temperatures]. 

The cross section from RTE-6-2-7-6 revealed little graphitization 

of the iLTI coatings of Triso UC2 particles, even in the particles in 

the center of the fuel rod (Fig. 6.5). The maximum time-averaged tem­

perature for this rod was 1323 K (1050°C). In the other test elements 

we observed such temperatures to cause greater ILTI-coating graphitiza­

tion than observed in the Triso UC2 particles in RTE-6-2-7-6. The 

Increased temperatures were expected to increase the release of rare-

earth fission products from the kernel. 

On the other hand, the iLTI coating of the fissile particles 

across the entire diameter of fuel rod RTE-6-5-5-2 showed graphitiza­

tion (Fig. 6.6). Here the minimum time-averaged temperature typical 

of the particles on the outer surface was 1323 K (1050''C). In 
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Fig. 6.3. Surface of RTE-6-1-1-6 Showing Black Sooty Regions 
Surrounding Failed Fuel Particles. lOx. 

addition, adjacent to the graphitized ILTI coatings in some particles, 

slight attack of the SIC was noted. 

Most fissile particles — about 90% — in fuel rod RTE-6-4-

1-1 showed graphitization of the ILTI on the cold side of the particle, 

as well as slight attack of the SIC (Fig. 6.7). These particles 

operated at an average time-averaged temperature of 1348 K (1075°C). 

Thus, as the Triso UC2 fissile particles in all three of these bodies 

indicate, the behavior of the rare-earth fission products depends 

heavily on the irradiation temperature. Furthermore, temperatures 

above 1323 K (1050°C) evidently promote migration of the rare-earth 

fission products, while below 1273 K (1000°C) the rare earths do not 

migrate to the SiC in sufficient amounts to cause graphitization of 

the iLTI coating. 

The Biso ThC2 particles (batch 4000-226) contained in bodies 2, 

4, and 5 all appeared to be in good condition; no failures or amoeba 
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Fig. 6.4, Typical Particles from RTE-6-1-1-5. (a) Biso UCg fissile 
particle. 250x. Bright field. (b) Same. Polarized light. (c) Biso ThCa 
fertile particle. 150x. Bright field. (d) Same. Polarized light. Reduced 
28.5%. 
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partite' ^2Snx ^''f-"i/^^Jf ""/r"' RTE-6-2-7~6. (a) Triso UCa fissTle 
particle. 250x. Bright field. (b) Same. Polarized light. (c) Biso ThC. 
fertile particle. 150x. Bright field. (d) Same. Polarized light ' 
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Fig. 6.6. Typical Particles from RTE-6-5-5-2, (a) Triso UCg fissile 
particle. 250x, Bright field. (b) Same, Polarized light. (c) Biso ThCz 
fertile particle. 200x. Bright field. (d) Same. Polarized light. Reduced 
32,5%. 
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Fig. 6.7. Typical Triso UC2 Fissile Particle from RTE-6~4~1-1. 250x. 
(a) Under bright field. (b) Under polarized light. 
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migration were visible. The particles underwent burnups of up to 2.9% 

FIMA and reached temperatures as high as 1523 K (1250°C). 

Examination of the Biso (2Th5U)02 and the Biso ThC2 particles 

in body 3 (from batches PR-60 and 4000-226, respectively) revealed no 

failures^ although many had faceted coatings (Fig. 6.8), Additionally, 

no amoeba migration of the (2Th,U)02 kernels occurred, although very 

slight amoeba -- less than 5 pm — was seen in the ThC2 particles. 

The (2Th,U)02 fissile particles resembled the mixed-oxide particles 

from accelerated irradiation testsi^^^^" in both cases fission gas 

bubbles and metallic inclusions were observed. 

Biso UO2 fissile particles (batch Mixed 1) and Biso Th02 fer­

tile particles (batch PR-48) were contained in fuel rods from body 6, 

A metallographic section was taken from fuel rod RTE-6-6-1-1, which 

experienced a burnup of 43.9 and 1.3% FIMA in the fissile and fertile 

particles, respectively, with a maximum time-averaged temperature of 

1383 K (1110°C). Amoeba migration of the kernels up to 25 ym was seen 

in many fissile UO2 particles (Fig. 6.9). The coatings of approxi­

mately 4% of the fissile particles had failed (Fig. 6.10), and two 

minor cases of matrix-particle interaction were observed. The Biso 

Th02 particles were in good condition with no failures or amoeba 

effect (Fig. 6.9). 

7. POSTIRRADIATION EXAMINATION OF RECYCLE TEST ELEMENT-8 

Recycle Test Element-8 was irradiated in core position FlO-06 from 

0 to 897.4 Effective Full-Power Days of Peach Bottom Core 2. The 

varieties of fuel contained in the element are shown in Table 7,1. All 

fuel t3T)es were irradiated in the recycle test elements previously 

discussed. 

Summaries of the power history, heavy-metal burnup, and neutron 

fluence calculated by GA are presented in Tables 7.2, 7.3, and 7.4, 

respectively. The time-averaged temperatures and temperature envelopes 

for the entire element are presented in Figs. 7.1 and 7.2. This ele­

ment achieved the highest burnup and neutron fluence of any element in 

the recycle test element series. 
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Fig. 6.8. Typical Particles from RTE-6-3~l-6. (a) Biso (2Th,U)02 
fissile particle. 150x. Bright field. (b) Same. Polarized light, 
(c) Biso ThC2 fertile particle. 200x. Bright field. (d) Same. Polarized 
light. Reduced 32.5%. 
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Fig. 6.9. Typical Particles from RTE-6-6-1-1. (a) Biso UO2 fissile 
particle. 200x. Bright field. (b) Same. Polarized light. (c) Biso Th02 
fertile particle. 150x. Bright field. (d) Same. Polarized light. Reduced 
24%. 
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Fig. 6.10. Failed Biso UOg Fissile Particle from RTE-6-6-1-1. 200x. (a) Under bright field. 
(b) Under polarized light. 
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Table 7 . 1 . Fue l - load ing Scheme for Recycle Test Element-8 

Body 

1 

2 

3 

4 

5 

6 

Fissile Fuel 

Particle Type 

UC2 Triso 

UC2 Triso 

UC2 Biso 

(2Th,U)02 Biso 

UC2 Triso 

UC2 Triso 

Batch 

4000-307 

4000-307 

4000-309 

FR-60 

4000-307 

4000-307 

Fertile Fuel 

Particle Type 

ThC2 Biso 

ThCa Triso 

ThC2 Biso 

ThC2 Biso 

ThC2 Triso 

ThC2 Biso 

Batch 

4000-225 

4000-306 

4000-226 

4000-225 

4000-306 

4000-226 

Fuel-Bed 
Type 

Blended Bed 

Bonded Rod*̂  

Bonded Rod^ 

Bonded Rod 

Bonded Rod"̂  

Bonded Rod^ 

Carbonized in fuel body. 

Carbonized in packed graphite flour. 

The RTE-8 element was shipped from the Peach Bottom Reactor site 

to ORNL in March 1975. The overall appearance of the element was nor­

mal with no unusual or unexpected features. The fission trap and end 

fittings were cut off and the six fuel bodies removed from the graphite 

sleeve. The bodies appeared to be in good condition. 

Fuel rods were removed from holes 1, 5, and 7 in bodies 2, 3, 5, 

and 6 and holes 1, 3, 5, and 7 in body 4. Loose particle samples were 

taken from hole 1 in body 1. The rods appeared to be in good condition 

with virtually no debonding. Particles with failed coatings were pri­

marily observed on the rods containing UC2 Triso (batch 4000-307). 

Previous metallographic examination showed that this batch of particles 

suffered oLTI failure from fast-neutron damage. 

Metallographic sections were prepared from rods from each fuel 

body. Every fuel-particle type was included in the test elements pre­

viously discussed and many observations were Identical. 

The same batch of UC2 Triso fissile particles (batch 4000-307) 

was irradiated in bodies 2, 5, and 6. The metallographic section from 

fuel rod RTE-8-2-7-7 showed that the fissile particles were in good 

condition with no graphltlzation of the ILTI coating (Fig. 7.3), As in 

previous test elements, fast-neutron damage had caused the oLTI 

coatings of many particles to break. However, because this element was 



Interval Reference 

Power 

From EFPD 

0 00 

26 99 
62 71 

68 57 
'02 06 

252 41 

252 41 

298 00 

342 95 

385 44 

385 44 

499 59 
564 07 

610 25 

701 23 

701 23 

748 00 
788 00 

818 00 

835 00 
858 00 

889 00 

Sum/Tiine-l 
Average 

Root Mean 

Time 

To EFPD 

26 
62 
68 
202 
252 
252 
298 
342 
385 
385 
499 
564 
610 
701 
701 
748 
788 
818 
835 
858 
889 
897 

99 
71 
57 
06 
41 
41 
00 
95 
44 
44 
59 
07 
25 
23 
93 
00 
00 
00 
00 
00 
00 
30 

eighted 

Square 

Irradiation 
Interval 

(d) 

28 
38 
7 

140 
53 
0 

48 
50 
44 
0 

141 
72 
49 
98 
0 
50 
50 
39 
30 
29 
47 
12 

1034 

84 
84 
50 
94 
62 
00 
99 
19 
83 
00 
93 
69 
63 
73 
00 
74 
00 
20 
00 
00 
00 
00 
67 

Tabl ,e 7 

Absolute 

Radial Power 

(kW) 

115 
115 
95 
116 
99 
111 
110 
105 
111 
110 
92 
101 
106 
105 
103 
103 
89 
85 
63 
87 
73 
64 
100 

13 

94 
55 
87 
27 
77 
22 
7' 
70 
07 
15 
81 
47 
05 
19 
65 
91 
73 
18 
63 
68 
63 
92 
50 

36 

. 2 . Recycle Test 

Thermal Analysis 

Relative 

Radial 

Power 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

888 
885 
879 
880 
858 
849 
853 
846 
840 
833 
827 
820 
817 
818 
806 
808 
804 
798 
798 
790 
783 
788 
833 

031 

Coolant 

Power 

0 
1 

0 

Factor 

087 
086 
080 
081 
062 
054 
059 
053 
0'8 
0̂ 2 
035 
033 
03' 
036 
025 
028 
024 
019 
020 

on 
003 
998 
04^ 

024 

Element-

TRICISP 

Channel Flow 

(kg/s) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

0312 

0332 

0322 

0324 

0341 

0341 

0328 
0329 

0335 

0335 

0303 
0342 

0339 

0330 

0330 

033< 

0283 
0'88 
0239 

0313 
0297 

0'85 

0318 

002 

-8 Power, 

Real 

(d: 

28 
38 
7 

140 
60 
0 
55 
35 
46 
0 

145 
80 
51 
98 
0 
50 
50 
37 
30 
79 
-47 

1' 
1068 

1 

84 

84 
50 
94 
00 
00 
40 
62 
98 
00 
87 
59 
56 
73 
00 
74 
00 
50 
00 
00 
00 
00 
11 

Flow, and 

Gage 

Power 

CkW) 

115 
115 
95 
116 
100 
0 
96 
95 
105 
0 
90 
91 
10' 
105 
0 

103 
89 
93 
63 
87 
73 
64 
98 

1' 

94 
55 
87 
27 
46 
00 
18 
39 
97 
00 
29 
51 
08 
19 
00 
)0 
73 
05 
38 
69 
63 
94 
12 

85 

^ 
4 
3 
4 
3 
0 
3 
3 
3 
0 
3 
3 
3 
3 
0 
3 
3 
3 
2 
3 
7 

2 
3 

0 

IA" 

0355 X 1 0 " 

1494 

4910 

2083 
Ti~•^ 
0000 

5164 

5869 
9128 

0000 

3425 

4 329 

9606 

9631 

0000 

9713 
5547 

5675 

4865 
4927 

9458 

6143 
6713 

4083 

Flux Histo 

Nuclear Analy 

0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

Flux 

IB 

7121 

7322 

6161 

7426 

6590 

0000 

5205 

6330 
6905 

0000 

7899 
5058 

6989 

6995 

0000 

7008 

6291 

6296 

4388 

6163 
5200 

4614 

5479 

0720 

SI! 

r y 

m Groups from Gage, 

X 1 0 " 7 
8 
6 
8 
7 
0 
7 
7 
8 
0 
6 
7 
8 
8 
0 
8 
7 
7 
5 
7 
6 
5 
7 

0 

2 

9754 X 1 0 " 

2496 

9466 
4018 

5409 

0000 
1012 

3028 

0001 
0000 

8523 

1333 
3053 

3792 

0000 

4493 
6431 

6834 

3500 

5701 

4226 

7173 

5845 

7631 

n/m^s 

3 

1 3128 X 10 

1 3579 
1 1417 

1 3815 
1 2362 

0 0000 

1 1621 

1 1952 

1 3086 

0 0000 
1 1201 

1 1657 

1 3575 

1 3707 

0 0000 
1 3814 

1 2507 

1 2570 

0 8747 
1 2392 
1 0521 

0 9363 
1 2422 

0 1262 

" 4 
4 
3 
4 

4 
0 
4 
4 
5 
0 
4 
4 
5 
5 
0 
5 
5 
5 
4 
5 
5 
it 

5 

0 

•* 

3431 X 

4130 

7601 

5809 

3312 

0000 

2424 

3724 

0190 

0000 
3764 

8616 

7573 

1597 

0000 

4935 

9250 

1196 
4257 

2358 
3825 

8998 

0223 

7665 

10" 

Time at nonzero power used m thermal analysis 

Real calendar day^ used in nuclear analvsis Some slort term 7ero-j wer jeriods irc in ludtd 

The energy ranges for the flux groups follow 

Group lA 14 95 MeV 5> E > 0 18 MeV or 2 40 pj > E > 28 84 fj 

Group IB 0 18 MeV > E S> 8 65 x 10' eV or 28 84 fJ > E > 13 86 fJ 

Group 2 8 65 X 10'' eV > E S 17 60 eV or 13 86 f J > E > 2 82 aj 

Group 3 17 60 eV > E > 2 38 eV or 2 82 aJ S E S= 0 38 aJ 

Group 4 2 38 eV > E > 0 or 0 38 aJ > E S> 0 

Group lA, the fast-flux group has been modified from the Cage output bv a factor of 0 85 This accounts fir the I 

of 0 18 MeV 

O 

ic! B t t TO Lnerg\ u t - c f f of 8 65 
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Table 7.3. Fissions per Initial Metal Atom 
for Recycle Test Element-8 

Fuel 
Body 

1 

Mean 
Range 

o 

Mean 
Range 

3 

Mean 
Range 

4 

Mean 
Range 

5 

Mean 
Range 

6 

Mean 
Range 

Grand 
Grand 

Fuel 
Rod 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/SD 

Range 

Core Height 
(mm) 

687 
741 
794 
84 7 
900 
953 

820 
319 

1083 
1137 
1191 
1245 
1298 
1352 

1218 
323 

1477 
1531 
1584 
1638 
1691 
1745 

1611 
321 

1873 
1927 
1981 
2036 
2090 
2144 

2008 
326 

2267 
2321 
2375 
2430 
2484 
2538 

2403 
325 

2663 
2717 
2771 
2826 
2880 
2934 

2798 
325 

1810 
/RMS 2301 

Fertile FIMA 

(%) 

0.326 
0.608 
0.895 
1.182 
1.470 
1.757 

1.040 
0.489 

2.030 
2.288 
2.494 
2.666 
2.792 
2.896 

2.528 
0.297 

2.988 
3.058 
3.123 
3.135 
3.134 
3.088 

3.088 
0.053 

3.029 
2.952 
2.868 
2.779 
2.684 
2.587 

2.816 
0.151 

2.437 
2.279 
2.096 
1.911 
1.725 
1.534 

1.997 
0.311 

1.341 
1.154 
0.968 
0.775 
0.581 
0.386 

0.867 
0.326 

2.056 
0.901 

Fissile FIMA 

(%) 

18.019 
26.537 
34.612 
42.432 
46.984 
50.922 

36.584 
11.528 

53.011 
54.920 
56.210 
57.312 
58.162 
58.773 

56.398 
1.970 

59.239 
59.645 
60.035 
60.092 
60.053 
59.631 

59.782 
0.308 

59.159 
58.617 
58.057 
57.487 
56.775 
56.021 

57.686 
1.066 

54.936 
53.736 
52.172 
50.388 
48.341 
46.274 

50.975 
3.004 

44.191 
41.966 
39.724 
37.534 
35.353 
33.191 

38.660 
3.759 

50.014 
10.539 

Mixed FIMA 

(%) 

3.372 
5.072 
4.699 
8.283 
9.305 

10.221 

7.159 
2.386 

ip.807 
11.349 
11.742 
12.074 
12.324 
12.516 

11.802 
0.585 

12.671 
12.800 
12.921 
12.940 
12.933 
12.822 

12.848 
0.096 

12.692 
12.535 
12.369 
12.197 
11.996 
11.786 

12.262 
0.309 

11.475 
11.138 
10.717 
10.256 
9.750 
9.237 

10.429 
0.774 

8.718 
8.180 
7.640 
7.103 
6.567 
6.034 

7.373 
0.917 

10.312 
2.537 
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Table 7.4. Thermal- and Fast-Neutron Fluences 
for Recycle Test Element-8 

Fuel 
Body 

1 

Mean 
Range 

2 

Mean 
Range 

3 

Mean 
Range 

4 

Mean 
Range 

5 

Mean 
Range 

6 

Mean 
Range 

Total 
Total 

Fuel 
Rod 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 

3 
4 
5 
6 

/RMS 

1 
2 

3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/SD 

Mean 
Range; 

Core Height 
(mm) 

687 
741 
794 
847 
900 
953 

820 
319 

1083 
1137 
1191 
1244 
1298 
1352 

1218 
323 

1477 
1531 
1584 
1638 
1691 
1745 

1611 
321 

1873 
1927 
1981 
2036 
2090 
2144 

2008 
326 

2267 
2321 
2375 
2430 
2484 
2538 

2403 
325 

2663 
2717 
2771 
2826 
2880 
2934 

2798 
325 

1810 
'RMS 2300 

Fluence, 

Fast, 
>0.18 MeV 

1.393 X l o " 
1.915 
2.332 
2.704 
3.003 
3.247 

2.432 
0.635 

3.465 
3.646 
3.801 
3.934 
4.019 
4.093 

3.826 
0.217 

4.151 
4.188 
4.215 
4.229 
4.227 
4.217 

4.204 
0.027 

4.193 
4.157 
4.107 
4.043 
3.976 
3.904 

4.063 
0.101 

3.935 
3.903 
3.624 
3.437 
3.292 
3.132 

3.554 
0.298 

2.959 
2.776 
2.565 
2.324 
2.039 
1.647 

2.385 
0.444 

3.411 
0.817 

n/m^s 

Thermal, 
<2.38 eV 

1.815 X 10^= 
2.279 
2.738 
3.195 
3.648 
4.083 

2.960 
0.776 

4.504 
4.862 
5.162 
5.414 
5.560 
5.687 

5.198 
0.411 

5.790 
5.862 
5.921 
5.959 
5.978 
5.985 

5.916 
0.070 

5.969 
5.927 
5.859 
5.751 
5.621 
5.459 

5.764 
0.179 

5.256 
5.037 
4.796 
4.540 
4.275 
3.984 

4.648 
0.435 

3.688 
3.388 
3.127 
2.889 
2.681 
2.517 

3.048 
0.403 

4.589 
1.272 
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J - M*X FyEL 

K - AV6 FUEL 

K = (J • L> /2 

L - MIN FUEL 

M - MEDIAN BOOT 

tt - AVC DOOV 

N : (M » 01 /S 

O = MIN B'-CT 

P - MAX SLEEVE 

a - AV6 SLEEVE 

a = (F • Ri / ; 

ft • HIN SLEEVE 

S - COOLANT 

ZL1 22 S« 26 ge 30 

AKIAL POSITION •••10^ C MM 3 

Fig. 7*1. Recycle Test Element-~8 Time-Averaged Temperatures: Bodies 

AXIAL POSITION'"'lO^ t MM D 

Fig. 7,2. Recycle Test Element-8 Temperature Envelope: Bodies 
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Fig. 7.3. Typical Fuel Particles From RTE-8-2-7-7. (a) Triso UC2 
fissile particle with Intact oLTI. 250x. (b) Same. With failed oLTI. 
(c) Triso ThCa fertile particle. 150x. Bright field. (d) Same. Polarized 
light. Reduced 24%. 
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irradiated to a higher exposure^ the cracks appeared to be larger, 

indicating that when the oLTI is unrestrained by the SIC, its shrinkage 

depends on the fast-neutron exposure. 

Whereas no graphltlzation of the ILTI was observed in RTE-8-2-7-7, 

most of the UC2 Triso particles (about 90Z) in fuel rod RTE-8-5-8~l 

showed graphltlzation of the iLTI on the cold side of the particle, 

with evidence of slight SIC attack (about 5 pm) (Fig. 7.4), A signifi­

cant temperature difference between the two rods was noted: RTE-8-2-7-

had a maximum tirae-averaged temperature of 1293 K (1020°C) , while that 

of RTE-8-5-7-1 was 1393 K (1120°C). In addition many broken oLTI 

coatings were observed; the reason is the same as for body 2. 

In fuel rod RTE-8-6~7-l the UC2 Triso particles appeared to be 

in good condition with little graphltlzation of the iLTI coating (Fig. 

7,5). The maximum tirae-averaged temperature for this rod was 1348 K 

(1075°C). These observations agree with those from the other test ele­

ments, which indicate that the iLTI of Triso UC2 particles irradiated 

at temperatures above 1373 K (1100°C) shows graphltlzation caused by 

migration of the rare-earth fission products. At irradiation tem­

peratures below 1273 K (1000°C) very little rare earth migration 

occurs, while between 1273 K (lOOO^C) and 1373 K (1100°C), a transition 

range exists. In which some migration occurs. Many broken oLTI 

coatings were observed In RTE-8-6-7-1 also. 

The fertile particles in the three metallographic samples just 

discussed Included Biso ThC2 (batch 4000-226) and Triso ThC2 (batch 

4000-306). The Biso ThC2 particles in RTE-8-6-7-1 were in good con­

dition with no amoeba, though some had faceted coatings (Fig. 7.5). 

The Triso ThC2 particles In the other two samples were both in good 

condition with no amoeba observed (Figs. 7.3 and 7.4). In both cases 

the buffers separated from the ILTI and densifled around the kernel in 

some particles. Although no oLTI failure was observed in RTE-8-2-7-7, 

the oLTI on about half the Triso ThC2 particles in RTE-8~5-7-l failed 

from fast-neutron damage. Surprisingly, fuel rod RTE-8-2-7-7 received 

the higher fast-neutron fluence1 3.9 x lO^J n/m^ versus 4.1 x 

10^^ n/m^, although the rod operated at lower fuel temperatures: 

1323 K (1050°C) versus 1223 K (950"C) , respectively. 
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X,.. , "'' ̂  

, ' , ? ' - * -

-s--'*feV-Vsv 

'•T-

-'P. . . ' • 
'i', "'^ 

i '" ' •• .--;-r^,V«=•^-v-f^'';''^•W,'ij-=•CS^S^.' 

Fig. 7.4. Typical Fuel Particles from RTE-8-5-7-1. (a) Triso UCa 
fissile particle. 250x. Bright field. (b) Same. Polarized light, 
(c) Triso ThC2 fertile particle. 150x. Bright field. (d) Same. 
Polarized light. Reduced 23.5%. 
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R-69017 

Fig. 7.5. Typical Fuel 
Particles from RTE-8-6-7-1. 
(a) Triso UC2 fissile particle. 
250X. Bright field. (b) Biso 
ThC2 fertile particle. 200x. 
Bright field. (c) Same. 
Polarized light. Reduced 32.5%. 

•f _' fi 

L ... _ . ^ 
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Examination of the metallographic section made from fuel rod RTE-

8-3-1-7 showed no failed Biso UC2 (batch 4000-309) or failed Biso 

ThC2 (batch 4000-226). No graphltlzation, matrix-particle interac­

tion, or amoeba was seen in either particle type. Generally the par­

ticles were in good condition, though some had faceted coatings or 

misshapen kernels. Typical particles are shown in Fig. 7.6. Their 

behavior resembled that of particles from the same batch in RTE-6. In 

RTE-2, the buffer densifled and optical anisotropy increased in the 

Biso UC2 particles from the same batch. However, the buffer of the 

Biso UC2 particles in RTE-8-3-1-7 did not show this density increase 

or high optical anisotropy. The irradiation temperature [1398 K 

(1125°C), tirae-averaged] was 100 K less than that in the fuel rod in RTE 

where the anisotropy had been observed. We had hypothesized that 

migration of the rare-earth fission products might have induced the 

change in the buffer properties. However, the Irradiation temperature 

was sufficiently high to cause substantial release of the rare earths 

from the kernel. Evidently the rare earths do not cause buffer den-

sification or optical anisotropy. 

No failed particles or matrix-particle interactions were observed 

in the metallographic cross sections from fuel rods RTE-8-4-1-6 and 

RTE-8-4-5-1 that contained Biso (2Th,U)02 and Biso ThC2 particles. 

The particles were in good condition though some had faceted coatings. 

Typical particles are shown in Fig. 7.7. Slight amoeba — less thaa 

5 ym — of the (2Th,U)02 kernels up the temperature gradient was 

observed. 

8. POSTIRRADIATION EXAMINATION OF RECYCLE TEST ELEMENT-1 
(FUEL TEST ELEMENT-11) 

Recycle Test Element-1 was Irradiated in core location ElO-06* 

from 252 to 897.4 Effective Full-Power Days of Peach Bottom Core 2. 

The original designation for this element was RTE-1, but it was renamed 

*See ref. 6 for core location. 
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', - •'••-i-vJ.' 

:s- ;' .-•,51 

Fig. 7.6. Typical Fuel Particles from RTE-8-3-1-7. (a) Biso UC2 
fissile particle. 250x. Bright field. (b) Same. Polarized light, 
(c) Biso ThC2 fertile particle. 200x. Bright field. (d) Same. Polarized 
light. Reduced 32.5%. 
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Fig. 7,7. Typical Particles from RTE-8-4~16. (a) Biso (2Th,U)02 
fissile particle. 150x. Bright field. (b) Same. Polarized light. 
(c) Biso ThC2 fertile particle. 200x, Bright field. (d) Same. Polarized 
light. Reduced 32%, 
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Fuel Test Element-U, Table 8.1 identifies the fuel-loading com­

binations in the element. All the fuel in RTE-1 was fabricated to 

duplicate the fuel used in the other recycle test elements. So 

although RTE-1 tested the same fuel types, new particle batches were 

irradiated. 

The nuclear and thermal evaluations of this element were performed 

by GA. Summaries of the power history, heavy-metal burnup, and neutron 

fluence are given in Tables 8,2, 8.3, and 8.4, respectively. The time-

averaged temperatures and temperature envelopes for the entire element 

are presented in Figs. 8.1 through 8.8. Since the heavy-metal loading 

and, therefore, the power production In fuel holes 1 and 5, 2 and 6, 3 

and 7, and 4 and 8 varied within each fuel body, a set of temperatures 

is reported for each section of the test element containing one of 

these pairs of fuel holes. 

Maximum burnups were 49.6 and 1.8% FIMA for the fissile and fer­

tile particles, respectively. The highest fuel temperature and fast-

fluence exposure (E >0,18 MeV) achieved were 1913 K (1640°C) and 3,0 x 

lO^J n/m^, respectively. While the burnups and fast-fluence expo­

sures were not as severe, the maximum fuel temperatures were signifi­

cantly higher — above 200°C — than in the previous recycle test elements 

As in the other test elements, the overall appearance of the ele­

ment was normal with no unexpected features. The fission-product 

trap and end fittings were cut off and the six fuel bodies removed from 

the graphite sleeve. The appearance of the bodies was excellent with 

no evidence of surface corrosion. 

Fuel rods were removed from holes 1, 3, 6, and 8 in bodies 1, 2, 

and 3, and from all the holes In bodies 4, 5, and 6, On visual exami­

nation, most rods were in good condition, except for rods from fuel 

stacks RTE-1-2-6, -3-6, and -4-6, which had experienced severe 

debonding. All three contained the same particle batches. Fuel stack 

RTE-1-1-6, which also contained these particles, had only minor rod 

debonding. The surface of some rods from stack RTE-l-5~3 showed a 

rust-colored corrosion reaction believed attributable to iron con­

tamination in the matrix material, as discussed in Sect. 10, 
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Table 8 . 1 . Fuel-Loading Scheme for Recycle Test Element-1 

Body 

1,2,3,4 

5 

6 

Hole 

1,5 
2,6 
3,7 
4,8 

1,5 
2,6 
3,7 
4,8 

1,5 
2,6 
3,7 
4,8 

Fiss: lie Fuel 

Particle Type 

(4Th,U)02 
UCa Triso 

(2Th,U)02 
UO2 Biso 

(2Th,U)02 
UC2 Biso 

UC2 Biso 

UO2 Triso 

(2Th,U)02 
UC2 Biso 

UC2 Triso 
UO2 Triso 

Biso 

Biso 

Biso 

Biso 

Batch 

PR-56^ , 

4000-325 

Mixed 3 ' 

PR-66'^ , 
4000-340f 
4000-340 
4000-355^ 

PR-66'^ , 
4000-340^ 
4000-325t' 
4000-355 

Partlc: 

ThC2 

The 2 
Th02 
Th02 

ThC2 
ThCz 

Th02 
Th02 

The 2 
The 2 
The 2 
Th02 

Fertile 

Le Type 

Biso 

Biso 
Biso 
Biso 

Biso 

Biso 

Biso 

Biso 

Biso 
Biso 

Triso 

Biso 

Fuel 

Batch 

4000-323* 
Mixed PP-
Mixed A 

9T-980-BL 

4000-323^ 
4000-339^ 

4000-339 

9T-980-BL* 
4000-323^ 
4000-319^^ 
4000-339 

Carbonization 
Procedure for 

Bonded Rods 

PGF^ 
CGT^ 
PGF 
PGF 

PGF 
CGT 
CGT 
CGT 

PGF 
CGT 
CGT 
CGT 

b 
Fuel fabricated by Oak Ridge National Laboratory. 

Fuel fabricated by 6A General Atomic Company. 

'Fuel stack RTE-1-4-8 used batch Mixed 1. 
d Carbonized in packed graphite flour. 

'Carbonized in covered graphite tray. 

Metallographic sections were prepared from the fuel rods to repre­

sent all fuel batches irradiated. Because many batches were dupli­

cated, samples were prepared only from the regions of highest 

temperature and neutron fluence. Bodies 1, 2, 3, and 4 contained the 

same fuel batches, so fuel from bodies 3 and 4 were examined. 

In the fuel rod RTE-1-4-1-6 no failures were seen in the Biso 

(4Th,U)02 fissile or Biso ThC2 fertile particles. No amoeba migra­

tion was observed in the (4Th,U)02 particles (Fig. 8.9). However, 

because this rod exprienced high average temperatures (1373 K, >'1100°C), 

amoeba migration might have been expected in particles of this type. 

The Triso UC2 and Biso ThC2 particles examined in fuel rod 

RTE-1-3-6-6 behaved much as did particles of the same type from other 

batches. Graphltlzation of the ILTI coating occurred in all the 

fissile particles observed. In addition, the high average irradiation 

temperatures (1423 K, >1150°C) induced extensive corrosion of the SIC. 

Visible penetration of the SIC by fission products presumed to be rare 



Table 8 .2 . Recycle Test Element-1 Power, Flow, and Flux His tory 

— — I n t e r v a l R e f e r e r c e 
E q u i v a l e I t F u l l -

P o w e r T i m e 

From EFPD 

2 5 2 . ^ 1 
2 9 8 . 0 0 
3 4 2 . 9 5 
3 8 5 . 4 4 
3 8 5 . 4 4 
4 9 9 . 5 9 
3 6 4 . 0 7 
6 1 0 . 2 5 
7 0 1 . 2 3 
7 0 1 . 2 3 
7 4 8 . 0 0 
7 8 8 . 0 0 
8 1 8 . 0 0 
8 3 5 . 0 0 
8 5 8 . 0 0 
8 8 9 . 0 0 
Sum/Time 

A v e r a g e 
R o o t Mean 

To EFPD 

2 9 8 . 0 0 
3 4 2 . 9 3 
3 8 5 . 4 4 
3 8 5 . 4 4 
4 9 9 . 5 9 
3 6 4 . 0 7 
6 1 0 . 2 3 
7 0 1 . 2 3 
7 0 1 . 2 3 
7 4 8 . 0 0 
7 8 8 . 0 0 
8 1 8 . 0 0 
8 3 5 . 0 0 
8 5 8 . 0 0 
8 8 9 . 0 0 
8 9 7 . 3 0 

- W e i g h t e d 

S q u a r e 

-

I r r a d i a t i o n 
I n t e r v a l 

( d ) 

4 8 . 9 9 
5 0 . 1 9 
4 4 . 8 3 

0 . 0 0 
1 4 1 . 9 3 

7 2 . 6 9 
4 9 . 5 3 
9 8 . 7 3 

0 . 0 0 
5 0 . 7 4 
5 0 . 0 0 
3 9 . 2 0 
3 0 . 0 0 
2 9 . 0 0 
4 7 . 0 0 
1 2 . 0 0 

7 6 4 . 9 3 

A b s o l u L t . 
R a d i a l Pou t 

(kW) 

1 4 2 . 9 ' 
137 93 
1 ^ 3 . , ) 
1 4 ) . 32 
1 2 3 . 1 1 
1 3 5 . 6 2 
1 ^ 2 . 3 2 
1 4 0 . 9 3 
1 3 8 . 6 0 
1 3 9 . 2 7 
1 2 0 . 3 4 
1 1 4 . 2 1 

8 ^ . 5 3 
1 1 6 . 6 ) 

9 7 . 7 9 
8 6 . 0 4 

1 2 7 . 9 6 

) o . i 8 

-T c rTa1 \ n d 1 

- R e l a t i v e 
r R i d i a l 

1 101 
1 . 1 0 . 
1 100 
1 .099 
1 . 0 9 7 
1 096 
1 . 0 9 8 
1 . 0 9 6 
1 0 7 9 
1 . 0 8 3 
1 . 0 8 0 
1 . 0 7 0 
1 . 0 6 , 
1 051 
l . O u O 
1 O i l 
1 . 0 8 7 

0 . 0 1 9 

— \ S I S 

t o o l m t 
R t l i t i v t k i d i i l -

P o w t r 1 11 t o r 

1 . 0 8 9 
1 .09 3 
1 o q ) 
1 09 ) 
I 09 7 
1 . 1 0 6 
1 .112 
1 . U 7 
1 . 107 
1 .1 i2 
1 . 1 3 2 
1 . 1 2 
1 . 1 2 , 
1 . 1 1 . 
1 . 102 
1 . 0 9 ) 

1 . 1 0 9 

0 . 0 u 

-

[RH I S ! 
I h a n n L l 1 Un, 

( i . ' i J 2 7 
0 0 32 7 
0 . 0 1 3 ! 
0 . 0 3 3 3 
0 . 0 JO 1 
O.l 34(1 
0 (1J36 
0 . 0 J2 
0 0 32 7 
0 0 3 3 2 
0 . 0 2 8 0 
0 0 2 8 3 
0 . 0 2 3 7 
0 . 0 3 1 0 
0 . 0 2 9 , 
0 0 2 8 3 
0 . 0 3 1 i 

0 . 0 0 2 3 

R i a l 
1 niic 

( d ) 

36 4 0 
3 3 . 6 2 
46 <18 

0 00 
U S 87 

8 0 . 3 9 
3l . 3 6 
9 S . 7 3 

0 . 0 0 
3 0 , 7 4 
5 0 . 0 0 
3 7 . 5 0 
3 0 . 0 0 
2 9 . 0 0 
47 00 
1 2 . 0 0 

791 99 

< .f,t 
i'ovJi r 

( k u ) 

1 2 , I 3 

1 2 4 . , 9 
1 J 8 . 7 8 

0 . 0 0 
1 1 9 . 7 7 
122 31 
1 1 7 . 2 0 
1 . 0 . 9 3 

0 . 0 0 
1 3 9 . 2 6 
1 2 0 . 5 3 
1 1 9 . 4 1 

8 , . SO 
1 1 6 . 6 6 

9 7 . 8 0 
8 6 . 0 6 

1 2 1 . 5 9 

1 . . 2 7 

Silt I t i r \ n a 

_ _ ^ 
i l u x IP ( r 

U IB 

3 . , 2 i ) 10 " 0 6 0 ) 2 lO 
3 5 3 32 
3 . 8 7 2 2 
0 . 0 0 0 0 
3 . 3 5 6 2 
3 . 8 1 7 
. . 0 ) 8 , 

4 . 0 4 3 2 
0 , 0 0 0 0 
4 1 0 0 8 
3 . 6 9 4 0 
3 . 6 9 7 0 
2 , 5 7 3 9 
3 , 6 1 2 0 
i , 0 4 3 2 
2 , 6 9 9 9 
3 . 5 8 4 1 

0 . ) 7 8 8 

0 , 6 2 !5 
0 , 6 8 3 1 
0 , 0 0 0 0 
O . S 9 2 ) 
0 , 6 1 4 , 
0 , 7 1 2 7 
0 , 7 ] 19 
0 , 0 0 0 0 
0 , 7 2 1 7 
0 , 6 5 1 9 
0 , 6 5 2 , 
0 , 4 5 4 6 
0 , 6 3 7 4 
0 , 5 1 7 4 
0 , 4 7 6 4 

0 . 6 3 2 5 

0 , 0 6 6 8 

-s s s 

u p ^ f r o m Cat . t , 

6 8 0 8 8 10 
7 , 0 6 7 , 
7 , 7 7 6 7 
0 , 0 0 0 0 
6 , 7 5 4 5 
7 , 0 9 8 1 
8 , 3 0 7 6 
8 3923 
0 , 0 0 0 0 
8 , 5 , 6 4 
7 , 7 5 8 9 
7 , 8 0 2 9 
3 , , 3 4 3 
7 , 6 7 8 8 
6 , 3 1 0 4 
5 , 7 9 1 5 
7 , 3 6 3 8 

0 , 7 9 8 5 

- -
n -^ ' s 

_ 
3 

1 , 1 1 2 2 IC 
1 . 1 3 4 3 
1 , 2 6 9 3 
0 , 0 0 0 0 
1 , 1 0 1 6 
1 , 1 5 6 8 
1 , 3 5 3 9 
1 , 3 6 8 8 
0 , 0 0 0 0 
1 3958 
1 , 2 6 7 6 
1 2 7 4 8 
0 , 8 8 7 2 
1 , 2 3 3 2 
1 , 0 6 4 9 
0 , 9 4 3 3 
1 , 2 0 1 9 

0 . 1 3 0 1 

— 

3 , 8 9 2 3 
4 , 0 o 2 5 
, , 6 8 2 2 
0 , 0 0 0 0 
4 , 1 5 0 9 
, , 6 7 2 9 
3 . 5 7 0 9 
3 , 9 7 8 9 
0 , 0 0 0 0 
6 , 3 6 8 5 
5 , 8 3 5 0 
6 , 0 3 5 8 
4 , 3 7 2 8 
6 . 1 5 3 7 
5 , 3 1 1 6 
4 , 8 3 8 2 
5 , 0 2 9 2 

0 , 8 5 1 2 

*Time a t nonzero power used in thermal a n a l v s i s . 

Real ca l enda r days used m nuc lea r a n a l v s i s , S. mt sh t . r t -ce im / t r o - p t w t r 

The energy ranges for the f lux groups follow-

Group lA, 14,96 MeV J E > 0, L8 MeV or 2,40 p j ^ F > 28 84 fJ 
Group IB: 0,18 MeV > E > 8,65 ' l O ' eV or 28,84 is > L » 13,86 f I 
Group 2: 8,65 * lO" eV > F > 17,60 eV or 13.86 fJ > E > 2.82 aJ 
Group 3 : 17.60 eV > F > 2.38 eV or 2.82 aJ > I S- 0.38 aJ 
Group 4 ; 2 .38 eV > E > 0 or 0.38 aJ > E > 0 

Group lA, the fas t - f lu )c group, has been modified from the Gage output bs 
of 0.18 MeV. 

1-1 
C3^ 

factor of 0.85. This accounts for the Peach Bottom energs <.ut~off of 8.65 3 10^ eV instead 
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Table 8.3. Fissions per Initial Metal Atom 
for Recycle Test Element-1 

Fuel 
Body 

1 

Mean 
Range 

2 

Mean 
Range 

3 

Mean 
Range 

4 

Mean 
Range 

5 

Mean 
Range 

6 

Mean 
Range 

Grand 
Grand 

Fuel Co 
Rod 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

VRMS 

Mean 
Range/RMS 

re Height 
(mm) 

688 
743 
798 
852 
907 
962 

825 
329 

1083 
1138 
1192 
1247 
1302 
1357 

1220 
329 

1478 
1533 
1588 
1643 
1697 
1752 

1615 
330 

1873 
1928 
1983 
2037 
2092 
2147 

2010 
328 

2268 
2323 
2379 
2434 
2489 
2545 

2406 
333 

2664 
2719 
2774 
2829 
2884 
2940 

2802 
331 

1813 
2307 

Fertile FIMA 
{%) 

0.179 
0.344 
0.515 
0.687 
0.856 
1.024 

0.601 
0.290 

1.187 
1.333 
1.439 
1.532 
1.612 
1.674 

1.463 
0.166 

1.727 
1.768 
1.806 
1.811 
1.808 
1.783 

1.784 
0.030 

1.754 
1.721 
1.675 
1.622 
1.564 
1.504 

1.640 
0.087 

1.422 
1.335 
1.237 
1.131 
1.017 
0.903 

1.174 
0.178 

0.790 
0.674 
0.558 
0.447 
0.335 
0.223 

0.504 
0.193 

1.194 
0.522 

Fissile FIMA 
(%) 

22.225 
27.427 
31.743 
35.673 
38.573 
41.257 

32.816 
6.518 

42.991 
44.530 
45.570 
46.501 
47.313 
48.013 

45.820 
1.694 

48.660 
49.108 
49.502 
49.594 
49.613 
49.427 

49.317 
0.338 

49.115 
48.652 
48.161 
47.653 
46.990 
46.294 

47.811 
0.960 

45.479 
44.517 
43.115 
41.627 
40.038 
38.252 

42.171 
2.502 

36.389 
34.451 
32.501 
30.622 
28.735 
26.826 

31.587 
3.262 

41.587 
7.713 

Mixed FIMA 
(%) 

4.562 
5.729 
6.723 
7.643 
8.355 
9.023 

7.006 
1.526 

9.498 
9.921 
10.213 
10.473 
10.698 
10.887 

10.282 
0.470 

11.058 
11.180 
11.283 
11.311 
11.313 
11.255 

11.234 
0.091 

11.170 
11.052 
10.917 
10.774 
10.595 
10.409 

10.820 
0.261 

10.181 
9.921 
9.563 
9.182 
8.775 
8.329 

9.325 
0.640 

7.868 
7.389 
6.908 
6.446 
5.982 
5.512 

6.684 
0.803 

9.225 
1.948 
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Table 8.4. Recycle Test Element-1 Fast-
Thermal-Neutron Fluences 

and 

Fuel 
Body 

1 

Mean 
Range 

2 

Mean 
Range 

3 

Mean 
Range 

4 

Mean 
Range 

5 

Mean 
Range 

6 

Mean 
Range 

Total 
Total 

Fuel C( 
Rod 

1 
2 
3 
4 
5 
6 

:/RMS 

1 
2 
3 
4 
5 
6 

7RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

1 
2 
3 
4 
5 
6 

/RMS 

Mean 
Range/RMS 

jre Height 
(mm) 

688 
743 
798 
852 
907 
962 

825 
329 

1083 
1138 
1192 
1247 
1302 
1357 

1220 
329 

1478 
1533 
1588 
1643 
1697 
1752 

1615 
330 

1873 
1928 
1983 
2037 
2092 
2147 

2010 
328 

2268 
2323 
2379 
2434 
2489 
2545 

2406 
333 

2664 
2719 
2774 
2829 
2884 
2940 

2802 
331 

1813 
2307 

Fluence 

Fast, 
>0.18 MeV 

0.971 X 10^*^ 
1.344 
1.628 
1.885 
2.104 
2.282 

1.702 
0.447 

2.440 
2.568 
2.678 
2.775 
2.841 
2.898 

2.700 
0.158 

2.946 
2.982 
3.011 
3.026 
3.031 
3.031 

3.004 
0.031 

3.024 
3.008 
2.986 
2.952 
2.915 
2.875 

2.960 
0.052 

2.812 
2.740 
2.657 
2.558 
2.450 
2.323 

2.590 
0.167 

2.178 
2.019 
1.827 
1.605 
1.342 
0.973 

1.657 
0.409 

2.436 
0.614 

:, n/m= 

Thermal, 
<2.38 eV 

1.292 X 1 0 " 
1.609 
1.945 
2.284 
2.627 
2.959 

2.119 
0.572 

3.278 
3.555 
3.792 
4.000 
4.124 
4.231 

3.830 
0.331 

4.319 
4.384 
4.438 
4.476 
4.498 
4.511 

4.438 
0.068 

4.502 
4.468 
4.415 
4.329 
4.229 
4.110 

4.342 
0.138 

3.955 
3.785 
3.595 
3.396 
3.192 
2.965 

3.481 
0.339 

2.732 
2.495 
2.298 
2.120 
1.970 
1.843 

2.243 
0.304 

3.409 
0.983 
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10 t£ U 16 16 SG as 24 Z& 2d 3D 

AXIAL POSITION •••lO^ t MM 3 

Fig. 8.1. Recycle Test Element-1 Time-Averaged Temperatures: 
1-6, Holes 1-5. 

Bodies 

3 
< 
IX 
Ui 
0. 

r 

le 16 so as 24 26 20 

AXIAL POSITION •••10^ £ HM 3 

Fig. 8.2. Recycle Test Element-1 Time-Averaged Temperatures: 
1—6, Holes 2—6. 

Bodies 
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AXIAL POSITION "no^ c m 3 

Fig. 8.3. Recycle Test Element-1 Time-Averaged Temperatures: Bodies 
1—6, Holes 3,7. Reasonable estimates of the correct temperatures for rods 
4 and 5 of body 6 can be obtained by interpolation of the data on either 
side of the Incorrect values. 

AXIAL POSITION •••10^ C MM 3 

Fig. 8.4. Recycle Test Element-1 Time-Averaged Temperatures: 
1—6, Holes 4,8. 

Bodies 



121 

Fig. 8.5. Recycle Test Element-1 Temperature Envelope: 
1—6, Holes 1,5. 

Bodies 

J = MAX F U C L 

L s HIM PUEu 

H 3 MEDIAN BOOT 

0 1 MIN BOOT 

p s NAK SLEEVE 

S E HtN SLEEVE 

18 20 za 24 26 ze 

AKIAL POSITION «• • 10^ £ MM 3 

Fig, 8.6. Recycle Test Element-l Temperature Envelope: 
1-6, Holes 2,6. 

Bodies 
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AXIAL POSITION •••10'^ C MM 3 

Fig. 8.7. Recycle Test Element-1 Temperature Envelope: Bodies 1—6 
Holes 3,7. Reasonable estimates of the correct temperatures for rods 4 
and 5 of body 6 can be obtained by interpolation of the data on either 
side of the incorrect values. 

Fig . 8. 
Holes 4 , 8 . 

10 12 16 18 24 26 28 10 

AXIAL POSITION • • • 1 0 ^ C m 3 

Recycle Test Element-1 Temperature Envelope: Bodies 1—6 
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RTF /i^" l ' ^ ' . ^^""^t""^ ̂ ''"''^ ̂ '"° (4Th,U)0, Particles from Fuel Rod 

(bTpo1«'i.;d fight!'^r25x.°' ^"°^'^ "^'^^^^'°^- ^̂> «̂ ^̂ ^̂  "-^<^-
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earths was on the order of 5 ym. The kernel of the Biso ThC2 par­

ticles, on the other hand, showed amoeba migration (5 ym) up the tem­

perature gradient. Typical particles are shown in Fig. 8.10, 

Examination of the transverse section from fuel rod RTE-1-4--3-6 

showed no failures of any Biso (2Th,U)02 or Biso Th02 particles. 

No amoeba migration was observed. However, poor coatings were seen In 

both particle types. Typical particles are shown in Fig. 8.11. The 

oLTI coating of the fissile particles showed some tearing (Fig. 8.12). 

Polarized light showed the cracks to extend only through the area of 

high optical activity, which indicates high anisotropy, and has been 

known to cause coating fracture.•'•°»̂ ^ The Biso Th02 had dense 

buffer coatings, which also showed high optical activity under 

polarized light. However, no total fractures were associated with these 

coating defects. 

The Biso UO2 fissile particles from fuel rod RTE-l-4-8~6 exhi­

bited gross amoeba migration and numerous particle failures. In addi­

tion to migrating, the kernels had also broken into separate parts 

(Fig. 8.13). Similar behavior was observed in RTE-5, where high tem­

peratures had been achieved. The average fuel temperature for this rod 

had exceeded 1473 K (1200°C), so the kernel behavior was consistent 

with that in the other test elements. When the ILTI coating was 

breached, the UO2 converted to UC2 (Fig. 8.14), The observations 

on these Biso Th02 particles are identical to those from the pre­

ceding discussion on fuel rod RTE-1-4-3-6. 

Triso UO2 and Biso Th02 particles were contained In fuel rod 

RTE-1-5-8-1. The fissile particles were in poor condition with amoeba 

migration of the kernel (Fig. 8.15). Kernel migration through the 

buffer and iLTI coatings to the SiC had occurred in many particles 

(Fig. 8.16). Failure of the SiC, as evidenced by conversion of the 

UO2 kernel to UC2s was also observed (Fig. 8.17), The average fuel 

temperatures for this fuel rod exceeded 1448 K (>1175°C)« The kernel 

migrations measured under RTE and accelerated conditions (similar tem­

perature and temperature gradients) are comparable (Fig. 8.18).•*•" 

The Biso Ih02 particles appeared to be in good condition with no 

apparent kernel migration. 
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Fig. 8.10, Typical Particles from RTE-1-3-6-6. (a) Triso UCj fissile 
particle. 250x. Bright field. (b) Same. Polarized light. (c) Biso ThCa 
fertile particle. 200x. Bright field. (d) Same. Polarized light. Reduced 
31.5%. 
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Fig. 8.11. Typical Fuel Particles from RTE-1-4-3-6. (a) Biso (2Th U)0 
fissile particle. 125x. Bright field. (b) Same. Polarized light. (c) 
Biso Th02 fertile particle. Bright field. (d) Same. Polarized light 
Reduced 24%. 
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Fig. 8.12. Tearing of oLTI Coating as Observed in RTE-l-4'-3-6. 
(b) Under polarized light. 

500X. (a) Under bright field. 
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Fig. 8.13. Typical Biso UO2 Fissile Particle from RTE-1-4-8-6. 250x. 
(a) Under bright field. (b) Under polarized light. This behavior is 
indicative of high temperatures. 
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7SM 

Fig. 8.14. Failed Biso UO2 Fissile Particle from RTE-1-4-8-6. 
250X. 

The Biso UC2 fissile and Biso Th02 fertile particles from fuel 

rod RTE-1-5-3-1 appeared to be in good condition (Fig. 8.19). No 

failures or amoeba migration had occurred. We presume that at average 

irradiation temperatures higher than 1423 K (1150°C), the rare-earth 

fission products migrated out of the Biso UC2 particles. The fertile 

particles appeared identical to those from fuel rod RTE-1-5-8-1 

discussed above. 

9. DIMENSIONAL ANALYSIS 

Because a large number of rods were irradiated under a variety of 

conditions, the recycle test elements provided much data on 

irradiation-induced dimensional changes. We inspected most fuel rods 

by measuring their diameters at the top, midlength, and bottom at 0 

and 90° (these were arbitrary) with a dial gage comparator and V-block 

assembly. The dial gage comparator also determined maximum length for 

the fuel rod. Significant radial and axial shrinkage occurred in all 

the fuel rods. 
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Fig. 8.15. Typical Fuel Particles from RTE-1-5-8-1. (a) Triso UO2 
fissile particle. 200x. Bright field. (b) Same. Polarized light, 
(c) Biso Th02 fertile particle. 150x. Bright field. (d) Same. Polarized 
light. Reduced 28.5%. 



131 

Fig. 8.16. Triso UO2 Fissile Particle from RTE-1-5-8-1 Showing Amoeba 
Through Inner PyC Coatings to SiC. 200x. 

Fig. 8.17. Failed Triso UO2 Fissile Particle from RTE-1-5-8-1. 
200X. 
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Fig. 8.18. A Triso UO2 Particle Irradiated in an Accelerated 
Irradiation Test Showing Amoeba of the Kernel up the Temperature 
Gradient. The irradiation temperature and temperature gradient 
resemble those experienced by the particle in Fig. 8.15. 2G0x. Source: 
K. H. Valentine, F. J. Hornan, E. L. Long, Jr., T. N. Tiegs, 
B. H. Montgomery, R. L. Hamner, and R. L. Beatty, Irradiation Per­
formance of ETGR Fuel Rods in EFIR Experiments ERB~7 and -8, ORNL-5228 
(May 1977). 

The fuel rods fabricated by GA were not Individually dimensioned 

before irradiation; only nominal dimensions were available. Thus, 

dimensional changes were difficult to interpret. The results showed 

the changes were consistent with each other but not with the data from 

the ORNL fuel rods. 

The data from the ORNL rods were relatively consistent with the 

fuel rod shrinkage data from the accelerated tests. The results agreed 

with those of other studies, which showed that the dimensional changes 

of the fuel rods were a function of the physical properties of the par­

ticle coatings, the fast-neutron fluence (E >0.18 MeV), and the charac­

teristics of the matrix. 
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Fig. 8.19. Typical Biso UC2 Fissile Particle from RTE-l-5~6-l. (a) 
Under bright field. (b) Under polarized light. 250x. 
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We felt that such massive data could be best presented in an 

addendum report dealing solely with the irradiation-induced dimensional 

changes. 

10. PERFORMANCE OF NON-SPECIFICATION FUEL 

In all situations in which a product is mass-produced, fabrication 

defects are manufactured along with the in-specification product. This 

is also true of HTGR fuel. Many t5^es of fabrication defects were 

observed in the recycle test elements. We should emphasize, however, 

that these observations constituted only a minor fraction -- less 

than 0.1%— of all the observations made. 

Fabrication defects in HTGR fuel can arise during kernel prepara­

tion, during coating process, or during rod fabrication. Most defects 

impaired the performance of the particles, but some did not. This 

discussion addresses the following areas: odd-shaped kernels, coating 

defects, broken particles, and fuel rod defects. 

Examples of odd-shaped kernels that have been coated and irra­

diated are shown in Fig. 10. 1. This tjrpe of defect was foimd not to 

impair the performance of the particle. The only broken coatings 

observed on odd-shaped kernels were the buffer coatings on the Triso 

ThC2. However, the buffer coatings of in-specification particles 

also broke (see section on RTE-8). We should also point out that most 

odd-shaped kernels were associated with the fertile ThC2. The low 

burnup level achieved by such particles may explain why few failures 

were observed. 

Many types of coating defects can occur to produce odd-shaped par­

ticles (Fig. 10,2), doublets (Fig. 10.3), and particles with missing 

coatings (Fig. 10.4). Odd-shaped particles result from variations in 

coating processes. Examples are the adherence of soot to the particles 

and overcoating of the particles. Doublets are created when two ker­

nels are attached or when two particles are bound together as the 

buffer is being deposited. The defect of a missing coating most 

seriously impairs particle performance. The examples in Fig, 10.4 show 
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Fig. 10.1. Examples of Odd-Shaped Kernels That Were Coated and Irradiated. (a) Biso (2Th,U)02 
particle from RTE-5-5-7-1. 125x. (b) Biso UC2 particle from RTE-4-6-1. 250x. (c) Biso ThCa particle 
from RTE-8-3-1-7. 200x. (d) Triso ThC2 particle from RTE-8-5~7-l. 150x. Reduced 34%. 
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Fig. 10.2. Examples of Odd-
Shaped Particles That Were 
Irradiated. (a) Biso ThC2 particle 
with soot deposits between buffer 
and LTI from RTE-8-6-7-1. 200x. 
(b) Biso ThC2 with faceted LTI 
coating from RTE-2-1-1. 200x. 
(c) Triso UC2 with faceted coatings 
from RTE-5-3-5-7. 250x. Reduced 
33%. 

• 
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Fig. 10.3. Examples of Doublets. 
particle from RTE-8-2-7-7. 200x. 

(a) Biso ThC2 particle from RTE-2-1-1. 150x. (b) Triso ThCj 
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Fig. 10.4. Kernels with 
Missing Coatings. (a) Th02 kernel 
with missing buffer layer; from 
RTE-5-5-5-1. 125X. (b) Triso ThC2 
particle broken after SiC deposi­
tion; from RTE-8-2-7-2. 200x. 
(c) Triso UC2 particle broken after 
SiC deposition; from RTE-2-6-1-1. 
250X. Reduced 30.5%. 
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a Th02 kernel with only an LTI coating, apparently, and ThC2 and 

UC2 kernels with portions of the ILTI and SiC missing. 

Defects also occurred during rod fabrication. One problem noted 

before irradiation^ was the formation of a matrix cap at the ends of 

the rods. This cap formed on the injection end of the rod when the 

particles settled slightly during injection, leaving a cap of bonding 

material without particles. Fig. 10.5 shows the end of a fuel rod 

ground away, exposing some of the kernels and In area of matrix 

material with no particles. 

Another defect observed in the recycle test elements was rod con­

tamination by iron. As Fig. 10.6 shows, the coatings of the affected 

particles are seriously degraded. Electron microprobe analysis iden­

tified the affected areas as high in iron (Fig, 10,7). Apparently, iron 

in the form of rust flakes was Introduced into the pitch during storage 

in metal containers.21 The particle bed acted as a filter during 

injection molding, which resulted in the concentration of the rust on 

the top end of the fuel rods. The attack shown in Figs. 10.6 and 10.7 

only occurred on the top region of the fuel rods. 

11. GAMMA SCANNING 

Gross gamma scans (0.55—0.75 MeV) were made along the bodies 

from RTE-1, RTE-5, and RTE-6. These scans measured the relative gamma 

activity of the fission-product isotopes listed in Table 11.1. A 

sodium iodide detector and a 0.25- by 425-mm (0.010- by 17.0-in.) 

collimator slit were both used on all scans. The bodies were moved 

past the collimator, and because of the "telephone dial" arrangement 

of the fuel stacks, the gamma activity of two opposite fuel stacks was 

measured simultaneously. This made the interpretation of the scans 

difficult. 

The scans from the bodies are presented in Appendix A. They 

represent a relative measure of the heavy-metal burnup across the fuel 

rod stacks. The burnup depends on the neutron flux levels and the 

fuel rod loading. Scans from any given recycle test element show 
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Fig. 10,5. End of Fuel Rod from RTE-6-1. Photomicrograph shows 
an area devoid of particles. 6x. 

neutron flux levels to be relatively flat across the middle but steep 

at the ends, namely across bodies 1 and 6. The gaps or sharp decreases 

in gamma activity on the scans represent either fuel rod interfaces or 

breaks in the fuel rod itself. 

Gamma activity from two fuel rod stacks interfered with deter­

mining the homogeneity of the fuel rod loadings. However, in cases in 

which the fuel rod stacks coincided axially -- for example RTE-6-3, 

-4, and -5 -- loading homogeneity could be estimated. The scans 

just mentioned show two levels of homogeneity. The scan from RTE-6-3 

(Fig. A,29) shows relatively flat gamma activity across every fuel rod 

except rod 1 (higher activity in center than at ends) and rods 3 and 4 

(activity peaks at fuel rod end). The scans (Figs. A.31 and A.33, 

respectively) from RTE-6-4 and -5, which both used the same fuel types, 

show very irregular gamma activity, which indicates fuel loading inho-

mogeneity. The visually observed rod breakage could not have produced 

the irregularities. Variations in the fuel loading can cause hot spots 

in the fuel during irradiation.-I-* 
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Fig. 10.6. Effects of Iron 
Contamination. 250x. Triso UC2 
fissile particle from RTE-2-6-1-1 
(a) under bright field and (b) 
under polarized light. (c) Biso 
ThC2 particle from RTE-2-6-1-1 
under bright field. Reduced 16.5%. 



200 pm N3 

Fig. 10.7. Results from Electron Microprobe Examination of Particles from RTE-2-6-1-1. 200x. 
(a) Triso UCz: backscattered electron image. (b) Same: iron x-ray display. (c) Biso ThC2: back-
scattered electron image. (d) Same: iron x-ray display. Reduced 21.5%. 

• • 
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Table 1 1 . 1 . F i s s ion-Produc t I so topes Measured 
by Recycle Test Element Gamma Scans 

I so tope ^^^f 

^^''Cs 603 

^ ° ̂ Ru 609 

^ " C s 661 

'̂*'*Ce 695 

^^Zr, ^^''Eu 723 

12. GAS SAMPLING OF RECYCLE TEST ELEMENT SHIPPING CONTAINERS 

Peach Bottom Reactor elements examined at ORNL were shipped in 

sealed aluminimi canisters. These included the recycle test elements, 

as well as the actual driver elements; and a piutonium-fueled ele­

ment. As part of the postirradiation examination, the contents of some 

canisters were analyzed upon arrival at ORNL. A summary of the gas-

sampling data gathered from the shipping canisters for seven elements 

is presented in Tables 12.1 and 12.2. 

The canisters were supposedly backfilled with helium at Peach 

Bottom before sealing,^0 but evidently the backfilling was at best 

only moderately successful. All the canisters contained various mix­

tures of helium and air, except for the F03-01 canister, which con­

tained no detectable helitmi. Personnel at the Peach Bottom reactor 

site said there was no way the canisters could have been filled with 

nitrogen.22 

Figure 12.1 shows an interesting relationship between the helium 

and carbon monoxide plus nitrogen contents. We believe that between 

the time the canisters were backfilled with helium and the time they 

were sealed, some air leaked into the canisters. During storage in the 

canisters and shipment to ORNL, the oxygen in the air was gettered by 

reducing materials in the fuel elements such as ThC2 and UC2. This 



144 

would also explain why the gas volumes (STP) in the canisters were less 

than the void volumes of the canisters. The N2/O2 ratios superim­

posed on the same plot (Fig. 12.1), clearly show that most of the oxy­

gen in the canisters was gettered by the elements (N2/O2 =3.7 for 

air) . 

Table 12, 1, Gas-Sampling Results from Peach Bottom Elements 

Volume, m^ at STP 

Element Date Sampled 
Collected for 

Of Can Void Of Gas in Can 
Mass Gamma 

Spectroscopy Counts 
(X lO"'̂ ) (x lO"*̂ ) 

F-03-01 

RTE-6 

E-01-01 

FTE-13 

RTE-5 

RTE-1 

F-05-05 

6-23-75 

8-26-75 

9-16-75 

2-23-76 

3-11-76 

4-21-76 

5-17-76 

0.0158 

0 ,0163 

0,0150 

0 .0161 

0 .0163 

0,0160 

0.0154 

0 .0128 

0 .0141 

0,0127 

0 .0133 

0,0132 

0.0129 

0 .0123 

4 , 

222 

219 

212 

215 

205 

208 

005 

4 ,02 

4 .36 

3.86 

3,85 

3 ,81 

3.37 

Table 12.2. Gas Analysis Results 

Total DPM 
Element Kr'^ Sampl 

(X 10') 

F-03-01 N.D.* 

RTE-6 3.03 

E-01-01 36.1 

FTE-13 0.227 

RTE-5 2.68 

RTE-1 5.27 

F-05-05 8.36 

Disintegrat ions 

Not determined. 

of 
e 

per 

Total Cur 
K r " in 
(X 1 0 - ' 

N . D . 

4 . 8 

47.4 

0 . 4 

4 . 2 

8 .0 

13.7 

minute. 

Les of 
Can 

H2 

0.29 

0.16 

0.174 

0.014 

0.101 

0.16 

0.02 

He 

0 . 0 

39.40 

65.96 

50.20 

45.99 

35.97 

45.07 

H2O 

0.02 

0.06 

0.03 

0.02 

0.005 

0.08 

0.04 

Mass Sp 

N2 + CO 

96.14 

57.70 

33.37 

48.34 

51.31 

60.39 

52.29 

ectroscopy Analy 

O2 

0.06 

0 

0 

0 

0 

0 

0 

05 

041 

18 

028 

12 

08 

Ar 

1.07 

0.66 

0.376 

0.66 

0.62 

0.77 

0.69 

3is, wt 

CO2 

2.42 

2.00 

0.026 

0.59 

2.04 

2.51 

1.80 

% 

Kr 

<0.01 

0.0004 

0.004 

<0.0005 

<0.001 

<0.01 

<0.002 

Xe 

<0.02 

0.001 

0.006 

<0.0005 

<0.001 

<0.001 

<0.002 

T2 

0.003 

<0.01 
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On t h e p o s i t i v e s i d e of t h e s e r e s u l t s , t h e magneform s e a l s on t h e 

c a n i s t e r s remained l e a k t i g h t d u r i n g s h i p m e n t , a s t h e v o i d and gas 
o r 

volumes show. The Kr contained in the canisters ranged from 

less than 1 to 47 mCi. 

13. DISCUSSION AND CONCLUSIONS 

The Recycle Test Element series tested a variety of fuel types in 

an actual HTGR environment. The information obtained from these tests 

and from accelerated testŝ ">-̂ »̂•'•° influenced the development of the 

HTGR recycle fuel concept. The present reference recycle design con­

sists of a Triso-coated fissile particle whose kernel is uranium oxide-

carbide and the fertile particle is a Biso-coated thorium dioxide 
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kernel. All the candidate fissile recycle particle types tested in the 

RTE series are no longer of interest as HTGR recycle fuel because of 

performance problems demonstrated in accelerated tests and confirmed by 

real-time tests. 

Particles with kernels made of uranium carbide showed no thermal 

migration in any of the elements examined. In the Triso-coated UC2 

particles rare-earth fission products migrated out of the kernel core 

and down the temperature gradient. The result was an accumulation at 

the inner surface of the SiC, which caused graphitization of the iLTI 

coating. In Biso UC2 particles, no graphitization of the LTI was 

observed because no barrier, such as SiC, existed. Rare-earth migration 

occurred in particles with burnups as low as 13.7% FIMA (Rod RTE-7-5-5-5). 

However, the migration behavior depended very much on temperature. 

At temperatures below 1000°C no significant rare-earth migration 

occurred, while above llOO^C massive migration took place. Between 

1000°C and llOO^C appreciable migration was observed. 

Kernels made of UO2 showed an unacceptable amount of migration 

up the temperature gradient. In Biso-coated particles migration 

occurred at average temperatures as low as 1025"C and at burnups of 

53.7% FIMA (Rod RTE-5-5-1-1). At temperatures above llOCC the UO2 

kernels were observed to be extremely plastic with multidirectional 

amoeba. The only Triso UO2 irradiated was in RTE-1, where amoeba had 

also occurred. However, the rod examined had experienced relatively 

severe conditions (an average temperature higher than 1175°C and a 

burnup of 45.5% FIMA), 

Slight amoeba was observed in the (2Th,U)02 kernels, which had 

been irradiated at an average temperature of 1150°C and at 21.7% FIMA 

(Rod RTE-8-4-5~l). However, at comparable temperatures but lower 

burnups (<20% FIMA) no amoeba was detectable (Rod RTE-5-5-7-1). In the 

particles more highly diluted with thorium, such as (4Th,U)02j no 

amoeba was observed in any of the recycle test elements, although such 

particles encountered average temperatures up to i240°C and burnups of 

10.4% FIMA (Rod RTE-1-4-1-6). We should note that all the mixed Th-U 

particles were Biso-coated. Thermal migration has been shown to 

increase in Triso-coated particles because of an increase in the carbon 

monoxide pressure.^^ 
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The ThC2 particles performed adequately at moderate temperatures 

and low burnups. However, amoeba migration was observed in RTE-1-3-6-

6, which experienced average temperatures exceeding 1250°C and a burnup 

of 1.7% FIMA, as well as in RTE-6-3-1-6, which had an average fuel tem­

perature of 1150°C but a burnup of 3.0% FIMA. 

On the other hand, the Th02 kernels performed very well. No 

amoeba migration was observed in any of the samples. Including those 

with average temperatures of 1425°C and burnups of 3,1% FIMA. 

Biso coatings appear useable only for fertile particles. In the 

RTE series metallic fission products like cesium were released from the 

kernels at low fuel temperatures (<900°C) and migrated through the 

pyrocarbon coatings. A layer of SiC is thus necessary to prevent 

further migration of these fission products. 

A problem associated with Triso-coated particles is the potential 

failure of their oLTI coating. In the RTE series oLTI failures 

occurred in the Triso UC2 particles (batch 4000-307). Failure was 

attributed to fast-neutron damage (E >0.18 MeV) at fluences as low as 

1.16 X 1025 n/m2 (RTE-7-3-7-3). These particles had an oLTI den­

sity of 1.73 Mg/m-̂  and a Bacon Anisotropic Factor (as determined by 

optical methods) of 1.03. Recent studies have shown that the density 

of the oLTI must be at least 1.85 Mg/m^ for the particle to perform 

well.23 

The results from accelerated tests agreed well with those from the 

real-time tests. Migration of the rare-earth fission products limits 

the use of UC2 and amoeba migration of the UO2 kernels similarly 

restricts the use of UO2. These results stimulated the development 

of the current reference particle. The Triso-coated uranium oxide-

carbide particle shows neither of the performance problems, rare-earth 

migration and amoeba, that affect the UC2 and UO2 particles, respec­

tively. 

Because these real-time and accelerated tests agreed so well on 

particle behavior, accelerated tests may now be used for product de-

velopnent. If all testing had to be under real-time conditions, pro­

duct development would be very slow and cumbersome. Although proof 
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tests for fuel licensing must be carried out under actual irradiation 

conditions, the results from the recycle test element show the validity 

of information obtained about HTGR fuel under accelerated conditions. 
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a ' a "; *r\M» .̂ s s 

Fig. A.l. Recycle Test Element-1; Body 1; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV; standard 
deviation — 2.0%. 

Fig. A.2. Recycle Test Element~l; Body 1; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV; standard 
deviation - 2.0%. 
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Fig. A.3. Recycle Test Element-1; Body 2; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV; standard 
deviation — 2.0%. 
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Fig. A.4. Recycle Test Element-1; Body 2; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV; standard 
deviation - 2.0%. 
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Fig. A.5. Recycle Test Element-1; Body 3; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV; standard 
deviation — 2.0%. 

/WWk^ 

»f\0S 

\^< 

Fig. A.6. Recycle Test Element-1; Body 3; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV; standard 
deviation - 2.0%. 
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Fig. A . 7 . Recycle Test Element-1; Body 4; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV full 
scale; standard deviation ~ 2.0%. 
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Fig. A.8. Recycle Test Element-1; Body 4; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV; standard 
deviation - 2.0%. 
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Fig. A.9. Recycle Test Element-1; Body 5; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV; full 
scale; standard deviation— 2.0%. 

Fig. A.10. Recycle Test Element-1; Body 5; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.11. Recycle Test Element-1; Body 6; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.12. Recycle Test Element-1; Body 6; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.13. Recycle Test Element-5; Body 1; Across Holes 1 and 5. Top 
to bottom from left to right; 2500 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.14. Recycle Test Element-5; Body 1; Across Hole 3. Top to 
bottom from left to right; 2500 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.15. Recycle Test Element-5; Body 2; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 

f 

Fig. A.16. Recycle Test Element-5; Body 2; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.17, Recycle Test Element-5; Body 3; Across Hole 1, Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.18. Recycle Test Element-5; Body 3; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.19. Recycle Test Element-5; Body 4; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; statidard deviation — 2.0%. 
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Fig. A.20. Recycle Test Element-5; Body 4; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.21. Recycle Test Element-5; Body 5; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.22. Recycle Test Element-5; Body 5; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.23. Recycle Test Element-5; Body 6; Across Hole 1. Top to 
bottom from left to right; 2500 counts/s full scale; 0.55-0.75 MeV full 
scale; standard deviation — 2.0%. 

Fig. A.24. Recycle Test Element-5; Body 6; Across Hole 3, Top to 
bottom from left to right; 2500 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2,0%. 
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Fig. A.25. Recycle Test Element-6; Body 1; Across Hole 1, Top to 
bottom from left to right; 2500 counts/s full scale; 0,55-0.75 MeV full 
scale; standard deviation — 2.0%. 

% 

Fig. A.2 6. Recycle Test Element-6; Body 1; Across Hole 3. Top to 
bottom from left to right; 2500 counts/s full scale; 0.55-0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.27. Recycle Test Element-6; Body 2; Across Hole 1; Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.28. Recycle Test Element-6; Body 2; Across Hole 3, Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.29. Recycle Test Element-6; Body 3; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 

Fig. A.30. Recycle Test Element-6; Body 3; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 



168 

V 

•I 

Fig. A.31. Recycle Test Element-6; Body 4; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV full 
scale; standard deviation — 2.0%, 
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Fig. A.32. Recycle Test Element-6; Body 4; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.33. Recycle Test Element-6; Body 5; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.34, Recycle Test Element-6; Body 5; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55-0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.35. Recycle Test Element-6; Body 6; Across Hole 1. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 
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Fig. A.36. Recycle Test Element-6; Body 6; Across Hole 3. Top to 
bottom from left to right; 5000 counts/s full scale; 0.55—0.75 MeV full 
scale; standard deviation — 2.0%. 
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