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ABSTRACT

Capsules HT-31 and HT-33 were uninstrumented capsule experiments
irradiated in the target position of the High-~Flux Isotope Reactor at Oak
Ridge National Laboratory. The experiments were used to evaluate .the
irradiation performance of (1) fuel fabricated in a 240-mm-diameter coater

for production scale-up, (2) TRISO Thbz and BISO ThO, particles, and (3)

fuel with certain OPyC variables. A total of 16 BISO particle samples and

32 TRISO particle samples were irradiated to fast neutron fluences ranging

25 2 ‘
from 4.0 to 11.7 x 1077 n/m" (E > 29 £J);00p

tween 3.5% and 13.2% FIMA at temperatures from 1150° to 1530°C.

and heavy metal burnups be-

The results indicate the following:

1. Fuel coated in the 240-mm-diameter coater performs comparably to

fuel fabricated in the smaller pilot plant coater.

2. TRISO and BISO Th02 fuel showed no significant fission product
release or failure up to a burnup of 7.5% FIMA at 1250°C. At
7.5% to 9.0% FIMA and 1250°C, the BISO particles showed some
failure while the TRISO particles showed no failure or fission
product release. At particle surface temperatures of about 1500°C,

both TRISO and BISO fuel showed very high failure levels.

3. No significant correlation between failure and the OPyC variables
of coating rate, anisotropy, coating gas ratio, microporosity, or
density was seen in the experiment. However, the pressure vessel
performance of the TRISO particlesAﬁrovided support for existing

models and product specifications.
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1. INTRODUCTION

Capsules HT-31 and HT-33 were part of a continuing cooperative effort
between General Atomic Company (GA) and Oak Ridge National Laboratory
(ORNL) which was funded by the DOE-sponsored HTGR Generic Technology Pro-

.gram. The capsules were irradiated in the target position (HT) of the

High-Flux Isotope Reactor (HFIR) at ORNL. The capsules were uninstrumented
and'contained relatively small sample sizes (34 to 80 particles per cru-
cible); however, they had the advantage of low cost and achieved peak HTGR
fast neutron exposures and burnups in 3 to 4 months. The very high thermal
flux makes them more useful for testing fertile .rather than fissile material.
Consequently, these expefiments are well suiﬁed as evaluation tests of HTGR

fertile particle coating designs.

Each capsule contained four magazines that were designed to achieve
fuel particle surface temperatures of 1200° or 1500°C. A total of 16

unbonded GA fuel particle samples were tested in two magazines in HT-31,

and 32 samples were tested in the four magazines in HT-33.

The experimental test matrix for the GA fuel particle specimens was

established to evaluate the rélationship between fuel particle performance

~and (1) the size of the coater in which the particles were fabricated,

(2) the coating type and particle size, and (3) OPyC variables. Some of
the particle coating designs were nonconservative in order to establish
failure criteria required for coated particle performance model studies.

The fuel specimens in HT;31'were TRISO coated ThO, particles. In HT-33,

2

half of the samples were TRISO coated ThO, and thg other half were BISQ

coated Th02.

2

The capsules were irradiated for four or five HFIR cycles to fast
neutron fluences ranging from 4.0 to 11.7 x 1022 n/m2 (E > 29 fJ)HTGR and

heavy. metal bﬁrnups ranging from 3.5% to 13.2% FIMA. These conditions

1-1
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exceed tﬁe‘current HTGR peak design conditions of'6.5 X 1025 n/m2 (E >
29 fJ)HTGR

necessary to assess the differences in irradiation performance of the

and 7.0% FIMA. The wide range of irradiation conditions was

coating designs tested, and to achieve high failure probabilities in some

‘of the particle batches. This type of data is necessary to help establish

the fertile particle coating design basis.

1-2



2. DESCRIPTION OF EXPERIMENTS

2.1. OBJECTIVES

The HT~31 and HT-33 capsule tests had three primary objectives:

To evaluate the irradiation performance of unbonded TRISO and
BISO ThO2 fuel particles fabricated in the 240-mm~diameter pilot
plant coater and compare it with the performance of particles of
similar design and coating properties fabricated in the 127-mm-~
diameter coater. Fabricating fuel particles in the large coater
was part of the planned proceésing scale-up. Verification of

the applicability of previous specifications to the scaled-up

' process was desirable.

An equally important objective was to evaluate TRISO coated,

450—um—diameter ThO, kernels as an alternate design for BISO

2

coated ThOZAparticles. The TRISO coated particle offered a

design option that was expected to be more retentive of fission
products compared to BISO particles. In addition, a TRISO design

with a 450-um-diameter ThO., kernel was tested in an effort to

2
reduce the performance risk associated with larger TRISO ThO

particles with 500-um-diameter kernels. Empirical evidence :
indicated that there possibly was a particle size effect
governing perfarmance; viz., the probébility of particle fail-
ure increased with particle size. Consequently, a comparative
evaluation.between 500-um-diameter, TRISO coated ThO2 kernels
tested in capsules HT-28 and HT-29 and the 450—um—qiameter ThO2
kernels tested in the HT-31 and HT-33 capsules served to help

establish the expécted performance benefits of the smaller

particles. Capsules HT-31 and HT-33 both included a sample



from a batch of TRISO coated, 500-um-diameter ThO2
(batch 6252-05-0160) irradiated in capsules HT-28 and HT-29,

particles
which provided a benchmark for comparing results.

2. To define empirical relationships between the coating irradiation
performance and the outer pyrocarbon (OPyC) coating variables of
(1) density, (2) active coating gas ratio, (3) coating rate,
(4) diluent gas composition, and (5) anisotropy in order to
provide suppoftlfor performance models and to aid in defining
the permissible range of coating properties for the HTGR product

specification.
2.2. DESCRIPTION OF FUEL SPECIMENS

' The fuel specimens tested in capsules HT-31 and HT-33 are described in

detail in Ref. 2-1. The ThO, kernels, fabricated at GA using the gel sup-

ported precipitation processf were nominally 450 or 500 pm in diameter.
Coated parent batches numbered 6252-05-015 and 6542-27-015 were produced in
the 127-mm-diameter coater and used as comparison samples for the TRISO

and BISO particles made in the 240-mm—diameter pilot plant coater. A
summary description of the particle batches is given.in Tables 2-1 through

2-5. Photomicrographs of all the samples are shown in Ref. 2-1.

The particles for each‘sample'were selected from the parent batch so
that the particles within each individual sample had a relatively constant
total coated particle density and a narrow distribution of kernel and
total particle diameters. The;stéﬁs used to separate the ﬁarticles from
their respective parent batches are outlined in Fig. 2-1 for the TRISO
sampleé and Fig. 2-2 for the BISO samples. For the‘TRISO samples, coated
partiéles wefe sieved to narrow the range in particle diameter. They were
then further separated by selecting, using a constant density liquid
(thalium mallonate)'column, those particles having batch-average total
coated particle density. Following density separation, particles were
_iﬁdividually radiographed to'characterize each sample. Particles were

subsequentiy heated in a vacuum for 1 hour at 1400°C to ensure volatilization

2-2
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TABLE 2-1

FABRICATION CONDITIONS FOR TRISO 'l‘hO'2 PARTICLES TESTED IN CAPSULES HT-3% AND HT-33

) Busfer IPyC sicC 0Pyl
Coater | Kermel | Kernel {Coating ' Coating Charge | Coating Charge | Coating | Coating .| Active Diluent
. Size | Diameter| Load Rate Coeting |Diluent Rate Coating | Diluent | Load Rate Coating | Diluent | Load Rate Gas Coatin% Gas Gas
Sample Number (mm) (um) {kg) (um/min) Cas Gas (um/min) Gas Gas (kg) | (vm/min) Gas Gas (kg) (1m/min) Ratio(a)
. : i/ @] 0.6 Ar
6252-05-0160-005 | 127 511 2.0 20.74 C.H Ar 3.93 C,H,/ Ar 2.4 0.254 CH_S5iCl H 1.2 4.48 C4H
22 22 3 3 2 3%
-006 509 C3Hg
-007 509
-008 R 510 . CoHy/ 0.42 Ar
6252-06-0161-001 | 240 449 14.5 10.53 C.H Ar 4.09 C,H,/ Ar 18.2 0.225 CH,S1C1 H 19.5 5.04 CaH
22 22 3 3 2 376
-002 448 C3Hg .
-003 448 ’
-004 430 CyHy/ 0.36 ar
6252-06-0261-001 | 240 448 15.0 10.13 C.H Ar 4.43 CoHy/ Ar 19.4 0.169 CH,S1iC1 H 1.4 5.60 CaH
2 2.2 377403 2 36
-002 448 C3lg
-003 448
-004
: 449 ) Coty/ 0.50 Ar
6252-07-0161-001 | 240 . 448 15.0 9.77 C.H, Ar 4.43 CoH,/ Ar 19.4 0.168 CH,SiCl H 24.2 5.92 CqH
22 22 3773 2 376
-002 448 C3Hg
-003 448
-004 447
CoHy/ 0.36 Ar
6252-07-0261-001 240 447 15.0 10.15 C.H Ar 4.43 CZHZ/ Ar 19.4 0.165 CH,SiCl H 11.4 5.28 C Hﬁ
22 3 3 2 3
-002 446 : C4Hg
-003 446
-004 447 R
. . CyHy/ 0.39 Ar
6252-06-0161-001 240 447 i5.0 10.12 C.H Ar 4.43 CoHy/ Ar 19.4 0.173 CH,SiCl H 1.4 5.87 CqH
272 22 37773 2 3%
-002 447 C3lg
-003 447
-004 448
- CyHy/ 0.38 Ar
6252-09-0161-001 240 447 14.6 10.71 C,H Ar 4.09 CoHy/ Ar 18.2 0.223 CH,S1C1 H 8.8 7.52 CqH
272 2.2 3 3 2 3%
-002 447 C3llg
-003 448
-004 447
. . CoHy/ 0.53 Ar
625:-10-0161-001 240 447 14.6 10.19 C,H Ar 4.09 CoHy/ Ar 18.2 0.228 CH_S1C1 H, 8.8 8.43 CqH
272 2 3 3 2 376
~002 446 C4Hg ]
-003 447
-004 445

rg)

He or Hz or HZ)'

ssn

Active coating gas volume Zraction = C/(C + L + D); C = active coating gas flow rate (C

2“2/C3H6); L = levitation gas flow rate {Ar or He or Nz); D = diluent

gas flow rate (Ar or
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TABLE 2-2

. GENERAL DESCRIPTION OF TRISO PARTICLES TESTED IN HT-31 ,
X M - Test Conditions
Buffer : PyC sic oPyC Total Coated Parcicle Design| Design Peak
! Thickn Density® | Thickn penstey® M Thickn penstey® | Thickaess | Densiey ML s1ey (S Tf:n::“ mnean Densicy (@ :m::rlof Sampl T:;“ (Eagtzglg‘)‘ce gﬁ::gn
sampte vumber | o | Pr?y | e Pneredy | nar® [ ortapty) | Tm | Teared | om | ot | me® | Tom | Gm | otafed | Tested - |posteion| 0 | (105 afad) | & FiiA)
° ° 2
6232-05-0160-005 69 1.04, 30 1.84 ND 1.18 35 3.20 48 1.85 ND 32.9 176 872 3.59 34 43 1200 5.6° 6.2
6252-05-0160-006 | 68 1.04 30 1.86 ND 1.18 34 3.20 50 1.85 ND 32.9 176 873 3.59 51 27 1500 7.7 8.4
6252-06-0161-001 69 1.07 34 1.90 1.076 1.30 a1 3.22 45 1.74 1.022 49 181 819 3.39 53 49 1200 4.4 5.0
6252-06-0161-002 68 1.07 T 1.90 1.076 1.30 &1 3.22 - & 1.76 1.022 49 181 823 3.39 8 38 1500 7.0 7.7
6252-06-0261-001 60 1.12 39 1.93 1.088 1.30 19 3.21 &7 1.70 1.028 59 190 813 3.26 52 48 1200 4.7 5.2
6252-06-0261-002 59 112 39 1.93 1.088 1.30 19 . 6 1.70 1.028 59 190 812 3.26 77 36 1500 7.3 7.9
6252-07-0161-001 57 112 39 i.93 1.079 1.32 39 3.20 50 1.81 1.027 59 “191 816 3.23 54 46 1200 5.0 5.6
6252-07-0161-002 58 1.2 39 1.93 1.079 1.32 40 v o320 52 1.8 - | 1.027 59 191 823 3.23 80 35 1500 7.4 8.0
6252~07-0261-001 63 1.2 39 1.93 1.098 1.31 39 3.21 6 1.80 1.030 48 187 820 3.32 -53 45 1200 5.2 5.8
6252-07-0261-002 62 1.92 39 1.93 1.098 | 1.3 39 3.0 47 1.80 1.030 ‘48 w7 | s 3.32 78 33 7] 1500 7.5 8.2
6252-08-0161-001 60 V.12 39 1.93 1.065 1.29 39 3.20 49 1.89 1.034 46 196 836 3.30 54 51 1200 3.9 . 4.5
6252-08-0161-002 60 1.2 39 1.93 1.065 1.29 39 3.20 50 1.89 1.03 46 19 836 3.30 80 29 1500 7.7 8.4
6252-09-0161-001 66 1.07 3 1.90 1.095 1.28 4 3.22 &7 1.78 1.018 62 185 823 3.34 53 %) 1200 5.9 6.4
6252-09-0161-002 63 1.07 34 1.90 1.095 1.28 13 3.22 8 1.78 1.018 62 - 1es 819 3.34 78 32 1500 7.6 8.2
6252-10-0161-001 63 ot | 1.90 1.074 1.24 % 3.22 53 1.98 1,036 6 189 829 3.31 [1] 0 1200 6.2 6.8
6252-10-0161-002 62 107 .| 3 -1.90 1.076 1.24 &2 3.22 51 V.98 1.036 46 189 824 3.31 9 T a0 1500 7.6 8.3

(a)
()
(c)
)

H;nsuredvon parent batch prior to density separation. . .

Measured on nonheat-treated parent batch. Bacon Aniso:ropy Factor measured using 24-um-diameter spot. i
Measured by Hg intrusion at 68.9 MPa. " . ’ .
Determined using Hg-porosimetry.
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s
' ’ ) TABLE 2-3 ’
GENERAL DESCRIPTION OF TRISO PARTICLES TESTED IN HT-33
. Test :an’dicinns
sutfer . 1py2 sic orye Total Coated Particle Desdgn| Design Peak
Thickness Peasit: (a) Thickness | Densit (ar - Mean Thickne‘ss Densit, (a) Thickness | Densit @ HMicroporosit (e) T:Z::\::s Diﬁ::er Densi:rf(d) ::::;122 Sample .'ll.‘:t (:a:(zn‘flj‘;ce gi::ﬁn
Sample Number Gm | Claind) G| asnd | aar®® | ormare 1 Gy | (Fafud) (um) P N L) G () (o) Mp/eh | Tested | postrion| () | 1085 araBt| 2 Finn
] o .
6252-05-0160-007 68 1.04 | 30 1.84 ND 1.18 35 3.20 50 1.85 ND 32.3 . 176 872 3.59 N 34 45 1200 6.5 9.4
6252-05-0160-008 68 1.04 30 1.84 ND 1.18 34 3.20 48. 1.85 ND 32.9 176 87) 3.59 51 30 1200 9.6 12.4
6252-06-0161-003 64 .07 34 1.99 | 1.076 . 1.30 41 3.22 &4 1.74 1.022 49 18 818 3.3% i 53 48 1200 5.9 8.0
6252-)6-0161-004 68 1.07 3 1.90 1.076° 1.30 .M 3.22 46 1.74 1.022 49 181 SZQ 3.39 78 33 1500 9.3 12.1
6252-16-0261-003 60 - 1.12 39 1.93 1.088 1.30 38 . 47 . L0 1.028 59 190 812 . 3.26 52 46 1200 6.3 8.6
6252-06-0263-004 59 a2 39 1.93, 1.088 1.30 39 2 48 1.70 1.028 59 190 816 3.28 77 32 1500 9.5 12.2
6252‘-07-0\61-00] 58 a2 39 1.93 1.079 1.32 39 3.20 51 1.8 1.027 59 191 826 3.23 54 43 100 6.9 9.5
6252-07-0161~004 | 58 ) 1.12 39 1.93 .| 3.079 1.32 38 3.20 52 1.8 1.027 59 193 :ra] 3.23 80 36 1500 9.1 1.8
62;2-67-0261-003» 61 1.12 © 39 1.93 1.098 1.31 39 3.2 46 1.80 1.030 48 187 813 3.3 53 42 1200 7.3 9.7
6252-07-0261-004 62 1.12 39 : 1.93 1.098 1.3 38 : 2 46 T 1.80 1.030 . 48 187 814 3.32 78 35 1500 9.2 1.9
6252-08-0161-003 6 192 39 1.93 1.065 1.29 a8 3.20 47 1.89 1.034 46 194 836 3.30 54 49 1200 5.5 7.5
6252-08-0161-004 61 1.12 39 1.93 1.065 1.29 38 3.20 50 1.89 1.034 46 194 836 3.30 80 27 1300 9.6 12.5
. 6252-09-0161-003 65 1.07 3 1.90 1.095 1.28 42 3.22 47 1.78 1.008 62 185 824 3.3 53 40 1200 7.6 10.2
6252-09-0161-004 67 1.07 34 1.90 1.095 1.28 42 “3.22 49 1.78 1.018 62 185 826 3.4 78 38 1300 8.7 1.5
6252-10-0161-003 63 1.07 34 1.90 1.074 1.24 42 3.22 51 1.98 1.036 46 189 86 3. 53 51 1200 4.9 7.0
6252-10-0161-004 62 1.07 . 34 . 1.90 | 1.07Z 1.24 42 3.22 51 1.98 1.036 46 189 ‘818 3.0 79 29 1500 9.6 12.5

(&) Measured on parent bateh prior to demsity separation.
()

Measured on ronheat-treated parent batch. Bacon Anisozrojy Factor measured using 24-im-diameter spot.
¢ T

"ueusu:gd by Hg intrusien at 68.¢ MPa.
d)De:emlned using Hg poTosimetry.
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TABLE 2-4

PARTICLES TESTED IN HT-33

FABRICATION CONDITIONS OF BISO ThO2
Buffer OPyC
Coater | Kernel | Initial ]|Coating Coating ‘Active J
Size |Diameter | Load Rate Coating| Diluent Rate Coating Coatin% Gas} Diluent
Sample Number (mm) (um) | (kg) (vm/min) Gas Gas -(um/min) Gas Ratiof(a) Gas
6542-27-0161-001 127 500‘ 2 18.6 CZHZ Ar 4.6 C2Ha/ 0.29 Ar
6542-27-0161-002| 127 .503 o : C3Hg :
6542-29-0261-001 240 504 20 9.0 CZHZ Ar 4.3 CpHa/ 0.46. N,
6542-29-0261-002 | 240 503 C3Hg - »
6542-39-0161-001 240 508 20 8.6 Czﬁz Ar 4.1 CoHa/ 0.45 N2
6542-39-0161-002 | 240 508 N . C3Hg
6542-40-0161-001 240 500 13 13.6 CZHZ Ar 5.8 CoHy/ 0.20 H,
6542-40-0161-002 | 240 502 _ C3Hg
6542-40-0260-001 240 503 13 13.9 C2H2 Ar 5.8 CyHy/ 0.24 H2
6542-40-0260-002 | 240 500 ’ C3Hg :
6542-40-0261-001 [ 240 500
6542-40-0261-002 | 240 501
6542-41-0160-001 | 240 507 13 13.0 C2H2 Ar 5.8 CoH2/ 0.45 N2
6542-41-0160-002 | 240 505 ) C3Hg )
6542-41-0161-001{ 240 503
6542-41-0161-002| 240 503

(a)

Active coating gas volume fraction = C/(C + L + D); C = active coéting
L = levitation gas flow rate (Ar or He or NZ); D = diluent gas flow rate (Ar

gas flow rate (CZHZ/C3H6); :
or He or N, or HZ)'
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‘TABLE 2-5

GENERAL DESCRIPTION OF BISO PARTICLES TESTED IN HT-33

"Total Coated Particle

Test Conditions

Buffer OPyC Design Design Peak Design
" e (&) ,c) @,e) ) Coatin%a) Mean (a) Mean Number:of Test Fast Fluence Peak

?at ¢ { Thickness Density . Thickness Density3 (d,£) Microporosity Thickness Diameter Dansigy Particies | Sample T?Tp. (E > 5? £I)YTGR | Burnup

Sample No. Trea:zment (um) (Mg,m”) (um) (Mg/m?) BAFD (ml/kg) {(um) (ym) (Mg/m”) Tested Position °C) (107 n/m®) (X FIMA)
6542-27-0161-001 Yes 87 1.09 75 1.86(® 1.041 23.3 162 823 3.45 40 8 1200 6.8 9.1
6542-27-0161-002 Yzs 88 1.09 75 1.86(3) 1.041 23.3 164 829 3.45 57 17 1500 9.5 1.7
6542~-29-0261-001 Y=s 94 13 76 1.96 1.081 .19.5 170 843 3.45 39 10 1200 7.4 9.6
6542-29~0261-002 Yes 93 113 72 1.96 1.081 19.5 166 833 3.45 55 15 1500 9.2 1.4
6542-39-0161-001 Yes 86 1.13 n 1.98 1.079 17.5 156 821 3.61 38 2 1200 5.1 7.2
6542-39-0161-002 Yes 86 1.13 74 1.98 1.079 17.5 161 . 826 3.61 S4 21 1500 9.9 2.1
654%2-40-0161-001 Yes 91 1.10 73 1.74 1.042 25.0 164 828 3.35 41 4 1200 5.8 7.8
6542-40-0161-002 Yes 93 1.10 71 1.74 1.0&2' 25.0 164 827 3.35 58 23 1500 10.0 12.2
6542-40-0260-001 No 85 1.10 76 1.27 1.038 23.5 161 829 3.36 41 7 1200 6.6 8.8
6542-40-0260-002 No 88 1.10 77 1.77 1.038 23.5 164 826 3.36 58 26 1500 10.2 12.4
6542-40-0261-001 Yes 89 1.10 78 1.77 v.038 22.5 168 832 3.39 41 5 1200 6.0 8.2
6542-40-0261-002 Yes 87 1.10 76 1.77 1.038 22.5 164 828 3.39° 58 24 1500 10.1 12.3
6542-41-0160-001 ro’ .91 1213 70 2.00 1.060 19.0 160 827 3.51 40 13 1200 8.1 10.3
6542-41-0160-002 to 88 1.12 68 2.00 1.060 19.0 155 817 3.51 56 20 1500 9.8 12.0
6542-41-0161-001 Yes 92 1.2 69 2.02 1.08% 22.5 161 825 3.54 40 " 1200 7.6 9.6
6542-41-0161-002 Yes 92 113 69 2.02 1.081 22.5 161 823 3.54 56 18 1500 9.6 11.8

(a)
(b)
(c)
(d)
(e)
£)
(8)
(b)

Determined by mathematiczl calculation.

Measured on as-ccated pateat batch.

Measured by Hz iotrusion at 58.9 MPa.

Measured or calcilated or cajsule test samples.

Values for as-costed parent batch; data not available for heat-treated parent batch.

- 5
Optical anisozropy measured using the Seibersderf o>tical unit at GA using a 24~im-diameter light spot at the center of the coatings.

Measured on heat-treated parant batches, except whese noted, for the heat-treated capsule test samples; otherwise the as-coated parent batches were measured.
Measured by a licuid gracient technigue.
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Fig. 2-2, Steps involved in 6btaining the BISO coated ThO, particle samples

for irradiation capsule HT-33.

The operations marked with an

asterik were not performed on parent batch 6542-27-015.
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of any of the fluids used for density separation. Lastly, the particles
were heat treated for 0.5 hour at 1800°C in Ar. This step was aone to
simulate the processing temperature that fuel particles would experience
during fuel rod fébrication} As seen in Fig. 2-2, BISO samples were
selected in the same manner as the TRISO samples. Oné additional heat
treatment, for 90 min at 1650°C, was done on a split samﬁle'of each BISO
parent batch coated in the large-diameter coater. The heat-treated samples
are identified in Table 2-5. -The purpose.of the héat treatment was to
determine changes in coating properties caused-by heat treating and is -

discussed fully in Ref. 2-1.
2.3.. CAPSULE DESIGN

Each HT capsule (Fig. 2-3) consisted of a metal tube with an external
configuration identical to that of an HFIR target rod. After ioading, the
capsule was sealed with 99.995% pure Ar at a préssure_of 0.14 MPa (5 psig).
~ There was no thermocouple instrumentation for direct temperature measure-
ment or utilization of purge gas to monitor circulating fission product
activity. It was not possible to alter the temperéture of fuel specimens

in pile with this type of capsule design.

Each capsule contained four cylindrical graphite magazines. Each
magazine, in turn, contained 13 small graphite crucibles with an’annular
cavity that held from 34 to 80 fuel particles. .GA samples were placed in
eight of the 13 crucibles. Low-enriched U02 was placed in the other five

“crucibles in each magazine to ensure a more uniform power generation and
temperature over the 11fe of the experlment Two of the magazines in
each capsule were des1gned for positions operatlng at 1200 C particle sur-

25 n/m 2 (E > 29

The other two magazines in each capsule were in positions to
25

face temperature and a fast fluence of 3.9 to 7.6 x 10

fJ)H'I‘GR
operate at 1500°C particle surface temperature and 7.0 to 9.7 x 10

(E > 29 £J)

/m2

HTGR" GA samples occupied the bottom two magazines (16 posi-

tions) in capsule HT-31 and all 4 magazines (32 positions) in capsule
HT-33.
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The power necessary to maintain test temperatures in each crucible
was used to determine the quantity of thorium needed in each position.
The number of particles per position was determined by dividing the required

weight of thorium for a designated position by the thorium weight per
particle.

REFERENCE

2-1. Kovacs, W. J., C. A. Young, and D. P. Harmon, "Preirradiation
Report of TRISO and BISO Coated ThO2 Particles for Irradiation in
Capsules HT-31 and HT-33," ERDA Report GA-A13923, General Atomic
Company, November 1976, pp. 3-3 to 3-34, pp. 4-2 to 4-27.



3. IRRADIATION PARAMETERS
3.1. CAPSULE OPERATING HISTORY

Capsule HT-31 was inserted into HFIR target position G-5 on March 14,
1976, and removed on June 16, 1976, after 2146.56 hours at 100-MW reactor
power (4 cycles). Capsule HT-33 was inserted into HFIR farget position
G-5 on June 17, 1976, and removed on October 21, 1976, after 5 cycles
and 2759 hours at 100-MW reactor power. The irradiation proceeded without
incident for both capsules. The HFIR operating history for the cycles

encompassing the periods of capsule irradiation is given in Table 3-1.
3.2. NEUTRON FLUX

The fast neutron flux apd fluence levels (E > 29 fJ)HTGR were
calculated by workers at ORNL and are reported in Ref. 3-1. The values
for fast fluence were revised and reported by private communication from
K. R. Thoms at ORNL to C. A. Yohng at GA. These reviéed values are used

in this report and are given in Tables 3-2 through 3-4.
3.3. HEAVY METAL BURNUP

Capsules HT-31 and HT—33 were the first GA HFIR target capsules to
have burnup measured by chemical analysis and calculated by a new computer
code (HIFR, named for the high-flux isotope reactor) developed for the HT
capsule series at GA. Earlier HT capsule burnup values were only calcu-
lated at ORNL using the CACA-2 code (Ref. 3-2). Three fertile fuel par-
ticle samples were selected for chemical analysis: one sample each from
ﬁhe high and low neutron flux regions in HT-33 and one sample from a mid-

flux region in HT-31.



TABLE 3-1
OPERATIONAL HISTORY OF CAPSULES HT-31 AND HT-33

Irradiation.fime(a)
ﬁFIﬁ . Dates~ Du;ing Cycle Accumulated
Capsule Cycle Begin End Hours Days Hours Days
_ _ (b) “(b)
HT-31 130 | 3/14/76 | 4/6/76 | 557.76 |- 23.24 | 557.76 | 23.24
131 | 4/7/76 | 4/30/76 | 552.48 | 23.02 | 1110.24 | 46.26
132 5/1/76 5/22/76 489f60‘ 20.40 1599.84: 66.66
133 5/23/76 6/16/76 546.72 22.78 | 12146.56 89.44
‘ ‘ (c) (c)
HT-33 134 | 6/17/76 | 7/9/76 | 534 22.25 | 534 22.25
135 | 7/10/76 | 8/1/76 | 547 22.79 | 1081 45.04
136 8/2/76 8/25/76 540 22.50 1621° 67.54
137 9/2/76 9/25/76 564 22.75 2185 90.29
138 9/27/76 | 10/21/76 | 574 23.92 | 2759 114.21
(a)

(c)

3-2

Irradiation time.at 100-MW reactor power.
(®pes. 3-1, p. 248.
Ref. 3-1, p. 264.



: TABLE 3-2
IRRADTATION CONDITIONS FOR TRISO HT-31 PARTICLES

Time ‘ ' Burnup
: Number of | Averaged Fast Fluence 7 FI

Particle Batch Sample Particles | Temp.(a) (E > 29 fI)yTGR (% FIMA) Percent
Retrieval Number | Position Tested (°c) (1025 n/m?) ORNL | GA Difference
6252-05-0160-006 |- 27 _ 51 1530 8.1 8.6 9.2 ~-7.2
6252-08-0161-002 29 80 1520 8.1 8.4 9.0 -7.3
6252-10-0161-002 30 79 ' 1430 8.0 8.3 8.8 -6.5
6252-09-0161-002 32 78 ° "~ 1420 7.8 8.1 8.6 | -6.2
6252-07-0261-002 33 78 1410 7.8 8.0 8.4 -5.4
6252-07-0161-002 35 80 1400 7.6 7.7 8.1 -5.2
6252-06-0261-002 36 77 1390 7.5 7.6 7.9 -3.7
6252-06-0161-002. 38 78 1410 7.3 7.3 7.5 1 . -2.9
6252-10-0161-001 40 53 1250 6.5 6.2 6.1 2.3
5252-09-0161-001 42 53 1220 6.1 5.8 5.6 2.9
§252-05-0160-005 43 | 34 1250 5.9 5.5 5.4 2.2
6252-07~0261-001 45 53 1190 5.4 5.1 4.9 3.5
£252~07-0161-001 46 54 1180 5.2 4.9 4.7 4.5
6252-06-0261-001 48 52 - 1160 4.8 4.4 4.2 4.1
6252-06-0161-001 49 53 1150 4.5 4,2 4.0 5.5
6252-08-0161-001 51 54 1150 4.0 3.8 3.5 7.9

(a)

Maximum particle surface temperature.



TABLE 3-3
IRRADIATION CONDITIONS FOR TRISO HT-33 PARTICLES

H-€

Time _— Burnup
. Number of Averaged Fast Fluence (% FIMA)
Particle Batch Sample Particles | Temp.(a) (E > 29 fJ)HTGR - Percent
Retrieval Number | Position Tested (°c) (1025 n/m2) ORNL GA Difference
 6252-08-0161-004 27 80 1420 ' 11.7 12.5 13.2 -5.6
6252-10-0161-004--| - 29 . 79 1 - 1470 11.5 12.3 ]| 12.9 -4.9
6252-05-0160-008 30 51 1510 114 12.1 | 12.7 -5.0
6252-06-0261-004 32 77 1460 . 11.2 11.9 12.4 -4.2
6252-06-0161-004 | 33 - .78 : 1450 11.1 11,7 | 12,2 -4.3
6252f07—0261—004 . 35 78 1440 -10.9 11.4 11.7 -2.6
6252-07-0161-004 36 80 1430 ' 10.7 - 11.3 11.5 -1.8
6252-09-0161-004 38 78 1450 10.5 10.9 11.0 -0.9
6252-09-0161-003 40 , 53 1210 ' 9.3 9.3 9.0 3.2
6252-07-0261--003 42 - 53 1250 8.7 8.7 8.4 3.4
6252-07-0161-003 43 54 1230 8.4 - 8.4 8.0 4.8
6252-05-0160-007 45 34 . 1260 7.8 7.8 7.4 . 5.1
6252-06;02615003 46 _ 52 1220 7.5 7.51 7.1 . 5.3
6252-06-0161-003 48 | 53 _ 1200 6.8 6.9 6.4 7.2
6252-08-0161-003 |. 49 54 1180 6.5 6.6 6.0 9.1
6252-10-0161-003 51 A 53 © 1190 5.7 5.9 5.4 8.5

(a)

Maximum particle surface temperaturez.



TABLE 3-4
IRRADIATION CONDITIONS FOR BISO HT-33 PARTICLES

S-¢€

: Time . Burnup
- ' Number of Averaged Fast Fluence (% FIMA)

Particle Batch ~ | "Sample Particles | Temp.(a) (E > 29 fJI)yTCR - . Percent
Retrieval Number | Position Tested _ (°C) (1025 n/m2), ORNL | GA | Difference
6542-39-0161-001 2 . 38 1240 5.7 5.9 5.4 8.5
6542~-40-0161-001 4 41 1220 6.5 6.6 6.0 9.1
6542-40-0261-001 5 41 1230 6.8 6.9 6.4 7.2
6542-40-0260-001 7 41 1250 1 7.5 7.5 7.1 5.3
6542-27-0161-001 8 40 1270 7.8 7.8 7.4 5.1
6542-29-0261-001 10 39 1290 8.4 8.4 8.0 4.8
6542-41-0161-001 11 40 1300 8.7 8.7 8.4 3.4
6542-41-0160-001 13 _ 40 A 1260 9.3 9.3 9.0 3.2

© 6542-29-0261-002 15 55 1490 _ 10.5 10.9 | 11.0 -0.9
6542-27-0161-002 17 - 57 1470 10.7 11.3 11.5 -1.8
6542+41-0161-002 18 56 1480 - 10.9 1.4 | 11,7 -2.6
6542-41-0160-002 20 56 1490 11.1 1.7 1.12.2 -4.3
6542~39-0161-002 21 54 ~ 1500 : 11.2 11.9 | 12.4 -4.2
6542-40-0161-002 23 58 1500 1.4 12.1 12.7 -5.0
6542-40~0261-002 24 58 1510 © 11,5 12.3 1 12.9 -4.9
6542-40-0260-002 26 58 1460 1.7 12.5 13.2 -5.6

(a)

Maximum particle surface temperature.



The chemical analysis was done in accordance with General Atomic
Procedure ACD-RC-001, "Atomic Percent Fission in Fissile and Fertile Fuel
Particles." Using the heavy metal loading and the results of the chemical
analysis, the FIMAs for each of the three batches were calculated using

the following equation:

\

. ) . o .
F, ==— x 100 = x 100 = Z FIMA s
37 Th © (Thy + U + F) o ,
where F3 = heavy element atom percent fission from U-233 (Th-232),
Th, = atoms thorium initial per total sample,

I
ThR = atoms thorium remaining per total sample,
u

R atoms uranium remaining per-total sample,

F = atoms fission per total sample.
The FIMAs for each batch are compared as follows:

‘Calculated FIMA Measured FIMA®

HT-31-38 7.4% R 'S
HI'-33-51 . 5,1% - ' 5.4%
HT-33-27 11.4% 12.2%

The'heavy metal burnup in the HT capsules was calculated byhthe com-
puter code HIFR. As. shown in Table 3-5,. the burnup values calculated with
the HIFR code were in good agreement with the measured values.” The HIFR .
" code value for batch HT-33-27 did not agree as well with the mass spec-
trometry values as did the other fwo batches. It did agreé within 8%,

however, which is within the error of the measurement.

Figure 3-1 shows FIMA values calculated by ORNL (CACA-2 code) and by
GA (HIFR code) and the méasqred values for the three capsule samples
. analyzed. The burnup values_calculated by ORNL and by GA with their per-
centage differences are gi?en in Tables 3—2jthrough'3—4. The values cal-

culated by the two different computer codes differ less than +10% for all

3-6



: TABLE 3-5
CALCULATED AND MEASURED BURNUP (% FIMA)

Position HT-31-38

Mass spectrometry 7.6
HIFR 7.51

Position HT-33-51

Mass spectrometry 5.4

HIFR: 5.38

Position HT~33-27

Mass spectrometry 12.2

HIFR 13.25




POSITION . -POSITION . , POSITION
HT33-27 .. W38 , HT33-51

15. — IJ' } ‘ T
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Fig. 3-1. Calculated and measured burnup values for capsules HT-31 and
' HT-33
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the samples in both HT capsules. The burnup values calculated by GA using .

the new HIFR computer code have been used in this report.
3.4. THERMAL ANALYSIS

There are no provisions for direct temperature monitoring in the HT
capsﬁles. A detailed thermal analysis of each capsule was performed by
ORNL with the HTCAP computer code (Ref. 3-3). The total heat generation
within each capsule was.calculated, and a modified one-dimensional heat
transfer analysis was performed. The maximum particle surface operating
temperatures were calculated at 1-day intervals for each HFIR irradiation
cycle. Figures 3-2 and 3-3 show the calculated irradiation temperature
and power geherated per particle for representatfve'particle samples from
a low-temperature magazine in HT-33 and a high-temperature magazine in
HT-31, respectively. The calculated irradiation temperafure and power -
generated per particle for each sample are given in Refs. 3-4 and 3-5.
The time-averaged temperature for each fuel sample is reported in Tables

3-2 through 3-4.
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4. RESULTS OF POSTIRRADIATION EXAMINATIONS

Disassembly of the capsules and unloading of the fuel particles from
their graphite crucibles were completed at ORNL (Ref. 4-1). After removal,
the fuel specimens were shipped to GA for additional postirradiation char-
acterization. The samples were reexamineq visually; particle’dgnsity,
metallography, gamma spectroscopy, and fission gas release measurements
were made; and wet chemistry anélysis for burnup was performed on

selected samples.
4.1. VISUAL EXAMINATION

The visual examination conducted at GA was performed using an in-cell
stereomicroscope with a magnification of 4X or 20X. Coating failure levels
observed in the particle samples during this examination are reported in
Tables 4-1 and 4-2, All TRISO samples irradiated in the lower temperature
positions (design particle surface.temperature of 1200°C) to a fluence bf
4.0 to 9.1 x 1025 n/m2 (E > 29 fJ)HTGR

low OPyC¢ecoating failure. Zero total coating failure was expected and was

had zero total coating failure and

consistent with the TRISO particle design predictions discussed in Sec-
tion 5.1.2. There was less low-temperature OPyC failure in HT-33, which '
was the higher-exposure test. Very high total coating failure was
exhibited in all the particle samples from the high-temperature (1500°C
design particie sufface temperature) magazines in both capsuleé (see '
Table 4-1). Some of the samples from the same parent batches had low
failure in one capsule but high failure in the other. Lower failure was
usually observed in the samples located at the ends of the high-temperature

magazine where the temperatures were lower.

As shown in Table 4-2, all the BISO samples that had an OPyC BAF |

of £1.04 exhibited zero failure in the low-temperature magazine (design

4-1
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TABLE 4-1

PARTICLE DESCRIPTION AND VISUAL FAILURE OF TRISO ThO, SAMPLES FROM CAPSULES HT-31 AND HT-33

2
Time Number of |Percent Predicted

. Kernel | Coater Averaged Fast Fluence Number of { Number of | Number of |[Percent Total Total Pressure
Particle Batch ({Diameter| Size Capsule Temperature | Burnup (E > 29 fJ)ygr | Particles| Particles OPyC OPyC Coating |Coating Vessel
Retrieval Number (um) (mm) BAFéa) Position(b) (°Cc) (% FIMA) (1025 n/m2) Tested Examined | Failures |Failures| Failures [Failures| Failures

HT-31 1200°C Design Partizle Surfaze Temperature (900°C Graphite Crucible Temperature)

6252-10-0161-001 447 240 1.052 40 1250 6.1 6.5 53 53 1 1.9 0 0 Oggg
6252-09-0161-001 447 240 "1.036 42 1220 5.6 6.1 53 53 1 1.9 0 0 O(B)
6252-05-0160-005 511 127 1.026 43 1250 5.4 5.9 34 35(c) 0 - ] 0 0 O(g)
6252-07-0261-001 447 240 1.041 45 1190 4.9 5.4 53 53 1 1.9 [} 0 o(g)
6252-07-0161-001 448 240 1.042 46 1180 4.7 5.2 54 54 2 3.7 ] 0 O(g)
6252-06-0261-001 448 240 1.038 48 1160 4.2 4.8 52 52 0 [ 0 0 O(g)
6252-06-0161-001 449 240 1.033 49 1150 4.0 4.5 53 53 0 0 0 . 0 O(g)
6252-08-0161-001 447 240 1.045 51 1150 3.5 4.0 54 50(c) 0 0 0 0 0
) HI-31 1500°C Design Particle Surfacz Temperature (1250°C Graphite Crucible Temperature)
6252-05-0160-006 | 509 127 | 1.026 27 1530 9.2 8.1 51 51(d) (e) (e) 49 96.1 (£)
6252-08-0161-002 447 240 1.045 29 1520 9.0 8.1 80 go(d) (e) (e) 64 80 - (£)
6252-10-0161-002 | 446 240 | 1.052 30 1430 8.8 8.0 79 79(d) (e) (e) 42 53.2 (£)
6252-09-0161-002 447 240 -] 1.036 32 1420 8.6 7.8 78 78(d) (e) (e) 74 94.9 (£)
6252-07-0261-002 | 446 240 | 1.041 33 1410 8.4 7.8 78 78(d) (e) (e) 30 38.5 (£)

- 6252-07-0161-002 448 240 1.042 35 1400 8.1 .7.6 80 go(d) (e) (e) 42 52.5 (£)
6252-06-0261-~002 448 240 1.038 36 1390 7.9 7.5 77 77(d) (e) (e) - 9 1.7 (£f)
6252-06~0161-002 448 240 1:033 38 1410 7.5 7.3 78 78 [} 0 0 0 (£)

HT-33 1500°C Design Particle Surfa:e Temperature (1250°C Graphite Crucible Temperature)
6252-08-0161-004 448 240 1.045 27 1420 13.2 1.7 80 80 (e) (e)’ 22 27.5 (f)
6252-10-0161-004 445 240 1.052 29 1470 12.9 1.5 79 79 (e) (e) 78 98.7 (f)
6252-05-0160-008 510 127 1.026 30 1510 12.7 11.4 51 51 (e) (e) 51 100 (f)
6252-06~0261-004 449 240 -] 1.038 32 1460 12.4 1.2 77 77 (e) (e) 77 100 (£f)
6252-06-0161-004 450 240 1.033 33 1450 12.2 111 78 78 (e) (e) 78 100 (£)
6252-07-0261-004 447 240 1.041 35 1440 11.7 10.9 78 78 (e) (e) 78 100 (f)
6252-07-0161-004 447 240 1.042 36 1430 1.5 10.7 80 80 (e) (e). 79 98.8 (£) -
6252-09-0161-004 447 240 1.036 38 1430 11.0 10.5 78 78 (e) (e) 40 51.3 (£)

HI-33 1200°C Design Particle Surface Temperature (900°C Graphite Crucible Temperature)
6252-09-0161-003 | 448 240 | 1.036 40 1210 9.0 9.3 53 53 0 o 0 0 o(e)
6252-07-0261-003 | 446 ~ | 240 | 1.041 . 42 1250 8.4 8.7 53 53 0 0 0 0 o(8)
6252-07-0161-003 | 448 240 | 1.042 43 1230 8.0 8.4 54 54 0 0 0 0 o(g)
-6252-05-0160-007 | 509 127 | 1.026 a5 1260 7.4 7.8 34 34 0 0 0. 0 o(g)
6252-06-0261-003 | 448 240 | 1.038 46 1220 7.1 7.5 52 52 2 3.9 0 0 ole)
6252-06-0161-003 448 240 1.033 48 1200 6.4 6.8 53 53 0 0 0 0 o(8)
6252-08-0161-003 447 240 1.045 49 1130 6.0 6.5 54 54 0 0 0 0 0(3)
6252-10-0161-003 | 447 260 | 1.052 51 1190 5.4 5.7 53 53 0 0 0 0 o(8)

(a)
(b)
(c)
(d)
(e)
(£)

pressure.

(8)

Measured with a Seibersdorf optical anisotropy unit using a 24-um circie.

No pressure vessel failure predictions were done at 1500°C because faiiure at such high temperatures is caused by SiC degradation in addition to internal

Sample size different from original size.

-
v

OPyC coating failure without total coating failure was nst observed.

The total number of particles could not be counted due to higk failure; value given is the design number of particles for the sample.

TRISO particle performance predictions described in Ref. 4-2 and based on an apparent failure stress of -4.9 MPa (-3400 psi).

The number designates the axial position im the capsule; tha rumbers ircrease consecutively towards the bottom of the capsule (relative to the reactor core).
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TABLE 4-2
PARTICLE DESCRIPTION AND VISUAL FAILURE OF BISO ThO2 SAMPLES FROM CAPSULE HT-33

. Time
Kernel | Coater| OPyC . Averaged . Fast Fluence Number of | Number of Total |Percent

Particle Batch Heat Diameter| Size | Diluent (a) Capsule Temperature{ Burnup | (E > 29 fJ)gTGR Particles |Particles | Coating [Coating

Retrieval Number | Treatment (pm) (mm) Gas BAFO Position(b) (&) (% FIMA) (1025 n/m2) Tested. Examined | Failures|Failures
1200°C Design Particle Surface Temperature (900°C Graphite Crucible Temperature)

6542-39-0161-001 Yes 508 240 N, 1.079 2 1240 5.4 5.7 38 38 3 7.9
6542-40-0161-001 Yes 500 240 Hy 1.043 4 1220 6.0 6.5 41 41 0 o
6542-40-0261-001 Yes 500 - 240 Hy 1.038 5 1230 6.4 6.8 41 41 0 o]
6542-40-0260-001 No - 503 240 Hy 1.038 7 1250 7.1 7.5 41 41 0 0
6542-27-0161-001 Yes 500 127 Ar 1.041 8 1270 7.4 7.8 40 40 0 0
6542-29-0261-001 Yes 504 240 N, 1.081 10 _ 1290 8.0 8.4 39 39 23 59
6542-41-0161-001 Yes 503- 240 Ny 1.081 1 - 1300 8.4 8.7 40 40 14 35
6542-41-0160-001 No 507 240 N, - 1.060 13 1260 9.0 9.3 40 40 12 30

. 1500°C Design Particle Surface, Temperature (1250°C Graphite Crucible Temperature)

6542-29-0261-002 Yes 503 240 N, 1.081 15 1490 11.0 10.5 55 55 49 89.1
6542-27~0161-002 - Yes 503 127 Ar 1.041 17 1470 1.5 10.7 57 57 0 0
.6542-41-0161-002 Yes 503 240 N, 1.081 18 1480 11.7 10.9 56 56 53 9.6
6542-41-0160-002 No 505 240 N, 1.060 20 1490 12.2 1.1 56 56 Lost
6542-39-0161-002 Yes 508 2490 N, 1.079 21 1500 12.4 11.2 54 54 50 92.6
6542-40-0161~002 Yes 502 2490 H, 1.043 23 1500 12.7 11.4 58 58 53 91.4
6542-£0-0261-002 Yes 501 240 Hy 1.038 24 1510 12.9 11.5 58 56(c) -0 0
6542-40-0260-002 No 500 240 Hy 1.038 26 1460 13.2 1.7 58 58 -10 17.2

(a)
(b)

reactcr core).
le)

Sample size different from original size.

Measured with a Seibersdorf optical anisotropy unit using a 24- m circle.

The number designates the axial positior. in the capsule; the numbers increase consecutively towards the bottom of the capsule (relative to the



particle surface températﬁfe 1200°C). These sémples included the two
large coater batches made using H2 dilution and the one reference 127-mm
coater batch. In the high-temperature magazine (1500°C design particle
surface temperature), the same batches exhibiteq failure of up to 17%,
except for one large coater batch (6542-40-0161-002) which had a visual
OPyC coating failure level of 917%. All of the BISO samples with 21.06
BAF0 values in the OPyC had high failure in both the high- and low-

temperature magazines.

As discussed in Ref. 4-3, it was expected that heat~treatment-induced
changes in the OPyC would cause higher particle failure leveié, especially
in the heat-treated sample from parent ‘batch 6542-41-015. As shown in®
Table 4-2, the coating failure levels of the 12 BISO samples that were heat
treated do not differ significantly from the three samples examined that

were not heat treated.

4.2. METALLOGRAPHY .

Five TRISO and two BISO ﬁarticle éamples from capsules HT-31 and
HT-33 'were initially examined metallographically to evaluate the irradi-
ation induced changes inythe particles. Niﬁe to 15 particles from each
sample were mounted and, after grinding, the specimens were reimpregnated
with mounting compound to reduce kernel pullout during polishing. The
Npolished specimens were examined under bright field illumination and

polarized light with a Leitz metallograph.

4.2.1. High-Temperature TRISO

High-temperature irradiation TRISO samples 6252-07-0261-002, 6542-06~-
0161-002, and 6252-08-0161-004 in HT-31 and HT-33 all revealed a high
degree of buffer densification and pyrocarbon anisotropy. In some par-
ticles, the SiC layer exhibited.a fine porosity that increased toward the
inner surface of the cqating, as éhown in Figs..4-1 and 4-2. The kernel
microstructure consisted of a continuous gray phase with large pores and

a small, white, apparently metallic phase scattered throughout. No grain

4-4
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Fig. 4-1. Bright field photomicrographs of ThO2 TRISO particles from
batch 6252-07-0261-002
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Fig. 4-2. Bright field photomicrographs of ThO, TRISO particles from
batches 6252-08-0161-004 (HT-33-27) and.6252-06~0161-002
(HT-31-38)
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boundaries were discernible in the kernel. The shape of the kernel was
usually oblong and sometimes broken up into globules at the periphery.
Kernel migration and SiC attack were seen in most cases. In some cases,

a large concentration of a white phase was located near the advancing side
of the kernel. Kernel migration coefficients were calculated and the
results are shown in Table 4-3. The distance the kernels traveled was
measured on the polished sections of two specimens from capsule HT-31.

Kernel migration is discussed in detail in Section 5.1.2.1.

4.2.2. High-Temperature BLSO

From the high-temperature magazine in HT-33, BISO sample 6542-40-
0261-002 exhibited highly anisotropic buffer and OPyC coatings; however,
no OPyC failure was observed. 1In all of the particles there was a gap
between the kernel and the buffer (see Fig. 4-3). The circumference of
the kernel was rough. Two out of 13 of the kernels had cracks or voids
and all of the kernels exhibited fine porosity and a small dispersed white

phase. No kernel migration was observed in the BISO ThO2 particles.

4.2.3. Low-Temperature BISO

As shown in Fig. 4-3, the BISO low-temperature irradiation sample,
6542-40-0260-001 (HT-33-7), was in excellent condition after irradiation.
The metallographic examination showed a relatively low level of buffer and
OPyC anisotropy under polarized light. No metallic phase in the kernel
and no kernel migration were observed. There were no visible coating fail-
ures. Although some of the particles were severely faceted, the R/B meas-
urement results were low, showing that the short-lived fission gases had

been retained by the particles.

4.2.4. Low-lemperature TRISO

TRISO samples 6252—07—0261—003 and 6252-09-0161-003 from the HT-33
low-temperature magazine positions 42 and 40 appeared to be in good condi-

tion under metallographic examination as shown in Figs. 4-4 and 4-5. The
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TABLE 4-3

CALCULATED KERNEL MIGRATION COEFFICIENTS FOR TRISO ThO, PARTICLES

IRRADIATED IN CAPSULE HT-31

2

Sample 33 Sample 38
Fast fluence(a) 1025n/m2(E > 29 fJ)HTGR] 7.8 73
Burnup(a)(z FIMA) 8.4 Lios
Irradiation time (s) 713 x 106 7:13 x 106
Amoeba equivalent temperature(b)(°C) 1470 1435
Thermal gradient® (k/m) 5.75 x 10* | 5.99 x 10
Kernel migration distance(c)(um)
Individual measurement 37 24
38 25
39 26
50 41
61 42
71 45
78 59
- 62
- 73
Average kernel migration distance (um)
Kernel migration coefficient (mZ-K/s)
Measured in-pile 3a6 % 10—10 3.0 x'~10_10
Predicted out—of—pile(e) Sl % 10_10 3.4 x 10_10

(a)
(b)

Calculated value.

The constant temperature that would result in the migration

distance predicted using the variation in the temperature with time.

(c)

(d)

(®)pes. 4-4.

Equation used:

At AX

Measured on particles in metallographic polished section.

\-1
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Fig. 4-3. Bright field photomicrographs of ThO, BISO particles from
batches 6542-40-0261-002 (HT<33-24) and 6542-40-0260-001

(HT-33-7)
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Fig. 4-4, Bright field and polarized light photomicrographs of ThO, TRISO

particles from batch 6252-07-0261<003 s
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Bright-field photomicrographs of ThO2 TRISO particles from batch

Fig. 4-5.
6252-09-0161-003 (Sheet 1 of 2)
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pyrocarbon coatings were slightly anisotropic under polarized light. No
degradation or corrosion of the SiC was observed. The kernel microstruc-
ture was uniform with fine porosity and a scattered metallic phase. No
kernel migration was observed in either sample.- In sample 6252-09-0161-
003, an apparently metallic white phase was discovered in the SiC coatings
in six out ofl15-of the particles mounted. This phase was not seen in the
other TRISO sample irradiated at low temperature (6252-07-0261-003). The
white phase occurred in the central region of the SiC coating, often in
lenticular flaws. The phase was never observed at the SiC-IPyC or‘SiC;i

OPyC interfaces. In all casés, the SiC layer appeared thicker wherever a

- white phase was seen, as shown in Fig. 4-5. The mount was reground and

polished three times to ensure that the white phaée observed was not a
polishing artifact. After the fourth polish, the white phase had been
observed in 10 out of the 15 particles. ‘This white phase is discussed

mbre;fully in Section 5.1.3.
4.3. 'FISSION GAS RELEASE

The retention of short-lived fission gases by  TRISO and BISO ThO2
particles from capsules HT-31 and HT-33 was evaluated by using the GA
TRIGA reactor, the linear accelerator, and thorium hydrolysis. The objec-
tive of the measurements was to compare the particle coating failure frac-
tions calculated from the R/B measurements with those determined by other
postirradiation examination’methods.: The barriers to release of short-
lived fission gases are the coatings of the fuel particles. Short-lived

fission gas release is a determination of total coating failure.

.Particle fuel failure levels for each specimén wére determined from
fission gas release data obtéined‘ffom the whole sample irradiated in each
position. The postirradiation fission gas released duripg TRIGA activation
comes from two sources: (1) heavy metal contamination on the particle sur-

face, and (2) failed fuel particles as shown by the following equations:

R/

/

BEOL =R + R/B : (4—1)»

Brailed fuel ¥ ®/BpoL
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R/B = R/B + R/B

“(4-2)

EOL failed fuel C(Th) ’

R/BS = (Thy) (x/bg) | B (4-3)

where . R/BEOL = measured postirradidtion fission gas release (TRIGA),
-R/Bfailed'fuel

. R/BBOL = measured préirradiation fission gas release (LINAC),

R/BC(Th) =_fissiqn gas release from thorium (U-233)

= fission gas release from failed fuel particles,.

contamination, )

ThC = thorium contamination measured by hydrolysis,

r/bC = fractional release from contamination (0.30).
Trace amounts of thorium contamination on the fuel particle surface afe
unavoidéble during fabrication. Contamination during irradiation and post-
irradiation handling is assumed to be zero. Therefore, the diffefence
between fission gas release (1) determined before irradiation or (2) cal-
culated from‘measured-fhorium contamination and the measured postirradi-

ation fission gas release.(R/B ) is assumed to be the fission gas

EOL
released from fuel papticles that ﬁailed during irradiation (R/B

” failed fuel)"
- The thorium contamination contribution due to the postirradiation fission
gas release can be calculated from thorium hydrolysis values or measured
directly by the photofission of thorium in the linear accelerator (LINAC).
As shown in Table 4-4, 12 of the 18 samples evaluated for short-lived
fissiqn.gas retention were mgasured for thorium contamination by LINAC
activation. Thorium hydrolysis values were use& to calculate the contami- -

nation contribution for the other six samples.

The direct measurement of fission gas release by LINAC activation is
‘a more accurate determination-of thdripm surface contamination but because
ailarge amount of sample. is required, it was not al&ays used. The. photo-
fission of Th—232 uses a high intensity beaonf photons -generated in a
linear accelerator to bombard the fuel sample. The linear accelerator
facility consists of a three-section 75-MeV L-band electron linear accel-

erator with the beam energy set at 30 MeV. The 30-MeV electron beam
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TRIGA FISSION GAS RELEASE DATA AND FAILURE LEVELS FOR PARTICLES IN HT-31 AND HT-33

TABLE 4-4

sample.

(b)

R/B Kr-85m detemined by the photofission of Th-232 in the LIKAC.
(C)R/B Kr-85m determined by uranium fiasion in a TRIGA reactor.

(d)Detemined by hyidrolysis test on parent batch, and indicates total amount of exposed heavy metal.

 (edgyp
(f)

& ) failad fuel
t/b = 0.0013 + 0. 00186 (¢4 FIMA)

/(r/bf)] x 100.

®p 1/

failed fuel

R/B
R/B

EOL

- R/B

BOL"

- (Th )(0 30)

for 'l‘hOz

fuel Ref. 4-6).

EOL
., Coater Fast Fluence Au::::ed Eg\;;:iiznt Fission Gas Releas;e C::Sam-(d I;;fixize Yunbe © of ::5‘2:?an
Particle Batch |Capsule Sizé |(E > 29 fJ)yTGR Temperature | Burnup | Loading(®) R/B Kr-85m at 1100°C ination R/Bfau 4 fuel Failure Particlzs | Failea
Retrieval Number |Position | (um) (1025 n/nd) . X FIMA)| (mg 0-235) | oL () oL (S (g Th/z Th) ey r/hgg) ) in Sample | Particles
6252-06-0161-002 | 31-38 240 7.3 1410 7.5 2.88 4.6 % 108 5.5 x 1073 8.3 x 1076 | 5.5 % 1073 0.0123 | 45 78 35
6252-10-0161-001 | 31-40 240 6.5 1250 6.1 1.83 ND 2.0 x 107 2.0 x107% [1.9x 0‘5(” 0.0103 D.20 ] 0
6252-09-0161-001 | 31-42 240 6.1 1320 5.6 1.80 ND 7.0 % 105] 1.0 x 108 [ 7.0 x 102 | 0.0101 0.70 53 0
6252-05-0160-005 | 31-43 123 5.9 1250 5.4 1.7 D 2.5 %10 2.0 x 1076 | 2.4 x 1057 | 0.0098 | 0.20 % 0
6252-07-0261-001 | 31-45 uc: 5.4 1190 4.9 1.72 1.2 %107 | 3.6 x 107%] 0.8 x 107 [ 2.4 x 10'5(e) 0.0092 0.26 53 0
- 6252-07-0161-001 | 31-46 246 5.2 1180 4.7 1.70 16 x 105 13x 1074 9.2 30 [vn % 104? {00088 | s.30 54 0-1
6252-09-0161-003 | 33-40 240 9.3 1210 9.0 1.77 ND 13x 105 10 x 1078 (1.3 %105 [o.omse | 010 53 0
6252-07-0161-003 | 33-43 240 8.4 1230 8.0 . 1.6 %1073 2.3 %1075 9.2 x 1078 [7.0 x 108" | 0.0132 | o0.05 54 0
6252-06-0261-003.| 33-46 240 7.5 1220 7.1 1.65 ND 8.6 %1075 0.8 x 108 8.4 x 107" {00121 | 0.70 52 0
6252-06-0161-003 | 33-48 240 6.8 1200 6.4 1.61 46 %108 13 %10 8.3 %10 |12 2107 |o.ome | .07 53 )
6252-08-0161-003 | 33-49 240 6.5 1180 6.0 1.57 ND 11074 1.0 %078 11 x4 (0 0.0106 1.00 54 0-1
6542-39-0161-001 | 33-2 240 5.7 1240 5.4 1.60 6.2x107] 6.2 x107¢) 8.7 x 107 6.5 x 104’ | 0.0008 | €20 33 2
6542-40-0161-001 | 33-4 240 6.5 1220 6.0 166 | %1017 x 103 7.6 x 1078 [1.6 x 105 | 0.0106 | 0.20 4 0
6542-40-0261-001 | 33-5 240 6.8 1230 6.4 vee laaxi108]1.0x10%] 2.0 x 107 {99210 {o.one | 0.90 a1 0
6542-40-0260-001 | 33-7 240 7.5 1250 7.1 1.72 3.6 x 10| 1.0 % 1073 2.1 x 107 [ 6.4 x 108 | 0.0121 0.10 & 0
6542-27-0161-001 | 33-8 127 7.8 1270 7.4 1.73 3.4 %1078 2.3 %1074 1.4 % 107 2.3 %1074 [ 0.0126 1.80 I 0-1
6542-27-0161-002 | 33-17 127 10.7 1470 1m.s 2.8 34 x 108 2.0 x 1075 1a w10 (172905 0077 | 0ur0 <7 0
6542-40-0261-002 | 33-24 240 1.s 1510 12.9 282 |6 x10] 6.9 x 1078 2.1 x 107 [5.5 %108 {00195 | 0.03 58 0
(8)501. fissile loading is the weight of U-235 that wauld produce the equivalent Kr-85m yield of all fissionable material calculated to be in the sane



strikes a tantalum target, producing a 15-MeV average energy bremsst;ahlung
beam which causes the fissioning of the Th-232., Approximately 1010 fis-
sions are induced in a 30-g sample after 1 hour of irradiation at room
temperature. After irradiation the fission gases are swept into a liquid-
nitrogen-cooled charcoal collection trap. The sample is then placed in

the King furnace in the TRIGA reactor and annealed at 1100°C for 30 minutés

to simulate the temperature conditions during in-core irradiatiomn.

The fission gases released during annealing are collected in the trap
and gamma counted with the fission gases released during LINAC irradiafion.
The gamma counting and R/B calculations were done by using the Sigma-II
computer—-analyzer system. A thorium stearate standard, known to be 100%
releasing for fission gases with half—lives >30 s, is irradiated with the
particle samples. The fractional R/B values are calculated by comparing
the release of the gaseous radionuclides from the fuel with the release

from the standard irradiated and gamma counted under the same conditions.

End-of-life fission gas release values were obtained by irradiating
the fuel sample in a graphite tube furnace designed to fit into a fuel
element position in‘aATRIGA reactor core. The samples were irradiated to
produce about 'IO14 fissions by adjusting the reactor power level. During
irradiation, the fissionlgases released were swept from-the furnace with
helium into a liquid-nitrogen-cooled charcoal collection trap. After the
30-minute irradiation period, the reactor is'shut down and gas is collected
for an additional 15 minutes. Then the collection trap containing the
released fission gases was gamma counted using a lithium-drifted gérmanium
detector. The gamma counting and R/B calculations were done by using the
Sigma II computer—-analyzer and the FISSIN computer code. The fractional
R/B values,_fof xenon and krypton release, are calculated by comparing
the release of the gaseous radionuclides from the fuel with the release
from a powdered sample of uranium stearate, irradiated and gamma counted
under the same conditions. Uranium stearate has been shown to be 100%
releasing for gaseous nuclides with half-lives greater than 30 seconds

(Ref. 4-5). The adjusted EOL fissile fuel loadings for each specimen were



determined by expressing the sum of the weight of all rémaining fissionable

material in terms of U¥235, producing the equiValent Kr-85m yield.

The results of the preirradiation and postirradiation release measure-
ments in terms of R/B for Kr-85m are reported in Table 4-4. The Kr-85m
was selected as the reference isotope because»it has a short half-life-
(4.4 hours) and its gamma-ray energy peak can easily be resolved. A ref-

erence temperature of 1100°C was used for analysis of fuel failure levels.

The in-service particle failure level was calculated for each sample

using the following equation:

F = R/Bfailed fuel (4=0)
r/b :
f
where F = in-service fuel failure level,
r/bf = mean fractional release of Kr-85m at 1100°C ffém failed

fuel particles.

The fuel failure level values obtained are given in Table 4-4. The most
recent data on r/bf (Refs. "4-6 and 4-7) give the following equation as a

revised estimate of the burnup dependence for failed ThO2 fuel:

r/b, = 0.0013 + 0.0018 (% F1ua)°’*? o 4-5)

Valueslof r/b

£ determined using this equation are given in‘Table 4~4,

0f the 18 TRISO and BISO samples Lested, three had a 1% partiéle
failure level, one had a 6% level, and one TRISO éample had an in-service
failure level of 45% (see Table 4-4). The other 13 s;mples showed a zéro
percent failure level. Failure mechanisms are discussed in greater detail

in Section 5.1.2.
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4.4. GAMMA-RAY SPECTROMETRY

Gamma-ray spectrometry was used to'determine metallic fission product
inventories in 27 HT-31 and HT-33 fuel particle samples. The loss of me-
tallic fission products by intact.BISO particles is caused by(diffﬁsion
through the PyC layers. TRISO particles, however, retain their metallic
fission products as long.as the SiC layer remains intact. Thus the loss of
metallic fission products gives a measure of SiC failure in the TRISO .
particles. Gamma counting was done ﬁsing a lithium-drifted germanium
(Ge-Li) gamma spectrometer coupled to a. 4096-channel Sigma II computer

-analyzer. Single channel analyzers were used to print out.relative pro-
-files of individual isotopes. The samples were counted in the low-level

hot cell using‘a 107~-cm-long collimator.

Twelve particles that were judged to be intact by visual examination
were chosen from each sample for gamma counting. Because of the very high
total coating failure in samples from the high-temperature magaziﬁes, only
4 of the 27 samples chosen for gamma coﬁntihg were high-temperature
samples. Two particles were scanned at a time and six scans were run on
‘each 12-particle sample. The two particles were loaded into pléstic sample
vials, which werenpositioned in front of tﬁe 1.27 cm by 1.27 cm collimator

using a Nuclear Chicago'adtomatic sample changer;

A quantitative fission product isotope inventory was determined

from the multichannel scans using the following equation:

CPM

DPM = EEETTKTS s (4-6)
where DPM = disintegrations per minute of each isotope,
CPM = counté.per minute of each isotope measured by the detector,
CE = coﬁnting efficiency of the particular counting geometry,
Al = absolute intensity of the various isotopes.



Fuel sample 6252-08-0161-003 (HT33-49) was used as the internal peak
standard. A counting efficiency versus peak eﬁérgy calibration curve

was constructed using the measured isotope CPM, the known values of the
absolute intensities, and Eq. 4-6. A quantitative value for each:isotope’
was calculated ﬁsing this calibration curve and the measured CPM. A
theoretical DPM of each isotope was calculated using the FISSPROD computer
program. These values ére reported for Ce-144, Cs-137, and Zr-95 in Tables:
4-5 through 4-7. The differences be;weeh the twé inventories are systematic
with the meaéured isotope value generally higher than the predicted value.
The differences are most likely due to uncertainties in'the input data for

the FISSPROD program and counting and calibration errors.

A qualitative evaluation of the metallic fission product retention of
each particle batch was made by comparing the measured and calculated
Cs/Zr ratios. The Zr-95 isotope was chosen as the reference isotope

because it is retained by ThO, kernels and was easily detected. The'meaé-

2 .
ured and calculated Cs-137/Zr-95 ratios are reported in Tables 4-5 through
4-7 and plotted as a function of burnup in Figs. 4-6 through 4-8. The data
showed that the particle samples could be divided into two populations con-

sisting of particleé with either high Cs/Zr ratios or low Cs/Zr ratios.

The lower limit for the high Cs/Zr ratio population was based on
a 95% confidence that no more than 12 of the particles, which‘are assumed
to be retentive of their Cs inventory, have a Cs/Zr ratio of less than
their indicated limit. Confidence in the limit will be improved as the
amount of empirical data increases. The measured and theoretical ratios

are in agreement within 7% for particles that are considered intact.

For comparison Figs.A4-6 through 4-8 also show the fractional cesium

release expected from bare ThO, kernels irradiated under the same con-

2 . .
ditions as the BISO particle samples. The bare kernel fractional release
is the predicted upper limit of cesium release for these barticle samples.

The fractional release was calculated using the following equation:



TABLE 4-5

FISSION FRODUCT INVENTORY OF TRISO PARTICLES IRRADIATED IN HT-31

Cs/Zr
- Capsule 2r-95 (dpm) Cs=-137 (dpm) Ce-144 (dpm) He“:::d“d
Sample Number Position | Theoretica® Measured [FTheoretical Measured Theoretical Measured Theoretical | Measured | Mean |Deviation
6252-06-0161-002 | 31-33 | 5.02 x 10"} 5.3325 x 10"%] 4.43 x 10% | 4.7818 x 10® | 1.14 x 10'®| 1.7063 x 10'®| ©0.0088 - | ©0.00%0 |0.0063 | 0.0019
5.5750 x 10'0f 2.6841 x 10° 1.1931 % 10'° 0.0048
5.2627 x 10'° 3.0733 x 10° 1.1063 x 10'° 0.0059
5.3929 x 10'° 2.2330 x 108 1.2726 x 10'° 0.0041
. 5.3620 x 10'0 3.0337 x 108 1.2654 x 10'° 0.0057
5.2792 x 10'0 4.3194 x 10° 1.0991 x 10'° 0.0082
6252-10-0161-001 | 31-40 | 4.08 x 10'% | 4.3931 x 10'%| 3.58 x 108 |4.0149 x 10° | 9.14 x 10° | 9.6891 x 10° | o0.0088 0.0091 |0.0092 | 0.0001
4.3128 x 10" 4.0374 x 10° 9.5445 x 10° 0.0094
4.3043 x 10'0 X 3.8570 x 10° 9.3275 x 10° 0.0050
4.4479 x 10"° 6.1051 x 10° 8.9660 x 10° 0.0092 :
4.3995 x 10'° 4.0149 x 10° 9.1106 x 107 0.0091
4.6435 x 10'0 4.2179 x 10° 1.0484 x 10'0 0.0091
6252-09-0161-001 | 31-42  [3.80 x 10'% ] 4.2593 x 10"% [ 3.34 x 10% | 3.6427 x 10% | 8.49 x 10° [ 8.3876 x 10° | o.0088 0.0086 |0.0087 | 0.0007
4.3087 x 10'° 3.1691 x 108 1.0195 x 10'° 0.0074
4.1139 x 10"° 3.7668 x 10°- 8.8937 x 10° 0.0092
4.0319 x 10'° 3.7462 x 108 9.5445 x 10° 0.0093
4.1003 x 10'° 3.6037 x 10® 8.5322 x 10° 0.0088
4.2057 x 10'° 3.5976 x"10° 8.6045 x 10° 0.0086
6252-05-0160-005 | 31-43 [5.45 x 10'% | 6.0333 x 10’0 4.78 x 10% 5.4021 x 10% | 1.20 x 10'%[ 1.3521 x 10'° | 0.0088 0.0090 |0.0090 | 0.0002
: 5.7780 x 10'° 5.2329 x 108 | - 1.1569 x 10'° 0.0091
5.5241 x 10'0 4.7818 x 10° 1.3449 x 100 0.0087
5.9404 x 10'° 5.2893 x 10° 1.2581 x 10'°0 0.0089
5.4740 x 10'° 5.0299 x 10° 1.2654 x 100 0.0092
5.8853 x 10'° 5.2329 x 108 1.2798 x 10'0 0.0089
6252-07-0261-001 | 31-45 [ 3.35 x 100 3.5380 x 10'%[ 2.94 x 10%] 3.3608 x 10® | 7.43 x 10° | 7.3030 x 10° | o.0088 0.0095 {0.0091 | 0.0002
' 3.6989 x 10'° 3.2593 x 10° 8.5322 x 10° 0.0088
3.7651 x 10'° 3.4059 x 10° 8.0983 x 10° 0.0090
3.6838 x 10'0 3.3382 x 108 7.0137 % 10° 0.0091
3.8410 x 10'0 3.3157 x 10° 8.2430 x 10° 0.0090
3.5803 x 100 3.2480 x 10° 6.6522 x 10° 0.0091
6252-07-0161-001 | 31-46 | 3.22 x 10’%] 3.5038 x 10" [ 2.82 108 { 3.0337 x 10® | 7.13 x 10? | 8.5322 x 107 | o.0088 0.0087 |o.o08y | ©.0002
3.4959 x 10'0 3.1691 x 108 7.5199 % 10° 0.0091
3.3732 x 10'0 3.0224 x 108 7.7368 x 10° 0.0090
3.6667 x 10'0 3.2254 x 10° 7.6645 x 10° 0.0088
3.4306 x 10'0 3.1465 x 10° 7.3030 x 10° 0.0092
3.5363 x 1020 3.0901 x 10° 8.0260 x 10° 0.0087 ]
6252-06-0261-003 | 31-48 |2.93 x 1070} 3.0426 x 10'%] 2.56 x 10%] 2.6728 x 10 {6.45 x 107 | 6.0738 x 10° | o0.0087 0.0088 {0.0087 | ©.0005
3.0372 % 10'0 2.7292 = 10° 5.9291 % 10° 0.0090
3.4766 x 10'0 3.0112 x 10° 6.7245 x 10° 0.0087
) R ERILE 1912 2.819 x 102 5.8568 x Io: 0.0095 '
3.4657 x 10" 2.7518 x 10 6.1461 x 10 0.0079
3.273 x 10'° 2.7856 x 10° 6.5071 x 10° 0.0085
6252-06-0161-001 | 31-49 [2.77 % 10'%} 3.03 % 10'® [2.42 x 10®[2.70 x 10® | 6.00 x 107 [ 5.86 x 10° 0.0087 | o.0089 |0.0050 | 0.0002
3.07 x 10'° 2.79 x 108 6.15 x 10° 0.0091
3.07 x 10'° 2.74 x 108 5.91 x 10° 0.0089
3.0t x 10'° 2.73 x 10° 6.07 x 10° 0.0091
2.8 x 10'0 2.62 x 10° 6.22 x 107 0.0092
3.78 x 10'° 2.82 x 108 7.95 x 10° 0.0086
6252-08-0161-001 | 31-51 {2.43 x 100} 2.64 % 10'® [2.12 x 108] 2,29 x 10® [ 5.31 x 10° | 5.86 x 10° 0.0087 0.0087 |0.0091 | 0.0003
© f2.70 x 10" 2.56 x 10° 7.09 x 10° 0.0094 :
2.75' x 10" 2.46 x 108 6.72 x 10° 0.0089
2.69 x 100 2.48 x 10° 4.05 x 10° 0.0092
2.51 x 10'0 2.35 x, 108 5.35 x 107 . 0.009
2.77 x 10'° 2.57 x 10° 5.06 x 10° 0.0093
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TABLE 4-6

FISSION PRODUCT INVENTORY OF TRISO PARTICLES IRRADIATED IN HT-33

Cs/Zr
Measured
Capsule Zr-95 (dpm) _ Cs-137 (dpm) Ce-144 (dpm) Scandard
Sample Number Position | Theoretical Measured Theoretical| Measured Theoretical Measured Theoretical | Measured Mean Deviation
6252-08-0161-004 | 33-27 | 7.70 x 10'0 [7.85 x 10'0 [ 7.81 x 108 | 6.71 x 103 | 1.96 x 10'%| 2.00 x 10" | 0.0101 0.0085 | 0.0040 |, 0.0029
’ 8.36 x 10'° 155 x 108 | 2.02 x 10'¢ 0.0019 -
7.44 x 10'0 9.13 x 10 1.69 x 10'° 0.0012
7.72 x 100 4.17 x 108 1.99 x 100 0.0054
7.69 x 10'0 1.31 x 108 1.78 x 10'0 0.0017
7.43 x 10'0 3.71 x 10° 1.76 x 10'° 0.0050
6252-09-0161-003 | 33-60 |5.38 x 10’7 |5.63 x 10"" [5.37 x 108} 5.83 x 10%]1.33 x 10'%[ 1.37 x 10'%| o.0100 0.0104 | 0.0102| 0.0002
5.61 x 10'0 5.72 a 10° 1.14 x 10'0 0.0102
5.68 x 10'° 5.70 x 10° 1.37 x 100 0.0100
5.55 x 10'° 5.70 x 10° 1.39 x 10'° 0.0103
5.66 x 10'° 5.70 x 10° 1.30 x 10'° 0.0101
5.49 x 10'Y 5.51 x 108 1.48'x 10'° 0.0100
6252-07-0261-003 | 33-42 [4.99 x 10'% [5.41 x 10'% [4.97 x 108 | 5.24 x 108[ 1.23 x 10'?| 1.26 x10'° | 0.0100 0.0097 | 0.0100| 0.0002
5.31 x 10'° 5.15 x 10° 1.27 x 10'? 0.0097
5.24 x 10'0 5.40 x 10° 1.25 x 10'° 0.0103
5.19 x 10'0 5.21 x 10° 1.1 % 10'° 0.0100
5.17 x 10'0 5.15 x 10° 14 x 100 0.0100
5.19 x 10'° 5.27 x 10° 137 x 10'? 0.0102
6252-07-0161-003 | 33-43 | 4.87 x 10'® [5.08 x 10'% | 4.84 x 10% | s5.01 x 103 1,19 x 10" 1.20 x 10'%] 0.0099 0.0099 | 0.0100| 0.0001
5.29 x 10'0 5.32 x 10° 1.37 x 10'° 0.0101
5.20 x 10'° 5.13 x 108 1.17 x 10’0 0.0099
5.07 x 10'0 5.02 x 10° 1.21 x 10'° 0.0099
5.40 x 10'0 5.39 x 108 1.19 x 10'0 0.0100
5.26 x 10'0 5.33 x 10° 1.24 x 10'0 0.0101
6252-05-0160-007 | 33-65 | 6.56 x 10’0 |7.10 x 10'® [ 6.51 x 108 | 7.06 x 10%| 1.60 x 10'%| 1.62 x 10'°{ 0.0099 0.0099 | 0.0100| 0.0002
6.76 x 10'° 6.90 x 10° 1.59 x 10'° 0.0102
6.99 x 10'° 6.87 x 10° 1.65 x 10'° 0.0098
7.04 x 10'0 6.99 x 10° 1.48 x 100 0.0099
6252-06-0261-003 | 33-66 | 4.31 x 10'% [ 4.68 x 10'% [ 4.26 x 10% | 4.74.x 10%] 1.05 x 10'%] 1.6 x 10" 0.0099 0.0101 | 0.0099| o0.0007
4.57 x 10'° 3.89 x 10° 1.16 x 10'° 0.0085
a.69 x 10" 4.68 x 10° 1.14 x 10'0 0.0100
4.59 x 100 4.60 x 108 1.04 x 10'0 0.0100
4.52 x 10"0 4.69 x 10° 1.08 x 10'0 0.0104
4.57 x 10'° 4.67 x 10° 1.01 x 10'0 0.0102
6252-06-0161-003 | 33-48 |3.96 x 10'% [4.30 x 10'% | 3.88 x 10 | 4.38 x 10%[ 9.52 x 10° | 1.09 x 10'%| 0.0098 0.0102 | 0.0100{ 0.0003
4.25 x 10'° 4.09 x 10° 9.69 x 10° 0.0096
6.20 x 100 6.11 x 108 1.58 x 10'° 0.0099
411« 10" 413 x 108 869 % 107 0.0101
4.12 x 10'° 4.22 x 108 8.89 x 10° 0.0102
4.46 x 100 4.29 x 10° 1.03 % 100 0.0097
6252-08-0161-003 | 33-49 |3.73 x 10'0 [ 4.03 x 10'%| 3.67 x 10% | 3.99 x 10%[ 8.99 x 10° | 9.04 x 10° | 0.0098 0.0095 | 0.0100] 0.0002
3.88 x 10'° 3.97 x 10° 9.04 x 10° 0.0102
3.93 x 10°° 3.94 x 10° 8.97 x 10° 0.0100
3.8 x 10'° 3.92 x 10° 8.32 x 10° 0.0102
3.89 x 10'0 3.80 x 10° 9.54 % 10° 0.0098
3.88 x 10'° 3.81 x 108 8.32 x 10° 0.0098
6252-10-0161-003 | 33-51 |3.33 x 10'%] 3.56 x 10"%| 3.27 x 10% | 3.69 x 10%[ 7.98 x 10° | 9.18 x 10° | 0.0098 0.0104 | 0.0099| 0.0003
' » 3.64 x 10" 3.56 x 10° 8.24 x 10° 0.0098
3.75 x 10'0 3.63 x 10° 9.26 x 107 0.0097
3.72 x 10'0 3.63 x 10° 8.82 x 10° 0.0098
3.55 x 10'° 3.54 x 10 8.53 x 10° 0.0100
3.58 x 10'° 3.38 x 10° 8.10 x 10° 0.0094




FISSION PRODUCT INVENTORY OF BISO PARTICLES IRRADIATED IN HT-33

TABLE 4-7

Cs/Zr
c Zr-95 .apm) Cs-137 (dpm) Ce-144 (dpm) Measured
apsule ] Standard
Sample Number Position | Theoretical| Measured Theoretical| Measured |Theoretical| Measured Theoretical | Measured Mean | Deviation
6542-39-0161-001 | 33-2 | 4.80 x 10'%] 5.19 % 10"| 4.70 x 10® | 5.20 x 10® [ 1.15 x 10"} 1.24 x 10'°| 0.0098 0.0100 | 0.0100| 0.0002
‘ : | 5.04.x 10'° 5.02 x 10 1.09 x 10'° 0.0100
5.07 x 10'° 5,13 x 10° 1.14 x 10'° 0.0101
5.01 x 100 4.86 x 10° 1.08 x 10" , 0.0097
5.08 x 10'0 5.22 x 10° 1.21 x 10%° 0.0103
498 x 100 5.00 x 108 1.06 x 10" 0.0100
6542-40-0161-001 | 33-4 | 5.09 x 10'°] 5.00 x 10'%] 5.03 x 10® | 4.96 x 10® ) 1.23 x 10'?| 1.22 x 10'®] 0.0099 0.0099 | 0.0098 | 0.0002
5.30 x 10'0 | 5.29 x 10® 121 x 10'° 0.0100 ’
5.27 x 10'0 - | 5.7 x 108 119 x 10'° 0.0098
5.39 x 10'° 5.04 x 10° 1.19 x 10'° 0.0094
5.45 x 10‘0 15.49 x 108 1.25 % 10'0 0.0101
5.40 x 10'° 5.28 x 10° 1.38 x 10'° 0.0098
6542-40-0261-001 | 33-5 5.41 x 100 5.68 x 10" | 5.36 x 10% | 5.76 x 108 | 1.31 x 10"%] 1.20 x 10'®| 0.0099 0.0101 | 0.0099 | 0.0002
5.64 x 10'0 5.62 x 10° 1.21 x 10'0 0.0100
5.43 x 10'° [5.15 x 10° 1.30 x 10'° 0.0095
5.64 x 10'° 5.72 x 10° 1.34 x 0% 0.0101
5.67 x 10'° ,5.48 x 108 1.24 x 10'? 0.0097
5.71 x 10'° 5.68 x 10° 1.41 x 10'0 0.0099
6542-40-0261-001 | 33-7 [ 6.02 x 10'%[ 6.16 x 10'] 5.97 x 10® | 5.86 x 10% [ 1.47 x 10'%] 1.52 x 10| 0.0099 0.0095 | 0.6097 | 0.0004
’ 5.93 x 10'° 5.72 x 10° 1.35 x 100 0.0096
5.86 x 10'° 5.98 x 10 1.3 x 10'0 0.0102
6.15 x 10'C. 5.61 x 10° 1.39 x 10'0 0.0091
5.76 x 10'° 5.68 x 10° 1.33 x 10" 0.0099
6.14 x 10'0 5.92 x 10° 1.55 x 10'0 0.0096
6562-27-0161-001 | 33-8 | 6.24 x 10'%1 6.07 x 10%} 6.19 x 10® | 6.18 x 10% [ 1.52 x 10"®] 1.56 x 10'°| 0.0099 0.0102 | 0.0099 | 0.0002
6.40 x 10'Y 6.15 x 10° 1.58 x 10'° 0.0096
6.53 x 100 6.48 x 108 1.44 x 10" 0.0099
6.55 x 10'0 6.36 x 108 1.48 x 10" 0.0097
6.65 x 10'° 6.62 x 10° 1.47 x 10" 0.0100
6.59 x 10'® 6.64 x 10° 1.45 x 10'° 0.0104
6542-40-0161-001 | 33-11 | 6.99 x 10'%| 7.48 x 10'®[ 6.96 x 10 | 6.64 x 10® [ 1.72 x 10'°| 1.83 x 10'%| 0.0s00 0.0089 | 0.0086 | 0.0012
7.56 x 10'° 4.59 x 108 | 1.60 x 10" 0.0061
7.20 x 10'° 6.64 x 10° 1.68 x 10'° 0.0092
7.12 x 10" 6.54 x 10° 1.76 x 10'° 0.0092
7.15 x 100 6.35 x 10° 1.70 x 10'° 0.0089
7.40 x 10'° 6.74 x 10° 1.54 x 10'0 0.0091
" 6542-41-0160-001 | 33-13 | 7.66 x 10" 7.78 x 10'%] 7.64 x 10% | 3.51 x 10%| 1.89 x 10'%] 1.60 x 10'°[ 0.0100 | 0.0045 | 0.0074 | o0.0018
7.82 x 10'° 6.35 x 10° 1.87 x 10'° 0.0081
7.44 x 10'° 6.99 x 10° 1.76 x 10'0 0.0094
8.23 x 10'° 6.57 x 10° 1.85 x 10" 0.0080 :
7.71 x 10" 6.39 x 10 1.74 x 10" 0.0083
7.63 x 10'° 4.64 x 108 1.83 x 10'° 0.0061
6542-27-0161-002 | 33-37 | 9.50 x 10" | 1.01 x 10""] 9.56 % 10® | 4.57 x 10%]2.39 « 10'%] 2.32 x 10" o0.0101 0.0045 | 0.0033| 0.0009
' 9.70 x 10'° 2.79 x 10 2.28 x 10'° 0.0029
9.49 x 10'° 2.28 x 10 2.18 x 10'° 0.0024
9.61 x 10'° 4.06 x 108 2.22 x 10'° 0.0042
9.69 x 10'° 2.31 x 108 2.35 x 10'° 0.0024
9.43 x 10'° 2.94 x 10° 2.23 x 10'° 0.0031
6502-40-0261-002 | 33-26 | 3.06 x 10" 1.09 x 10" 1.05 x 107 | 2.29 x 10° [ 2.66 x 10"%] 2.58 x 10'°| o.0101 0.0021 | 0.0024 | 0.0003
1.05 x 10'" 2.40 x 10° 2.28 x 10'° * 0.0023
1.02 x 10" 2.46 x 10° 2.44 x 10'° 0.0024
9.92 x 10'° 2.09 x 10° 2.39 x 10'0 0.0021
1.08 x 10" 2.90 x 10%] 2.57 x 10'° 0.0027
1.03 x 10'! 2.86 x 10° 2.42 x 10'° 0.0028
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Fig. 4-6. Cs-137/2r-95 ratio for .TRISO ThO2 samples from HT-31
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=2.95x 102 F% /£ e (Ref. 4-8) , . N = )

where f = fractional release from a bare Thozvkernel,
F = burnup in 7 FIMA,
t = time (s), v
T = temperature (K).

Equation 4-7 is based-on an analysis of in-pile cesium release data
as a function of burnup (Ref. 4-9). From this analysis the reduced dif-

fusion coefficient was found to be

D' (1/s) = 8 x 10712 (§/2.5)* | , (4-8)

where F is the burnup in % FIMA and the equation applies to 1390 K. The
temperature dependence was found to be glven by exp[0.936 (10 /T = 7. 19)]

Comb1n1ng ‘the latter with Eq. 4 8 leads to the expression

D' (1/s) = 1.71 x 10710t 79360 (4-9)

The fractional:.release is related to the reduced diffusion coefficient

(Ref. 4-10) by the expression

£=4MDt/T -, : o - : (4-10)
which, when combinedbwith Eq. 4-9, yields Eq. 4-7.
Less than 2% of the TRISO coated particles from -the low—temperature
magazines in both HT-31 and HAT-33 exhibited cesium loss, as shown in Figs.
4-6 and 4~7. The hlgh-temperature magazine samples show about 60/ and 75%

SiC failure as determined from cesium release.

As shown in Fig. 4-8, the BISO low-tempefature samples retained their

cesium inventory to a burnup of 7.5% FIMA; however, at burnup values of
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8.4% and 9% FIMA, 50% to 60% of the particles exhibited cesium loss. .The
particles in the high-temperature BISO samples released a large fraction

of their cesium. Cesium release is discussed further in Section 5.1.2.
4.5. PARTICLE DENSITY MEASUREMENTS

Postirradiation particle density measurements were made on four BISO
samples from HT-33. A liquid gradient technique described in Ref. 4-11 was
used to measure the density of the coated particles before and after
irradiation. The results of these measurements and the percent density
change are reported in Table 4-8. Assuming the mass of the particles
remained constant during irradiation, the postirradiation particle diameter

was calculated using the following equation:

1/3

Dy =D, <%> | ' (4-11)
f _ : .
where Df = postirradiation particle diameter,
Do = preirradiation particle diameter,
po = preirradiation particle density,
P = postirradiation particle ‘density.

The change in diameter was calculated and is given in Table 4-8. This is

discussed in further detail in Section 5.1.4.2.
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. TABLE 4-8
IRRADTATION-INDUCED DENSIFICATION OF BISO ThO, PARTICLES

8T-%

2
Average Fast Fluence Preirradigtion Postirradiation . Standard’

Sample Capsule |Temperature| (E > 29 fJ)gTGR Burnup Densit a} Standard l)ensitg(a Standard Percent | Deviation Particl;cgiameter (um) reh)
Retrieval Number |Position (°c) (1025 n/ml) (% FIMA) Mg/a?) Deviation T (Mg/m®) Deviatjion | Change (%) Preirradiation Postirradiation AD/D
6542~27-0161-001 8 1270 7.8 7.4 3.45 0.018 3.97 0.005 15.1 0.62 - 823 788 1 -0.043
6542-27-0161-002 17 1470 10.7 . 11.5 3.45 0.018 3.68 0.099 6.7 2,92 829 812 -0.021
6542-40-0261-001 5 . 1230 6.8 X 6.4 3.39 0.028 4.08 0.007 20.4 1.02 832 i 783 -0.059
6542-40-0261~002 24 1510 11.5 12.9 3.39 . 0.028 3.77 0.012 ﬂ 1.2 - 0.98 828 799 -0.035

(a)Heaaurea by a liquid gradient technique.
OWY e . ;
(c)Percent change (?post ppre)/ppre x 100.

Measured or calculated on test sample.

\1/3 . .
(d)Chlculated from D -p 2 conservation of mass : . ’
final "o Pe : .
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5. DISCUSSION
5.1. PARTICLE IRRADIATION PERFORMANCE

5.1.1. Comparison of Particles from 240-mm-Diameter and 127-mm-Diameter
"~ Coaters

One of the brimary objectives of the irradiation test§ of capsules
HT—31‘and HT-33 was to evaluate the irradiation performance of TRISO and
BISO fuel particles fabricated in the 240-um-diameter pilot plant coater
as part of the processing scale-up from the 127-mm coater. TRISO and
BISO batches 6252-05-0160 and 6542-27f0161 were coated in the 127-mm
coater and used as a reference for thé coater size comparison. As was
shown in Tables 4-1 through 4-7, there was ho correlation of fuel perfor-i
mance with coater size. Therefore, pérticles from the 240-mm-diameter |
production coater should perform aé well as particles coated in the 127-

mm-diameter laboratory coater.

5.1.2. Comparison of TRISO and BISO ’l‘hO2 Fuel

The results of the postirradiation visual, fission gas release, and
gamma ray spectrometry examinations show that the BISO ThO2 and TRISO ThO2
particles in capsule HT-33 showed no significant fission product release
or failure up to a burnup level of 7.5% FIMA (see Figs. 5-1 through 5-3)
at particle surface‘temperatures of approximately 1200°C. As shown in ,
Figs. 5-1 through 5-3, TRISO and BISO sampleé from the highmtemperature
magazines in both capsules show high visual failure fractions éxcept for
TRISO sawple HT-31-38 and BISO samples HT-33-17 and HT-33-~24. The TRISO
sample appeared to be intact under visual examination, but the fission gas
release results showed a 45% total coating failure. The results of the

gamma scan showed that 6 of the 12 particles of this sample that were

~.
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gamma counted éhéwed some cesium loss, indicating SiC failure. Metallography
of HT-31-38 revealed a large amount of kernel migration and SiC degradation,
which supports the fission product release results. Thus, althoﬁgh the
pafticles appeared intact under visual inspection, the fission gas release
data sﬁggesﬁ a total coating failuré level of about 50%. The BISO samples
HT-33-17 and HT-33-24 also appeared to be intact under visuél inspection,
and the short-lived fission gas results (Fig. 5-1) show the particle samples
to be retentive of ‘their Kr-85m inventory. Thus, the BISO particle éoatings
of these two samples did not fail during irradiation. However, all 12 of

' the particles in each sample that were gamma scanned releaéed'most of

their cesium inventory. Since the coatings were known to be intact from
the fission gas release results, the cesium loss was by diffusion through
the BISO coatings. These results show:that under high-temperature, high-
burnup irradiation conditions, the BISO particles will exhibit diffusional
release of cesiqm‘evenvthough they do not fail and that the TRISO particles

will experience high total coating failure levels.

Comparison of the TRISO and BISO particle irradiation performance at
1200°C and burnups between 7.5% and 9% FIMA is more difficult than for the
lower or higher burnup sampleé. As shown in Fig. 5-2, under these con-
ditions the TRISO samples do not show fission :product release or appear
failed under visual examination. The three BISO samples, however, under
visual inspection show total coating failure fractions of about 28% to 60%,
as shown in Fig. 5-1. No fission gas release measurements were done;'
therefore, the total coating failure fraction cannot be verified. Gamma
counting was done on two of the three samples. Twelve particles that
appeared ﬁntact after visual examination‘were selected frqm each sample for
gamma counting; 407 and 50% of the particles in the two samples‘gamma counted
showed cesium loss. Whether the cesium release occurred by a diffusional
. process through intact PyC or escaped through cracked PyC coatings cannot
be determined with the data availaﬁle. From the visual examination and
fission product data, however, the irradiation performance of the TRISO
particles is excellent at 1200°C and from 7.5% to 9% FIMA, while the BISO

particles show significant total coating failure under visual examination.



Another objective of the HT-31 and HT-33 capsule experiment was con-

firmation of the reference TRISO coated (450-um ThO, kernel) pafticle

design under peak HTGR exposure conditions. There éas no discernible
difference between the irradiation performance of the TRISO coatings of
the 450-pum kernel particles and the 500-um kernel particles. As shown in
Table 4-1, the TRISO particle pressure vessel performance is consistent
with the pressure vessel performance predicted by stress modeling.l No
pressure vessel failure predictions were done at 1500°C because failure.
at such high temperatures is caused by SiC degradation in addition to
partial pressure: A detailed description of the calculational procedure

for this model is given in Ref. 5-1,.

5.1.2.1. Kernel Migration in TRISO ThO,. As shown in Figs. 4-1 and 4-2,

ThO2 kernel migration was observed in the high—temperagere TRISO particles.
Kernel migration coefficients (KMCs) were calculated -and the results are
shown in Tablé 4-3. The distance the kernels traveled was measured on the
polished sectlons of the two spec1mens from HT-31. _This is a crude meas-— -
urement because the particles are randomly sectioned and there is no way

to determine the sectioned plane of each particle relatlve to the .true
thermal gradient difection. The thermal gradient and the amoeba equivalent

temperature were nevertheless estimated from the calculated graphite annulus

and peak particle surface temperatures.

The temberatures and thermal gradients of the unbondedbparticles have
large uncertainties and the in-pile data are not corrected for the incu-
bation period. As shown in Fig. 5-4, the calculated in-pile KMCs of TRISO
Th02 particles are in agreement (within a factor of 1.5) with the out-of-

pile KMC values for BISO ThO, particles (Ref. 5-2) and help to confirm out-

2
of-pile postirradiation thermal gradient heatlng experiments.
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5.1.3. Free Silicon in TRISO ThO2 Particles

The white phase observed in sample 6252-09—0161-003, and discussed in
Section 4.2, was analyzed by microprobe and found to be elemental silicon.
No other elements.were found in the phase except a small amounﬁ of carbon
(<13%). Six samplés in each capsule were fabricated with the same’SiC sub~-
strate (6780-25). The parent batcheé with the same SiC were 6252-06-010,
6252-09-010, and 6252-10-010. One .of the samples (6252-06-0161-002, HT-31-
38), which had been irradiated in a high-temperature magazine, was examined
metallographiéally and no white phase was found. - Subsequent metallography
on the samples from the low-temperature magazines in both capsules revealed
the white phase in each sample (see Figs. 5-5 through 5-8). Metallography
on the preirradiatedubatch (6252-09-010) showed lenticular flaws in 24% of .
the particles (see Fig. 5-8). No white phase of the type séen after irradi-
ation was observed in the unirradiated batch. Subsequent analysis by SEM
and EDAX showed no Si-, C-, or O-rich areas in the voids or the SiC layer

of unirradiated particles.

Workers at Kernforschungsanlage in the Federal Republic of Germany

found a similar white phase in 10% of UC, TRISO unbonded particles irradi-

2
ated in experiment RC-RM1 (Ref. 5-3). These particles were irradiated for
60 full-power days at a temperature of 970° to 1040°C and a fast fluence

25

level of 3.79 x 10 n/m2 (E > 29 £J) Microprobe analysis was done

HTGR®
on these particles at KFA, showing the composition of the white phase area
to be 95 + 1 wt % Si and 6 *+ 1 wt Z C. KFA also did microprobe analysis

on the unirradiated SiC and could find no Si~rich areas.

An experiment was undertaken at GA to determine if free silicon would
accumulate in the SiC flaws induced by heat treatment in the absence of a
neutron flux. Six samples of 56 particles each from batch 6252-09-0161
‘were placed in a graphite holder in a furnace and heated in an Ar atmos-
phere to simulaté the reactor cycles and temperatures experienced by the
HT capsule sample 6252-09-0161-003 (HT-33-40). After each cycle the fur-

nace was shut down and one sample was removed for optical and scanning
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electron microscopy. Energy dispersive X-ray analysis was done on each
flaw and over the SiC layers. Table 5-1 shows the time and temperatures
of the five cycles in the experiment. No change in the appearance or com-
position was detected in any of the samples by ény of the analyses. Thus,
heating at times and temperatures similar to those the HT capsule samples
experienced will not cause freé silicon to accumulate in the SiC flaws of

particles from sample 6252-09-0161.

From the results obtained at GA and KFA, the only conclusion that
could be drawn :was that the white phase consisted of elemental silicon.
A possible explanation for this phenomenon is that the unirradiated SiC
coating contained excess éilicon, thch accumulated in flaws inAthe sicC
layer during irradiation. However, none of the analysis techniques were
able to detect excess silicon in the unirradiated SiC coating or reveal

a SiC structure that was indicative of excess silicon.

The particle samples that showed the white phase performed as well
during the irradiation testing as did those samples without the phase.
These SiC batches all had SiC density values near theoretical. The coat-
ings retained metallic fission products even though enough free Si was
in the coating to be seen afier irradiation. Apparently there was not
cnough to provide "free silicon'" channels for the diffusion of fission

products as discussed in Ref. 5-4.

5.1.4. OPyC Variables

One of the primary objéctives of capsules HT-31 and HT-33 was to.
evaluate the irradiation performance of TRISO and BISO coated ThO2 par-
ticles with an OPyC variable. When the fuel was made, the OPyC variables
thought to give the best indication of irradiation performance were
(1) coating rate, (2) density, (3) anisotropy, and (4) diluent gas com-
position for the BISO coatings. Since then it has been thought that micro-
porosity and the ratio of active coating gas flow rate to the total coating
gas flow rate would give a more reliable indication of OPyC coating per-

formance than coating rate and anisotropy.
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N . TABLE 5-1
TIME AND TEMPERATURE FOR FIVE EXPERIMENT CYCLES

) : .Temperature Number
. Cycle | - (°C) ' of Days
1 1110 T N
) 1080 10
1110 3
RT c 2
L2 1180 - 12
1165 » 9
1200 2
RT 3
3 | 1215 12
1230 : 1
1245 R
RT 1
4 1325 11
1270 11
1255 3
RT 2
5 1275 7
' 1265 14
.RT -




5.1.4.1. TRISO OPyC Variables. Figures 5-9 and 5-10 show visual failure

versus OPyC density for samples in HT-31 and HT-33. The graphs show that
failure was more a function of temperature than density variation between
1.70 and 2.0 Mg/m3. Only one batch (6252-06-0261) had a density (1.70 %
0.011 Mg/m3) that was out of specification (1.75-1.80) and outside the
critical region (1.72-1.83). This batch had a sample (6252-06-0261~-008)
that exhibited a 4% visuaIIOPyC failure fraction in HT-33, while all the:
other samples from the low-temperature magazine in HT-33 showed zero fail-
~ure. However, in capsule HT-31 this sampie exhibited zero visual failure
in the low-temperature magazine, while samples with OPyC density values
within specificationifailed as shown ip Fig. 5-9. Thus, the specifications

for density alone do not ensure good performance.

Figure 5-11 shows OPyC coating failere as a function of anisotropy
for TRISO ThO2 partigles irradiated in the low—temperature magazines in
capsules HT-31 and HT-33. Anisotropy between 1,026 and 1.052 BAF does
not affect irradiation performance at particle surface temperatures less
than 1260°C (see Table 4-1 for time-averaged temperatures) in TRISO

pafticles.

The TRISO Th.O2 manufacturing specifications for HTGR fuel call for an
active coating gas ratio of 20.25 during coating as a means of assuring
'that an appropriate microstructure and adequate particle performance are
obtained (Ref. 5-5). In capsules HT=31 and IIT--33, only one batch (6252-
05-010) had a coating‘éas ratio of <0.25 (see Table 2-1 and Figs. 5-12 and
5-13). The active coating ges ratio for batch 6252-05-010 was 0.16. The
failure level of this batch was zero in the low-temperature magazine and
95% in the high-temperature magazine, which was v1rtually the same behavior
as that for other samples (Wthh had coating gas rat105:>0 16) irradiated
under the same conditions in either capsule HT-31 or HT- 33 Therefore, no

dependence of OPyC performance on OPyC active coating gas ratio 20.16

was observed.

OPyC microporosity is a property affecting the irradiation stability

of OPyC layers, especially on TRISO coated particles. Microporosity is a
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measure of the surface-connected porosity and is determined by high-pressure
mercury intrusion. Below a value of about 17 ml/kg OPyC, the pyrocarbon
tends to fail due to ‘an ingbility to accommodate strain. Whén the micro-
porosity of the OPyC is greater than about 33 ml/kgAOPyC, a matrix-coating
interaction causes OPyC failure in the fﬁel rods (Ref. 5-5). The samples

in HT-31 and HT-33 all had microporosity values greater than 32.9 ml/kg
OPyC; however, because the sample was made up of loose parﬁicles, matrix-
coating interaction was not involved and the failure levels aré independent
of microporosity. Figures 5-14 and 5-15 show that the failure levels for
these samples are independent of microporosity values greafer than 33

ml/kg OPyC.

Sample 6252—05—0160 had a mic;oporosity value of 32.9 ml/kg OPyC and
an active coating gas rétio of 0.16. The microporosity was higher than"
was expected from the empirical correlation between microporosity -and
coating gas ratio given in Fig. 5-16 and Ref. 5-6. Figure 5-16 shows the
data given from Ref. 5-6 and‘the data point provided by sample 6252-05-

0160. The reason for the poor correlation is unknown.

As shown in Fig. 5-17, the TRISO particles tested in HT-31 and HT-33
had OPyC coating rates between 4.5 and 8.4 um/min. The OPyC failure level
shows no correlation with coating rate in either the high- or low-

temperature magazines.

In capsule HT-31 and HT-33 no correlation between TRISO OPyC perfor-
mance and the OPyC variables of density, microporosity, active coating gas
ratio, coating rate, or anisotropy was shown. The samples from the low-
temperature magazines had low failure levels and the high-temperature

magazine samples had high failure levels.

5.1.4.2. BISO OPyC Variables. Figure 5-18 is a plot of the percent

density change versus fast fluence for BISQ,coated particles irradiated
in capsule HT-33. The density change and the calculated diametral change
are given in Table 4-8. For comparison, irradiation data from capsules

HT-18 and HT-19 and the predicﬁed density change, based on data presented

3
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in Ref. 5-7, are included in Fig. 5-18. -The BISO particles shrink rapidly
with the initial irradiation-induced densification of the pyrocarbon and
then expand as the fission.gas pressure increases with increaéing burnup.
The experiﬁental data in Fig. 5-18 show a progressive reduction in the
density, or increasé'in particle size, as the fast fluence increases from

6.5 to 11.5 x»1025 n/m2 (E > 29 £J) The model also shows a reduction

in density as the fluence increases?Tgiwever, the predicted value is about
50% of the experimental values. This is attribﬁted to the current BISO
particle models, which do not adequately reflect the effects of OPyC
anisotropy on particle dimensional change. These data will be useful in

the development of an improved BISO model.

Figures 5-19 through 5-22 show BISO failure levels versus active
coatiﬁg'gas ratio, density, microporosity, and coating rate. Figure 5-19
shows a high failure level for samples with coating gas ratios >0.40 that
were irradiated in.the low-temperature magazine. As showﬁ in Fig. 5-20,
the samples with densities >1.95 Mg/m3 have high failure levels in the
low-temperature magazine. The samples with the high failure levels havé
coating gas ratios >0.40 and OPyC densities 21.95 Mg/ﬁ3, were fabricated
with N2 as -the diluent gas, and have higher BAF0 valués than the other
samples. Figure 5-21 shows failure level versus microporosity. -The
failure level of low-temperature samples rises and falls between micro-
porosity values of 17 to 25, but no conclusioﬁ can be drawn from this
small aﬁount of data. It is known, however, from the results of capsules
HT~-12 through HT-19 that high-density, high-anisotropy BISO coatings have
higher failure rates at low temperatures (Ref. 5-8). Therefore, the high
failure observed here was probably caused more by anisotfopy of OPyC
rather than the effects of micropdrosity. Figure 5-22 shows BISO failure
versus OPyC coating rate. No correlation between coating rate and OPyC’

failure can be seen for these samples.

5.1.4.3. Heat-Treated BISO Particles. As was shown in Table 4-2, there

was no significant difference between failure levels of heat-treated and
as-coated BISO particle batches. Because the heat treating caused an

‘increase in the BAFb value and a decrease in coating thickness in some
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8C-S

PERCENT VISUAL FAILURE

‘100

90

80

70 |

60
50

40

30 |

20

10

= =
O LOW TEMP MAGAZINE
PARTICLES" o
O HIGH TEMP MAGAZINE
PARTICLES -
e}
O.
. O /
o)
S — ol I ]
0.20 0.30. 0.40 050 055

OPyC CQATING GAS RATIO

Fig. 5-19. HT-33 TRISO particle failure versus OPyC coating gaé ratio



62-S

PERCENT VISUAL FAILURE

110

100

90

80

70

60

50

40 _

30

20

10

B 0
- o
— O HIGH TEMP MAGAZINE SAMP'LES‘
— O LOW TEMP MAGAZINE SAMPLES
— o
_ , o
0
- o
U N , W E— - ' '
1.70 - 1.60° 1.90 2.00

OPyC DENSITY (Mg/m3)

Fig. 5-20. HT-33 BISO particle failure versus OPyC density

2.10



0€-S

6D

PERCENT VISUAL FAILURE

100

90.

80

70

60

50

40
30

20

10

o
" = | Q
O
i O LOW TEMP MAGAZINE SAMPLES
i O HIGH TEMP MAGAZINE SAMPLES
O .

B 0
B o)

| s . | {D" 0 '0'
10 15 - 20 25

" MICROPOROSITY (mi/kg OPYC)

Fig., 5-21, HT-33 BISO particle failure versus microporosity



OPyC FAILURE (%)

100

0
ol P g O
80
0 o o
60 o O LOWTEMP SAMPLES
: O HIGH TEMP SAMPLES
50 :
40 :
(0]
30 )
20 -
a
10 _
0 | a—l 6 | |
3 5 6 1 8
OPyC COATING RATE (2 m/min)
Fig. 5-22. BISO failure versus coating rate

5-31




batches, a higher failure level was expected for heat-treated samples from
parent batch 6542-41-015. In the low-temperature magazine the samples from
parent batch 6542-41-015 were in positions 11 and 13. The sample in pesi-
tion 11 had been heat treated and had a.coating failure level of 35%. The
sample in position 13 was not heat treéted and had a coating failure level
of 30%. THe‘heat—treated sample had a 5% higher failure level than the as-
coated sample; however, the heat-treated sample was irradiated at. a higher
temperature.. The other comparison samples'from positions 5 and 7 both -
showed zero coating failure. 1In tﬁe high—temperatﬁre magazine the as-
coated sample from parent batch 6542-41-015 was lost and no comparison
could be made. The other comparison samples were in positions 24 and 26.
The as-coated sample'showed 17.27% failure and the heat-treated sample showed
zero failure, which was opposite to the exﬁected failure performancé.
Figure 5-23 is a plot of BISO coating failure versus anisotrdpy and §how§
the failure levels of fhe heat-treated and as-coated particle samples. The
failure levels seem to be more dependent on anisotropy and irradiation
temperafure than  they are on heat treatment or any of the other OPyC

variables.
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6. SUMMARY AND CONCLUSIONS

The HT capsule irradiation tests are performed to evaluate fertile

particle coating designs. The data obtained from these accelerated tests

can be used in performance model studies. The results 6f the HT-31 and

HT-33 capsule irradiation tests are summarized as follows:

TRISO and BISO Tho2 fuel fabricated in the 240-mm-diameter coater
performs as well during irradiation as does fuel fabricated in

the 127-mm~diameter coater.

The BISO and TRISO fuel showed no significant fission product
release or failure up to a burnup of 7.5% FIMA at 1250°C for
2800 h. At 1250°C from 7.5% to 9.0% FIMA the BISO particles
showed some failure, while the TRISO particles showed no fail-
ure or fission product release. At particle surface tempera-
tures of about 1500°C, both TRISO and BISO fuel showed very high

failure levels.

Two BISO samples from the high-temperature magazine showed zero
total coating failure, but showed very high diffusional release

of their cesium inventory.

No significant correlation between fiailure and the TRISO OPyC

variables of active coating gas ratio, coating rate, anisotropy,

density, or microporosity could be determined.

Anisotropy was the only OPyC variable that appeared to affect
the failure of the BISO particles.



10.”

11.

" TRISO ThO

The effect of heat treatment alone on BISO OPyC performance

could not be determined.

There was no discernible difference in the irradiation perform-
ance of the TRISO coatings of the 450-um kernel particles and
the larger 500-um kernel particles.

The TRISO preséure vessel performance.is consistent with the

pressure vessel performance .predicted by stress modeling.

Calculated‘in—pile kernel migration coefficients (KMCs) for
2_partiqies from HT-31 were found to be in excellent
agreement (within,a factor of 1.5) with out-of~pile KMC values

for BISO ThO, particles.

2
A white phase of metallic silicon was found in the lenticular
flaws of the SiC in some of the TRISO batches after irradiationm,
but this did ﬁot affect the irradiation performance of these

batches.

The shrinkage of BISO particles caused by irradiation is in

qualitative agreement with predictions, but are about 50%

" greater than the predicted values.
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