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IRRADIATION PERFORMANCE OF HTGR RECYCLE FISSILE FUEL

F. J. Homan and E. L. Long, Jr.

ABSTRACT

The irradiation performance of candidate HTGR recycle
fissile fuel under accelerated testing conditions is reviewed.
Failure modes for coated-particle fuels are described, and the
performance of candidate recycle fissile fuels is discussed in
terms of these failure modes. The bases on which U0, and
(Th,U)0, were rejected as candidate recycle fissile fuels are
outlined, along with the bases on which the weak-acid resin
(WAR)-derived fissile fuel was selected as the reference recycle
kernel. Comparisons are made relative to the irradiation
behavior of WAR-derived fuels of varying stoichiometry and
conclusions are drawn about the optimum stoichiometry and the
range of acceptable values. Plans for future testing in support
of specification development, confirmation of the results of
accelerated testing by real-time experiments, and improvement
in fuel performance and reliability are described.

INTRODUCTION

Irradiation testlng of fissile fuels in support of HTGR recycle
fuel development has involved three distinct kermel types. . They are
(1) U022, (2) (Th3;-zUz)02, and (3) a uranium-containing kernel derived
from a weak-acid ion exchange resin. This testing was done over a
ten-year period and is summarized in ref. 2. This decade of testing
has resulted in the identification of five failure mechanisms for
coated-particle fuels:

1. '"Amoeba'" or thermal migration of the kernel up the temperature
gradient and through the coating layers.

2. TFission-product attack of the coatings and mechanical interaction
of coatings with fission products, usually in combination, which results
in ruptured coatings. This problem is most severe in Triso particles,
where the SiC layer is attacked.

3. Pressure vessel failure from internal gas pressure and stresses
caused by the dimensional changes in the coating, resulting from irradi-
ation damage.

4. Matrix-particle interaction involving a strong bond between the
outer coating and the matrix material. Both materials densify under
irradiation, resulting in tensile forces that will destroy coating
integrity if the bond is not broken first.
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5. Fabrication defects or imperfections in the coatings introduced
during coating or in subsequent processing.

Of the failure mechanisms listed above, thermal migration and

fission product attack of the coatings are related to kernel chemistry.

Thermal migration eliminated both U0, and (Th;-zUz)02 from consideration

as fissile recycle fuel. Fission—-product attack of the S5iC coating

\e}iminated WAR-derived UC; kernels. Dense UC, kernels were not con- A}O
sidered for recycle application, because kernel preparation processes &jZ&}%j
were considered to be too complex for remote operationm. E£e§§gr§_yg§§gl/

failure, matrix-particle interaction, and fabrlcatlon defect failure 2; 7
are not related to kernel chemlstry. /éﬁ?ﬂ’

This report will discuss only irradiation testing of candidate
recycle fissile fuels. Work on process considerations, economics, and
thermodynamic analysis is reported elsewhere.! Most of the discussion
on irradiation performance is associated with coated particles, and, in
particular, the kernels. Most of the testing described is with fuel
rods made by the slug—injection3 process, and some aspects of fuel rod
performance will be covered.

PERFORMANCE OF -DENSE OXIDE KERNELS -

The first candidate recycle fuel for the HTGR was UOz. Early
irradiation testing of UO; identified a severe problem with thermal
migration of the UO; kernel up the temperature gradient and through
the coating layers. An example-of this migration is shown in Fig. 1.
The temperature and temperature gradient to which these particles
were exposed were nearly equivalent to those in a Large High-Temperature
Gas—-Cooled -Reactor (LHTGR). Représentative HTGR- temperatures and
temperature gradlents are prOV1ded in Flg 2 and Table 1.

The thermal stability of U02 relatlve to ThO2 can be seen in Fig. 1.
The subject of thermal migration has been extensively studied and
documented in the technical literature®>’ and will not be discussed
in depth in this report. Figure 3 compares the average thermal stability
of several kernels, among them UO; .and ThO,; the upper and lower 90%
confidence limits for the data generally lie half an order of magnitude
above and below the average. The cross-hatched region and above repre-
sents unacceptable performance. This region was determined by calculating
the kernel migration coefficients that would lead to migration of the
kernel through the buffer layer during normal operation, for different
regions of an LHTGR core. Figure 3 shows that the UO2 curve intersects
the cross—hatched region in the temperature range of primary interest -
for the LHTGR, whereas the ThO; curve is well below the cross-—-hatched
area for all temperatures. The U0, kernels were therefore rejected
from the development program.
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1. Comparison of Temperature and Heat Production
Parameters for Three Nuclear Power Stations

Ft. St. Vrain Summit Station Fulton Station

Thermal power (MW) 842 2000 3000
Power density (kW/liter) 6.3 8.1 8.4
Fuel rod heat rate (kW/ft)

Average 2.3 2.4

Maximum 3.8 6.8 7.0
Heat flux at coolant holes (W/cm?)

Average 14.2 20.5 20.5

Maximum 44,2 57.4 58.4
Fuel temperatures (°C)

Volume average 816 857 890

Maximum (short term) 1260 1420 1410

Hot channel 1585 1571
Graphite temperatures (°C)

Average 743 177 739

Maximum 1038 1121 1142
Temperature gradients °c/em)?

Average 240 250

Maximum 670 700

3pased on fuel rod thermal conductivity of 0.07 W cm~tecTt.
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Fig. 3. Average Fuel Kernel Migration Coefficients vs Inverse
Temperature Determined From In- and Out-of-Reactor Experiments on Fully
Dense Kernels. From D. P. Harmon and C. B. Scott, Development and
Irradiation Performance of LHTGR Fuel, GA-A13173 (October 1975), p. 103.

The favorable performance of ThOz—relative to U0, suggested dilution
of U0, with enough ThO; for stabilization. Since the overall Th/U ratio

4T a recycle fuel element is about 8, it appeared as though considerable

latitude existed. Mixed thorium-uranium oxide in the ratio of about

4:1 was easy to prepare, and the process was thought to be readily
adaptable to the remote operation required in HTGR fuel refabrication.

The (Thg_sUo,2)02 kernel was selected as the reference recycle fissile
fuel® to replace U0z, and an irradiation program to test the new reference
was begun. '

A summary of the irradiation testing of the dense mixed-oxide recycle
particle is contained in Table 2. Stoichiometries from Th/U = 1 to
Th/U = 8 have been tested. Early results at modest irradiation tempera-
tures were encouraging, as shown in Fig. 4 (ref. 9). Very little
migration of the (Thg.gUg.2)02 has occurred, and as before, the ThO:
is very stable. Unfortunately, at higher operating temperatures the
(Tho,sUo.2)0, was unstable [Fig. 5_(ref. 10)] where the kernel had
migrated—thfough the coatings. Table 2 shows that a significant amount
of irradiation data on dense mixed~oxide kernels has been accumulated.




. . .
Table 2. Summary of ORNL Experimental Data on Mixed (Th,U) Oxide Recycle Fuel
. PP .
Part 1. Real-Time Testing Under HTGR Conditions in Peach Bottom Reactor
(1,2) Maximum
Irradiacion Batch No. Fast fluence Average a
Th/U fuel Design® Density’
exper iment n o E > 0.18 MeV burnup 3 Remarks
No. fuel type ratio (n/em?) (3 FIMA) :emﬁséiture {(um) (g/iem?)
RTE-1 (FTE-11) .
Body 1 PR-56 4:1 3.3 x 102! 9.0 c 350/75/130 10.1/1.1/1.9 Slug-injected; carbonized in covered
PR~66 2:1 14.7 350/90/130 10/1.17/1.86 graphite tray: to be examined.
Body 2 PR~56 4:1 9.0 350/75/130 10.1/1.1.1.9
PR-66 2:1 14.7 350/90/130 10/1.17/1.86
Body 3 PR-56 4:1 9.0 350/75/130 10.1/1. 1/1.9
PR-67 2:1 14.7 350/90/140 10/1.17/1.85
Body & PR-56 4:1 9.0 350/75/130 10.1/1.1/1.9
PR-67 2:1 14.7 350/90/140 10/1.17/1.85
Body 5 PR-66 2:1 4.7 350/90/130 10/1.17/1.86
Body 6 PR-66 2:} 14.7 350/90/130 10/1.17/1.86
RTE-2

Body 2 PR-66 2:1 3.6 » 1021 13.3 11909 350/90/130 10/1.17/1.86 Slug-injected; carbonized in covered
graphite tray. Fuel examined from
highest temperature region and is
considered representative; no amoeba;
no indication of failure.

Body 5 PR~55 411 3.6 x 1021 8.2 1300° 350/70/80 10.1/1.1/1.9 Loose bed of particles; fuel examined
from highest temperature region and
ie considered representative; no
amoeba; no indication of failure,

RTE-4
Body 3 PR-54 431 2.0 x 102! 5.0 1260d 350/70/70 10.1/1.1/1.94 Loose bed of particles; fuel examined
from highest temperature region and
1s considered representative; no
amoeba; no indications of fallure.
Body 5 PR-61 2:1 2.0 x 102! 8.5 1230¢ 350/75/120  10.2/1.16/1.91 Slug-injected; carbonized in covered
. graphite tray; fuel examined from
highest temperature region and is
considered representative; no
amoeba; no indication of failure.
RTE-5
Body 1 PR-57-1 431 4.6 x 1021 11.9 c 350/75/135 10.1/1.1/1.9 Slug-injected; carbonized in covered
PR-61 2:1 18.4 350/75/120 10.2/1.16/1.9 graphite tray; to be examined.
Body 2 PR-57-1 431 11.9 350/75/135 10.1/1.1/1.9
PR-61 2:1 18.4 350/75/120 10.2/1.16/1.9
Body 3 PR-57-1 4:1 11.9 350/75/135 10.1/1.1/1.9
PR-61 2:1 18.4 350/75/120 10.2/1.16/1.9
Body 4 PR-57-1 4:1 11.9 350/75/135 10.1/1.1/1.9
PR-61 2:1 18.4 350/75/120 10.2/1.16/1.9
Body 5 PR-60 2:1 18.4 350/75/120 10.2/1.16/1.9
Body 6 PR~60 2:1 18.4 350/75/120 10.2/1.16/1.9
RTE-6
Body 3 PR-60 2:1 4.6 % 102} 18.2 < 350/75/120  10.2/1.16/1.9 Slug-injected;carbonized in covered
: graphice tray; fuel examined from
highest temperature region and ig
considered representative; no amoeba;
no indication of failure
RTE-8
Body 4 PR-60 2:1 4.6 x 1071 18.1 c 350/75/120 10.2/1.16/1.9 Slug-injected; carbonized in covered
graphite tray.
RTE-7
Body 1 PR-60 2:1 1.3 x 102! 5.5 880d 350/75/120 10.2/1.16/1.9 Slug-injected; carbonized in covered
Body 2 PR-60 2:1 5.5 113od 350/75/120 10.2/1.16/1.9 graphite tray; fuel examined from bighest
4 temperature region and is considered

Body 3 PR~60 2:1 5.5 1230 350/75/120  10.2/1.16/1.9 representative; no amoeba; no indications

Body 4 PR-60 2:1 5.5 12308 350/75/120  10.2/1.16/1,9  Of fallure.

Body 5 PR-57-1 4:1 3 1150: 350/75/135 10.1/1.1/1.9

PR-57-6 4:1 3.2 \lSOd 350/75/135% 10.1/1.1/1.9

PR-61 2:1 5.5 1150 350/75/120 10.2/1.16/1.9
Body 6 PR-457-1 4:1 3.2 1050: 350/75/135 10.1/1.1/1.9

PR-61 2:1 5.5 1050 350/75/120 10.2/1.16/1.9




Part 2. Accelerated Testing in Research Reactors
i;:i;i‘;e sample Fast fluence Burnup Th/Y Design Density Maximum fuel
E > 0.18 Mev A/B/C/D/E A/B/C/D/E temperature
b::d‘ 1gentification (n/ca®) (2 Fna) Ratio (um) (um) °c)
w1
PR-57 H-1-4 6.3 x 102! 8.2 411 355/80/135 10.1/1.1/1.92 14202
H-1-10 5.4 8.6 4:1 355/80/135 10.1/1.1/1.92 21507
H-1-6 8.6 8.6 4:1 355/80/135 10.1/1.1/1.92 1670
PR-67 H-1-3 5.8 x 102! 12.0 2:1 350/80/140 10/1.1/1.85 13702
H-1-11 4.5 12.0 2:1 350/80/140 10/1.1/1.85 2390
w20
PR-57 He2-4 7.5 x 10%! 7.5 41 355/80/135 10.1/1.1/1.92 14302
H-2-10 8.3 8.3 41 355/80/135 10.1/1.1/1,92 18007
H-2-6 8.2 8.2 4:1 355/80/135 10.1/1.1/1.92 1690
PR-67 H-2-3 5.2 x 10%! 11.0 2:1 350/80/140 10/1.1/1.85 13507
H-2-11 4.1 12.0 2:1 350/80/140 10/1.1/1.85 1910
) a1
Yz-233 1A 2.9 x 102} 9.8 4:1 195/37/20/33/53 3.4/7/7/3.11/1.8
1B 2.9 9.8 195/37/20/33/53 ¢
1c 2.9 9.8 195/37/20/33/53 770
24 3.4 10.2 195/37/20/33/53
34 4.8 12.7 195/37/20/33/53 ¢
3B 4.8 12.7 195/37/20/33/53 1150,
4 5.3 13.8 195/37/20/33/53 1400
SA 5.8 14.9 195/37/20/33/53 1130
SB 5.8 14.9 195/37/20/33/53
6A 5.4 14.0 195/37/20/33/53 ¢
6B 5.4 14.0 195/37/20/33/53 1140
wre-6¢5)
OR-1910 1A 5.8 x 102! 23.8 4:1 350/100/30/25/40 10/1,15/1.95/3.2/1.95
OR-1909 1B 6.8 25.8 . 350/100/30/25/40 10/1.15/1.95/3.2/1.95 11908
PU-291 3a 7.2 26.7 350/100/80 10/1.15/1.95 12208
OR-1909 3B 6.7 26.0 350/100/90 10/1.15/1.95 12008
Pu-291 ic 0.1 25.0 350/10u/sy 1u/1.15/1.93 13008
OR-1909 30 5.4 23.6 350/100/90 10/1.15/1.95 12508
HRB_7(6,7)
3-263 2 4.07 x 102! 20.8 4:1 350/100/100 10/1.3/2.0 1500"
OR-2094H 8 6,04 32.8 2:1 300/85/85 10/1.2/1.95
OR-2116H 9 6.14 22.5 4:1 350/100/30/30/40 10/1.2/1.95/3.18/1.95
GGA-6155-01-020 10 §.14 16.4 8:1 500/100/30/30/40 10/1.2/1.95/3.18/1.8
OR-2111H u 6.14 2.7 4:1 350/90/100 10/1.2/2.00
OR-2090H 12 6.04 43.9 1:1 250/85/85 10/1.2/1.95
J-263 19 3.62 18.9 4:1 350/100/100 10/1.3/2.0
l{RB-B(G'”
J-263 2 5.35 x 102! 21.4 4:1 350/100/100 10/1.3/2.0 1250"
OR-2094~H 8 7.95 34.0 2:1 350/85/85 10/1.2/1.95
OR-2116~H 9 8.09 25.1 41 350/100/30/30/40 10/1.2/1.95/3.18/1.95
GGA-6155-01-0R0 10 8.09 19.4 8:1 500/100/30/30/40 10/1.2/1.95/3.18/1.8
OR-2111~H 11 8.09 24.6 4:1 350/90/100 10/1.2/2.00
OR-2090~-H 12 7.95 45.7 1:1 250/B5/85 10/1.2/1.95
J-263 19 4.78 18.8 4:1 350/100/100 10/1.3/2.0
HRB-Q(E)
OR-2116H 2 5.25 x 102! 21.2 4:1 350/100/30/30/40 10/1.2/1.95/3.18/1.95 1250"
OR-2116H 7 7.57 2.4 4:1 350/100/30/30/40 10/1.2/1.95/3.18/3.95 1250
1rp-106
OR-2116H 2 3.3 x 102! 18.4 4:1 350/100/30/30/40 10/1.2/1.95/3.18/1.95 15007
OR-2116H 7 4.8 20.5 4:1 350/100/30/30/40 10/1.2/1.95/3.18/1.95 1500
o1
J-263 Rod 1-1 10,8 x 102! 19.0 4.2:1 350/100/100 10/1.1/2.0 1200"
1-2 9.58 18.1
1-3 8.00 16.9
1-4 5.72 15.9
J-263 2-1 9.85 18.3
2-2 8.61 17.5
2-3 6.99 16.4
2-4 4.88 15.5
OR-1977 3-1 9.85 16.9
OR-1977 3-2 8.61 16.1
J-263 3-3 7.40 16.7
J-263 3-4 5.92 16.0
J-263 3-5 4.37 15.3
J-263 4-1 10.8 19.0
4=2 9.58 18.1
4-3 8.00 16.9
4=4 5.72 15.9 1
Pu 291° 5-1 10.4 20,28 N
OR 1977 5-2 9.18 16.4 1350,
Pu 2912 5-3 7.48 18.12 1350
OR 1977 54 5.25 1.4 1350




Part 2a. Accelerated Testing in Research Reactors

Fissile
particle Sample
batch identification Renmarks
No.
H-1
PR-57 H-1-4 Only failures noted in single plane of polish viewed were due to fabrication defects.
H-1-10 Very high temperatures during fourth cycle; extensive damage at center of rod.
H~1-6 Loose particles. Amoeba related failures.
PR-67 H-1-3 Only slight evidence of amoeba; no failed coatings.
H-1-11 Rod debonded into large fragments; damaged particles on surface of rod.
H-2
PR-57 W-2-4 Not examined; sent to Chemical Technology Division for reprocessing studies.
H2-10 Center badly damaged due to very high temperature during last cycle,
H~2-6 Loose particles. Not examined.
PR-67 A H=2-3 Fuel rod debonded; no failed particles observed during visual examination.
H-2-11 Outer surfaces of parricles near the surface of rod chemically attacked; amoeba apparent;
kernel migrated through buffer and into LTI.
HRB-1
Y2-233 1A
Y2-233 1B
YZ-233 1c
Y2-233 2A . N
¥z-233 I Slug-injected rods; thin two-component sacrificial layer on outer surface of particles caused
¥z-233 38 debonding of rods with low-density matrix (1A, 1B, 1C, 2A, 4A, 4B). Metallography showed uo
¥2-233 WA failed particles or amoeha.
Y2-233 54
¥z-233 5B
Yz-233 6A
Yz-233 6B
HRB-6
OR-1910 1A Extruded rod; no failures; no amoeba; intermittent plastic flow through recoil zome.
OR-1909 1B Extruded rod; no failures; slight amoeba (23 um); intermittent plastic flow through recoil zone.
Pu-291* 3a Slug-injected; carbonized in packed Al,03: > 50% failed; amoeba (20 wm); failures atrributeé to
defective coatings.
OR~1909 3B Slug-injected; carbonized in packed Al,03; no failures; amoeba (20 wm).
Pu-291% 3C Slug-{njected; carbonized in packed Alp(tj; visual examination only; no broken particles.
OR-1909 3D Slug-injected; carbonized in packed Alz03; visual examination only; no broken particles.
HRB-7
J-263 2 Slug-injected; carbonized in packed Al;03; no failures; amoeba (2 40 um).
OR-2094H 8 Slug-injected; carbonized in packed Alj03; no failures; amoeba (< 80 um).
OR=~2116H 9 Slug-injected; carbonized in packed Alz03; mno failures; amoeba (< 25 wm).
GGA-6155~01-020 10 Slug-injected; carbonized {n packed Al,03; 12X failed; amoeba (< 25 um).
OR-2111H 11 Slug-injected; carbonized in packed Al;03; no failures; amoeba (< 75 um).
OR-2090H 12 Slug-injected; carbonized in packed Al;03; no failures; amoeba (< 55 um).
J-263 19 Slug-injected; carbonized in packed Al;03; no failures; amoeba (< 30 um).
HRB-8
J-263 2 Slug-injected; carbonized in packed AlsN3; no failures; amoeba (< 13 um).
OR-2094-H 8 Slug-injected; carbonized in packed Al,03; no failures; amoeba (< 20 um).
OR~2116-H 9 slug-injected; carbonized in packed Al;03; no failures; amoeba (< 25 wm).
GGA-6155-01-020 10 Slug-injected; carbonized in packed Al;03; no failures; amoeba (2 85 um).
OR-2111-H 11 Slug-injected; carbonized in packed Al;03; no failures; amoeba {> 20 um).
OR-2090-H 12 Slug-injected; carbonized in packed Al;03; 13% failed; amoeba (< 55 um).
J~263 19 Slug-injected; carbonized in packed Al,03; no failures; amoeba (< 20 um).




Part 2a. Accelerated Testing in Research Reactors (Continued)

Fissile
P:;:i:‘le idenii‘;li)clz:tion : Remarks -
No.
HRE-9
OR-2116H 2 Slug-injected; carbonized in packed Al;03; visual examination only; no broken particles
OR=-2116H 7 Slug-injected; carbonized in packed Al,03; visual examination only; no broken particles
HRB-10
OR=-2116F 2 Slug-injected; carbonized in packed Al;03; visual examination only; no broken particles
OR-2116H 7 Slug-injected; carbonized in packed Al,03; no failures; amoeba (< 35 um)
OF-1
J-263 1-1 Slug-injected; no failures (Metallography); amoeba (< 5 um); carbonized in packed Al;03.
1-2 Siug-injected; stereo-examination only; no broken particles; carbonized in packed Al,03.
1-3 Slug-injected; stereo-examination only; no broken particles; carbonized in packed Al;03.
1-4 Slug-injected; stereo-examination only; no broken particles; carbonized in packed Al03.
J-263 2-1 Slug-injected; sterco-examination only; no broken particles; carbonized in graphite block
2-2 Slug-injected; no failures (Metallography); amoeba (< 5 um); carbonized in graphite block.
2-3 Slug-i{njected; stereo-e.amination only; no broken particles; carbonized in graphite block.
2-4 Slug-injected; stereo-examination only; no broken particles; carbonized in graphite block.
OR-1977 3-1 Slug-injected; stereo-examination only; no broken particles; carbonized in packed Al;0;5
OR-1977 3-2 Slug-injected; no failures (Metallography); amoeba (< 20 um); carbonized in packed Alz03
J-263 3-3 Slug-injected; stereo-examination only; no broken purticles; carbonized in packed Al;0;
J-263 3-4 Slug-injected; no failures (Metallography); no amoeba; carbonized in packed Alp03.
J-263 3-5 Slug-injected; stereo-examination only; no broken particles; carbonized in packed Al;03
J-263 4-1 Slug-injected; no failurés (Metallography); amoeba (< 20 um); carbonized in graphite block
J-263 4-2 Slug-injected: stereo-examination only; 3 broken particles on surface (identity unrknown);
carbonized in graphite block.
J-263 4-3 Slug-injected; stereo-examinatfon only; no broken particles; carbonized in graphite block.
J-263 b4=4 Slug-injected; stereo-examination only; no broken particles; carbonized i graphite block.
P“‘291‘ 5-1 Slug-injected; ~ 80% failed (Metallography); carbonized 1in packed Al,;03; (< 15 um);
failures attributed to defecrive coatings.
OR-1977 5-2 Slug-injected; no failures (Metallography) carbonized in packed Al;03; no amoeba.
Pu-291i 5-3 Slug-injected; ~ 15% failed (Metallography); carbonized in packed Al,03; amoeba (< 10 um)
failures attributed to defective coatings.
OR-1977 5-4 Slug-injected; stereo-examination only; carbonized in packed Al;03; no broken particles

®p = kernel; B = buffer; C = IPyC; D = SiC; E = OPyC.

b

Approximately 11,000 to 18,000 figsile particles per rod in RTE fuel reds, depending on particle diameter and density. Forty-eight fuel rods per body.
“Thermal analysis to be completed by July 1976.

ximum fuel temperature in fuel body. These are estimated temperatures based on as-fabricated dimensions. Detailed analyses incorporating
irradiation-induced dimensional changes are being performed.

e,
These temperatures represent the maximum calculated for the fuel rod centerline during the irradiation. This experiment was complicated by
a nonintentional inversion of the capsule during the last of four irradiation cycles. (See ref. 4 for additional details on fuel operating temperatures.)

Temperatures for HRB-1 were calculated from readings from thermecouples adjacent to fuel rods. Centerline temperatures were calculated by assuming
a fuel rod conductivity of 3.0 Bru/hr-ft~°F and a radial gap of 0.004 in. Fuel rod 4B was composed of a resin binder, and the matrix debonded rather
badly during irradiation. Therefore, the thermal conductivity of the fuel rod may have been as low as 1.5 Btu/hr-ft-°F (a value associated with loo-= beds
of particle}. This change in the bed conductivity increases the calculated fuel centerline temperature from 1230 to 1430°C

BFrom detailed thermal analysis (ref. 5).
hHﬂXimUm design fuel temperatures.

i

Fueled with 237y,

References

'E. L. Long, Jr. et al., Fabrication of ORNL Pugl Irradiated in the Peach Bottom Reactor end Postirradiation Emamination of Recycle Test
Elements 7 and 4, ORNL-TM-4477 (September 1974).

2R. P. Morissette and K. P. Steward, Recycle Test Element Progran Design, Fabrication, and Assembly, GA-10109 (September 1971). -

3R, A. Olstad et al., An Irradiation Test of Candidate HTGR Recycle Fugle in the H-1 and H-2 Capsules, ORNL-TM-4397 (July 1974).

“J. L. Scott et al,, An Irradiation Test of Bonded HTGR Coated Particle Fuels in an Instrumented Capsule in HFIR, ORNL-TM-3640 (March 1972).
SP. J. Homan et al., Irradiation Parformance of BYGR Fual Reds in HFIR Experiment HRB-6, ORNL-TM-5011 (December 1975).

SK. H. Valentine et al., Irradiation Parformunae of HTSR Fusl Rode in HFIR Experiments im HRB-7 and -8, in preparation.

7HTGR Base Program Progr. Rep. Jan. 1, 1974 to June 30, 1975, ORNL-5108, in preparation.
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These data were treated in similar fashion to the U0, and ThOz data
shown in Fig. 3. The results are given in Fig. 6. The average curve
for (Tho.gUo.2)02 falls at the bottom of the cross-hatched critical
region in the temperature range 1100—1400°C. ﬁowever, when the scatter
of the thermal migration data is taken into account and the 90% confi-
dence intervals are plotted, the upper confidence interval curve
extends well into the cross-hatched region. This treatment of the
irradiation data for the reference recycle kernel led to the conclusion
that this fuel had marginal thermal stability, and an alternate reference
fissile fuel was sought. At this stage, additional irradiation testing
of other stoichiometries was under way;11 however, the results showed
little improvement over the reference (Th/U = 4) system. A summary of
the data from the High Flux Isotope Reactor (HFIR) removable beryllium
(HRB)~7 capsule’! for fuels with Th/U ranging from O to 8 is shown in
Fig. 7. The thermal stability improves with the addition of thorium to
the kernels, but the stability of (Thy,sgUp,1211)02 is about the same as
(Tho,sUp.2)02.°
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Fig. 6. Average Kernel Migration Coefficients vs Reciprocal
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The fissile particle selected to replace the dense mixed oxide
was an undiluted fissile kernel (containing only a fissile isotope)
derived from loading uranium into ion-exchange resins from a weak-acid
solution. WAR-derived fuel will be discussed in detail in the next
section.

IRRADIATION PERFORMANCE OF WAR FISSILE FUELS

A summary of the irradiation testing of WAR fuels at ORNL is
contained in Table 3. The decision to switch from (Thg,gUg.2)02 to
WAR-derived uranium oxide-carbide as the reference recycle fissile
kernel was based on the performance of WAR~derived fuel in the HRB-4
and -5 capsules.12 Typical postirradiation metallography of the WAR
fuel irradiated in those capsules is shown in Figs. 8 and 9. Extensive
testing of WAR-derived fuels was conducted in capsules HRB-7 and -8
and capsules HRB-9 and -10.'!'’!® 1Ipn these last four capsules, direct
comparisons were made between the performance of WAR fuels of various
stoichiometries and dense mixed-oxide fuels, as well as with the
reference HTGR fresh fuel (dense UCy).

Several observations have been made about WAR fuel performance
from this accelerated testing:

1. The porous WAR kernels densify considerably under irradiation,
as shown in Fig. 8. The density of the WAR kernels is typically about
3 g/cm® before irradiation, compared with densities greater than 10 g/cm®
for the dense mixed-oxide kernels described earlier. Frequently, the
densified WAR kernels remain attached to one side of the coating layers,
as shown in Fig. 8. There is no correlation between temperature gradient
and the orientation of the densified kernel.

2. .There is no evidence of amoeba in WAR kernels containing more
than 15% carbide.— with the balancé oxide. However, WAR UO2 kernels
have been observed\%o\gigrate up the temperature gradient, like the
dense oxide kernels desdribed,e%rlier. This can be seen in Fig. 10 in
the upper left. Figure 10 summarizes the results of all WAR stoichio-
metries tested to date. These will be discussed in more detail later
in the report. ‘

3. Phase segregation is associated with WAR kernels after irradi-
ation and is more extensive in the lower conversion levels.* Segregation
is shown in the lower left portion of Fig. 10 and in Figs. 11 and 12,
which will be described in more detail later.

*Conversion is from U0z to UC2. In the WAR uranium oxide-carbide
kernel, the percent conversion refers to the proportion of UCs in the
two-phase system; 0% conversion is U0z, 15% conversion is 85% UO, and
15% UC,, etc.
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Table 3. Summary of ORNL Experimental Data on Irradiated
. . .
Weak—-Acid Resin-Derived Recycle Fuel
Fissile b b Haximum ¢
P:"ide ‘;l:::i;xzz 1d Sa?ple :u:tofi;t!;:: Bu;nup Resin Conve;sion‘ A/giz’;g‘;s Ax;;!/‘z;lt);E te::peraiﬁ:i
acch [ diaed  Mdentiflcation s (XTI ® (we) /) o)
ure-5‘1
524 5750 1a 3.4 x 107} 13 IRC-72 95 350/40/30/30/30 6/1.1/1.9/3.18/1.85 1250
5840 1B 4.0 14
5900 ic 4.5 16
2950 3 4.2 15
2950 38 3.9 14
2950 ic 3.6 13
2950 3D 3.2 12
g (1)
528 5750 1A 7.8 2% IRC-72 95 350/40/30/30/30 6/1.1/1.9/3.18/1.85 1250
5840 1B 9.2 27
5900 1c 10.3 29
2950 3 9.6 27
2950 38 8.9 25
2950 ic 8.1 23 {
2950 3D 7.2 20
HRB-6(2)
Pu-2958 28 1c4 7.7 84 IRC-72 ? 400/35/25/30/25 3.2/1.2/1,95/3.18/1.95 1250
Pu-296 25 1c5 7.7 84 RC-72 95 400/35/25/30/25 3.8/1.2/1.95/3.18/1,95
Pu-297 2 1c6 7.7° 84 IRC-72 95 400/35/25/30/25 3.7/1.2/1,95/3.18/1.95
HRB-7 1)
OR-2115H 402 13 5.9 80.0 IRC-72 1 400/40/30/30/40 3.2/1.2/1.95/3.18/1.95 1500
OR-2121H 407 14 5.6 79.9 IRC-72 92 300/75/30/30/40 5.3/1.2/1.95/3.18/1.95
OR-2115H 476 15 5.3 79.9 IRC-T2 N 400/40/100 3.2/1.2/1.95
OR-2121H 511 16 4.9 79.9 IRC-72 92 300/75/85 5.3/1.2/1.95
urp-8 )
OR-2121H 402 13 7.7 80.4 IRC-72 14 400/40/30/30/40 3.2/1.2/1.95/3.18/1.95 1250
OR-2115H 407 14 7.4 80.3 IRC-72 92 300/75/30/30/40 $.3/1.2/1.95/3.18/1.95
OR-2121H 476 15 6.9 80.3 IRC-72 14 400/40/100 3.2/1.2/1.95
OR-2115H 511 16 6.4 80.3 IRC-72 92 300/75/85 5.3/1.2/1.95
NG
OR-2208H 593 1 4.7 79.1 IRC-72 100 360/50/30/30/40 3.0/1.2/1.95/3.18/1.95 1250
OR-2121K 433 3 5.8 79.5 100 300/75/30/30/40 5.3/1.2/1.95/3.18/1.95
OR-2218H 486 4 6.3 79.4 0 360/50/30/30/40 3.7/1.2/1.95/3.18/2.00
OR-2208H 490 5 6.8 79.9 100 360/50/30/30/40 3.0/1.2/1.95/3.18/1.95
OR-2115H 373 8 7.8 80.1 15 400/40/30/30/40 | 3.2/1.2/1.95/3.18/1.95
OR-2207H 486 9 7.9 80.1 75 360/50/30/30/40 3.0/1.2/1.95/3.18/1.95
OR-2207H 486 10 7.9 80.1 75 360/50/30/30/40 3.0/1.2/1.95/3.18/1.95
OR-2208H 469 u 7.9 80.1 100 360/50/30/30/40 3.0/1.2/1.95/3.13/1.95
OR-2218H 423 12 7.8 80.1 0 360/50/30/30/40 3.7/1.2/1.95/3.18/2.00
OR-2211H 520 13 7.6 80.0 0 360/50/30/30/40 3.1/1.2/1.95/3.18/2.00
OR-2121H 398 N 7.2 79.9 100 300/75/30/30/40 5.3/1.2/1.95/3.18/1.95
OR-2207K 510 15 6.8 79.9 75 360/50/30/30/40 3.0/1.2/1,95/3.18/1.95
OR-2115H 427 16 6.3 80.0 15 400/40/30/30/40 3.2/1.2/1.95/3.18/1.95
OR-2211H 566 17 5.8 79.5 50 360/50/30/30/40 3.1/1.2/1.95/3.18/2.00
OR-2219H 584 18 5.3 79.3 NA 360/50/30/30/40 3.0/1.2/1.95/3.18/2.00
OR-2207H 616 19 4.7 79.1 75 360/50/30/30/40 3.0/1.2/1.95/3.18/1.95
OR-2219H 484 6 7.2 80.0 NA 360/50/30/30/40 3.0/1.2/1.95/3.18/2.00
mre-104
OR-2208H 593 1 3.0 17.3 IRC-72 100 360/50/30/30/40 3.0/1.2/1.95/3.18/1.95 1500
OR-2121H 433 3 3.7 78.5 100 300/75/30/30/40 5.3/1.2/1.95/3.18/1.95
OR-2218H 486 4 4.0 79.2 0 360/50/30/30/40 3.7/1.2/1.95/3.18/1.00
OR-2208H 490 5 4.3 79.2 100 360/50/30/30/40 3.0/1.2/1.95/3.18/1.95
OR-211sH 373 8 4.9 79.5 15 400/40/30/30/40 3.2/1.2/1.95/3.18/1.95
OR-2207H 486 9 5.0 79.6 75 360/50/30/30/40 3.0/1.2/1.95/3.18/1.95
OR-2207H 486 10 5.0 79.6 75 360/50/30/30/40 3.0/1.2/1.95/3.18/1.95
OR-2208H 469 11 5.0 79.6 100 360/50/30/30/40 3.0/1.2/1.95/3.18/1.95
OR-2218H 423 12 49 79.5 0 360/50/30/30/40 3.7/1.2/1.95/3.18/2.00
OR-2211H 520 13 4.8 79.4 50 360/50/30/30/40 3.1/1.2/1.95/3.18/2.00
OR-2121H 398 14 P 79.3 100 300/75/30/30/40 5.3/1.2/1.95/3.18/1.95
O0R-22070 510 15 4.3 79.2 75 360/50/30/30/40 3.0/1.2/1,95/3.18/1.95
OR-21158 427 16 4.0 79.2 15 400/40/30/30/40 3.2/1.2/1.95/3.18/1.95
OR-2211H 566 17 3.7 78.5 50 360/50/30/30/40 3,1/1.2/1.95/3.18/2.00
OR-2219K 586 18 3.3 78.0 NA 360/50/30/30/40 3.0/1.2/1.95/3.18/2.00
OR-2207H 616 19 3.0 77.3 75 360/507/30/30/40 3.0/1.2/1.95/3.18/1.95
OR-2219H 484 6 46 79.3 NA 360/50/30/30/40 3.0/1.2/1,95/3.18/2.00
OF-2 (ce1l 2)(4)
a-6114 4450 A-1-1 e £ IRC-72 15 360/50/35/30/35 3.0/1.1/1.7/>3.18/1.7
A-601: 4440 -2 . £ 75 360/50/35/30/35 3.0/1.1/1.7/>3.18/1.1 e
a-s11d 2530 -3 . £ 15 360/50/35/30/35 3.0/1.1/1.7/>3.18/1.7
a-6124 2530 -4 e £ 15 360/50/35/30/35 3.0/1.1/1.7/>3.18/1.7
a-6014 1980 -5 e £ 75 360/50/35/30/35 3.0/1.1/1.7/>3.18/1.7
A-601d 1980 -6 e £ 75 360/50/35/30/35 3.0/1,1/1,7/>3.18/1.7
A-611 4450 A2-1 e £ 15 360/50/35/30/35 3.0/1.1/1.7/>3.18/1.7
6115 4450 -2 e £ 15 360/50/35/30/35 3.0/1,1/1.7/>3.18/1.7
a-s01 2520 -3 e £ 75 360/50/35/50/35 3.0/1.1/1.7/>3.18/1.7
a-6014 2520 -4 e £ 75 360/50/35/50/35 3.0/1.1/1.7/>3.18/1.7
A=611 1980 -5 e £ 15 360/50/35/50/35 3,0/1.1/1.7/>3.18/1.7
A-601 1980 -6 e £ 75 360/50/35/50/35 3.0/1,1/1,7/>3.18/1.7
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Table 3. (Continued)

Fissile b b <

Number of Fast fluence . a Design Densgity' Maximum fuel
POLEISle  particles  yencipreccion F 0.18 mev  P'FIWP Restn  Conyerston ABICID/E alB/C/n/E temperature

o irradiated (n/cm?) (um) (g/em?)
OR-2329H 1920 A-3-2 e £ IRC-72 0 375/20/35/30/35 3.2/<1.3/1.95/>3.18/2.0 1150
OR-2329H 1920 A-3-4 e £ o 375/20/35/30/35 3.2/<1.3/1.95/>3.18/2.0
OR-2322H 1080 A-3-5 e £ 15 360/50/35/30/35 3.1/1.3/1.95/>3.18/2.0
0R-2211H 1100 A-3-6 e £ 50 375/50/35/30/35 3.2/<1.3/1.95/>3.18/2.0
OR-2208H 1040 A-3-7 e £ 100 360/50/35/30/35 3.0/<1.3/1.95/>3.18/2.0
OR-2322H 850 A-3-9 e £ 15 375/50/35/30/35 3.2/<1.3/1.95/ 3.18/2.0
OR-2329H 850 A-3-10 e £ 0 375/20/35/30/35 3.2/<1,3/1.95/ 3.18/2.0
OR-2208H 820 A-2-11 e f 100 360/50/35/30/35 3.0/<1.3/1.95/3.18/2.0
OR-2121H 1520 A-b1 ‘e £ IRC-72 100 320/75/35/30/35 5.0/<1.3/1.95/>3.18/2.0
OR~2332H 1940 A-t-2 e £ 0 375/50/35/30/35 3.2/<1.3/1.95/>3.18/2.0
OR-2121H 1520 A-4-3 e 3 100 320/75/35/30/35 5.0/<1.3/1.95/>3.18/2.0
OR-2332H 1940 A-bnt e 3 0 375/50/35/30/35 3.2/%1,3/1.95/>3.18/2.0
OR-2218H 960 A-4=5 e £ 0 360/50/35/30/35 3.7/<1.3/1.95/>3.18/2.0
OR-2320H 1100 A-4-6 e 3 25 375/50/35/30/35 3.2/<1.3/1.95/>3.18/2.0
OR-2207H 1080 A-be7 e £ 75 360/50/35/30/35 3.0/<1.3/1.95/>3.18/2.0
OR-2218H 750 A-4-9 e £ 0 360/50/35/30/35 3.7/<1.3/1.95/>3.18/2.0
OR-2332H 860 A-4-10 e £ 0 375/50/35/30/35 3.2/<1.3/1.95/>3.18/2.0
OR~2207H 850 A-4-11 e £ 75 360/50/35/30/35 3.0/<1.3/1.95/>3,18/2.0
a-6014 1520 B-1-1 e £ IRC-72 75 360/50/35/30/35 3.0/1.1/1.8/>3.18/1.8 1350
a-6014 1520 B-1-2 e £ 75
a-6014 1290 B-1-3 e £ 75
a-e11d 1290 B-1-4 e £ 15
A-611 1290 B-1-3 e £ 15
a-6114 1290 B-1-6 e £ 15
A-6014 1520 B-2-1 e £ 75
a-6114 1520 B-2-2 e £ 15
A-6114 1290 B-2-3 e £ 15
A-6014 1290 B-2-4 e £ 75
a-6014 1290 B-2-5 e £ 75
A-6114 1290 B-2-6 e £ 15
OR-2329H 660 B-3-2 e £ IRC-72 0 375/20/35/30/35 3.2/<1.3/1.95/>3.18/2.0
OR-2322H 650 B-3-3 e £ 15 375/50/35/30/35 3.2/<1.3/1.95/>3.18/2.0
OR-2211H 660 B-3-4 e £ 50 360/50/35/30/35 3.1/<1.3/1.95/>3.18/2.0
OR-2208H 530 B-3-5 e £ 100 360/50/35/30/35 3.0/<1.3/1.95/>3.18/2.0
OR-2329H 560 B-3-7 e £ 0 375/20/35/30/35 3.2/<1.3/1.95/>3.18/2.0
OR-2322H 550 B-3-8 e £ 15 375/50/35/30/35 3.2/<1.3/1.95/>3.18/2.0
OR-2218H 490 B-3-9 e 1 0 360/50/35/30/35 3.7/<1.3/1.95/>3.18/2.0
0R-2208H 530 8-3-10 e £ 100 360/50/35/30/35 3.0/<1,3/1.95/>3.18.2.0
OR-2329% 560 B-3-11 e £ 0 375/20/35/30/35 3.2/<1.3/1.95/>3.18/2.0
OR-2322H 550 B-3-12 e £ 15 375/50/35/30/35 3.2/<1.3/1.95/>3.18/2.0
OR~2332H 660 B-4-2 e f IRC-72 0 375/50/35/30/35 3.2/<1.3/1,95/>3.18/2.0
OR-2218H 580 B-4-3 e € o 360/50/35/30/35 3.7/<1.3/1.95/>3.18/2.0
OR-2320K 660 B-l—t e £ 25 375/50/35/30/35 3.2/<1,3/1.95/>3.18/2.0
OR-2207H 550 B-4-5 e £ 75 320/75/35/30/35 5.0/<1.3/1.95/>3.18/2.0
OR-2121H 440 B-4-6 e £ 100 320/75/35/30/35 5.0/<1.3/1.95/>3.18/2.0
OR-2332H 560 B-4-7 e £ 0 375/50/35/30/35 3.2/<1.3/1,95/>3.18/2.0
OR-2218H 490 B-4-8 e £ 0 360/50/35/30/35 3.7/<1.3/1.95/>3.18/2.0
OR-2320H 560 B-4-9 e £ 25 375/50/35/30/35 3.2/<1.3/1.95/>3.18/2.0
OR-2207H 550 B-4-10 e £ 75 320/75/35/30/35 5.0/<1.3/1.95/>3.18/2.0
OR-2332H 560 B-4-11 e £ 0 375/50/35/30/35 3.2/<1.3/1.95/>3.18/2.0
or-2_(cenn 1)
A-601¢ 2500 c-1-1 e £ IRC-72 75 360/50/35/30/35 3.1/1.1/1.8/>3.18/1.8
A-6014 2500 c-1-2 e £ 75
a-6119 2970 c-1-3 e £ 15
a-6019 6790 c-1-4 . £ 75
A-6158 2440 c-2-1 e £ 75
A-6014 2500 c-2-2 e £ 75
A-6158 2900 c-2-3 e £ 75
A-6158 6648 c-2-4 e £ 75
a-6114 2500 c-3-1 e £ 15
a-6119 2500 c-3-2 e £ 15
A-6014 2960 c-3-3 e £ 75
a-6114 6800 c-3-4 e £ 15
A-6158 2440 C-4-1 e f 75
a-6114 2500 C-4-2 e £ 15
A-6019 2960 C-4~3 e £ 75
A-6019 6790 C-t4-4 e £ 75
2—x

dPercent conversion =

YA = kernel;

B = buffer;

CMaximum fuel design temperature.
d12.7 co (5 in.) diam frit
€Peak fast fluence will be 8 x 108! n/cm? at end of irradiation period.

£peak burnup will be BOX FIMA at end of irradiation period.

212,7 em (S in.) diam cone.

C = IPyC;

D = SiC;

E = QPyC.

* 100, where x = atomic fraction of oxygen in kernel; e.g., UCyOp,s = 75 converted.

YF. J. Homan et al., Irradiation Performance of HTGR Fuel Rods in HFIR Erperiments HRB-4 and -5, ORNL-5115, in publication.

2p, J, Homan et al., Irradiation Performance of HTGR Fuel Rods in HFIR Experiment HRB-6, ORNL-TM-5011 (December 1975).

3X. H. Valentine et al., Frradiation Performance of HIGR Fuel Rods in HFIR Experiments HRB-7 and -8, in preparation.

“HTGR Base Technology Program Anmu. Progr. Rep. Jan. 1, 1974 through June 30, 1975, Sect. 6.5.3, in preparation.
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Table 3a. Results of Irradiation Tests on Weak—-Acid Resin-Derived
Recycle Fuel

Sample identification Remarks®
HRB-5
1A, 1B, 1C Extruded rods; carbonized in covered graphite tray;
fine cracks in SiC observed; no amoeba.
3A, 3B Slug-injected rods; carbonized in packed Al,03. Matrix-particle interaction recognized as a potential
problem with high pitch-coke yields, No amoeba, Kernel
3C, 3D Slug~injected rods; carbonized in-block. . densification apparent.
HRB-4
1A, 1B, 1C Extruded rods; carbonized in covered graphite tray;
fine cracks in SiC observed; no amoeba.
3A, 3B Slug-injected rods; carbonized in packed Alp03. Attack of SiC coating by Pd and rare-earth fission products
observed. Phase segregation in about 25% of the kernels.
3¢, 3p Slug-injected rods; carbonized in-block. Metallographic results indicate not all particles were 95% converted.
HRB~6
1¢4, 1CS Loose particles in graphite tube; recovery of all particles not possible; majority failed.
1ce Loose particles in graphite tube; tube broke during irradiatfon; particles lost.
. a
HRB-7
13 Slug-injected rod; no failures (Metallography); buffer consumed; slight attack of SiC by rare earths.
14 Slug-injected rod; ~ 50 failed (Metallography); ILTI graphitized by rare earths on cold side
15 Slug-injected rod; no failures (Metallography); buffer consumed; phase segregation in kernel; no evidence of rare earth
in coatings.
16 Slug~injected rod; no failures (Metallography); unilateral movement of kernel through buffer; no evidence of rare earth
in coatings. .
HRB-8
13 Slug-injected rod; no failures (Metallography); buffer consumed; slight attack of SiC by rare earths.
14 Slug-injected rod; all failed (Metallography); ILTI graphitized by rare earths on cold side.
15 Slug-injected rod; no failures (Metallography); buffer consumed; phase segregation in kernel; no evidence of rare earth
in coatings.
16 Slug-injected rod; no failures (Metallography): kernel densification apparent; buffer intact; no evidence of rare earth
in coatings.
HRB-9
1, 3, 4, 5 Slug-injected rod; stereo-exam only. No broken particles on surface.
6 Slug-injected rod; ~ 20Z failed (Metallography); buffer in half of particles densified and breached; two-phase kernel;
Slight accumulation of rare earths on cold side; no graphitization of ILTI; slight attack of SiC.
8 Slug-injected rod; no failures (Metallography); buffer consumed; phase segregation in kernel.
9 Slug-injected rod; no failures (Metallography); buffer intact; phase segregation in kernel; evidence of rare earth
accumulation on cold side; no graphitization of ILTI; no attack of SiC
10 Warm-molded rod; no failures (Metallography); buffer intact; phase segregation in kernel; less evidence of rare earth
accunulation in rod 9; no graphitization of ILTI; no attack of SiC.
11 Slug-injected rod; ~ 75% failed (Metallography); accumulation of rare earch on cold side; graphitization of ILTI
no attack of S1C; two-phase kernel,
12 Slug-injected rod; no failures (Metallography); amoeba through buffer; rare earths retained in kernel; slight attack of
. S1C on hot side (2 um).
13 Slug-injected rod; no failures (Metallography); buffer intact but densified around kernel; phase segregation in kernel;
accumulation of rare earths on cold side; no graphitization of ILTI; no attack of SiC.
14 Slug-injected rod; ~ 50% failed (Metallography); phase segregation in kernel; accumulation of rare earths on cold side;
graphitization of ILTI; attack of SiC (v 5 um).
15 Slug-injected rod; stereo-exam only; no failures.
16 Slug-injected rod; no failures {Metallography); buffer consumed; phase segregation in kernel.
17 Slug-injected rod; same remarks as for HRB-9, Rod 13 (50X converted).
18 Slug-injected rod; stereo-exam only; no broken particles
19 Slug-injected rod; stereo-exam only; no broken particles.
HRB-10
1 Slug-injected rod; not examined, due to reaction with thermocouple,
3 Slug-injected rod; stereo-exam only; no broken particles.
4, 5 Slug-injected rod; stereo-~exam only; no broken particles.
6 Slug-injected rod; ~ 30% failed (Metallography); accumulation of rare earths on cold side; graphitization of ILTI and
buffer; attack of SiC with complete penetration.
Slug-injected rod; no failures (Metallography); buffer consumed; phase segregation in kermel,
Slug-injected rod; ~ 8X failed (Metallography); phase segregation in kernel; accumulation of rare earths on cold side.
slight graphitization of ILTI; no attack of SiC.
10 Warm-molded rod; no failures (Metallography); phase segregation in kernel; accumulation of rare earths on cold side;
no graphitization of ILTI; slight attack of SiC.
11 Slug-injected rod; v 18% failed (Metallography); two-phase kernel; accumulation of rare earths on cold side
graphitization of ILTI; attack of SiC (v 5 um).
12 Slug-injected rod; ~ 5% failed (Metallography); amoeba through buffer; rare earths retained in kernel; attack of SiC
{slight to complete penetration),
13 Slug-injected rod; no failures (Metallography); same remarks as for HRB~9, Rod 13 (50% converted), except more evidence
of rare-earth accumulation.
14 Slug-injected rod; ~ 30X failures (Metallography); two-pnase keruel, accumulation of rare earths on cold side;

graphitization of ILTI; attack of SiC (complete penetration).



18

Table 3a. (Continued)

Sample identification

Remarks?

A-1-1,
-4,
A-2-1,
-4,

-2,
-5,
-2,
-5,

-4,

-2,

-2,
-2,
-2,
-2,

<3,
-6

-6

-5, -6

-10, -11

-3, -4, -5,
-9, -10, -11

-3, =4, -5, -6,
-3, -4, -5, -6

-4, -5, -7,
-10, -11, -12
-4, -5, -6
-9, -10, -11
-3, -6

-3, -4

-3, -4

-3, -4

Slug-injected rod; no failures (Metallography); accumulation of rare earths on cold side; slight graphitization of ILTI;
no attack of SiC; phase segregation in kernel.

Slug-injected rod; stereo-exam only; no broken particles.

Slug-injected rod; ~ 40% failed (Metallography); same remarks as for HRB-10, Rod 6.

Slug-injected rod; no failures (Metallography); phase segregarion in kernel; no accumulation of rare earths;
no graphitization of ILTI; no attack of SiC.

OF-2 (Cell 2)

All slug-injected rods; initial R/B values for 85Mkr = 7.5 x 1076;
After 4200 hr (v 1/2 irradiation time) R/B 85™kr = 1 x 1075,
Postirradiation examination scheduled to begin in September 1976.

All slug-injected rods; initial R/B values for 953Kr = 7.5 x 1076,
After 4200 hr (v 1/2 irradiation time) R/B 957kr = 1 x 1075,
Postirradiation examination scheduled to begin in September 1976.

OF-2 (Cell 1)

All fuel rods fabricated by slug-injection process.
Initial 85™kr R/B values = < 2 x 1075; After 4200 hr irradiation (v 1/2 full scheduled term)
850Ky R/B value = 7 x 1075, Postirradiation examination scheduled to begin in September 1976.

BReferences to "I failed particles” are based on failures observed in metallographic sections, and therefore are not statistically
significant since normally < 20 fissile particles are exposed in a random plane-of-polish. These results are, however, indicators of relative
performance,
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4. There is considerable fission product attack of the SiC coatings
by rare-earth fission products La, Ce, Pr, and Nd in WAR UC, fuels. This
same type of attack has been observed in dense UCz fuels irradiated in
HRB capsules under accelerated conditions, and also in the Peach Bottom
Reactor under real-time conditions. The presence of U0, reduces the
amount of fission product attack of the SiC layer, apparently due to
the formation of stable rare-earth oxides, which are retained in the
kernel. Optical metallography and shielded microprobe displays of
nominally 95% UCz fuel irradiated in the HRB-4 capsule are shown in
Fig. 13. A similar display of reference fresh fissile fuel (UC,) irradi-
ated under real-time conditions in the Peach Bottom Reactor is shown
in Fig. l4. (Note that the UC, shown in Fig. 14 has been irradiated
to less than 207 full burnup and to less than 20% of the fast neutron
exposure expected for the LHTGR.!") The similarity of fission product
deposition in WAR UC; and dense UC2 fuel irradiated in HRB-7 is shown
in Fig. 15. The polarized-light portion of this figure reveals regions
having a high degree of optical activity, which indicates graphitization
as a result of fission product interaction.

5. There is a considerable temperature gradient effect on the
fission product attack. Under high-temperature gradients, the fission
products are concentrated on the cold side of the particle, and failure of
the SiC layer is likely, as shown on the left side of Fig. 16. Under less
severe temperature gradients, the fission products are less concentrated
and do less damage. The particle shown on the right side of Fig. 16
was operated at the center of the same fuel rod. The temperature
gradient is zero at the center of the rod, and even though the operating
temperature was higher at this position, less damage was done to the
coatings by the fission products. The bottom portion of Fig. 16 (in
polarized light) shows the light regions where fission products are
present. The temperature gradient of 1000°C/cm is about 307% higher
than the maximum temperature gradient for an LHTGR (Table 1.

Fission product attack of the coatings appears to be the limiting
performance feature of UCz fuels. Thermal migration appears to be
limiting for U02. Intermediate stoichiometries appear to perform
well compared with these extremes. In the HRB-7 through -10 series
of experiments, WAR fissile fuels with conversion levels of 0, 15, 50,
75, and 100% were tested. These WAR kernels were coated with reference
Triso coatings and were fabricated into fuel rods using the slug-
injection technique. As indicated earlier, the WAR UO, kernel has
migrated up the temperature gradient, and the WAR UC, particle has
failed due to fission product attack of the SiC layer. Figure 17 shows
an optical photomicrograph of a WAR UC2 particle irradiated in HRB-8.
Also shown are electron microprobe displays for the rare-earth fission
products La, Pr, Ce, and Nd. The graphitization of the inner pyrolytic
carbon coating and failure of the SiC in the regions occupied by the
fission products indicates failure due to chemical interaction.
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The thermodynamic arguments associated with kernel stoichiometry
are discussed in ref. 1. Calculations have been made of the amount of
U0, necessary to keep all the rare-earth fission products in the form
of oxides in WAR fuels irradiated to full burnup [about 75% fissions
per initial heavy-metal atom (FIMA)]. The irradiation results from
HRB-7 through -10 support the conclusions reached in these calculations.
U0z fuel (Fig. 18) retains all the rare-earth fission products in the
kernel in the form of stable oxides. The 15% converted WAR fuel shown -
in Figs. 11 and 12 have also retained most of the rare-earth fission
products (~93%) within the kernel. As the amount of UC, in the kernel
is increased, the capacity to hold the rare-earth fission products
within the kernel is reduced, as shown in Figs. 19 and 20. The slight
accumulation of neodymium at the inner surface of the SiC layer in
50% converted fuel is shown in Fig. 19. Most of the neodymium, however,
has been retained in the kernel. The neodymium display in this figure
is also representative of La, Pr, and Ce. Figure 20 shows higher
magnification views of the cold side of the coatings for the 15, 50,
and 75% converted fuels. Slight accumulations of fission products,
believed to be rare earths, can be seen at the SiC-inner LTI interface
for particles with 50 and 75% converted kernels. The amount of fission
product accumulation increased with an increase in the percentage of
UC2 present.

The question of optimum kernel stoichiometry for WAR fuels has
not yet been answered. Experiments that have been designed to establish
the optimum U0z content are now in-reactor. Based on the results from
HRB-7 through -10 and the thermodynamic calculations,! it is anticipated
that the optimum value will be about 35% conversion, with a range of
+20% permitted. The arguments against high UC; content are clear.
Some problems have also been encountered with high U0, content, in
addition to the amoeba already noted. While no fission product attack
of the SiC layer was noted with the WAR UO; fuel, there was some
evidence of oxidation of the inner surface of the SiC layer. The amount
of attack was moderate for fuel temperatures of about 1250°C, but for
temperatures of about 1500°C there was complete penetration of the SiC.
Examples of the oxidation of the SiC in WAR UO2 fuel are shown in
Fig. 21. Fuel of this same composition was irradiated in capsule HRB-9
at a design center line tempegrature of 1250°C, and very slight oxidation
was noted.

From the processing standpoint, it is desirable to maximize the
U0, content in the two-phase WAR kernels. Considerable effort has there-
fore been expended to understand the behavior of the 15% converted
fuel from HRB-7 through ~10, which is currently thought to be the
lower limit for the conversion specification.1 Phase segregation shown
in Figs. 11 and 12 is apparent both from optical examination and from
microprobe work. The uranium~bearing phase is retained within the
outer boundary of the buffer layer. It is apparent from the work done
to date on 15% converted fuel that the buffer layer is largely incor-
porated into the kernel. According to the current definition of failure,
developed for dense fissile kernels, this fuel would be unacceptable.
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However, it is currently believed that this definition of failure is
not appropriate for WAR fuels. For fissile particles containing dense
oxide kernels that are migrating up the temperature gradient, migration
through the buffer means that the integrity of the pressure vessel has
been compromised. Thus, failure is defined as migration through the
buffer layer. However, for fissile particles containing WAR U02-UC;
kernels with more than the 15% carbide phase, temperature gradient
dependent migration of the kernel has not been observed. The incorpo-
ration of the buffer layer into the kernel does not appear to influence
the integrity of the outer coating layers. Irradiation testing is
under way to prove statistically that the 15% converted WAR fuel meets
the performance criteria for fissile particles. Quantitative electron
microprobe results have shown that the 15% converted kernels retain all
but about 7.5% of the rare-earth fission products that form during
irradiation. Quantitative work is under way for kernels of 50 and 75%
conversion, but it is certain that these fuels will release more fission
products than the 15%Z converted fuel, based on the optical comparisons
that have already been made.

PERFORMANCE OF COATED PARTICLES AND FUEL RODS

Of the five failure mechanisms for coated particle fuels listed in
the Introduction, the first two have been described thoroughly in the
previous sections of this report. The remaining three mechanisms will
be described in this section.

Pressure vessel failure is only slightly dependent on the kernel
type. As noted earlier, the WAR-derived kernels are considerably more
porous than dense oxides or carbides and tend to shrink appreciably
during irradiation. Both of these effects contribute to higher fission
gas release at low burnup. High porosity fractions provide an easy
route for fission gas release, and the kernel shrinkage and high porosity
~ content contribute to higher kernel operating temperatures than would

be experienced by dense kernels operating at the same power level. High
operating temperatures drive more fission gas out of the kernel matrix.
Pressure vessel failure is not considered to be a serious problem for
recycle fissile fuel, since thicker SiC coatings that will withstand
the higher fission gas release can be specified. An example of pressure
vessel failure is shown in Fig. 22.

Matrix-particle interaction occurs when a strong bond forms between
the matrix and the outer coating layer. Both matrix and coatings shrink
during irradiation, causing the outer coating to fracture or separate. An
example is shown in Fig. 23. The most exaggerated matrix-particle inter-
action seen was in the HRB-4 and -5 experiment12 where the fuel rods were
carbonized in a graphite tube to simulate in-block carbonization. No
interaction was observed in fuel rods carbonized in beds of packed alumina;
presumably because the volatile hydrocarbons are more easily removed.
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The causes of matrix-particle interaction are not yet fully understood.
It is known that no single parameter is controlling, rather, it is a
combination of matrix density, microporosity content, and pitch-coke
yield. A comparison of the matrix structures for fuel rods irradiated
in the OF-1 experiment15 is shown in Fig. 24. No matrix-particle
interaction problem was encountered in the fuel rods irradiated in OF-1.

From a thermal conductivity standpoint it is desirable to have a
dense matrix. Therefore, work has been done to adjust the matrix materials
and processing variables so that fuel rods can be manufactured with
dense matrices, yet maintaining a high proportion of porosity as micro-
porosity, as shown in Fig. 25. The appearances of the matrices produced
by different carbonization techniques are more similar in Fig. 25 than
was the case in Fig. 24. No problems with matrix-particle interaction
have been encountered since the HRB-4 and -5 experiment; however, all
in-block simulations have been conducted in graphite tubes. The charac-
teristics of fuel rod matrices produced by in-block carbonization (on
a production basis) are still unknown.

Examples of the irradiation performance of coated particles with
fabrication defects are shown in Fig. 26. Four types of defects are
shown in this figure: a missing segment of the SiC layer, a missing
buffer layer, a nonspherical particle, and anistropic coating properties.
The particles shown in Fig. 26 are not all of the same type and are not
from the same fuel rod. Figure 26(d) is a WAR Triso particle; the
others are dense-oxide Biso particles. It is not the intent of Fig. 26
to compare coating designs, but rather to give examples of failure due
to fabrication defects. :

FUTURE PLANS

The recycle fissile particles that have been developed for HTGR
recycle application are adequate to survive the irradiation conditions
of any HTGR application currently under consideration, including gas
turbine and process heat HTGRs, for irradiation temperatures up to
1400°C. Further improvements in this design of these particles can be
made to enhance the performance of other portions of the fuel system,
notably the fuel rods and fuel elements. Fuel development work over
the next few years can be divided into three categories:

1. development and irradiation testing in support of product specifi-
cation development,

2. wverification of the good performance of candidate fuels under real-
time HTGR conditions, and

3. development of advanced fuels for gas turbine and process heat
application. This work is primarily coating development and testing
and improvements in the fuel rod to take advantage of the superior
performance capabilities of the WAR kernels.
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Product Specification Support

Over the next few years the product specification work will center
around irradiation testing in the HFIR and the Oak Ridge Research Reactor
(ORR) . Approximately four HFIR capsules per year and one ORR capsule
every two years will be dedicated to establishing product specifications.

Real-Time Testing

All data collected to date on the irradiation performance of WAR-
derived fuels have been from accelerated tests. HRB tests reach full
fast-neutron exposure in about ten months, compared to four years in
an LHTGR and six years in the Fort St. Vrain Reactor (FSVR). Tests in
the ORR reach full exposure in about 15 months, while HFIR target (HT)
capsule tests are fully exposed in about four months. Testing under
accelerated conditions is believed to be conservative in that the fuel
is subjected to higher power production rates (watts/particle) and
higher temperature gradients than those listed in Table 1. However,
there are a number of kinetic aspects to fuel performance, notably
amoeba and fission product attack of the coatings. Since the time-
dependent nature of these processes is not established, the good
performance of these fuels must be verified under real-time conditions.
The Peach Bottom recycle test elements (RTE)!“*16°!7 were irradiated
under HTGR conditions, but these elements received less than half the
maximum neutron exposure and burnup anticipated for the LHTGR, and no
WAR fuel was included in these tests. Many of the performance charac-
teristics observed for other fuels [ThOz, (Th,U)O2, UC2] in the RTEs
have also been observed in these same fuels when irradiated under
accelerated conditions. These observations provide confidence that
accelerated testing data are relevant and that fuels that perform well
under accelerated conditions will also perform well under real-time
HTGR conditions. However, this point needs to be proven more convinc-
ingly by a direct comparison with current reference fuels irradiated
to full burnup and fast-neutron exposure.

Plans for a direct comparison between 15- and 75%-converted WAR
fuel, both .irradiated in the ORR and in FSVR, have been made. The fuel
for this experiment is already under irradiation in the OF-2 capsule
in ORR.!® TFissile fuel from the same batches will be irradiated in
FSVR test elements 2, 4, and 6, presently scheduled to begin irradiation
in the fall of 1977. Additional capsule tests (accelerated) and real-
time tests (in FSVR) are scheduled in support of the cold prototype
development and hot subsystems testing portions of the Thorium Utilization
Program.
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Advanced Fuels

Beginning in FY 1977, work will begin at ORNL on advanced fuel designs
to exploit the performance capabilities of WAR kernels. This work will
concentrate on minimizing the temperature difference between the kernels
and the coolant. Development will include the testing of alternate
coatings, of thinner and stronger coatings, of higher conductivity
matrices, and of alternate processing conditions that will produce fuel
rods of higher overall thermal conductivity.

DISCUSSION AND SUMMARY

Five failure mechanisms have been identified and discussed. Of these
mechanisms, two are independent of kernel chemistry and design. Amoeba,
a severe problem with dense-oxide fissile kernels, has not been a problem
with carbide fuels in the temperature and temperature-gradient regions
of interest for the HTGR. Amoeba has not been observed in WAR-derived
fuels containing more than 15% UCz. Chemical interaction, a severe
problem for dense carbide fuels, has been controlled in WAR fuels by the
proper proportioning of UO, and UC, content. Pressure vessel failure
due to dimensional changes in the coatings is independent of kernel
type; however, the WAR fuel is considerably less dense than dense oxide
or carbide kernels (3 g/cm3 for WAR fuel vs 10 g/cm3 for dense oxide
and 13 g/cm3 for dense carbide fuel). Also, WAR kernels have been
observed to shrink during irradiation, leaving a gap between the kernel
and the coatings. This high-porosity kernel and the void between the
kernel and coatings will surely combine to raise the kernel operating
temperatures of the WAR fuel (relative to dense kermels at the same
watt/particle). The high temperature and high porosity will lead to
higher fission gas release and higher stresses on the coatings, which
may result in the need to redesign the coatings and make them thicker.

Lindemer's thermodynamic analyses1 suggest that kernel stoichiometries
ranging from 15 to 70% conversion from oxide to carbide should perform
well. In kernels with less than 15% carbide, the fission-released
oxygen will react with carbon to form CO, which will raise the internal
gas pressure and perhaps contribute to thermal migration as well as
pressure vessel failure. Should the CO reach the SiC layer due to
failure or permeability of the inmer PyC, the CO will react with the
SiC to form silicon oxides and ultimately fail the SiC layer. 1In
kernels with more than 70% carbide, there is insufficient oxygen present
to combine with the chemically active rare-earth fission products,
which will migrate as carbides and attack the SiC and inner PyC layers.
Irradiation testing to date supports the conclusions of the thermo-
dynamic studies. Stoichiometries of 0, 15, 50, 75, and 1007 carbide
have been tested. The WAR UO2 fuel probably exhibited excessive thermal
migration. The WAR UC, fuel exhibited excessive fission product attack
of the SiC layer causing a high failure fraction in these particles.
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The 15, 50, and 75% carbide kernels performed well, with increasing
rare-earth fission product loss from the kernels (attack of the SiC
noted) as carbide content increased.

The kernel process development work done to date has indicated
that the flexibility anticipated for WAR fuel, with respect to kernel
density and stoichiometry, is indeed possible in laboratory-scale
equipment. The technology appears to be capable of extrapolation to
production-scale equipment with no difficulty. Additional work on
process development will continue to determine process latitudes.

The importance of the work described in this report is that a
fissile fuel has been developed which will perform well in any HTGR
-application currently under consideration — up to irradiation tempera-
tures of 1400°C. It is anticipated that additional irradiation testing
of optimum stoichiometries will further raise the temperature limit.
Further, the processes required to produce these particles are readily
adaptable to remote operation, which is essential for a recycle fuel.
Direct comparisons of WAR-derived fuel with current reference fresh
fuel (dense UCz) suggest superior performance by the WAR fuel, which
further suggests that the WAR fuel may become the reference fresh
fissile fuel as well as the reference recycle fuel.

Future work should be directed at optimizing the WAR particle
design and developing-a product specification for manufacture. Addi-
tional work should be done to improve the fuel rod and fuel element
design to take advantage of the performance capabilities of the coated
particles. Design modifications that minimize the temperature differ-
ence between kernels and coolant will permit higher coolant temperatures,
higher thermal efficiency, and more complete capabilities of the HTGR
relative to the needs of steam cycle power production and process héat
applications. '
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