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ABSTRACT

The GF-1, GF-2, and GF-3 capsule tests were irradiated in the Siloe
reactor at Grenoble, France between October 31, 1973 and July 25, 1975.
High—enriched uranium (HEU) mixed oxide (8Th,U)0, fissile and ThO; fertile

particles were tested over the following exposure conditions:

25 /2 '
1. 3.8 to 11.0 x 10 | n/m¢ (E > 29 fJ)HTGR’

2. 960° to 1120°C time volume average temperature.

3. Mixed oxide (8Th,U)09 burnup between 5.3 and 11.47% FIMA and ThOy
burnup between 1.1 and 3.6% FIMA.

Postirradiation examination of HTGR fuel rods in capsules GF-1, GF-2,
and GF-3 showed acceptable structural integrity and irradiation-induced
dimensional changes that were consistent with model predictions. Pressure.
vessel failure levels between different TRISOrcoatéd (8Th,U))0, fissile
particle types showed that the 400—pm+diameter kernel design was more
consérvative than the SOO-um—diameter designs. High OPyC failure levels
(1.6% to 83%Z) on TRISO-coated. fissile particles‘were-atfributed”to inferior
pyrocarbon microstructures, which resulted in high irradiation-induced
internal stresses and premature failure. Furthermore, empirical data showed
that undesirable OPyC microstructures could be avoided with current HTGR
specification requirements, namely, OPyC microporosity >13 ml/kg OPyC and

-

active coating gas ratios during deposition >0.25.

The fraction of as-manufactured defective SiC layers on fissile fuel
determined by a mercury intrusion/radiographic technique was between 2.3%
and 11.87%, which was appfoximately two orders of magnitude greater than the

fraction determined by the standard burn-leach technique. The results imply
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that localized microfissures in SiC layers are not always detectible with a

burn-leach determination.
No amoeba migration or lanthanide fission product - SiC attack was

observed in the fissile and fertile particles, and these results are

. consistent with fuel performance models.
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1. TINTRODUCTION

A cooperative program between General Atomic Company (GA) and the
French Commissariat a 1'Eneréie Atomique (CEA) waé instituted in 1973 for
qualifying the CEA and its industrial partners to manufacture and market
high-temperature gas-cooled reactor (HTGR) fuel based on technology licensed
from GA. The program also was designed to contribute significantly to the

HTGR fuel development already under way at GA.

The GF-1, GF-2, and GF-3 capsule tests irradiated in the Siloe feactor
at Grenoble, France were the first in a series of instrumented irradiation
tests planned under the cooperative GA/CEA program. The GF-1, GF-2, and GF-
3 capsuie tests were irradiated between October 31, 1973 and July 25, 1975.
High;enriched uranium (HEU) mixed oxide (8Th,U)0, fissile particles and
ThOp fertile particles were tested in GF-1, GF-2, and GF-3 because at the
time of program inception they were candidate fuel types for use in Ffench
HTGRs and for future HTGRs in the U.S. Approximately 75% of the irradiation
test space in the GF¥1, GF-2, and GF-3 capsules was occupied by GA samples
with the remaining 257% occdpied by CEA samples. Each capsule contained four
individual cells. The four cells were continuously monitored for surface
temperatures of fuel samples and periodically purged for measurement of fis;
sion gas release, which 1s related to monitoring in-pile fuel failure. The
range of irradiation conditions for the three capsules is summarized as

follows:

1. A fast fluence exposure between 3.8 to 11 x 1025 n/m2
(E > 29 fJ)HTGR‘

2. A time volume average fuel rod temperature between 960° and 1120°C

with loose particle samples between 985° and 1095°C.
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3. A burnup for mixed oxide (8Th,U)0y between 5.3 and 11.4% FIMA and
for ThOy between 1.1 and 3.67% FIMA.

The purpose of this report is;to describe in deteil the GF-1, GF-2, and
GF-3 experiments, the results of postirradiation examination (PIE), and the
analysis of results relative to fuel material properties and performance.
Emphasis is placed on how particle performance for the oxide fuel systems
tested in GF-1, GF-2, and GF-3 supports current OPyC and SiC specification
requirements. A synopsis of the GF=1, GF=2, aund GF-J irradiation tests wao
given in Ref. 1-1; the intent ot this report is to provlde d wmuLe

comprehensive discussion of the results.
REFERENCE

1-1. 'Blaqchard, R., and M. L. Pointud, "Rapport de Synthése des

Irradiations GF-1, GF~2, and GF-3," CEA Report DMG DR 34/78, November
16, 1978 (also General Atomic unpublished'data).
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2. OBJECTIVES

The objectives of the GF-1, GF-2, and GF-3 capsules are listed below in

order of decreasing priority.

1.

Serve as a qualification test for irradiation performance of

TRISO-coated HEU (8Th,U)0o fissile fuel and BISO-coated ThOj
fertile fuel.

Extend the empirical data base on TRISO- and BISO-coated fuels
used to support generic HTGR property limits; i.e., use TRISO
particle performance experience from the GF capsules to support

the reference TRISO-coated ‘UCy9 and ThOy fuel systems.

Evaluate alternate methods for inhibiting metallic fission product
release and improving‘high—temperature stability of coated fuel

particles, i.e., dopants in kernels and/or coatings.

Provide a comparative test to qualify CEA procedures and materials

relative to GA in order to establish a basis for French HTGR

technology.

Table 2—1*‘summariées the different fuel rod types tested in capsules

GF-1, GF-2, and GF-3 and also gives a brief description of the objectives

for each type.

*Tables appear at the end of each section.
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OBJECTIVES OF DIFFERENT FUEL RO

TABLE 2-1

AND

D TYPES TESTED IN CAPSULES GF-1, GF-2,

GF-3

Fuel Rod
Type

Coated Particle Type

Fissile

Fertile

Purpose

a

. b’

e and e'

f and f'

RISO

TRISO

TR1S0

TRTSO

BISO

TRISO

TRISO

B15U

BISO

BISO

TRISO,

BISO

BISO

BISO

rTest fissile TRISO parilcles wlth
oxide kernels and the potential
performance: improvement associated
with a smaller kernel diameter
(400 um) compared to the reference
500-uym—-diameter design.

Test fissile TRISO particles with
oxide kernels and the potential
performance improvement associated
with increasing the thickness of
the buffer layer to 100 ym on the

- reference kernel diameter (500 pm).

Test fisslle TRISO particlas that have
increased heavy meral loadlug deusily

Test a total TRISO system having oxide
ketrnels and demonslrale a Ligler
retention of fission products compared
to a TRISO/BISO fuel system.

Test a total BISO system for
comparative purposes with TRISO/BISO

~and TRTSN/TRTISO fuel systems.

Test the CERCA matrix containing two
types of graphite (natural and
artificial) and containing GA
particles.

Test rods made by CEA that contain
CERCA matrix and CEA-fabricated
particles.
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3. COATED PARTICLES
3.1. GENERAL ATOMIC REFERENCE FUEL SAMPLES
3.1.1. Description

Fissile and fertile coated particles with both TRISO and BISO designs
were tested in the GF capsules. One of the fissile particle samples con-
tained reference large high-temperature gas-cooled reactor (LHTGR) HEU ura-
nium carbide kernels while the remaining fissile particle samples contained
HEU nmixed (8Th,U)02.kernels. All fertile particles had thorium oxide ker-
nelé. One batch of TRISO-coated particles contaihing'carbon resin kernels
. was used in the fuel rods as inert particles. All kernels and coated parti-
clés were fabricated at GA according to the Fuel Materials Branch

specifications (Ref. 3-1).

3.1.1.1. Fissile Particles. The (8Th,U)0; fissile particles were TRISO

coated with the exception of one BISO-coated batch. In addition, a single
batch of TRISO-coated, 200-um diameter UCy [VSM (drop melting)] was tested;
nowever, this fuel Lype was unly tested as loose particles. The (8Th,U)0;
kernels wetre either 400.um or 500 ym in diameter. The 400-pym kernels were
coated with a conservative TRISO design in order to provide high assurance
of low particle failure fractions. TRISO-coated fuel with 500-uym kernels
was based on the following design considerations:
: : . ,
1. A conservatively designed TRISO coating with a predicted end-of-
" life pressure vessel failure of 0.5%7 (Ref. 3-1).
»
2. A high heavy'meta} density TRISO coating design with a predicted

end-of-life preeeure vessel failure of 5% (Ref. 3-1).
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Core design economics favor a TRISO particle design with a high heavy metal
loading; consequently, large kernel diameters and thin TRISO coating layers
‘are desirable,'provided fuel performance and fuel fabrication requirements

are met. The 500-pm~diameter, TRISO-coated (8Th,U)09. fuel particles were

directed at establishing an acceptable upper limit to high heavy metal den-
sity TRISO design. BISO-coated (8Th,U)09 particles were also irradiated as
part of a long-range program to develop fuel for axially zoned cores where
metallic fission product release from BISO coated fuel could be limited by

restricting use of these particles to ¢ooler regions.

3.1.1.2. VFertile Patrtieles. All fertile partlcles cuntained 500 um

kernels, with the majority of the samples being ThOy BISO-coated particles,
i.e., the candidate reference HTGR fertile fuel (Ref. 3-2). One ThO, -BISO
sample was obtained by separating it frdm the parent batch using a gradient
denéify column. This technique énsured that the particles would have a con—
stant total coated particle density. 1In addition, one batch of TRISO-coated
ThOy kernels was tested to define potential improvements in metallic fission
product retention compared to the BISO particle design.

3.1.1.3. Inert Particles. The TRISO-coated inert particles are contained

in the 200- to 300-um carbon resin kernels.
3.1.2. Fabrication

All oxide‘kernelé were made by a gel-supported precipitation technique.
The VSM process was used to manufacture the UCy kernels. Inert carbon ker-
nels were processed from cation exchange resin beads. AIter kernel fabrica-
tion particle coatingé were deposited in a 127-mm fluidized bed coater. The
TRISO coatings were fabricated with buffer from propylene, SiC from methyl-
trichlorosilane, and PyC from propylene. The BIéO'coatings were fabricated

with buffer4and PyC from propylene.
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3.1.3. Properties

Summary descriptions of the kernel and coated particle properties are
presented in Tables 3-1, 3-2, and 3-3. Fabrication coating parameters are

given in Table 3-2.

3.2. GENERAL ATOMIC ADVANCED FUEL SAMPLES

Thirty-four batches representing four types of advanced coated
particles were tested in the GF capsules. Particles were tested as unbonded
samples and in bonded particle rings. The properties and number of
particles being tested are given in Table 3-4.
3.3. FUEL RODS

3.3.1. Description

Five fuel rod types were made for the GF capsules and designated a, b,

b', ¢; and-d. Each rod type contains different batch combinations of fis-

"~ sile and fertile particles and graphite shim particles (impregnated 1099

isotropic graphite powder, Great Lakes Carbon Corporation). The basic raw
materials used in manufacturing the matrix for rod injection consisted of

pifch binder (A240 petroleum pitch, Ashland 0il Company), additives (octa-
decanol and ﬁolystyrene), and graphite flour (6353 natural flake graphite

flour, Asbury Graphite Mills). A general descripotion of fﬁel rod types

irradiated in each capsule is given 'in Table 3-5.
3.3.2. Tahrication

-Fuel rods for GF-1, GF-2, and GF-3 capsules were manufactured by near-
reference HTGR and FSV processes according to Fuel Materials Branch specifi-
cations (documented in Ref. 3-1). ' The rods were approximately 15.73 mm in
diameter by 50 mm in length and consisted of fissile, fertile, and inert

coated particles; shim particles; and matrix. All rods contained 25 vol 7%

3-3



of shim particles, which is representative of highly shimmed rods in an
HTGR plant design. Varying amounts of TRISO-coated inert particles were
added to the rods to maintain a random close-packed particle array and meet
the fuel particle and shim loading requirements. Green fuel rods were car—
bonized in-place or in a packed bed to 1000°C in nitrogen. All rods were

high fired to 1800°C in argon.
3.4. CEA FUEL SAMPLES

3.4.1. Tissile Particles

Two batches of TRISO-coated and one batch of BISO-coated (8Th,U)09
fissile fuel particles were fabricated by CEA DMG at Grenoble. The kernel
diameters ranged between 468 and 518 um with other coating thicknesses

comparable to GA—fabricated particles.

3.4.2. Fertile Particles

Two batches each of TRISO- and BISO-coated ThO; fuel having kernel
diameters between 490 and 509 um were fabricated by CEA DMG at Grenoble.

3.4.3. Properties

A summary description of kernel and coated particle properties is

presented in Tables 3-6, 3-7, and 3-8.
3.4.4., Fuel Rods

Four fuel rods were fabricated by CEA at Saclay using the CERCA
process, i.e., hot pressing a mixture of matrix and fuel particles into a
cylindriéal compact at ~200°C. Two rods designated e and f contained
natural graphite in the mgtrix and the other rods (e' and f') contained

artificial graphite.
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3.4.5. Properties

A summary description of CEA-fabricated fuel rods is presented in Table

3-9.
REFERENCES

3-1. Young, C. A., D. P.-Harmon, and C. Moreau, "Dossier No. 3 (Part 1)
Preirradiation Report: GAC Fuel Materials for GF-1, GF42, and GF-3

Irradiation Capsules,” General Atomic unpublished data, December 15,
1974. ‘
3-2. "HTGR Fuel Product Specification,

August 1979.

General Atomic unpublished data,
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TABLE 3-1
SUMMARY DJESCRIPTION OF GA-COATED PARTICLES IRRADIATED IN CAPSULES GF-1, GF-2, AND GF-3

9-¢

Coatings
ey (@) : Buffer TPyC sic OPyC Capsule

Sample Trick- |- Thick- Thick- Fraction Thick-~ Micro- Tested
Data Retrieval Diameter 1ess Density| ness | Jensity ness | Density | DefectivelC ness Density [porosity d) "in

Number Type (um) | Tyze | (um) | (Mg/w3)| (um) | (Mg/m3) optafr® | qm) | Mg/wd) | T sic (m) | (Mg/m3) |@l/kg OPyC)| OPTAF| (GF-)
6151-0-010 | uC, 199 TRISO| 97 1.18 35 1.94 1.19 31 3.20 (e) I 1.80 6.77 1.11 | 1,3
6155-C0-010 | (8Th.U)0, | 403 TRISO| 80 1.22 32 1.88 1.22 32 3.22 (e) , 36 1.78 6.41 [1.13 1) 2,3
6155-00-020 | (8Th.U)0, | 397 TRISO| 78 1.15 27 1.92 1.11 3 3.22 (e) 41 1.76 7.51 1.14 | 1,3
6155-00-030 | (8Th.U)0, [ 410 TRISO| 79 1.19 30 1.90 1.18 28 3.22 0.074 39 1.78 9.42 1.08 | 1,2
6155-01-010 | (8Th,U)0, | 512 TRISO| 100 1.22 30 1.96 | 1.20 27 3.22 (e) 40 1.78 9.19 1.13 | 2,3
6155-01-020 | (8Th,U)0, | 502 TRISO| L06 1.24 32 193 | 1.17 3% 3.22 (e) 42 1.81 9.32 1.07 | 1,3
6155-01-030 | (8Th,U)0, | 506 TRISO! 103 1.23 i 1.95 | 1.24 27 3.21 0.089¢(P 40 1.79 12.34 1.11 | 1,2
6155-02-010 { (8Th,U)0, | 504 TRISO| 77 1.13 26 1.94 1.25 28 3.1 (e) 40 | 1.81 9.3 [1.13 | 2,3
6155-02-020 | (8Th,U)0, | 505 TRISO| 80 1.18 32 (8) 1.20 29 3.22 (e) i 41§ 1.82 9.40 1.13 | 1,3
6155-02-030 | (8Th,U)0, | 493 [ TRISO| 79 1.16 29 1.94 1.22 30 3.22 0.068 39 1.87 12,93 1.1 | 1,3
6445-00-010 | (8Th.U)0, | 513 BISO 90 1.17 (h) (h) (h), ) (h) (h) 90 1.83 (1) 112 | 1,2,3
6252-00-020 | ThO, 512 TRISO| 74 1.16 27 1.34 1.25 k}1 321 (e) 42 1.81 15.30 1.24 | 2,3
6542-02-036 | ThO, 481 BISO 79 1.18 (h) [CYI (Y (h) (h) (b) 74 1.89 12.03 1.12 | 1,2,3
6542-02-037 | ThO, 474 BISO 73 1.18 (b) m | ) (h) (h) (h) 80 1.89 12.42 112 3
6351-01-020 | C 210-297 | TRaso| <(e) (e) 29 1.76 1.09 29 3.22 “(e) 36 1.75 9.08 1.12 | 1,2,3

(a)

Uranium is app-oximately 93.15% enriched U-235.
(b)

(c)
)
(e)
(£)

Optical anisotropy factor, relative units.

Determined by X-radiographic evaluation of burned-back particles intruded with Hg at 69 MPa for 2 min.
Mercury intrusion az 69 MPa.

Mot determined.

Average of two separate measurements.

(g)blat determined, density estimated to be approximately 1.90 to 1.95 Mg/ma.
(h)Hot applicable.
(1)

Not determined.



TABLE 3-2
FABRICATION COATING PARAMETERS FOR GA-COATED PARTICLES

L-¢

Inner | -~ Outer Isotropic
Buffer Isotropic SicC
. Mean Mean Mean Mean Active Coating
Sample ) Coatin Coatin Coating Coat%n§ Gas Volume
Data Retrieval ‘ Rate(? Rate (2 Rate(@) |. Rate'?@’- Fraction
Number . Fuel Type (um/min) (Um/min) (um/min) (ym/min) (c/c+ L + D)
. 6151-00-010 ' Fissile TRI3O0 4.85 1.17 0.19 1.47 0.13
.6155-00-010 ‘1 Fissile TRI3O0 20.1 4,57 0.48 2.25 0.11 -
6155-00-029 Fissile TRISO° 26.0 3.60 0.54 2.83 0.11
6155-01-010 Fissile TRI3O 22.2 3.75 . 0.53 3.08 - 0.11
6155-01-020 Fissile TRIS3O 24.9 4.57 0.48 3.36 0.11
6155-02-010 Fissile TRI3O 23.4 3.47 - 0.56 3.33 . . 0.11
6155-02-020 Fissile TRISO0 24.6 4.27 0.55 3.42 0.11
-6445-00—010 Fissile BISD 33.3 (c). (c) 8.57 . 0.22
6252—Q0—020 Fertile TRISO 24.0 'A7,14 0.13 4.24 0.13
6542-02-036 Fertile BISD 18.0 (c) (c) 2.16 | 0.13
'6542-02-037 Fertile BISD 18.0 (c) (c) 2,16 - 0.13
6351—Ql—029 Inert TRISO (d) 1.38 0.14 1.06 - 0.17
(a)

Determined from measured coating rate.

(b)C = active coating gas flow rate (C2H2 + C3Hg), L = levitation gas flow rate (Ar or He or Nj),
and D = diluent gas rate (Ar or He or N2 or Hj).
(c)

(d)

Not applizable.

Not determined.



8-¢

s TsBLE 3-3
PRIOPERTIES OF GA TOTAL COATED PAETICLES IRRADIATED IN CAPSULES GF-1, GF-2, AND GF-3

Exposed Heavy Metal

Sample’ Méan Particle Fraction Defective HYd;ZiiSis Leach Test Fission
Data Retr{eval Diameter Density(a) Coated g heavy metal U " Th Gas Where

Number (um) (Mg/m3) Farticles(b) EiC(c) (E_EEEV;_EEEET) (g U/g V) | (g Th/g TH) Release(d) | vUsed(e)
6151-00-010 595 2.28 () T x 107" (8) <107’ <107’ ax107 |u
6151-00-010 | 713 . |  3.31 (£) cx10]  4x107® 1x1077 | <107 4% |u
6155-00-020 | 695 .20 |7 () :x 108 <6x107 |3x10% | 3x1200° [ 2x10%|u -
6155-00-030™ | 728 '3.34 (£) ix10°) <gx107 | <o’ 6x10° | 6x107 |a
6155-01-010 888 332 | (8 ex10| <6x10 [7x107 | <6’ 1x10% [
6155-01-020 885 3.3 | (B ¢x10®| 7x10”  |ex1077 | <0’ 6x107 |u
s155-01-030 M [ sgs | 3.33 7x10% |ix107Y] 7 x 207 o™’ 1x10° | 2x107 |b,e
6155-02-010 83 - 3.72 8x10% |zx10%] <6x 1077 7x107 | 1x10® 6x10°% |u
6155-02-020 840 3.69 (£ . ix107| <wx1007 |6x1207 [ 1x10% ] 8x107 |
6155-02-030™ | 812 3.74 (£) ex10| <6x107 [7x120° | 4x10® | 3x12077 | b
6445-00-010 870 3.21 () 1) wx10 |« | <o 6x108 |u,a
6252-00-020 8313 | 3.77 (£) Tx 107 9 x 1077 1 - <107’ (1) U,c
6542-02-036 786 3.54 (£) ) 9 x 1078 1) | 8x107 1) .| u,a,b,b",d
6542-02-037 768 356 [ (o ) 9 x 1078 1) 8 x 107 N
6351-01-020 573 - 1.83 (£) 1) W ¢V S W @) a,b,b',c,d

(8)Measuted by ailr pycnometer.

(b)Determined by microscopic examinstion of particle batch radiograph.

:c;Determined by bura-leach test.

d

(e)
(£)
(g)
(h)
1)

Release.rate/birth rate of Kr-85m at 1100°C.

U denotes unbonded particle sample; a, b, b', ¢, 4 denot2 fuel rod types.
No failures observed.

Not determined. -

Composite of above two batches (i.e., -010 and -020).

Not applicable.



TABLE 3-4
SUMMARY DESCRIPTION OF ADVANCED FUEL UNBONDED COATED PARTICLES AND BONDED PARTICLE RINGS TESTED IN GF-1, GF-2, AND GF-3

Coatings
Number of Kernel Buffer . Inner PyC ZrC Outer PyC
Particle
Descrip- Sample artlc.es Diam.]Density Thickness|Density| Thickness |Density ThicknessIDensity Thickness [Density
tion No. GF-1|GF-2| GF-3| Type (um) | (gm/cc) Type Cum) (gm/ce)|  (um) (gm/cc)| (um) (gm/cc) { (um) (gm/cc)
Doped 4-9-2 600 |240 120 | (2a1, 451, 500 | 9.357 B1SO T8 | - - - - 88 1.820
Kernels | 6111-107E 8Th,1) 0,
'y
4-18-1 360 [120 | 60 | (8Th,u) 0,| 500 | 9.917 BISO 94 1.04 - - - - 88 1.789
6111-71E :
4-19-2 360 |120 | 60 (.5 si, 500 | 9.357 BISO 98 1.14 - - - - 85 1.804
6111-101E 8Th.U) 0, .
4-19-1 360 [120 | 60 | (2 si, 500 | 8.758 BISO - 92 1.06 - - - - 86 1.804
6111-95E 8Th,U) 0, :
4-18-2 360 |260 | 60 (4 st s00 | 7.822 BISO 91 1.04 - - - - 83 1.802
6111-93E 8Th,U) 0,
4-10-1 360 (120 | 60 [(.5 a1, 500 | 9.99 BISO . 105° 1.12 - - - - 95 1.823
6111-111E |- 8Th,U) 0,
4-5-2 360 [120 | ‘60 | (2 a1, 500 | 9.75 BISO 93 1.12 - - - - 94 1.823
6111-109E 8Th,U) 0,
4-5-1 360 [240 | 60 | (4 A1, * | s00 | 9.06 BISO 95 1.08 - - - - 88 1.812
6111-103E 8Th,U) 0, .
4-12-1 360 {120 | 60 |(.5a1,1s1,| 500 | 5.27 BISO - 93 1.05 - - - - 96 1.817
6111-117E 8Th,U) 0,
4-12-3 {360 [120 | 60 |(2a1, 2s1,| 500 | 8.38 BISO 95 1.04 - - - - 8s.3 | 1.817
6111-105E 8Th,U) 02 i
4-13-1 360 |1r20 { 60 | (2a1, 1st,| s00 | 8.72. BISO 96 1.13 - - - - 100 1.799
v 6111-99E ’ 8Th,U) 02 . ) “
Doped 4-12-2 360 |240 | 60 | (41, 4s1,| 500 | 7.26 BISO 95 1.09 - - - - 91 . | 1.814
Kernels 6111-113E 8Th,U) 02 .
si 6171-105€ .| - 240 |120 | (8Th,U) 0,] 400 | 9.70 [silicon 97 1,21 17 1.864 - - 86 -1 2.149
BISO . . . BISO (19% Si) ’
6171-107E | - 1240 |120 | (8Th,U) 0,] %00 | 9.70 [Silicen 97 1.21 17 1.864 - - 81 2.195
BISO (25% Si)
6171-115E | - |240 |120 | (8Th,U) O, 400 | 9.70 [silicon 97 1.21 17 1.864 - - 78 2.321
: BISO (39% S1i) . .
-]
3 | 6171-1178 | - [240 [120 [(8™,U) 0,] 400 [ 9.70 [Silicon 97 1.2 17 1.864 .- - 85 2.481
5 ’ i BLSU (47.5% $1) :
3 .
g 51 6171-119e | - |240 [120 | (8Th,U) 0,] 400 | 9.70 |Silicon. 97 1.21 17 1.866 | . - - 61 2.417
2 BISO | - ) BISO (40% S1) o :
) 6171-676 | - 150 | 45 | (8Th,U) 0,] 400 | 9.70 BISO 97 1.1 - - - - 80 1.784
:?;0 6171658 | ~ 150 [ 45 | (emh,0) 0, 400 | 9.70 BISO 97 1.21 - - - - 81 1.847
6171-41E | - |150 | 45 | (8Th,U) 0,] 400 } 9.70 " BISO 97 1.21 - - - - 87.3 { 1.936
HTI { 6222-198 | - |150 | 45 |(8Th,U) 0,] 400 | 9.70 BISO .97 1.21 - - - - 87 1.718
B150 6222-25¢ | - |150 | 45 | (87m,0) 0, | 400 | 9.70 BISO ‘97 |1 -] - - - 76 1.583
6171-15E W1zo - - Ju, - 200 |10.99 TRISO 120 1.0(a) -l - - ee 6.2(a)| 64 1.8(a)
::c TRISO 6171-178 120 |- - |- (8Th,u) 0,| 400 | 9.70 TRISO 84 1.0(a) -1 - 52 6.2(a) 75 1.8(a)
arti= .
cles 6111-1458 |120 | - |- | (8Th,U) 0,| 400 | 9.70 TRISO 110 .97 13 |1.8(a) 45 6.2(a)| 85 1.8¢a)
' 6111-147E 120 | - |- uc, | 200 |10.99 TRLSO 1102 .98(a) 8 1.8(a) | 45 6.2(a) 50 1.778
ZrC. TRISO( | 6171-1SE | 24 [ 24 [~ [(8Th,u) 0, 400 | 9.70 TRISO 84 1.0(a) - - | 2 6.2(a) 75 1.8(a)
tarcicles| | ein-17e | 36 [ 36 |- Juc, - | 200 |10.99 TRISO 120 |[1.060) - - 46 6.2(a)| 64 1.8(a)
Bonded 6111-145E | 24 | 24 |- (8Th,U) 0, | 400 | 9.70 TRISO 110 .97 13 1.8(a) 45 6.2(a)| 85 1.8(a)
Rings 111-147¢ | 36 | 36 |- [uc, -200 [10.99° TRISO 102 .98 (a) 8 |18 45 6.2(a)| 50 1.778
. sic )
OPTAF 6111-13 9]- |8 [a1,0, 1/64] 3.95 TRLISO - - 36 1.782 30 3.2 31 1.975
* Series (1/64 in.) 1n. .
4 6111-13 o - |5 [ar,0, 1 m| 3.95 . TRISO - - 29 1.828 30 3.2 35 1.972
Qm) | . . . )
A111-9 LCIN B LT PR S 1766} 3.95 TRTSO - - 36 1.782 30 3.2 43,7 | 1.942
(1/64 in.) in. . A .
6111-9 s|- s |a,0 1m| 3.95 |°  TRISO - - 29 1.828 10 3.2 .60 1.941
(1 m) /
6111-3 o |- |4 [ar,0, 1/64] 3.95 TRISO - - 36 1.782 30 3.2 36 1.959
(1/64 1n.) An. ‘
.6111-3 1]- 1 fane, . 1 oo} 3.95 TRISO - - 29 1.828 30 3.2 49 1.953
(1 om) ) . R
6041-137 4 |- 4 lar,0, "1/64] 3.95 TRISO - - 36 1.782 30 3.2 27 . 1.965
v (1/64 fe.) ) in. ] . i
OPTAF 6041-137 1|- | a0 1 mm| 3.95 TRISO - b - 29 1.828 30 3.2 23 1.981
Serfen (1. mm) ' i

(a) estimated



TABLE 3-5
SUMMARY DESCRIPTION JF GA FUIL RODS IRRADIATED IN CAPSULES GF-1, GF-2, AND CF-S(;’)

oi-¢

Coated Particles . Maezixn ().
° Defecti
Fissile Fertile Pitch Cote:®! Green Rod Exposed erec ve(j)
Daca Dimensi, Fuel Loadin Eeavy Metal (1) SiC_Coacings
Retrieval Data Data Hacro- Apratrent m“ns)ons Par:ic]& u:iformit (g) Fission Fesry U T
Rad Humber Retrieval Retrieval Po:osicy(d) Yield | Leasity Lum Facking ) y Gas , _ |{g heavy metal
Typa (b) 7261-003- Type Number ~~pe Number %) @ | /a3 Dl:.mef.etl Length (%) u —l Th Release N+ || g hzavy metal/ | (g U/g U) { (g Th/g Th) - Primary Variables
GF-1 Capsule
a 01-¢4 (Th,U)OZ 6155-00-030 | ThO. BISC | 6542-02-036 35 32 .13 L 573 5.016 58 1.01])1.02 1x 10-5 *x 1074 (k) (1) Conservative, 400 um kernel,
TRISO - . < x 1077 | TRIS0 fissile
a 01-5 ('J.'h,l.l)O2 6155-00-030 | ThO,, BISC 6542-02-036 35 33 313 1573 4.991 58 1.00 | 1.06 3 x 10_6 2 x 1974 (k) (€3] Conservative, 400 um kernel,
TRISO = <3 x 1977 TRISO fissile
b 02-5 (Th,L)0, | 6155-01-030 | ThO, BISC | 6542-02-036 33 32 J.13 1.573 5.018 57 1.07]1.02 2 x 1076 <3 x 1077 (k) 1) - Conservative, 500 um kermel,
TRISO - TRISO. fissile
b' 03-5 ~ ('l'h.L‘)()2 6155-02-030 | ThO, ‘BISC 6542-92-036 34 35 .14 1.573 75.040 57 1.03]1.06 2 x 1076 5 x 174 (k) 1) Less conservative, 500 ym kernel,
TRISO - ) . TRISO fissile
GF-2 Capsule
a 01-6 (Th,U)0. | 6155-00-030 | ThO, BISC | 6542-02-C36 35 34 3.13 1.573 5.031 57 1.01|1.08 2 x 1076 2 x 1074 (k) [¢8] Congervative, 400 ym kernel,
TRISO “ : - <5 x -7 TRISO fissile
a 08-4 {Th,U)0. | 6155-00-030 | Tho, BISG: | 6542=22-C36 n 25 J.10 1.573 4.994 57 1.02 | 1.07 3 x 1076 a x 1= (k) 1) . | Congervative, 400 um kernel,
. z 2
(packed bed) TRISO - TRISO fissile
c 04-6 (Th,1)0, | 6155-01-030 { Thov, TRIz0| 6252-20-02C 31 51 J.11 L573 | 4.983 58 1.07 | 1.04 2 x 1076 a x b 8 x107% | 2 x 1073 | conservative, TRISO fissile,
TRISO * = . . 500 ym kernel, TRISO fertile
e, 04-7 (Th,B8)0. | 6155-01-030 The, TRIZO[ 6252-00-02C 31 32 J.12 1.573 5.003 57 1.01]1.03 1x 1076 < x 1978 8 x 107 2 x 1073 Conservative, TRISO fissile,
TRISO * 500 pm kernel, TRISO fertile
d 05-4 (Th,0)0,, | 6445-00-010 | Tha, BISe | 6542-02-03¢ 37 32 0.12 1.573 | 4.969 57 1.07 | 1.04 8 x 1077 a xw® [¢9} [¢)) 500 um kernel, BISO fissile
BIsO *“
d 05-5 (Th,0)0, | 6445-00-010 'I'hC2 BIS® | 6542-02-03€ 37 31 0.12 %573 4.971 58 1.03]1.03 1x JI-C'-s < x 10-6 1) 1) 500 um kernel, BISO fissile
BISO ~ .
) GF-3 Capsule
b 02-4 (Th,v)0, | 6155-01~030 | ThC. BIS) | 6542-02-036 33 33 0.12 1.573 4.984 58 1.11]1.05 3 x 10-6 <6 x 10-7 (k) (L Conserva:zive, 500 ym kermel,
TRISO <. ) TRISO fissile
b’ 03-4 (Th,U)0, | 6155-02-030 | ThC.. BISD | 6542-02-036 34 34 0.13 1.572 | 5.011 57 1.67]1.04 3x 1077 6 x 3074 () (¢} Less conservative, 500 um kernel,
TRISO ~ “ | TRISO fissile
¢ 04-4 (Th,4)0, | 6155-01~030 { ThC. TRISO| 6252-00-020 31 32 0.12 1.57 ) 4.957 58 1.02)1.04 1x10°€ <1 x 2078 8 x107% | 2x10"3 | conservative, TRISO fissile,
TRISO ~ - 500 um kernel, TRISO fertile
c 04-5 (Th, )0, | 6155-01-030 | ThC. TRI30| 6252-00-020 31 30 0.11 1.573 | 4971 58 1.05| 1.07 1x10°€ o x 1078 8x1¢% | 2x107> | conservative, TRISO fissile,
2
TRI30 ~ “ 500 um kernel, TRISO fertile

(n)Required fuel loadings are 0.130 g ¢f U-235 grd 4.371 g of Th-232 per rod. Each rad containe 25 vel X 1099 impregnated shim (F0125) and TRISO-coated carbon inert particles (6351-01-020).
(b)All rods cured-in-place ex:cept where noted.

(C)Fuel ‘x'od matrix has A-240 pitch for the binder, 6353 naturel flake graphite for the Efller, and SCCll as an additive.
(d)

Determined from metallographic cross section of a -ompanicn fired rod from same batca.
(e)Celculated from green and fired Zuel rod weights and nomiral parzicle weights. .

(<€)

Calculated from fired vod and nominel particie pammeters.

S)Ratio of maximum gamma count rate to mean cowmt rzte deternined from gamma couating toth ends of rad.
(n)
(i)Detemined by hydrolysis test. < sign denotes vaBue below the detectability of the apparatus., A zorrection factor to account for total conversion of ‘ThOz :5 Thij has been appiied to rods having detectable contamination.
Measurenents made on one or two companion rods, Mean velue given 1f tw> numbers wers simfllar; both values given if numbers differ by orders of magnitude.

@
(3}

Release rate/birth rate of Kr-85m at 1100°C.

Determined by burn-leach test; measurement made or companion rod from same batch,
Not determined.
O)No: applicable.
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TABLE 3-6
PROPZRTIES OF CEA TOTAL COATED PARTICLES IRRADIATED IN CAPSULES GF~2 AND GF-3

Surface
Contamination .
Mean Acid
Mean . Particle Leach Crushing Where Used
Particle | Diameter(a) Particle Weight‘c) (ppm/ Activity |.Facetin Force Test
Batch No. (um) ngsity(b) {mg) particle) (u ci) (MIFI)( ) (kg) Capsule Type(e)
MG 156 - 821 3.14 0.905 Th = 6 1.5 x 10'—8 3.96 2.2 GF-2,-3 U, f
S U=>5 '
MG 165 857 3.13 1,024 Th = 1 1 x 10_-8 3.76 2.3 GF-2 i)
U=1
MG 175 864 3.13 1.021 Th = 1.3 5.9 x 10—8 3.82 2.3 GF-2,-3 U
‘U £ 0.5
MG 178 885 3.19 1.155 (£) 35 x l0—8 3.88 2,2 GF-2,-3 U, f
NG 197 845 2.88 0.898 Th = 7 2.3 x 10_8 2.92 (f) GF-2,-3
| U =‘4A
MG 199 822 3.11 0.882 Th = 1.1 ] 0.5 x'lO_8 2.76 (f) GF-2,-3 U
, ' U = 0.5 i
MG 207 810 3.29 0.881 Th = 8 10 x 10-8 3.65 1.9 GF-3 U
, U=3
(a) .
. Measured by radiography.
(b)Density by Archimeces' pressure.
(c)

(d)
(e)
(£)

Not determined.

By weight after cozting.

MIFI = index of variation in form between 1 for the poor form and 4

U denotes unbonded particle sample; f denotes CEA fuel rod type.

for the spherical form.
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TABLE 3-7 .
FABRICATION COATING PARAMETERS FOR CEA-COATED PARTICLES

(®) .

Wot applicabie.

Seal Inner Outer Isctropic
Buffer Coat Isotropic SicC
Mean Mean Mean Mean Mean Active Coating
Particle Coating Coating Coating Coating Coating CGas Volumg
Batch . Rate Rate Rate ~ Rate Rate Fraction( )
Number Fuel Tvpe (um/min) (pm/mdin) (pm/min) (pym/min) (um/min) (c/c + L+ D)
MG 155 Fertile BISO - 11.5 11.5 (a) (a) 2.22 0.3
MG 165 | Fertile TRISO 10.8 10.8 2.54 0.17 2.22
MG 175 Fertile TRISO 11.79 11.79 2.52 - 0.40 2.25
MG 173 Fissile TRISO 14.0 14.0 2.80 0.20 2.35
MG 197 | Fissile BISO 11.7 11.7 " (a) (a) 2.18
MG 199 Fissile TRISO 11.8 11.8 2.7 0.42 2.25
MG 207 Fertile BISO 15.1 15.1 (a) (a) 4.5 Y
(a)

= volume of C3Hg, L = volume of inert levitation gas Ar, and I' = volume .of Hy diluent gas.

N
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TABLE 3-8
SUMMARY DESCRIPTION OF CEA-COATED PARTICLES IRRADIATED IN CAPSULES GF-2 AND GF-3

Coatings
Kernel Buffer . IPyC SicC OPyC Capsule
Thick- Thick- DAR(D) Thick- Thick- © DAR Tested

Partizle |- Diameter ness(a Density ness Density (Optical ‘ness Density ness Densitg ¢ (Optical in
Batch No. Type (ym) Type (pm) (Mg/m3) (pm) (Mg/m3) | Anisotropy) (um) (Mg/m3) (um) (Mg/m?) Anisotropy) (GF-)
‘MG 156 ThOz. 490 BISO 85 1.13. | (d) (d) (d) (d) () . 80 -1,90 1.010 - 2,3
MG 155 'I‘hO2 : 496 TRISO 8¢9 1.21 30 r.93 | ' 1.022 :22 - 3.185 40 1.86 1.016 2
MG 175 ThO2 490 TRISO 92 1.12 " | 27 1.95 ©1.022 26 3.195 39 1.85 i 1.018 2,3
MG 178 (BTh,U)O2 518 TRISO 93 1 1.09 29 1.95 1.028 "25 3.195 40 1.88 1.016 2,3
MG 197 (8'l‘h,U)02 477 BISO 97 1.11 (d) (d) (d) (d) (d) - 87 1.85 1.014 2,3
MG 199 (BTh,U)O2 © 468 TRISO 90 1.li ‘ 27 1.87 '1.022 24 3.195 37 -1.85 1.020 2,3
MG 207 ThO2 : 509 ‘BISO 84 1.08 _.(d) (d) (d) (a) (d) 72° 1.92 1.014 3

(a)

(b)DAR {window diameter = 15 um); DAR 7; OPTAF and BAF, A 0.27 x OPTAF + 0.733, where OPTAF is optical anisotropy factor and BAFy 1s Bacon
anistropy factor determined by Seibersdorf device using 25 um spot diameter.

(C)By flotation. o

(d)Not applicable. .

Mean by radiography aamd photodensitometry.
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TABLE 3-9

SUMMARY DESCRYPTION OF “UEL RODS IRRADIATED IN CAPSULES GF-1 AND GF-3

T v
Earticle Loadings Per Rod N
. Fiesile Fertile Volume Inert Matrix Total Total Rod Dimensions (mm)
Fuel Rad Irradiated In Fraction : Uranium | Thor ium Diameter Rod
A Weight] No. of Weighkt | No. of (Fissile +( deight{ No. cf Type Density { Per Rod | Per Rod Weight
Type | Number | Capsule | Cell Type Numbe= (2) Particles Type Number '8) Particles | Fertile) (g) Partdclzs (CERCA) (Mg/m3) (8) (g) Top | Middle | Bottom| Height (g)
e 237 GF-1 -1 (£Th,U)0, | 6155-02-020 || 2.68 23N 'I":|02 BISO | 6542-0.-036| 6 62 7937 0.27 1.355 752% | ¥CL 8102 ] 1.6 0.14) 4.873 15.82] 15.81 15.80 [ 50.41 20.843
: N TFISO Latural ! .
e' 239 GF-1 1 (ETh;U)Oz 6155-0_-020 § 2.68 23 '1'.102 BISO| 6542-02-036) 6 62 7937 0.27 1.355 7523 1CL 8418 1.6 0.140 4.873 | 15.84) 15.83 15.83 $0.40 | 20.820
TRISO srtificial
f 815 GF-3 1 (S'I'h,U)O2 MG 178 2.587 2240 'l.":lO2 BISO| MG 156 7.162 7917 0.307 0.589 3274 3CL 8102 1.6 0.1345 4.908 15.80| 15.81 15.80 | 50.38 { 20.460
TRISO Fatural :
£' 817 - GF-3 1 (BTh,U)O2 MG 178 2.587 2240 ThO2 BISO) MG 156 7.16< 7917 0.307 0.589 3z LCL 8418 1.4 0.1345 4,908 | 15.76| 15.76 15.77 50.09 19.048
TRISO : . artificial
i




4. DESCRIPTION OF IRRADIATION
4.1. TIRRADIATION FACILITIES

The GF-1, GF-2, and GF-3 capsules were irradiated in a TUMULT G deﬁice.
.-TUMULT G occupied one—quarter of the available. core ﬁenetrations in the
Siloe reactor (Grenoble, France) and consisted of four independent cylindri-
cal compartments each ~100 mm long with a maximum usable diameter of 15.76
mm. Figure 4-1* is a schematic diagram showing the individual components of
the TUMULT G device -and the specific Siloe core locations for GF-1, GF-2,
and GF-3. The temperature in each of the individual cells was monitored by
a tungsten-sheathed Chromel/Alumel (C/A) thermocouple and regulated by a
common Ne-lle gas mixture. Figures 4-2 and 4-3 are schematic diagrams show-
ing the fuel rod and loose particle cell arrangements in the TUMULT G device
for irradiation capsuleé GF-1, GF-2, and GF-3. The flux dosimeters used for
these capsules were Cu, Cu0O, and VCo alloys; the measured thermal and fast
flux axial profiles for Siloe core locations 45G and 47G are shown in Figs.
4-4 and 4-5, respectively. Table 4-1 provides a’ summary description of the
irradiation test conditions for capsules GF—lA GF-2, énd bF—3. A brief
description of the thermal and neutron fluence calculations is presented in

the following sections; more detailed information is included in Ref. 4-1.

4.1.1. Thermal Measurements and Calculations

Thermal analysis of capsules GF-1, GF—Z{ and GF-3 was based on in;pile
temperature measurements using C/A thermocouples and computer codes that
" described heat fluxes and thermal resistances; This procedure enables fuel
temperatures to be calculated as a‘function.of capsule position and time
during irradiation. The controlling thermocouplés were located at the inmer

containment wall and in the graphite bodies adjacent to the fuel compacts

*Figures appear at the end of each section.
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(Fig. 4-2). These measured temperatures were below 1100°C and were
monitored with C/A thermocouples in an Inconel sheath. The Inconel sheath
was covered with a deposit of tungsten in order to avoid diffusion of the
nickel into the graphite. This was essentia1 tn prevent prematurc failurc
of TRISO-coated fuel by Ni/SiC attack (Fig. 4-6). The C/A thermocouples are
stable during irradiation and are not affected by alloy composition changes
caused by transmutation (Ref. 4-3); consequently, no irradiation correction
factors are required. Material thermal properties used in the calenlatrion
of Gr-1i, Gk-2, and GF-3 temperatures are listed in Tahle 4-2. Tt shnuld be
noted in this table that the fuel rod thermal conductivity undergoes a 307%
reduction during irradiation. This has been substantiated by actual mea-
surements on irradiated rods (see Section 5.5). Inraddition to temperature
measurements, the following equations were.used to relate measured

temperatures to calculated fuel temperatures:

=3
(62}
|
=1
[N
il

(Tg - TC)/lo _ . A - (4-1)

1.11 x (T3 - T.) ' (4-2)

H
1]
|
=
(p]
It

where Ty = surface temperature of fuel compact,

Ti measured graphite -temperature,

T. = measured container wall temperature
(controlled to <750°C to maintain deecign

fuel temperature).

These equations were established emp1r1cally by using a 51mulated mockup of
the GF-1, GF -2, and GF- -3 capsule de31gn with electrlcal heaters serving as
the heat source (Ref. 44— -1). These equatlons servcd to account for the
geometry and compllcated ‘heat fluxes in the system, consequently, a

simplified one-dimensional heat flux thermal calculation was possible for

42



relating measured temperatures to calculdted temperatures and powers. The

temperature_at the fuel rod axis:(Ta) is calculated as:
Ta = T + AT . L )

where AT(k) is the calculated fuel ;od.radialvtemperature drop fof aAgivén
power level. The calculated mean fuel surfaée and axial ceﬁterline
temperatures for each cycle of capsuies GF-1, GF-2, and GF-3 are shown in
Section 4.1.2 (Figs. 4-10 through 4-21). As a point of reference, the fuel

rod volume average temperature (Tg) is:

T : : .
TV =1/V -[ o(Ta - br2) X 27 x dr = (Ta - TS)/Z (4-4)

it

where V volume of fuel rod,

r, = radius of fuel rod,

o
|

2
(T - Tg)/xg-

~ The corresponding time-volume average temperature is defined as:

A _ . A
To¢ = 1/;L To(t)de , .. ‘ o , (4-5)

where t is the irradiation time. Average temperatures are calculated in a
like manner for the center of the fuel rod (T, ) and for the surface (Tg E)
of the fuel rod. These time-averaged temperatures'for each of the irradia-
tion cells in capsules GF-1, GF-2, and GF-3 are listed in Table 4-3. The 20
. uncertainty band on reported temperatures in capsules GF-1, GF-2, and GF-3
is estimated at ~100°C. . This accounts for uncertainties associated with
fuel rod thermal conductivity, fuel heat. generation rate (fissionaand
gamma), and fuel rod/graphite radial gap widths. A more detailed discussion
of thermal analysis uncertainties in irradiation. capsule tests is presented

in Ref. 4-4.
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4.1.2. Neutron Fluence Calculations

Neutron fluence in the Siloe reactor is measured in terms of graphite
damage units, which are then transposed to equivalent HTGR (E > 29 £J)
fluence units. The neutron-induced lattice displacement rate in graphite
depends on the probability of a neutron reaction occurring, og(E), and the
number of lattice displacements resulting from each reaction, p(E).

Therefore, a displacement cross section can be defined as:

op(E) = og(E)p(E) ,

where op(E) displacement cross section; the displacement rate per unit

neutron flux of energy E,

og(E)

p(E)

neutron reaction cross section,

displacement weighing function.

The displacement cross section is a material-dependent parameter.
Neutron reaction cross sections are available from sources such as ENDF/B*
Tihraries. The displacement weighting functions are derived from physics
considerations that account for neutron energy levels and atomic bonding
energies. The displacement weighting function most widely used for inter-
pretation of graphite irradiation results was developed by Thompson and
Wright (Ref. 4-5). The displacement rate for a material at a given flux

position in the reactot is

D = f o (E)$(E)AE o (4-6)
(o]

where D is the displacement rate and ¢$(E) is the neutron flux at energy E.
The above expression is valid provided the energy dependence of neutron flux

does not change during irradiation. Furthermore, a convenient

*ENDF is the Evaluated Nuclear Data File and is the nat10na1 reference
set of evaluated cross section data.



-simplification for graphite is to select a limiting energy (Ej) value of 29
fJ (0.18 MeV); i.e., op for E > Ej, is equal to oD(EL). This means graphite

has a. constant displacement cross section for energies >29 fJ.

The equivalent HTGR fluence for damage in graphite is defined as

follows:
o t2 - '
cn(E)¢(E,t)dEdt
0 ty ' A )
®(E ) yren = f,, f,, : (4-7)
05 (E)$C(E) yrordE ¢(E) gpordE
0 E
L :
Q(EL)HTGR _ tota%(gliplacements : (4-8)
. v L°HTGR - -
where ogrgr = effective displacement cross section for an HTGR spectrum
, above energy Ep,
¢(E,t) = neutron flux in the irradiation test (Siloe or HTGR
flux), -
®(EL,)HTGR = equivalent HTGR fluenceAfor damage in graphite for enérgy
" above Ej,,
ty - t] = extent of irradiation test.

Physically, ®(Ep)yTgr is the neutron fluence above energy Ej in an HTGR
. Ve .
that is required to produce the number of displacements which occurred in a

particular irradiation test.
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Other -displacement damage characteristics have been defined for use in
comparison of damage in graphite. The "equivalent fission fluence for

damage in graphite” ¢g is defined as follows:

t2. e )
f ' f 0. (E)o(E, t )dEdt
t . D

1

0
G— - o0 4 (4 9)
f a (E)x(E)dE/f x(E)dE
D h . .
0 0 :
or )
o = total difplacements (4-10)
G c
X
where tg9 - t] = duration of the irradiation test, *

0x = fission spectrum average cross section [x(E) is the neutron

fiscion spectrum],

$(E,t) = neutron flux in the irradiation test (Siloe or HTGR flux).

" Physically, g is the fluence required in a fission spectrum to produce

the number of displacements that occurred in a particular irradiation test.

Using &g as an equivalent basis for comparison, the Siloe and HTGR

reactor spectra have the following fluence equivalence (Ref. 4-3):
o(E > 161 Vfi)‘gﬂne' x 2 =. ¢G’ , | | o (4-11)
O(E > 29 £1)yper X 1:25 = og - | | (4-12)
These equations imply the following fluence equivalence:

®(E > 161 £J)gi1ce X 1-6 = ®(E > 29 fI)JyrGrR - (4-13)
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Figures 4-4 and 4-5 are plots of the axial profiles for thermal and
fast flux measured for'the Siloe reactor. The flux dosimeters'used.were
Cu, CuO, and VCo alloys. Eqﬁation 4-13 was used to convert a measured Siloe
fluence (E > 161 £J) to a corresponding HTGR fluence (E > 29 £J). The cor-
responding fast and thermal axial fluence pfofiles for.capsules GF-1, GF¥2,
and GF-3 are plotted in Figs. 4-7, 4-8, and 4-9. 1In addition, plots of the
equivalent HTGR fast fluence versus irradiation time for capsules GF-1,

GF-2, and GF-3 are shown in Figs. 4-10 thfough 4-21.

4.1.3. Heavy Metal Burnup Calculations

Heavy metal burnup is a measure of the total fissions that have
occurred in a fuel sample during irradiation, and it is proportional to the‘
amount of fission ﬁroducts generated. The heavy metal burnup of each fuel’

ample irradiated in GF-1, GF-2, and GF-3 was calculated using the APPOLLO
computer code, a code that subdivides thermal and epithermal neutron

energy 'levels into 99 separate groups.

‘ Required inpﬁts are reactor power history, average thermal flﬁences,
initial uranium énd thorium loadiﬁgs, macroscopic cross secfions,'and
fission yields. Isotopic'fission yields were 6btained from a compilation of
Meek and Rider (Ref. 4—6). The cross sections used in the program were -
.normalized relative to the thermal fluence measured by cobalt dosimetry

(refer to Section 4.1.2) and are listed below:

//’/

Fission Capture

Cross Cross

Section Section

(barns) (barns)
U-235 606 129 '
U-233 . 695 72.
Th-232 - 22

The APPOLLO code was used to calculate the burnup for both U-235 and

thorium (U-233) at the end of irradiation. However, because of the



complexity and computer run time, a simplified‘calculation was performed to
determine burnups at ﬁhe end of eachiirfadiatién cycle. This simplified
code was used tohprovidé a basis for noble fiséion gas release [rate of’
release/rate of birth (R/B)] measurements during each cycle. The simplified
code was capable of calculating isotopic concentrations and burnﬁps to

‘within *5% of the more exact APPOLLO calculations.

4.1.4. TFission Gas Release Measurements

The inert sweep gas (Ne/He) used to control fuel temperatures in each
cell was sampled every 10 days to monitor fission gas release from fuel
specimens during irradiation. Six short-lived gaseous fission product iso-
topes (Xr-85m, Kr-87, Kr-88m, Kr-89, Xe-137, and'Xe—l38) were measured.
These isotopes were of primary inferest because they conslitute the main
source of gaseous activity released from failed fuel, thereby affording a°
direct means of determining fuel performance during irradiation. The R/B
determinations were made by allowing equilibration of gaseous activity
through a standard tube prior to sampling. After eduilibration, a gas sam—
ple was withdrawn into an evacuated vial and gamma counted using a Ge(Li)
detector coupled with a multichannel analyzer. A standard decay time was
used to permit transport 6f the gas samples Lu Llie counting room. The
daughter product, Rb-89, was used for determining the yicld of the short-
lived Kr-89 isotope, and the longer—-lived isotopes (Kr-85m, Kr—-87, Kr—88m,
Xe-137, and Xe-138) were counted directly. Absolute quantities of all iso-
topes were calculated to determine the amount of gas released al Lhe surface
of the samples. This was accomplished by knowing the flow rates of the
sweep gas from each cell to the sampling station. In-pile fission gas
release measurements provide a direct measure of fuel performance. Specifi-
cally, gas release due to exposed U and/or Th contamination and gas'release
due to fuel failure are measured. The following equation defines individual

contributors to R/B:

w/B =[T”c " Fy-a3s * Yu-23s) * (T Fypay Yu—233):’

(Fy_azs * Yyoa3s) * (Fyopaz * Yy_z33)

contamination

(4-14)

Xeisile * Reissile © Fu-235 ° Yu-2357 Y Ceercite * Rrercize  Fu-233 ° Yu-233
+ T Y Y+ (F Y )
- u-235 ° Yu-235 u-233 * Yu-233 X
uel
failure

4-8



ak

where R/B = total release per birth,
U. = beginning-of-life uranium contamination measured by TRIGA,

T. = beginning-of-life thorium contamination measured on

companion rods using LINAC or'thofium hydrolysis test,
Fy-235 = fissions from U-235,
Fy-233 = fissions from U-233,

Yy-235 = yield of a particular isotope per U-235 fission
(Yy-235 for Kr=85m = 0.013),

Yy-233 = yield of a particular isotope per U-233 fission
(Yy-233 for Kr-85m = 0.022),

Xfissile = fissile particle failure fraction,

Xfertile = fertile particle failure fraction,

Rfjgsile = fractional release of a certain isotope per failed TRISO

particle,

Rfertile = fractional release of .a certain isotope per failed BISO

particle.

The following points are worth noting regarding Eq. 4-14 and in-pile

R/B measurements:

1. At the beginning-of-1ife and in the absence of fuel failure, the

contamination term dominates R/B measurements.

2. At beginning-of-life the fraction of fissions 'in fissile fuel is.
much greater than in fertile fuel (Fy-235 > Fy-233); this reverses
at end-of-life (Fy.933 > Fy-235)- This implies that either fis-
sile contamination and/or failure domihates the R/B measurement
during the early part of irradiation, and fertile contamination

and/or failure domihates R/B near end-of-1life.



3. Short-lived isotopes, such as Kr-85m, are a measure of
- instantaneous fission gas release and do not account for time-
dependent diffusive release. However, long~lived isotopes such as
Kr-85 account for the cumulative time-dependent diffusive release

of gases occurring in surface contamination or in failed fuel.

The resulting in-pile R/B measurements for Kr-85m and Kr-85 are plotted
in Figs. 4-22 through 4-27 for GF-1, GF-2, and GF-3. Loose particle cell
measurements arc not included in these figurés because of the wide variety
of fuel types tested in each cell and the inability to correlate R/B
release with a particular fuel type.  In addition, in-pile R/B measurements ¢
on the long-lived isotopes Kr-87, Kr-88, Xe-133, Xe-135m, and Xr-138 are
included in Appendix A. '
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SUMMARY DESCRIPTION OF IRRADIATION CONDITIONS FOR CAPSULES GF-1,

TABLE 4-1

GF-2, AND GF-3

" Kernel Burnup
. aximum (% FIMA)
. Mean Cell Fluence Mean Fluence Date Date Length of
Temperature(b) (1025 n/mz) (1025 n/m2) Fissile Fertile | Irradiation | Irradiation | Irradiation Siloe General Operating
Capsule | Cell | Fuel Description(a)| (°¢)(a) (E > 29 fl)yrer | TE > 29 £J)yfer | (8Th,Ud0z | Tho, Zegan Ended (h Position Conditions
GF-1 4 Lcose particles and 1149 - 4.4 7.10 1.10 10/31/73 9/24/74 5130 45D Functioned well.
coupor.s (10 cycles) Some thermocouples
3 |2 rods (types b 1248 to 1311 -- 6.4 9.35 | 1.10 failed because of
and b') the reaction
. between the
2 |2 rods (type a) 1252 to 1350 6.9 6.7 9.70 2.40 thermocouple well
1 |2 rods (types e 1149 to 1216 - 5.2 8.53 1.67 and the tungsten
. deposit.
and 2
GF-2 4 Loose particles 1183 to 707(c) - 3.7 5.29 0.51 1/3/74 12/19/74 4784 456G Irradiation terminated
- (10 cycles) and prematurely following
3 2 rods (type c) 1024 to 1024 4.5 7.40 1.17 47D expulsion of cell 2
2 |2 rods (type a) " 1033 to 1084 5.1 5.0 7.59 1.25 contents into gas
1 |2 rods (cype d) 1011 to 988 - 3.8 6.48 | 0.81 tube.
GF-3 4 |2 rods (type c) 1165 to 1199 -- 6.6 9.02 1.97 1/31/74 7/25/75 3714 476G Functioned very well
. (17 cycles) although some
3 ! Loose particles and 1028 9.4 11.07 3.43 : thermocouples failed.
coupons
2 |2 rods (types b 1043 to 1120 10.2 9.8 11.40 3.55
and b')
1 |2 rods (types f 1027 to 1074 - 7.4 9.53 2.24
and ')

(a)Refer to Section 2 for a description of rod types and loose particle cells.

(t)

(€)The temperature in cell 4 of GF-2 decreased.

The two values given correspond to the beginning and end of irradiation and are based on calculatxons that assume a 30% reduction in fuel rod thermal conductivity.
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TABLE 4-2

THERMAL PROPERTIES USED IN CALCULATION OF GF-1, GF-2, AND GF-3 CAP3ULE TEMPERATURES

Tahermal Property

Thernal Conductivity(a)

Thermal Dilatation

Capsule Component (W/em-°C) (°c 1y Emissivity
Fuel rod compacts 0.104, 0.073(b) 5 x 107€ 1
Graphite sleeve A 0.45 5 x 1076 1
Inner containment {0.139 + 0.18 x 10-2 x T) (16 + 0.4 X 1072 = T) x 1076 0.6
(C.233 - 0.227 x 203 x 7 + (10.5 + 0.3 x 1072 x T) % 1076 0.4

' Bridge to primary

containment

Helium °

-Neon

0.568 x 10~6 x T23

(L.47 + 3.35 x 1073 x T -
0.56 x 10~60 x T2) x ~0-3

(0.5 + 0.8 x 1073 x T) x 10-3

(a)T defines temperat-re dependence in °C.

value.

(b)End-of-life fusl rad thermal conductivity (30% reduction from initial preirradiation
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TABLE 4-3
IRRADIATION TEMPERATURES OF CAPSULES GF-1, GF-2, AND GF-3

Average
Fuel

Fuel Centerliee Volume Avera§e Fuel Sqrvics Sarfane

Temperature (°C) Temperature (°C) Temperature (°C) Resmeratans

Fuel Time Time Time Gradient

Capsule | Cell Description Maximum | Average | EOL | Maximum [ Average | EOL | Maximum | Average | EOL (°C/cm)
GF-1 1 Type e, e' rods | 1215 1150 1150 | 1145 1080 1075 | 1080 1015 1000 135
2 Type a rods 1270 1250 1270 | 1190 1170 11806 1115 1085 1085 165
3 Type b, b' rods | 1275 1250 1235 | 12095 1170 1150 | 1130 1090 1060 160
4 Loose particles | 1160 1110 1090 | 1140 1095 1070 | 1120 1075 1040 35
GF-2 1 Type d rods 1090 1010 950 | 1030 960 900 970 905 855 105
2 Type a rods 1065 1035 1035 990 970 975 920 905 915 130
3 Type c¢ rods 1055 1025 1010 980 960 955 910 900 900 125
4 Loose particles | 1185 1000 715 | X170 985 690 | 1145 965 670 35
GF-3 1 Type £, £' rods | 1050 1030 1030 995 975 975 940 920 920 110
2 Type b, b' rods | 1070 1045 1060 | 1000 975 990 925 910 920 135
3 Loose particles | 1075 1030 1030 | 1050 1000 1005 | 1020 975 970 55
4 Type ¢ rods 1200 1165 1160 | 1155 1120 1¥15 | 1110 1080 1070 85
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5. POSTIRRADIATION EXAMINATION
5.1. FUEL SAMPLE UNLOADING

GF-1, GF-2, and GF-3 fuel rod compacts were contained in graphite
crucibles, and the loose particle and ring samples were contained in
graphite planchets. As shown in Fig. 4-1, the test sémples were housed in a
TUMULT G device having an inner and outer containment. During capsule dis-—
assembly, the outer containment between cells was cut and each cell was
separated individually. Neutron radiographs of individual cells in GF-2 and
GF-3 are shown in Figs. 5-1 and 5-2. The apparatus used for the disassembly

of fuel rods and loose particle planchets is shown in Fig. 5-3.

5.2. FUEL ROD VISUAL EXAMINATION

Afterdgzsassembly, the general irradiation'performance and integrity of
the loose particle samples and fuel rod compacts were assessed by visual
examination. The criteria for judging fuel rod integrity after irradiation
are that fuel rods rémain intact with minimal cracking and experience neg-
ligible particle debonding. The examination was conducted with a stereo-
microscope at a magnification range of approximately 10X to 20X (Refs. 5-1
through 5-3). Photographs of each of the irradiated rods.are shown in Figs.
5-4 through 5-21. 1In general, all rods exhibited good to excellent struc-
tural integrity with no irradiation-induced fractures gvident. The GA rbds,
which were fabricated by matrix injection, exhibited superficial microcracks
on the surface and were fragile; also, there was a tendency for the rod ends
to chip or crumble, further accentuating fhe microcracks (Figs. 5—9,‘5—12,
5-13, and 5-21). In contrast, CEA rods fabricated with the CERCA process
using natural graphite exhibited exceptional surface appearance and

structural integrity (to Figs. 5-5 and 5-17).
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5.3. LOOSE PARTICLE VISUAL EXAMINATION

Each particle éample from GF-1, GF-2, and GF-3 was examined visually
(stereomicroscope at ~10X) and a measure of the OPyC coating integrity and
pressure vessel failure was determined by counting the number of particles
with defective coatings. The irradiation parameters and the results of the
visual examination of each particle batch are given in Tables 5-1 through
5-3. It should be noted that an accurate assessment of pressure vessel
failure (failed SiC and OPyC layers) is difficult in some TRISO—coated
batches because of the adherence of a partially failed OPyC coating over the
SiC substrate. Conseﬁuently, localized failures in the SiC layer could be
obscured. The stereomicroscope photograph in Fig. 5-22 illustrates visual
" characterization of OPyC and pressure vessel failures in loose particle
batch 6155-02-020. Visual results are summarized in Table 5-4 for the

reference—-type fuel systems:

TRISO-coated (8Th,U)0;.
. TRISO-coated UCy.
TRISO-coated ThOj.
BISO-coated (8Th,U)0j.
BISO-coated ThOy.

v N =

Advanced fuel particle systems (Al- and Si-doped kernels, ZrC TRISO
fuels, and Si-doped OPyC layers) were not irradiated in fuel compacts and do
not constitute reference HTGR fuel systems. These developmental fuels are
discussed in detail in Section 5.8.4, including a summary of the visual

resnlts.
-~

5.3.1. Pressure Vessel Failure

Pressuré vessel failure in TRISO-coated (8Th,U)09 ranged between 0 and
2.3% in capsules GF-1 and,GF-3 (Table 5-4). No pfessufé vessel failure was

observed in GF~2. This trend correlates with the progressive increase in

5-2



FIMA from GF-2 (5.3% FIMA) to GF-1 (7.1% FIMA) to GF-3 (11.1% FIMA). The
increase.in FIMA leads to a corresponding increase in fission gas pressure
and higher tensile stresses in the load-bearing SiC layers. However, the
visually observed pressure veéégl failure in these fuel types is greater
than the target design value, i.e., an end—of—life failure of <0.5% (refer
to Section 3.1.1.1) for reference 400-um (8Th,U)07 fuel. In addition, the
visually observed loose particle failures in TRISO-coated (8Th,U)0y fuels
are confirmed by the high Kr-85m R/B rélease measurements in cells contain-
ing fuel rods made with these.fissile particles. Specificially, type b and
b' fuel rods containing fissile batch 6155-02-020 exhibited high Kr-85m R/B
releases early in life (Figs. 4-22 and 4-24). The excessive failure in
these fuel types is attributed to defective SiC layers (refer to Section
5.8.2.4) and premature OPyC failure (refer to Section 5.8.2.3). 1In con-
trast, no pressure vessel failure was observed in TRISO-coated ThO, fuel.

- irradiated to 3.4% FIMA and 1000°C in GFj3. The pressure vessel failure in
TRISO-coated UCy was 0.25% for fuel irradiated at 1095°C to a burnup of 50%.
FIMA. This level of visual failure is consistent with the current design

value for UGy, i.e., <0.5% at 1250°C and 78% FIMA (Ref. 5-6).

Table 5-4 shows that pressure ves$el failure in BISO-coated,
500-um-diameter (8Th,U)0y kernels was <0.3% under the range of exposure
conditions experienced in GF-1, GF-2, and GF-3. This is less than the
pressure vessel failures observed in TRISO-coated (8Th,U)0; kernels with
500-um-diameter kernels subjected to the same exposure conditions. This
discrepancy could be rationalized on the basis of a permeable BISO coating
layer, which would result in a decrease in the internal fission gas

pressure.

5.3.2. OPyC Failure

Table 5-4 shows the OPyC failure on TRISO-coated (8Th,U)09, ThO;, and
UCo kernels ranged from O to 63.2%. The morphology of OPyC failures is
generally characterized as "rose petal,” i.e., equidistant cracks emanating

from a common point followed by peeling back of the pyrocarbon layer due to
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OPyC densification (Fig. 5-22). The following generai conclusions are

evident from the visual observations on OPyC failure:

1. OPyC failure in the same particle batches irradiated in GF-1 and
GF-3 was comparable. This implies that OPyC failure is insensi-
tive to differences in fluence and temperature exposure conditions

in these capsules:

GF-1 - 5.6 to 6.4 x 1023 n/m2 (E > 29 £J)ypgp and volume

average temperature of 1095°C

GF-3 - 8.8 to 10.2 x 1023 n/m? (E > 29 £J)yrgr and volume

average temperature of 1000°C

2. OPyC failure in GF-2 appears in general to be greater than failure
observed for the same batches irradiated in GF-1 and GF-3. The

exposure conditions for GF-2 appear to be less severe:

GF-2 - 1.Y to 4.0 x 1025 n/m? (E > 29 £J)ypeg and volume

.average temperature of 985°C

The GF-2 results imply that OPyC failures occur early in life at
fluences <2.8 x 1025 n/m2 (E > 29 fJ)yrgr: This observation is consistent
with a much larger base of empirical data (Ref. 5-7). In addition, the
volume-time average temperature for GF-2 during the first three irradiation
cycles was ~1145°C compared to volume-time average temperatures of ~1100°C
for GF-1 and ~1040°C for GF-3 (refer to Figs. 4-13, 4-17, and 4-20). Fur-
thermore, during the third cycle (March 1974) of GF-3 operation, a tempera-
ture excursion of ~200°C occurred, which subjected the loose particles to
~1400°C. This temperature excursion and the high volume average temperature
"during the initial part of irradiation are considered to be the primary rea-
sons for the higher OPyC failures in TRISO-coated particle batches irradi-
ated in GF-2 in comparison with companion batches irradiated in GF-1 and

GF-3. The impact of temperature on OPyC féilures has been documented for
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other capsules (Ref. 5-8), and the general trend appears to be a mérked
increase in OPyC failure between 1000° and 1350°C for a given fast fluence

exposure.

A further remark concerning OPyC failure is that, in general, Tables
5-1 through 5-3 indicate that OPyC failure occurs in early life at fluence
levels <2.8 x 1025 n/m? (E > 29 fJ)yrgr- However, one batch (6155-00-010)
exhibited a correlation between OPyC failure and fluence. This correlation,
which is summarized in Fig. 5-23, shows OPyC failure increasing linearly
with fluence. It is probable that this batch had different OPyC structural
properties compared to other batches, which enabléd it to reach higher
fluences before exhibiting >20% OPyC failures. The explanation for prema-
ture OPyC failures.on TRISO-coated loose particles irradiated in GF-1, GF-2,
and GF-3 is related to the deposition conditions and structural properties
of the pyrocarbon layer, which are summarized in Table 5-5. All of the OPyC
properties in this table with the exception of active coating gas ratio and
microporosity were within the required spécification ranges defined in Ref.
5-9. All of the OPyC layers on TRISO-coated fuel that exhibited failure
levels >1.3% had OPyC microporosities 10 ml/kg OPyC. These relatively low
microporosities (current specification limit >13 ml/kg OPyC) are related to
deposition conditions with dilute active coating gas concentrations, i.e., .
<25 vol % CyHy plus C3Hg in total coating gas. A more détailed discussion
in Section 5.8.2.3 shows that these deposition conditions lead to low micro-
porosities and an OPyC structure that undergoes anisotropic dimensional
changes during irradiation. It is inferred that the resulting irradiation-
induced stresses in these structures are sufficient to cause premature OPyC

failure.
5.4. FUEL ROD DIMENSIONAL CHANGE

Postirradiation fuel rod dimensional change measurements were made
using a calibrated dial gauge micrometer that had an accuracy of +10~4 mm,
Three diametral measurements were made on each fuel rod, i.e., one on each

end and one in the middle. 1In addition, one length measurement was made on
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each fﬁel rod: The averages of each set of diameter and length measure-
ments, before and after irradiation, were used to calculate the percent
dimensional change due to irradiation. In addition, the volumetric dimen-
sional change of fuel rods was calculated on the basis of a cylindrical fuel

rod geometry as follows: :
- AV/V. = 2AD/D + AL/L , - : o (5-1)

where AV/V, AD/D, and AL/L are incremental volume, diaméter, and length
changes, respectively, due to irradiation. Table 5-6 lists values for AV/V,
AD/D, and AL/L along with irradiation exposure conditions for each fuel rod
tested in capsules GF-1, GF-2, and GF-3. Table 5-6 also lists fuel rod
anisotropy, which is arbitrarily defined as AL/L -AD/D. The volumetric,
length, and diametral changes versus fast fluence for GF-1, GF-2, and GF-3
fuel rods are plotted in Figs. 5-24 through 5-26. These figures show
separate plots for measured and predicted volumetric and dimensional changés

for rods containing either all TRISO-coated fuel or TRISO/BISO-coated fuel.

Fuel rod volumetric and dimensional changes were predicted using the
model described in Ref. 5-10. The model assumes that the fuel rod structure
consists of a point-to-point contact of the particle phases with an inter-
connecting matrix network through the interstitial voids. Initially, based
on limited experimental evidence, it was assumed that irradiation-induced
matrix shrinkage was always greater than the shrinkage of the close-packed
fuel particles, so that the bulk volume change of a fuel rod was determined
by the dimensional change of particles (Ref. 5-11). This led to the con-
clusion that the fuel rods always exhibited isotropic dimensional change and
the matrix phase did not contribute to fuel rod dimensiondl change; i.e., it
continued to shrink into the interstitial volume. 'HOWever, recent experi-
mental evidence (Ref. 5-10) indicated that shrinkage of the matrix with
respect to the particles cannot be assumed to operate over the entire range
of temperature and ‘fluence conditions. Consequenfly, the matrix must be

accounted for in a general description of fuel rod dimensional changes. The
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general model accounts for the volume fraction and irradiation-induced
volumetric changes of all components in a fuel rod, i.e., fuel particles,
shim, matrix, and porosity. Reference 5-10 defines the volumetric changes
for each of the fuel rod components in GF-1, GF-2,. and GF-3 fuel rods. Spe-
cific attention is directed toward the matrix behavior in these rods.
Figure 5-27 is a plot of the volumetric change of the matrix versus fast
fluence, which describes matrix behavior in GF-1, GF-2, and GF-3 fuel rods.
The point to be noted is that the matrix phase undergoes volumetric expan-
sion for fast fluencés greater than ~5 x 1025 n/m2 (E > 29 fI)gTgr- This
matrix behavior is particularly evident in GF—}, GF-2, and GF-3 fuel rods
fabricated with all TRISO-coated fuel as shown in Fig. 5-24, which shows
measured volumetric expansion at ~6 x 1023 n/m? (E > 29 £J)uTtgr: These rod
types contain TRISO-coated fuel, shim, and matrix. The TRISO-coated fuel
and shim particles undergo a maximum volumetric contraction of -37 to -4%
for fast fluences between 3 and 9 x 1025 n/m2 at temperatures of 1100°CAor
less. Consequently, the matrix phase is the only component in these fuel

rods types that can account for fuel rod expansion.
Two other points are also worth noting in Fig. 5-24:

1. Measured volumetric changes are less than predicted values at fast

fluences greater than ~4 x 1023 n/mZ (E > 29 £I)HTGR -

2. Fuel rods containing TRISO/BISO-coated fuel particles exhibit a
greater volumetric contraction compared to rods containing all

TRISO fuel.

Regarding item 1 above, the model described in Ref. 5-10 assumes that
during matrix expansion the matrix Ean expand into void volume previously
created as a result of differential volumetric changes between the matrix
and particles. However, as also stated in Ref. 5-10, it is possible that
the matrix can creep during irradiation to accommodate differential volu-

metric contractions. Under this condition voidec would not be created and
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the fuel rod would exhibit an expansion comparable to that of the matrix
phase. This appears to be the case when a comparison is made between the
volumetric expansion in Fig. 5-24 of fuel rods containing TRISO-coated fuel
(Fig. 24) with matrix expansion (Fig. 5-27). .Consequently, the model
defined in Ref.. 5-10 may have to be modified to account for matrix creep as

more empirical data are developed.

Item 2 above is explained on the basis of BISO-coated fuel particles
exhibiting volumetric contractions of ~187 at fluences between &6 and
8 x 1025 n/m? (E > 29 fI)yrgr (Ref. 5-10). The relatively large volumetric
contractions of BISO—coated particles compared to TRISO-coated particles
accounts for the correspondingly larger volumetric changes in fuel rods
shown in Fig. 5-24. This same trend is evident in the length and diametral

changes plotted in Figs. 5-25 and 5-26.

Predicted diameter and length dimensional changes in GF-1, GF-2, and

GF-3 fuel rods are defined on the following basis:

AL/L = 1/3 (AV/V + 2 » A€) (5-2)

AD/D = 1/3 (AV/V - Ag) , (5-3)

where AL/L, AD/D, and AV/V are length, diameter, and volume changes
respectively, and Ae is strain anisotropy, which is defined as (AL/L -
AD/D). 1t a tuel rod exhibits isotropic behavior, Aé¢ = 0 and Eqs. 3-2 and
5-3 reduce to AL/L = AD/D = 1/3 AV/V. However, fuel rods containing matrix
and shim particles exhibit anisotropic behavior, which is described by the
Ae versus fast fluence relationship plotted in Fig. 5-28. This relationship
combined with predicted volumetric fuel rod changes was used with Eqs. 5-2
and 5-3 to predict length and diameter changes .in Figs. 5-25 and 5-26. .The
solid line in Fig. 5-28 is the expected strain anisotropy for GF-1, GF-2,
and GF-3 fuel rods based on an empirical model (Ref. 5-10). The strain
anisotropy data observed for GF-1, GF-2, and GF-3 fuel fods are_superimPoéed

in this figure. 1In general, the GF capsule data are bounded by the 90%
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confidence bounds of the model. Figure 5-28 also shows that fuel rod strain
anisotropy exhibits the following characteristics:
1. A positive correlation with fast fluence exposure, i.e., a

progressive increase in strain anisotropy.

2. A preferential bias between diametral and length changes, with Ae
being consistently greater than unity with the exception of one

data point.

These observations may be rationalized on the basis of systematic
preferential alignment of anisotropic components within a fuel rod. The
most plausible explanation for the strain anisotropy trends evident in Fig.
5-28 is that the preferred alignment of graphite shim and/or filler particle
basal planes'perpendicular to the_réd axial direction resulted in expaﬁsion
or less shrinkage in the axial direction compared with the radial difection.
This has been partially substantiated by empirical results presented in Ref.

5-10.
5.5. FUEL ROD THERMAL CONDUCTIVITY MEASUREMENTS

The relative thermal conductivities of two GF-1 and three GF-2 rods
were measured after irradiation at three temperatufes: 600°, 700°, and
800°C. No measurements were made on GF-3 rods because of difficulties
associated with rod fragmentation. The relative thermal conductivity mea-
surements were converted to absolute values by comparing all measurements to
graphite standérds of known thermal conductivities. The measurement tech-
‘nique is referred to as a "LECI" thermal conductivity measurement and is
documented in Refs. 5-12 and 5-13. The implicit assumption in applying this
technique is that differences in thermal conductivity between the sample and
the standard do not result in significant changes in the response of thermal
flux meters in the apparatus. This condition is not generally met; conse-
quently, large uncertainties in the reported thermal conductivities exist.

Table 5-7 summarizes GF-1 and GF-2 fuel rod thermal conductivity
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measurements. The general trends evident from this table are summarized as

follows:

1. Before irradiation the thermal conductivities of fuel rods
fabricated by the CEA CERCA process were 55% to 105% greater than
those for GA matrix injected rods. After irradiation to fluences
>5.0 x 1025 n/m2 (E > 29 fI)uTGgr, this difference was reduced from
27% to 61%.

2. Fuel rod thermal conductivities after irradiation (for GA rods)

ranged from 42% to 64% of the preirradiated conductivity. These
data indicate that this reduction in conductivity occurs early in

life, i.e., at fluences of ~4 x 1025 n/m2 (E > 29 £I)HTGR -

A further point worth noting is that the friable character of
irradiated fuel rods (surface microcracks) made it impossible to obtain
plane or parallel surfaces on samples that were needed for the measuring
device. This experimental difficulty, combined with the inaccuracies
associated with a comparative standard measuremer:it in the LECI technique,
resulted in large uncertainties (estimated at 25% to 50%) in the reported
thermal conductivities in Table 5-7. The estimated uncertainties are based
on tﬁe magnitude of the corrections needed to calibrate "LECI" thermal

conductivity measurements against known standards.
5.6. FISSION GAS RELEASE MEASUREMENTS

5.6.1. Postirradiation Fission Gas Release Measurements

The failure fraétion of fuel particles can be determined for a sample
of particles from knowledge of the R/B ratio of a given isotope and the
fractional release for a failed particle, (R/B)f. In order to characterize
the failure fraction in capsules GF-1 and GF-2, fuel rods were individually
subjected to neutron activation after removal from the.fuel element. The

reirradiation was carried out at 600°C, where the activities of Kr-85m,
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Kr-87, Kr-88, Kr-89, Xe-137, and Xe-138 were measured and converted to R/B
values (Ref. 5-12).

Figures 5-29 and 5-30 are plots of R/B versus isotope half-life for
GF-1 and GF-2 fuel rods reirradiated at 600°C. The isotopes half-lives are
bounded by Kr-85m (4.48 hours) and Kr-89 (3.16.minutes). The pfbgréssive
decrease in R/B with decreasing half-life is related to the rapid decay of
the isotope prior to diffusive release through the coatings (refer to

Section 4.1.3). GF-3 fuel rods were not reirradiated after irradiation.

The reirradiation Kr-85m R/B measurements at 600°C when corrected for
temperature are generally consistent with in-pile EOL measurements (Table
5-8). Table 5-8 shows that the reirradiated EOL temperature corrected
values and the in-pile EOL values are typically within a factor of two.
This is considered to be a good agreement based on uncertainties associated
with (1) fission gas release measurements, and (2) R/B ‘temperature

correction values.

5.6.2. Determination of Fuel Failure Levels

Fuel particle failure levels for each fuel rod type can be determined
from in-pile or postirradiation fission gas release measurements provided

the following information is defined:
1. Heavy metal (U and Th) contamination that is present outside of
the coatings. This is defined at the preirradiation state and is

termed as manufacturing contamination.

2. The fractional release of fission gases from failed fuel

particles, (R/B)g.

The determination of a failure fraction from the R/B data depends upon

defining the dependence of (R/B)f on critical irradiation conditions. In
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order to empirically establish a value for (R/B)f¢ for failed fuel, laser-
failed particles with burnups between 3 and 9% FIMA were subjected to
neutron activation at 600°, 1050°, and 1230°C (Ref. 5-12). Kr-85m R/B mea-
surements for these laser-failed particles are listed. in Table 5-9. The
fraction of short-lived gaseous isotopes.released.from failed fuel depends

principally on the following:

1. Kernel structure, e.g., oxide versus carbide and porous versus
dense.

2. Temperature.

3. Type of failed coating (complete rupture, fine fissures, or

coating permeability).

- Figure 5-31 is a plot of the Kr-85m R/B measurements listed in Table
5-9 versus kernel burnup. This figure shows that for a given temperature,
Kr-85m R/B increases markedly with kernel burnups in the range of 0 to 10%
FIMA. 'The consistency of thése data with éirrent fission gas release models
(Refs. 5-14, 5-15) is shown by a comparison of the 1050°C measurements with
the dashed curve in Fig. 5-31. Also, the figure shows. a logarithm increase
in Kr-85m R/B with temperature for a given burnup. These data on fission
gas release from laser-failed particles can be combined with in-pile Kr-85m
R/B measurements to deduce early-in-life fissile particle failure levels and
EOL fissile plus fertile particle failure levels.

Equation 4-14 definoo tho relationchip between measured R/R, isntape
yield, fraction of U-235 and U-233 tissions, U and Th contaminarion, and the
fraction of fissile and fertile particle failures. ‘Equation 4-14 can be

simplified to the following approximation early in life:

(R/B)~BOL * Xfissile X Rfigsile > - (5-4)
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where Xfiggile = fissile particle failure fraction,

Rfjssile = fractional release of gaseous isotope from failed fissile

particle (dependent on kernel burnup and failure geometry).
This approximation is valid provided the following conditions are met:

1. The fraction of fissions in the fissile fuel is approximately one;
i.e., early in life minimal U-233 is bred from Th, and the U-235
in the fissile fuel is predominantly responsible for the birth of

gaseous isotopes.

2, The contribution to R/B is predominantly due to fuel failure;
consequently, contributions due to heavy metal contamination may

be neglected.

The fraction of fissions occurring in fissile fuel tested in GF-1,
GF-2, and GF-3 varies linearly from 1 at BOL to ~0.4 at a fluence of 9.8 x
1025 n/m? (E > 29 £J)yrer (Refs. 5-16 through 5-18). Referring to Figs.
4-22, 4-23, and 4-24, the Kr-85m values increased rapidly for some cells to
near peak values for relatively low fluences [~2.5 x 1025 n/m2 (E > ‘

29 fJ)urgrl- This rapid increase in Kr-85m R/B at low exposures-implies
that fuel failure is predominantly fissile. A good approximation of fissile
failure early in life is obtained by applying Eq. 5-4 at a fluence of 2.5 x
1023 n/w? (E > 29 £J)ypgr- At this exposure level, the fraction of fissions
in fissile fuel is ~0.85 and Eq. 5-4 is a reasonable approximation to Eq.
4-14. Table 5-10 lists calcﬁlated fissile particle failures at a fluence of
2.5 x 1023 n/mz.(E > 29 £fJ)gTgr and showé that fissile failures ranged from
<0.13% for types a, d, £, and t' to 1.5% to 8.6% for types b, b', ¢, and e.
Alsa, it should be noted that the same fissile particles were present in
fuel rod types b and ¢ and that all but one cell exhibiting high R/B

release contained one of these fuel rod types. Fuel rod type c exhibited
the largest failure level in GF-2 cell 3 (8.6%Z). The explanation for the
relatively large fissile failure early in life (discussed fully in Section

6.1.1.3) is related to premature OPyC failure and defective SiC layers.
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Fuel failure at EOL can be approximated by the following equation:

(R/B)EoL = X (Rfigsile * Ffissile T Rfertile * Ffertile) » (5-5)

where ) X = fissile and fertile particle failure fraction,

Rfjgsiles Rfertile = fractional release of gaseous isotope from

failed fissile and fertile fuel respectively,

Ffigsile> Ffertile = fraction of fissions in fissile and fertile

. . - - fuel respecti#ely, - : o Coe =

Equation 5-5 is a valid approximation to Eq. 4-14 provided the following

conditions are met:
1. Equal fissile and fertile particle failure fractions.

"2. Contribution to R/B is predominantly due to fuel failure;
consequently, contributions due to heavy metal contamination may

Lbe neglected.

3. Equivalent gaseous isotope yields in fissile and fertile
particles. 'This is a gobd approximation considering

the fissiie fuel is (8Th,U)05.

The calculated'fuel failurc fractions based on Kr-85m R/B at EOL using
Eq. 5-5 and the above assumptions range between 0.077% énd 7.38% (Table
5-11). It should bg emphasized>that the EOL calculations ,of fuel failure
are more uncertain than the early-in-life predictions of fissile fuel’
failure listed\in Table 5-10. This is a consequencelof having to assume
equal fissile and fertile particle failure fractions at EOL. Without this
assumption there is an infinite number of allowable fissiie and fertile
particle failure fractions that would satisfy a given Kr-85m R/B measurement
(Eq. 4-14). Furthermore, additional evidence is presented in Sections 5.7
and 5.8.2.1 (metallogréphy‘and fuel rod disintegration) which supports the

contention that fuel failure predominantly occurs in fissile particles.
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These observations imply that the EOL fertile particle failures calculated
from in-pile Kr-85m R/B (Table 5-11) are an overestimate of actual fertile

particle failures.
A further point to be emphasized is the lack of a systematic trend in
pressure vessel failure levels between different fissile particle types.

The rod and fissile particle types are as follows:

TRISO-Coated (8Th,U)0,)

Kernel Diameter (um) Buffer Thickness (um)
Rod type a 400 80
Rod types b and ¢ 500 100
Rod type b’ 500 80

The above particle designs suggest that for equivalent exposure conditions,
fissile particle pressure vessel failure should progressively increase when
comparing type a rods to type b or ¢ rods and to type b' rods. This is a
consequence of the progressive increase in fission gas pressure due to
increased kernel diameters with no compensating increase in buffer void vol-
ume. Referring to Table 5-10, early-in-life fissile particle failure levels
show that the 400-um-diame£er kernel tested in type a rodé exhibited
_pressure vessel failures between 0.05%7 and 0.13%. This is substantially
less than the 3.0% to 8.67% failure range observed for 500-ym-diameter
kernels tested in b, b', and ¢ rods. A similar comparison ofvend—of—life
fissile particle failure levels in Table 5-11 shows that type a rods
exhibited particle failures between 0.247% and 2.17% compared to é failure
range of 1.70% to 7.4% for type b; b', and c rods. Consequently, these data
suggest that the 400-um-diameter (8Th,U)09 kernel is a more conservative

design compared to the 500-um-diameter kernel designs.
5.7. DETERMINATION OF FUEL FAILURE BY FUEL ROD DISINTEGRATION

The previous section discussed fuel failure- levels as determined by

fission gas release measurements. In order to further support these
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failure determinations, a chemical fuel rod disintegration technique was
selectively applied to one rod from GF-1 and one from GF-2 (Ref. 5-12).
However, only two rods were used because the technique is destructive.

Additionally, the technique has certain disadvantages as follows:

1. Long fuel rod dissolution times are required in the hot cell using

equipment that is resistant to corrosive vapor.

2. The fuel rod is destroyed; however, fuel particles can be used for

subsequent applications.

3. There is a potential risk of attacking intact BISO coatings when

when selectively disintegrating carbonaceous matrix in fuel rods.

Experience has shown that the risk associated with failing intact OPyC
layers can be avoided by limiting the time of attack; however, this must be
balanced against the assurance that all thorium from exposed particles is
dissolved. A schematic diagram of the disintegrarian technique, together
with the results for each of the two fuel rods measured, is shown in Table
'5-12. The results from electrochemical disintegration show high fissile
particle failure (4% to 31%) in batch 6155-01-030 and low fertile particle
failure (<1%) in batches 6542-02-036 and 6252-00-020. A comparison of the
electrochemical and Kr-85m R/B determined failure levels shows excellent
agreement for rod IVA in GF-3 (?% versus 3;8%) and poor agreement for rod
I1IA in GF-1 (31% versus 7.4%). An electrochemically determined fissile
particle failure of 31% in rod IIIA of GF-1 cannot be rationalized with
respect to the 47 failure level determined on the same fissile particle
batch (6155-01-030), which was exposed to comparable irradiation coﬂditions
(Table 5-12). 1It can only be suggested that the fuel particles in rod IIIA

of GF-1 wére damaged after irradiation during unloading and handling.
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5.8. STRUCTURAL EVALUATION

A metallographic and electron microprobe examination was performed on 8
fuel rods and 17 loose particle samples irradiated in capsules GF-1, GF-2,
and GF-3. The objective of this phase of the PIE was to: (1) evaluate
irradiation-induced changes in the fuel particle coating and fuel kernel
microstructure; (2) characterize fission product distributions in fuel‘par—'
ticles; and (3) characterize the structure and integrity of the carbonaneous
fuel rod matrix. Table 5-13 lists the different fuel rod types and loose

particle batches evaluated.

5.8.1. Fuel Rod and Matrix Structure

Representative metallographic cross sections for the different  fuel rod

'types are shown in Figs. 5-32 through 5-40.

General Atomic fuel rods (types a, b, b', ¢, and d) containing shim
particles and fabricated by matrix injection have a different structural
appearance than CEA rods (types e, e', f, and f') fabricated by the CERCA

process. These structural differences are highlighted as follows:

1. Metallographic cross sections of GA rods (Figs. 5-32 through 5-37)
show four predominant fuel rod components (fuel partiéles, graph-
ite shim, matrix, and macroporosity*). The spherical particles
are either TRISO-coated fissile or fertile fuel and the shim is a
near-isotropic equiaxed graphite particle nominally 800 mm in
diameter. Matrix and macroporosity phases are intercbnnecting'and
distinguished as a mottled (black and white) area, and a light
grey phase is the metallographic mount resin that has imprggnated
the preexisting voids. The.macroporosity range for GA-fabricated

rods is 257 to 52%.

*Macroporosity is defined as void in the matrix phase that is >50 um
in extent and microporosity is defined as void that is <50 uym in extent.

5-17



Metallographic cross sections of CEA rods (Figs. 5-38 through
5-40) show only two predominant components (fuel particles and
matrix). 'No shim was used in CEA rods and the matrix phase has
no. apparent macroporosity. It is probable that the improved
structural appearance and integrity of CEA rods compared to.GA
rods (Section 5.2) is a result of minimal macroporosity. Figures
5-41 through 5-44 are répresentative metallographic cross sec-
tions of the matrix and shim particle in CEA- and GA-fabricated
fuel rods. These illustrations indicate that microporosity is

typically 507 in GA rods and 13% to 37% in CEA rods.

The improved structural integrity of CEA rods compared to GA rods can

be rationalized on the basis of an increased volume fraction of matrix

(Gmatrix) in fired rods; namely, Gmatrix is defined as:

where

Table 5-14 summarizes the range of V

Vmatrix = (1 - Vmacroporosity) ¥ 1 - Vmicroporosity) ’
v L volume coke plus filler.
matrix ~ - A ?
volume coke plus filler plus porosity
\

m croporosity = volume fraction of porosity in matrix >S50 um

in extent,

v

microporosity = voluie [raction of porousity ia watrix <50 pm

in exrent.

. values for CEA- and
matrix

GA-fabricated rods. CEA rods have a V value approximately two

matrix

and one-half times greater than GA rods; consequently, there is con-

siderably more coke binder and less porosity, which results in improved

structural integrity.



5.8.2. Fissile and Inert Particles

5.8.2.1. Metallographic Evaluation. Referemces 5-19 through 5-21 provide a

detailed description of the metallographic evaluation of GF-1, GF-2, and
GF-3 fuel particles. Representative metallographié cross sections of fissile
and inert particles after irradiation are shown in Figs. 5-45 through 5-63.
No coating failure was observed that could be attributed to thermochemical
effecEs such as kernel migration (amoeba effect) or fission product attack.
However, a number of the photographs (Figs. 5-45, 5-46, 5-47, 5-48, 5-50,
5-53, 5-54, and 5-55) show characteristic irradiation-induced OPyC failure.
Thelfact that failure is irradiation induced and not an artifact of

polishing damage is based on the following metallographic observations:

1. - Impregnation of the grey mount resin into the failed region of the
OPyC layer implies that failure occurred prior to metallographic

polishing.

2. Large void openings in failed OPyC layers.are characteristic of
premature OPyC failure at 3.0 x 1023 n/w? (E > 29 fJ)yrgr, which
is followed by densification of the failed OPyC layer on the S5iC

substrate.

In general the OPyC failure levels observed metallographiéally in fuel
rods are consistent with those observed in the loose particle tests (Table
5-15). Table 5-15 shows a comparative evaluation for three different fis—
sile batches of visually and metallograpﬁically determined OPyC failures.
Differences in OPyC failures for a given fissile batch are attributed to
either differences in exposure,conditidns (temperature and fluence) and/or
statistical uncertainties associated with 1imitea particle counts (typically
<100 and 536 for visual and metallographic evaluations, respectively). No

metallographic evidence was observed showing matrix - OPyC coating

interactions; consequently, it is reasonable to expect comparable OPyC
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failure levels for fissile particles. tested in the unbonded (loose particle)

and bonded (fuel rod) state.

No metallographic determination of SiC layer failures was made because
of the inherent brittleness of this layer and the tendency for cracking dur-
ing polishing (Ref. 5-22). Furthermore, since this layer is dimensionally
stable during irradiation, there is no tendency for localized irradiation-.
induced failures to enlarge in a manner similar to OPyC failures and conse-
quently becomé distinguishable from polishing artifacts. No catastroplic
SiC failure was observed metallographically in any of the fissile particle
batches. This implies that the SiC failure that did occur as evidenced by
the high Kr-85m R/B values early in life (Section 5.6) is most probably a
localized crack in the SiC layer. Such localized cracks are consistent with
manufacturing defects determined by a mercury intrusion/radiographic

evaluation (Section 5.8.2.4).

Two additional structural features that were characterized during

the metallographic evaluation were IPyC cracks and the tendency for IPyC
shrinkage away from the SiC layer. The range of irradiation-induced IPyC
cracks was between 07 for CEA lot MG 198 (irradiated in GF-3, rod IB) to 60%
for lot 6155-01-030 (irradiated in GF-3, rod IIIB). A representative photo-
micrograph of IPyC cracking is shown in Figs. 5-48 and 5-50. No systematic
trend was observed between IPyC cracking and rod lot variables or irradi-
ation conditions. The tendency for IPyC/SiC layer separation is also vari-
able and ranges from O to ~36%. Figure 5-54 is a representative photomicro-
graph of IPyC/8iC layer separation. Though unsubstantiated, it would appear
that IP&C coating conditions and properties that favor pyrocarbon crystal-
lite anisotropy are more likely to produce conditions favoring IPyC cracking
or IPyC/SiC separation. The optical anisotropy of the separated IPyC layer
in Fig. 5-54 is evident under pdlarized light. The IPyC/SiC separation is
attributed to an increased rate of IPyC densification during irradiation and

higher internal stresses in this layer.
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It should be emphasized that the generic TRISO-coated particle design
basis for the IPyC layer is related exclusively to the permeability of this
layer\to gaseous chlorine products during SiC deposition (Ref. 5-7). Spé4~
cifically, reaction products formed between Hy and methyltrichlorosilane -
during SiC deposition can diffuse through a perﬁeable IPyC layer, react with
the kernel, and cause excessive heavy metal dispersion. 'The original intent
of the IPyC layer was to protect the SiC from chemical reactions with the
kernel during irradiation, as well as to provide added structural support to
the composite TRISO coating. It has been observed in high-burnup, high-
temperature irrédiations of UCy9 TRISO particles that the IPyC is an effec-
tive sink for some of the highly mobile fission products (lanthanides).
Interactions with these fission products, however, degrade the coating
structurally to a degree where it appears no longer to provide any mechaﬁi—
cal support to the composite layer pressure-vessel. This is clearly evident
in Fig. 5-60, which shows a high density of lanthanide fission products at
the outer perimeter of the IPyC layer. Figure 5-60 also shows IPyC-SiC sep-
aration and the corrgsponding lack of any mechanical support that the IPyC
layer might provide to the SiC layer. Therefore, when setting property
limits for this coating, its role in containing fission gas pressure has not
been considered, and emphasis has been placed upon manufacturing process
requirements related to keéping Cly from the methyltrichlorosilane

decomposition out of the buffer during SiC deposition.

The fissile particle kernel types for CF-1, GF-2, and GF-3 were
(8Th,U)0y and UCy. The mixed oxide fuel was fabricated by either a sol-gel
process (GA fuel) or an AVS process (CEA fuel). UCy, fuel was fabricated by
a high-temperature sphere-forming process (patented as VSM). The structural
appearance of the‘(8Th,U)02 kernels after irradiation was characterized by
fission gas bubbles dispersed evenly throughout the kernel (Figs. 5-45
through 5-55). A comparative evaluation of the different (8Th,U)09 kernel
structures indicates that_larger gas bubble formations are favored in those
structures irradiated to higher burnups'and/or at higher operating

temperatures (Figs. 5-48 and 5-53).
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This observation is consistent with an increased rate of bubble coales-
cence due to increased bubble concentrations at higher burnups apd increased
migration rates at higher temperatures. 1In addition, occasional kernel
cracking was observed (Figs; 5~46 and 5-48) and appeared to be more pro-
nounced in AVS kernels compared to sol-gel fabricated kernels. Metallog-
raphy revealed no metallic fission product concentrations in the kernel or
in the buffer and IPyC layérs. Consequently, the mixed oxide fissile
kernels appear to be highly retentive of metallic fission products and sup-
press the ﬁotential for metallic fission product - SiC attack. A final
structural observation is that no kernel migration (amoeba effect) was
observed in any of the (8Th,U)0y kernels. In addition to the TRISO-coated
(8Th,U)0y fuel, a single batch (6445-00-010) of BISO-coated (8Th,U)0p fuel
was tested as loose particles. The visual examination indicated that this
fuel exhibited <0.3% pressure vessel failure; this is substantiated by
metallographic evaluation, which showed no‘OPyC failure (see Fig. 5-69, Sec-
tion 5.8.2.2). It should also be noted that the kernel structures in the
batch are comparable to the structures 6bserved for TRISO-coated (8Th,U)0y
fuel. However, the BISO coating may be permeable to gaseous fission prod-
ucts, which would reduce internal fission gas pressure and the tendency for
pressure vessel failure. Although speculative, this is partially substanti-
ated by gaseous COjp permeability measurements made at CEA on BISO OfyC
coatings with properties comparable to batch 6445-00-010. Specifically,
Ref. 5-23 showed that BISO coatings on ThO; and (8Th,U)02 had measured COj
permeabilities at room temperature between 0.4 and 5.0 x 10'.1l cm?/s. The .
possibility exists that noble fission gases could readily diffuse through

BISO coatings at higher temperatures.

The UCZ VSM kernel structures showed segregation into a fuel phase and
regions of rejected carbon (Figs. 5-61 and 5-63). The kernels were irregu-
lar in shape and the high-carbon regions appeared optically anisotropic when
viewed under polarized light. These structural observations on UCy kernels
are consistent with irradiation capsules P13R and P13S test results on

reference-type UCy fuel irradiated at temperatures between 1000° and 1100°C
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(Ref. 5-8). The UCy kernels also showed extensive migration of metallic
fission products into the IPyC layer and adjacent to the SiC intefface (Fig.
5-59). This is particularly clear in a bolariged light metallographic cross
section (Fig. 5-59), which shows the optically acpive metallic fission prod-
ucts deposited uniformly around the IPyC-SiC interface. The metallic fis-
sion products in the IPyC layer and at the IPyC—SiC interface are lanthan-
ides. In addition, localized pockets (£§ um in extent) of palladium were
'aléo present at the SiC interface (see Section 5.8.2.2 for a detailed dis-
cussion). In general, it appears that metallic fission product migration in
UCyp fuel is less in the GF-3 loose particle tests than in the GF-1 tests.
This is a canequence of ~100°C-lower operating temperature for GF-3 com—
pared to GF-1 (1095° versus 100060). In no case was metallic fission prod-
uct - SiC attack observed. In addition, no kernel migration (amoeba effect)

was observed in UCy fuel.

5.8.2.2. Electron Microprobe Evaluation. A detailed electron microprobe

evaluation was performed to characterize metallic fission product distribu-
tions in the BISO-coated (8Th,U)0y fuel and reference-type TRISO-coated UCo
fuel (Ref. 5-24). The UCy fuel (batch 6151—00—010) was irrédiated as loose
particles in position 40 of capsule GF-1. The exposure conditions were
1095°C, 3.7 x 1023 n/m2 (E > 29 fJ)yTgr, and ~55% FIMA. Electron microﬁrobe
characterization of this fuel concentrated on the following structural fea-

tures observed during the metallographic evaluation:

1. Presence of a dense anisotropic carbon zone at the perimeter of

the fuel kernel (Fig. 5-63).

2. Presence in the IPyC layer of a zone that appeared white and was

confined to one side of the kernel (Figs. 5-58 and 5-59).
Table 5-15 summarizes the electron microprobe results for different

structural regions in the TRISO-coated UCy fuel. ' In addition to the fission

product distributions defined in Table 5-16, palladium is also present in
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the form of a fine ring at the IPyC—SiC interface. The results from this

phase of the investigation are summarized as follows:

1. The region at the UCy kernel perimeter contains a large'number of
metallic fission products; however, the lanthanide group elements
- have a substantially reduced concentration (0.1 to 1 wt %) com—
pared to the hwhite region” in the IPyC layer, which contains

~

~2 wt % each of La, Ce, Pr, and Nd (Table 5-16).

2. Under exposure conditions of 1095°C, 3.6 x 102° n/m? (E >
29 fJ)yrgr, and 55% FIMA in UCy, the SiC layer is highly retentive
of Cs, Ba, La, Ce, Pr, and Pd (Figs. 5-64 and 5-65).

A detailed electron microprobe evaluation of a BISO-coated (8Th,U)0,
fuel (batch 6445-00-010) was performed to define a basis for comparing the
effectiveness of different kernel dopants (Al or Si) on metallic fission
product retention. A back-scattered electron density image defining the
distribution of Cs, Rb, §, and Th in the BISU-coated parilcle is shown in
Section 5.8.4.2 (Fig. 5-92). This fuel was irradiated in GF-1 to 2.7 x 1025
n/m2 (E > 29 fI)gTGR, 7-1% FIMA, and 1095°C. This figure shows that Cs is
distributed in an unusual way in the buffer coating; namely, Cs is found in
a localized phase containing S and Rb. The Cs content in these localized
~reigons is ~20 wt % Furthermore, instability during electron measurements
of the metallic fission products implies that these localized regions

contain oxyvgen.

The presence of Rb and Cs is reasonable since these are two alkaline
metals with similar chemical properties; however, it is difficult to ration-
alize the pressure of sulfur. 1In addition to localized4Cs concentrations in
the.buffer layer, Cs was detected in the OPyC layer and surrounding matrix
at concentrations of ~1000 ppm. Barium and strontium were not found in the
buffer or OPyC coatings bqt were deteéted in small quantities in the kernel

where they were homogene0usiy distributed.
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5.8.2.3. OPyC Characterization on TRISO-Coated Fissile Fuel. Metallo-

graphic and loose particle visual examinations of TRISO-coated fissile fuel
in GF-1, GF-2, and GF-3 showed high OPyC failure levels (1.3% to 83% (Tables
5-4 and 5-15). These high OPyC failure levels are consistent with the
empirical correlation established in Ref. 5-7, which shows that the proba-
bility of OPyC failure increases significantly as OPyC microporosity
decreases below ~15 ml/kg OPyC layer (Fig. 5-74). Figure 5-74 shows a rela-
tively narrow transition region between 7 and 15 ml/kg OPyC bounded by the
GF-1, GF-2, and GF-3 loose particle fissile tests. The micrbporosity
plotted on the abscissa in Fig. 5-74 is a measure of the total intercon-

necting porosity that is accessible to mercury intrusion at 69 MPa.

Additional %nvestigations showed that there is considerable variability
of OPyC microporbsities among particles coated from the same parent batch.
This variability is shown in Fig. 5-75 and appears to increase as the aver-
age microporosity increases. Furthermore, the fraction of OPyC layers in a
batch with low microporosities, i.e., mercury intruded into <9%Z of OPyC
coating thickness, correlates well with the OPyC failure fraction. Figure
5-76 is a visual standard of the minimum degree of OPyC microporosity
required for acceptable OPyC performance. The fraction of OPyC layers in
GF-1, GF-2, and GF-3 fissile particles with microporosities less than fhe,
standard in Fig. 5-76 were calculated. These low OPyC microporosity frac-
tions are compared to the OPyC failure fraction ranges observed in GF-1,
GF-2, and GF-3 (Table 5-17). The comparison in Table 5-17 shows that the
level of OPyC failures is closely correlated with the percent of layers with
low microporosities; however, there is no apparent correlation with either
optical anisotropy or mean coating rate. Originally, it was thought (Ref.
5-7) that optical anisotrophies 1.040 and coating rates between 2.5 and 8.0
um/ min were sufficient controls to assure acceptable OPyC performance dur-
ing irradiation. However, the OPyC failures in GF-1, GF-2, and GF-3 fissile
particles are in conflict with this. A further evaluation of coating condi-
tions for TRISO—coated.fissile fuel in GF-1, GF-2, and GF-3 shows that for
GA-fabricated fuel particles, the OPyC layers were deposited under rela-

tively dilute concentrations of active coating gases. Namely, the ratio of
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"the volume of CyHy plus C3Hg to the total volume of coating gases was 0.11.
Currently, process specifications for TRISO-coated OPyC layers require that
the actual coating gas ratio be >0.25 (Ref. 5-7). This is a consequence of
the strong positive correlation between OPyC microporosity and the volume .

fraction of active coatiﬁg gases shown in Fig. 5-77.

The underlying problem is to determine which inherent structural
features in the shadowed region of Fig. 3-77 contributed Lu premalure
irradiation-induced OPyC failure. When considering thé deposition process,
the volume fraction of hydrocarbon gases (CoHy and C3Hg) in the total coat-
ing gas and the coating temperature determine the relaltive amounts of pyro-
carbon crystallite nucleation and growth in the vapor phase and on the
lcvitated particle bed substrate. This in turn controls the structure of
the pyrocarbon layers. Reference 5-25 provides a detailed discussion of
structural variations in pyrolytic carbons in terﬁs of different deposition
conditions and presents supporting data (transmission electron microscopy)
that are consistent with the empirical observations presented in Fig. 5-77.
Specifically, oriented pyrocarbon crystallltes within conical growth fca-
tures are expected as the deposition coating rate or the hydrocarbon con-
centration is reduced. The crystallites in the conical growth features show
a strong tendency for orientation of the carbon layer planes parallel Lo the
surface of the substrate. ©No intergrowth feature pores are present because
the cones impinge uniformly on one another, and the crystallites tend to lie
with the layer planes perpendicular to the axis of the conical growth
feature, Consequently, the interconnecting microporosity for these types of
structures is expected to be low. As the deposition coating rate and hydro-
carbon gas concentration are increased, the growth teatures progréess from
conical to spherical and intergrowth pores develop, which result in higher
measured microporosities. In addition, the preferred orientation of the
pyrocarboﬁ.crystallites between different sphefical growth features is

disposed randomly, which results in a more isottopic¢ structure.
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The inferior irradiation performance of pyrocarbon structures deposited
under low hydrocarbon gas concentrations (<0.25) and/or with low micro-
porosities (<13 ml/kg OPyC) is attributed to excessive orientation of pyro-
carbon crystallites. This anisotropy leads to a differential between
irradiation-induced strains parallel and perpéndicular to the substrate sur-
face, which in turn results in higher irradiation-induced stresses. These
structural changes are supported by CEA scanning electron microscope
examination of OPyC layers on TRISO-coated fissile fuel in GF-1, GF-2, and
GF-3 (Ref. 5-12).

The unirradiated pyrocarbon was characterized as an agglomeration of
carbon spheroids witﬁ the crystallite layers in each spheroid parallel to
the spheroid surface. These- structural features are shown in Fig. 5-78.
This type of structure can be considered macroscopically isotropic since the
spheroids are randomly oriented. However, during irradiation individual
crystallites begin coalescing into relatively large turbostratic structures
with a prefgrred orientation, i.e., crystallite layers that are parallel to
the surface of the deposit. Furthermore, preliminary results tend to
indicate that the degree of preferred orientation is proportional to the
concentration of spheroids in the unirradiated structure (Ref. 5~12). The
degree of anisotropy in the OPyC layers in GF-1, GF-2, and GF-3 fissile A
particles has been measured optically and shown to increase from a DAR of

1.02 in the unirradiated state to 1.07 for irradiated fuel (Ref. 5-12).

5.8.2.4., SiC Characterization on TRISO-Coated Fissile Fuel. The

metallographic evaluation of TRISO-coated fissile particles tested in GF-1,
GF-2, and GF-3 did not show SiC failure levels consistent with the in-pile
Kr-85m R/B measurements (refer to Section 5.6.1).  Furthermore, classical
pressure vessel failure is not expected in fissile particles early in life
when burnup exposures are less than 50% of peak design values. These con-
siderations prompted a further charécterization of the unirradiated fissile -

particles, which concentrated on detecting localized flaws in the SiC layers
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of as-manufactured fuel particles. The two techniques used to detect flaws

were:
1. Radiographic evaluation of burned-back TRISO-coated particles
that were subjected to mercury intrusion at 69 MPa.
2. Measurements of diffusive cesium release on burned-back particles

that were activated in the GA TRIGA installation.

The first technique relies on the high hydrostatic pressure to .force
mercury into microcracks that may be present in defective SiC layers. Once
the mercury has intruded into the IPyC and buffer layers, it is readily
apparent during a radiograph evaluation. Figure 5-79 is a microradiograph
showing defective SiC layers in batches 6155-01-030 and 6155-02-030. Figure
5-79 shows that one of the defective SiC layers has allowed cémplete mercury
intrusion while the other shows localized intrusion. SiC is considered

defective when mercury at 69 MPa intrudes into the IPyC layer.

The second technique used to determine the level of defective SiC
layers was bésed on diffusive cesium release. Briefly stated, this
technique involved activating a sample (300 to 500 particles) of GF-1, GF-2,
and GF-3 fissile particles in TRIGA to produce a Cs-137 inventory of ~1015
atoms per sample. The samples were then isothermally heat treated at 1600°C
for varying times up to 900 hours, and the diffusive Cs—-137 released from
the particles was measured for each heat-treat time. Also BISO-coated
fissile batch 6445-00-010 was included in this study to define a relative
basis for Cs-137 release under these heat—treét conditions. Specifically,
BISO coatings are permeable to Cs at 1600°C, and a progressive increase in
Cs release will occur with heat-treat time. Figures 5-80 and 5-81 are plots
of the cumulative Cs-137 release versus time at 1600°C for fissile fuel -
tested in GF-1, GF-2, and GF-3. - Figure 5-81 shows that the BISO batch
(6445-00-010) released all the Cs-137 at 900 hours. This implies that an

effective SiC defect fraction for TRISO-coated fuel can be determined by
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defining the fractional Cs-137 release for a 900-hour heat treatment at

1600°C.

Table 5-18 sumﬁarizes the fraction defective SiC layers in GF-1, GF-2,
and GF-3 fissile particles determined by radiographic evaluation after
mercury intrusion, by the fraction Cs-137 released, and by the standard
burn-leach technique. Table 5-18 shows that the level of defective SiC
layers determined radiographically is approximately two orders of magnitude
greater than the burn-leach values. This could be reconciled on the basis
that fine microcracks are relatively inaccessible to a leach solution
and/or that only a small fraction of the fuel is leachable through these
microfissures. Furthermore, the level of defective SiC layers determined
radiographically is between a factor of two to an order of magnitude greater
than the defective SiC fraction determined by Cs-137 release. This discrep-
ancy could be attributed to the partial retention of Cs by SiC layers that
are locally defective; i.e., microfissures in SiC provided a restricted

diffusive path compared to large breaches in the SiC layers.

5.8.3. Fertile Particles

5.8.3.1. Metallographic Evaluation. Metallographic ctross sections of rep-

resentative fertile particles irradiated in GF-1, GF-2, and GF-3 are shown
in Figs. 5-82 through 5-89. Two batches of GA-fabricated ThO) fertile par-
ticles were irradiated in GF-1, GF-2, and GF-3 fuel rods, namely, one batch
of BISO-coated ThOy (6542-02-036) and one batch of TRISO-coated ThOy (6252-
00-020). The CEA fertile fuel consisted of. two batches of BISO-coated ThO,y
(lots MG 156 and MG 207). The quantitative coating failure analysis done on
the fertile particles has a high level of uncertainty because of the limited
number of particles (£36) observed metallographically for each baEch.
TRISO-coated fertile batch 6252-00-020 exhibited an average OPyC
failure of 13.8% determined visually; this is generally consistent with the
level of metallographically observed failures. The OPyC microporosity in

batch 6252-00-020 is 15 ml/kg OPyC layer; however, the active coating gas
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ratio during deposition was 0.13, which is outside the specification range.
Consequently, the higﬁ irradiation—induced failure in this batch is expected
and consistent with the empirical correlation presented for fissile fuel
(refer to Section 5.8.2.3). The OPyC specification is designed to reject
batches that are either coated with an active coating gas ratio <0.25 or
have an OPyC microporosity <13 ml/kg OPyC (Fig. 5-77). No OPyC failure was
observed metallographically in BISO-coated fuel with the exception of batch
6542-02-036. Figures 5-83 and 5-85 show typical microcracks observed in the
OPyC layers of this batch. The level of OPyC failure detected in this batch
metallographically was 5%; in contrast, no OPyC failure was detected in this
batch visually. However, microcracks of this size would be difficult to
observe during visual examination. Batch 6542-02-037, which was density
separated from the same parent batch as 6542-02-036, showed 2.3% OPyC
failure determined visually. Consequently, visual and metallographic
observations imply that BISO-coated particles from batches 6542-02-036 and
-037 are susceptible to 0 to ~5% pressure vessel failure when exposed to the
following conditions: ~3.4 % FIM, 9.4 to 9.6 x 1025 n/m2 (E > 29 £J)yrcRs
and Y75° to 1000°C.

The buffer coating layers in the fertile fuel increased in density during
irradiation and also appeared slightly active optically under polarized

light (Fig. 5-86). However, this degree of anisotropy did not result in
excessive buffer cracking nor did it appear detrimental to the mechanical

integrity of the BISO-coated particle during irradiation.

Irradiation-induced changes in the ThO; fuel kernel microstructure in

GF-1, GF-2, and GF-3 show the following structural features:

1. At burnups £3.6% FIMA an equiaxed kernel gain structure (~20 mm in
' diameter), which is readily visible under polarized light (Fig.
5-82). This type of grain structure appears to be susceptible to
intergranular cracking during irradiation or subsequent polishing

(Figs. 5-84 and 5-87).

5-30



2. Homogeneously distributed fine fission gas porosity (Figs. 5-82
and 5-86).

These structural features are consistent with other irradiation experience

on ThOy (Ref. 5-8).

5.8.4. Advanced Fuel Particle Concepts

Thirty different batches of HTGR-type fuel particles were tested to

evaluate the following concepts:

1. Improved metallic fission product retention by using aluminum and

silicon dopants in the kernel.

2. Irradiation performance of TRISO-coated particle design using ZrC

instead of SiC.

3. BISO-coated (8Th,U)09 with OPyC layers deposited with a

homogeneous distribution of finely dispersed silicon.

4. Irradiation stability of TRISO-coated OPyC layers versus optical

anisotropy.

Particles in category 4 were not evaluated during the PIE of capsules GF-1l,
GF-2, and GF-3; consequently, only the other particle types will be dis-
cussed. This section summarizes the visual, metallographic, and metallic

fission product characterization for fuel types in categories 1, 2, and 3.

5.8.4.1. Visual Examination of Advanced Fuel Particles. Table 5-19

summarizes the visual results of advanced fuel pérticles. The first 12
batches in this table are BISO-coated (8Th,U)0, kernels with different Al
and Si kernel dopant concentrations. In general, it appears that these par-
ticles are more susceptible to pressure vessel failure as the concentration

" of kernel dopants incrcascs (refer to CF-1 and GF-2 trends). Turthermore,
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it should be noted that these particles exhibited zero pressure vessel fail-
ure when tested in capsule GF-3. This could be attributed to reduced oper-
ating temperatures early in life where rapid pyrocarbon densification occurs
and the probability of OPyC failure is greatest. The time-averaged tempera-
ture of GF-3 was 1000°C, while the average temperature of GF-1 was 1095°C.
Also, during the first part of irradiation (up to 2 x 1025 n/m2 (E >

29 fJ)yTgr, GF-2 had an average temperature of ~1075°C.

'The next set of four batches in Table 5-1Y relates to TRISO-coated
(8Th,U)07 and UCyp fuel with ZrC layers. A detailed evaluation of these
>batches is presented in Ref. 5-26. Batch 6171-15E had a ZrC layer deposited
on the UCy kernel and exhibited 4.6% pressure vessel failure. However, this
failure is not unexpected since there is no Void Vo1uﬁe inside the ZrC layer
for accommodation of fission gas pressure. The other batch, (6171-17E),
with a ZrC-coated (8Th,U)09 kernel, did not exhibit any pressure vessel
failure; however, the burnup in this batch was 7.1% FIMA as compared to ~607%
FIMA for UCj in batch 6171-15E. The other two ZrC TRISO-coated batches,
which had a buffer layer between the kernel and ZrC layer, showed no
pressure vessel failure. The last five batches of BISO-coated (8Th,U)0,,
with varying silicon concentrations in the OPyChlayer, showed excellent per-
formance. Only one failure was observed in the batch with the highest Si

concentration (47.5 wt %).

5.8.4.2. Metallographic Examination of Advanced Fuel Particles. BISO-

BISO-coated (8Th,U)09 particles with doped kernels had a characteristic
structural apppearance at the buffer-kernel interface. Figure 5-90 shows a
dense, irregular-shaped band around the kernel perimeter. Electron micro-
probe characterization has shown that this band is essentially comprised of
carbon that is depleted in Al and Si dopants and also contains small amounts
of fission products. The dense carbon band becomes more pronounced as the
concentrations of Si and Al increase. Furthermore, it appears that as the
kernel dopant concentration increases, there is a greater tendency for
radial fissures to develop in the buffer layer during irradiation. This

carbon band is not active optically under polarized light (Fig. 5—90).
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Metallic fission product distribution for these fuel types (notably Cs,

Sr, and Ba) were evaluated by electron microprobe and gamma spectroscopy.

The kernel compositions evaluated by electron microprobe were:

(8Th,U)09 + 2A1 + 1Si (GF-1 and GF-3)
(8Th,U)09 + 2A1 + 25i (GF-3)
(8Th,U)0p + 4Al + 45i (GF-1)

(8Th,U)0, [GF-1 reference standard without dopants (refer to
Section 5.8.2.2)]

Conclusions from this part of the investigation are fully documented in

Refs. 5-27 and 5-28 and are summarized as foilows:

1.

Al and Si dopants are confined to the kernel and do not migrate -

into the coating layers (Fig. 5-91).

A dense carbon-rich band develops at the buffer-kernel interface,
which contains a small concentration of fission products but is

depleted of Al and Si (Fig. 5-91).

3. Fission products in the kernel generally are associated with Si and

to a lesser extent with Al. 1In addition, comparison of fission
product distributions in the same batch [(8Th,U)0y + 2A1 + 151]
tested in GF-1 and GF-3 indicates thaf temperature plays a signif-
icant role.. Specifically, fission products were associated with
Si and Al in GF-1, which operated at 1095°C, bﬁt not in GF-3,
which operated at 1000°C.

Zones rich in Si and fission products are characterized by a Si/Al

ratio of ~3, which is consistent with feldspar structures

(aluminum silicates containing either group 1 or 2 metallic

elements).
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5. The presence of sulfur in the undoped reference standard (Fig.
5-92) is unexplained and complicates a direct comparison as tq the

effectiveness of Al and Si kermel dopants.

In addition to electron microprobe characterization, gamma spectroscopy -
was performed on the kernel and coating layers. This investigation is
documented in Ref. 5-29; briefly stated, it involves determining the amount
of isotopes that are gamma emitters for both the‘kernel and coating layers.
The following three batches irradiated in GF-1 were evaluated with this

technique:

6111—71E (8Th,U)09 (reference standard without dopants)
6111-101E (8Th,U)07 + 0.5Si

6111-111E (8Th,U)0p + 0.5Si

Table 5-20 lists for the above batches the mean content of Pa-233, Ru-103,
Zr-95, Cs-134, and Cs-137 determined in the buffer and OPyC coating layers.
The results from this table indicate that, in general, Si and Al dopants
added separately to (8Th,U)0s kernels-do not appear to be effective in
retarding metallic fission product migration. An exception is evident in
the case of Ru-103 migration in the kernel containing 0.5A1, where migration

is reduced by a factor of 3 to 4 compared to the other batches.

Figure 5-93 is a representative series of metallographic crogs sections
of four batches of fuel utilizing ZrC coating layers. This figure shows
cracked ZrC layers for those batches with thé ZrC deposited directly on a
UCy or (8Th,U)07 kernel substrate. This is attributed to recoil damage
and/or insufficient void volume to accommodate internal fission gas pres—
sure. In ‘contrast, Fig. 5-93 shows that the structural integrity of the ZrC
layer is maintained when it occupies the normal SiC position in a TRISO-
coated particle design. The good mechanical integrity of these particle
designs was confirmed by the visual examination (Table 5-19). Furthermore,

electron microprobe analysis of fuel batches 6111-147E and 6111-145E showed
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that the ZrC layer was an effective barrier to Cs and lanthanide fission
product migration into the OPyC layer. In addition, no reaction zone was
apparent between the ZrC and metallic fission products. Metallic fission
product migration outside the ZrC layer was observed in those batches (6171-
15E and 6171-17E) that had the ZrC deposited directly on the kernel sub-
strate; however, fission p?oduct migration in these systems is attributed to

fissures in the ZrC layef.

Representative metallographic'cross sections of BISO-coated (8Th,U)09y
fuel particles with Si-doped OPyC layers are shown in Figs. 5-94 through 96.
These figures clearly show the laminated structural appearance of the OPyC
layer; namely, the concentric ring striations in the OPyC layers are regions
of high Si concentrations. Polarized light accentuates this structural
feature (Fig. 5-94). In addition, Fig. 5-94 shows an intense white band at
the buffer-kernel intérface, which corresponds to the metallic fission
pfoduct recoil éone. Fission product distributions were characterized by
electron miéroprobe anaiysis on the following two batches irradiated in

GF-3:

6171-115E (39 wt % Si in OPyC layer)
6171-105E (19 wt %Z Si in OPyC layer)

These‘reshlts indicated that the mixed PyC + SiC coating was an excellent
barrier to fission products, except in the case where the buffer coating
contained chlbriné. The chlorine may be introduced into the buffer coating
during fabrication if the high-density seal coating sﬁrr0unding the buffer
'coating is not tight. It has been confirmed fhat this seal coating layer
was tight in the batch with 39% Si but not tight in the batch with 197 Si.
In this last batch, the presence of chlorine in the buffer layer resulted in
a systematic formation of iocalized metallic fission products along the
inner sﬁrface of the OPyC layer and the presence of Cs (~1000 ppm) in the
Si-doped OPyC 1ayér.
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TABLE 5-1

RESULTS OF VISUAL EXAMINATION OF UNBONDED FISSILE AND FERTILE PARTICLES TESTED IN CAPSULE GF-1 (REF. 5-1) AT A
TIME-VOLUME AVERAGE TEMPERATURE OF 1095°C

Irradiated
Visual Particles
Failures (%) | Tested (in Fluence
Sample Keernel Coating No. of No. of Fuel Rod or| Planchet (1023 n/m2)
Designation Type(a) Type(®) |Planchets | Particles| OPyC pv(c) Coupon No.) No. (E > 29 £fJ)yTcR

6155-01-020 MO T 4 400 63.25 | O Compacts 1,] 1,18,35,52 Max. = 4.4

2, and 5 Min. = 2.5

(d)

6155~00-020 MO T A 400 3.50 | 0 Compacts 3 | 2,19,36,53

and 4
6155-02-020 M0 T 4 400 26.75 | 1.5 | Compact 6 3,20,37,54
6445-00-010 MO - B 4 400 0 0 4,21,38,55
6542-02-036 ThOy B 4 400 0 ] Compacts 1 | 5,22,39,56

’ through 6

6151-00-010 uc, T 4 400 1.75 | 0.25 6,23,40,57
4-18-1-6111~71E- | MO B 2 202 0 0 8,25
4-19-2-6111-101E{| M0 (0.5 S1) B 3 303 0 0 9,26,60
4-10-1-6111-111E| MO (0.5 Al) B 3 202 0 0 28,45,62
4-19-1-6111-95E MO (2 Si) B 3 303 0 0 10,43,61
4-5-2-6111-109E MO (2 Al) B 3 404 0 0 12,46,63
4-18-2-6111-93E | MO (4 Si) B 3 303 0 17.50 11,27,44
4-5-1-6111-103E MO (4 Al) B 3 303 0 0 13,29,47
4-12-1-6111-117E| MO (0.5 Al, 1 S1)| B 3 303 0 0 30,48,64
4-13-1-6111~99E | MO (2 Al, 1 Si) B 3 303 0 0 31,50,65
4-12-3-6111-105E | M0 (2 A1, 2 s1) B 3 303 (] 1.65 164,49,68
4=-9-2-6111-107E | 1O (2 Al, 4 01) D S 505 0 57.43 7,24,41,42,58
4-12-2-6111-113E | MO (4 Al, 4 Si) B 3 303 0 25.70 15,51v66
6111-147E Ucs T (2rxC) 1 164 0 0 Coupon 2 16
6171-17E - ucy T (2rC) 1 108 0 4.63 | Coupon 4 34
6171-15E MO T (ZrC) 1.5 97 0 0 Coupon 3 33,67
6111-145E MO T (ZrC) 1.5 89 ‘0 0 Coupon 1 32,67
-- Saphire - 1 ar 0 0

(2)M0 refers to (8Th,U)07 with dopants indicated in parentheses.
(b)T refers to TRISO coating and B refers to BISO coating; ZrC TRISO coatings are indicated.
(C)Refers}:o pressure vessel fallure (failed 8iC and OPyC layers).
(d)Fluence for individual ﬁlanchecs calculated as ¢ = 2.5 + (planchet No.)(0.02794).
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TABLE 5-2

RESULTS OF VISUAL EXAMINATIOM OF UNBONDZD FISSILE AND FERTILE PARTICLES TESTED IN CAPSULE GE-2 (REF. 5-4)
AT A TIME-JOLUME AVERAGE TEMPERATURE OF 985°C

Visual Particles
Failures (%) | Tested in | Fluence

Sample Ka2rnel » Coatin, F>. of No.” of - Fuel Rod ! Elanchet (1025 n/mz)
Designation Ty;e(ﬂ) Type'(b§ Plaichezs| Particles | PV(c} OPyC |Conpact No. No - (E > 29 fJ)yTGR
6155~-01-010 { MO T 4 392 0 63.26 1,18,X,52 Max. = 3.7
6155-00-010 | MO T 4 393 [ 8.91° 2,19,35,53 Min. = 2.2
6155-02-010 | MO T 4 391 0 25.83 3,20,37,54 (d)
MG 178 MO T 4 398 [ 1.00 4,21,38,55 ’
MG 139 MO T 4 395 [ 2.79 6,23,4D,57
6171-41-E MO B 1 106 0 0 29
6171-65-E MO B 1 106 0 0 25
6171-67-E MO B 1 106 0 0 27
MG 137 MO B 4 396 - 0 0 1%,30,34 62
6252-00-020 | ThOy T 4 393 0 19.85 5 5,22,33,%
MG 155 ThOg T 3 299 0 1.0 17,51,56
MG 175 ThOy T 3 299 0 0 32,58,57
MG 156 ThOy B 4 397 0 0 15,31,33,5¢%
6111-71-E MO B 1 98 0 0 8
6111-101-E MO (0.5 Si) B 1 99 0 o} 25
6111-111-E | MO (0.5 Al) B 1 95 0 0 43
6111-95-E - | MO (2 £i) B 1 97 0 ] 43
6111-109-E | MO (2 1) B i 92 0 0 49
6111-117-E | MO (0.Z A1 + L S1)| B 1 97 0 0. 48 =
6111-99-E MO (2 41 + 1 S1) B | 97 0 0 50
6111-105-E | MO (2 41 + 1 Si) B L 98 0 0 49
6111-103-E | MO (4 Al) B 2 189 ] -0 13,47
6111-93-E MO (4 51) B 2 198 33.86 0 15,44
6111-113-E { MO (4 &l + 4 Si) B 2 200 24 0 15,65
6111-107-E | MO (2 A1 + 4 Si) B 2 198 65.15 0 7.42
6171-105-E | MO B 719% si) 2 214 0 0 28,62
6171-107-E . | MO B {25% Si) 2 213 0 0 10,61
6171-115-E | MO B <39% Si) 2 214 0 0 3,60
6171-119-E | MO B r40% S51) 2 213 0 0 1z,63
6171-117-5' MO B (47.5% Si) 2 213 0 0.46 24,41

(a)M0 refers to (3Th,U)02 with cogants indicated ir jarentheses.

(E)T refers to TRESO coating anc
Refers to pressure ve;sel failure (failed S1C and OPyC layers).

parg heses.

Fluence for individual planchets calculated as § =

2.2 + (planchet No.)(0.02239).

refers to BIS) coating; Si-doped BISO coatings are with Si concertrsations in



TABLE 5-3
RESULTS OF VISUAL EXAMINATION OF UNDONDED FISSILE AND FERTILE PARTICLES TESTED IN CAPSULE GF-3 (REF. 5-5)
AT A TIME-VOLUME AVERAGE TEMPERATURE OF 1000°C

Visual
Failures (%) Fluence

Kernel Coatin No. of No. of Planchet (1025 n/m?)

Type(a) Type(b§ Planchets |Particles | oPyc | pv(c) No. (E > 29 fJ)yTGR
6155-01-020 MO T 3 300 58.7 | 0.3 |1,35,52 Max. = 9.8
6155-00-020 MO T 3 300 2.0 |0 2,19,53 Min. = 8.4
6155-00-010 MO T 3 300 2.73| 0.7 3,18,36 (d)
6155-01-010 10 T 3 300 56.3 1.33 5,21,57
6155-02-010 MO T 3 300 14.3 0.3 15,34,58
6155-02-020 MO T 3 300 26.3 2.3 20,37,54
MG 178 MO T 5 503 0.7 |0 7,26,48,63,71
MG 199 HO T 4 402 0 0 8,30,49,65
6445-00-010 MO B 3 299 0 0.3 |4,38,55
MG 197 Mo 3 4 402 0 0 9,31,51,66
6171-41-E MO B 1 45 0 0o
6171-67-E MO B 1/2 45 0 0
6171-65-E MO B 1/2 45 0 0
6222-19-E MO B 1 76 ] 0
6222-25-E MO B 1 76 0 0
6171-105-E 10 B (19% Si) 1 108 0 0 28
6171-107-E MO. B (25% Si) 1 108 0 0 10
6171-115-E MO B (39% si) 1 108 0 0 60
6171-119-E MO B (40% si) 1 108 0 0 12
6171~117-E MO B (47.5% Si) 1 108 0 0 24
6171-71-E (Ref.) § MO B 1/2 50 0 0
6111-101-E MO (0.5 Si) B 1/2 51 0 0
6111-111-E MO (0.5 Al) B 1/2 50 o] 0
6111-95-E MO (2 Si) B 1/2 S0 0 0
6111-109-E MO (2 Al) B 1/2 51 0 0
6111-117-E MO (0.5 A1 + 1 Si) | B 1/2 50 0 0
6111-99-E MO (2 Al + 1 81) B 1/2 50 0 0
6111-105-E MO (2 Al + 2 S1) B 1/2 50 0 0
6111-103-E MO (4 Al) B 1/2 50 0 0
6111-93-E MO (4 Si) . B 1 86 0 0 27
6111-113~E MO (4 Al + 4 Si1) B 1/2 51 0 /]
6111-107E MO (2 Al + 4 Si) B 1 101 0 v} 41
6252-00-020 ThOy T 3 300 6.0 [} 16,44 ,64
MG 175 ThOg T 4 404 0.25]0 14,47,67,69
£542-02-037 Tho, B 3 300 2.3 |0 22,19,56
MG 156 ThOy B 4 402 0 0 11,32,59,62
MG 207 ThOy 3 5 505 [¢] 0 13,33,61,68,70
6151-00-010 ucy T 3 300 1.3 0 "{6,23,40

(a)M0 refers to (8Th,U)07 with dopants indicated in parentheses. .

(b)T refers to TRISO coating and B refers to BISO coating; Si-doped BISO coatings are indicated with Si concentrations in
parentheses. .

¢)Refers to pressure vessel failure (failed SiC + OPyC layer).

(d)Fluence for individual planchets calculated as ¢ = 8,4 + (planchet No.)(0.01972).
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SUMMARY OF

TABLE 5-4

VISUALLY DETZRMINED UNBCNDED PARTICLE FAILURES OBSERVED IN 3F-1, GF-2, and G--3
(EXCLUDES DOPED KZRNEL AND ZrC-TRISO FUEL TYPES)

GF-1 + GF-2 + GF-3

(d)

Refers to pressu-e vessel failure (failed OPyC and SiC layer).

‘Fuel Failure (%) Total |- To%g%
1 (a) _2(b) _a(c) No. of OPyC PV
Particle Sample CF-1 - GF-2 D CF-3 Particles | Failure| Failure
Type Designation| 0PyC | Pv(€) [ opvc | pv(?) | opyc |[Pv(d) | Irradiated | (%) .,
TRISO with 6155-01-020| 63.2 0 - - 58.7 0.3 720 61.3 0.1
mixed oxide 6155-0L-010 | ~- - 63.3 0 56.3 |1.3 632 60.2 0.6
kernel 6155-02-020| 26.7 1.5 - - 26.3 2.3 700 26.5 1.8
6155-02-010 —- - 25.8] O 14.3 0.3 651 20.5 0.1
6155-03-020| 3.5 |0 - - 2.0 {0 700 2.8 0
6155-01-010 | -- - a.9 0 27.3 "10.7 693 16.7 0.3
MG 178 - - 1.0 0 0.7 0 901 0.9 0
MG 199 - - 2.8 0 0 0 797 1.3 0
BISO with 6445-00-0101| O 0 — - 0 0.3 693 0 0.14
mixed oxide MG 197 - - 0 0 0 0 736 0 0
kernel ‘
TRISO with 6252-00-020 | -- - 16.8 0 6.0 0 623 13.8 0
tharium MG 175 - - 0 0 0.25 |0 639 0.1 0
'kernel MG 165 - - 1.0 0 - 0 239 1.0 0
BISO with’ 6542-02-037 | -- - - - 2.3 0 320 2.3 0
therZum 6542-02-0361] 0 0 - - - - 420 0 0
kernel MG 156 - - 0 0 0 0 639 0 )
MG 207 - - - - 0 0 535 0 0
TRISO with 6151-00-010( 1.75 | 0.25 | -~ - 1.3 |o 720 1.6 0.14
UC; Ekernel :
(a) s 0 c 25 2
Irradiation expozure: L095°C and 5.6 to 6.4 x 10°7 n/m” (E > 29 fJ)HT”R’
(b)Irradiation expozure: 385°C and 1.S to 4.0 x 1025 n/m2 (E > 29 fJ)HTGR'
(C)Irradiation exposure: L000°C and &.8 to 10.2 x 1025 n/m2 (E > 29 fJ)HIGR'
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TABLE 5-5

. TRISO-COATED LOOSE PARTICLE OPyC PROPERTY AND PROCESS CHARACTERISTICS (EXCLUDES ADVANCED FUEL PARTICLE TYPES)

Range of Irradiation

OPyC Properties Conditions Range of
‘TRISO~ Visually
‘Coated Active Time-Volume Determined
. Particle |Thick- Micro- | Coating | Coating Average Fluence OPyC
Particle Particile Size ness Density | Optical’ porosity Rate Volume Temperature (1025 n/mz) Failure
Ba:tch No. Type (um) (pm) (Ng/m3) Anisotropy | (ml/Mg) (um/min) | Fraction °C) JCE > 29 £J3)yTCR %)
6155-00-010 |(8Th,U)09 713 36 1.78 1.13 6.41 2.25 0.11 985-1000 (a) 8.9-27.3
6155-00-020 |(8Th,U)0, 695 41 1.76 1.14 7.51 2.83 0.11 1095-1000 (b) 3.5-2.0
6155-01-010 [(8Th,U)0y 888 40 1.78 1.13 9.19 3.08 0.11 985-1000 (a) 63.3-56.3
6155-01-020 |[(8Th,U)09 885 42 1.81 1.07 9.32 3.36 0.11 1095-1000 (b) 63.2-58.7
6155-02-010 |[(8Th,U09 831 40 1.81 1.13 9.36 3.33 0;11 985-1000 (a) 25.8-14.3
6155-02-020 |[(8Th,U}09 840 41 1.82 1.13 9.40 3.42 .11 1095-1000 (b) 26.7-26.3
6151-00-0LC |UCy - 595 44 1.80 1.10 6.77 1.47 0.13 1095-1000 (b) 1.75-1.3
6252-00-020 |ThOy 833 42 . 1.81 1.24 15.30 4.24 0.13 985-1000 '(a) 19.8-6.0

(a)pef. Tables 5-2 and 5-3.
(b)Ref. Tables 5-1 and 5-3.
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TABLE 5-6

FUEL ROD DIMENSIONAL CHAFGE DATA FOR CAPSULES GF-1, GF-2, AND GF-3

Irradizzicn Conditions
Fuel Rod Dimensicnal Change
Time Fuel Rod
GA Data Yolume Diametral (AD/D,) Axial (OL/Ly) Volumetric Anisotropy
Rod end | Retriaval Average  Fast Fluerce %) %) (BVIVG) (%) (Axdial - Diamentral)
Ce%é) Number Temperature (10 n/mz) . . (AL/L - AD/D)
Capsule| No. (7161-003-) ‘Lype () (E > 29 £J)ypgr |Measured Predictedd) |Measure¢ Predicted(3) |Measured Predicted (%)
GF-1 1-1 (b) e’ 1C80 4.7 -2.01 (c) -0.86 (c) -4 .88 (c) 1.15
1-2 (b) e 1C80 5.5 -1.73 (c) -0.95 (c) o -h.6l (c) 0.78
2-3 01-4 a 1170 6.4 -1.16 -1.52 -0.12 -0.65 -2.44 -3.7 1.04
2-4 01-5 a 1170 6.7 -1.18. -1.52 -0.21 -0.65 . -2.57 -3.7 0.97
3-5 02-5 b 1170 6.5 -1.13 -1.48 -0.03 -0.63 -2.24 -3.6 1.10
3-6 03-5 b' 1170 6.1 -1.45 -1.48 -0.37 ~0.63 -3.27 -3.6 1.08
GF-2 1-1 05-5 d €60 3.4 -2..05 -2.18 -1.55 ~1.55 -5.65 -5.9 0.50
1-2 05-4 d €60 4.1 -2.15 -2.18 -1.70 -1.55 -6.00 -5.9 0.45
2-3 01-6 a 70 4.9 -1.70 -1.84 -1.28 -1.11 -4.68 -4.8 0.42
2-4 08-4 a 70 5.1 -1.43 -1.81 -1.53 -1.08 -4.39 -4.7 -0.10
3-5 04-7 c “60 4.8 -0.94 -1.13 -0.52 -0.44 -2.40 =-2.7 0.42
3-6 04-6 c %60 4.3 -1.15 -1.13 -0.30 -0.44 -2.60 -2.7 0.85
GF-3 1-1 (b) f 75 6.4 -1.30 (c) -0.22 (c) -2.82 (c) 1.08
1-2 (b) £ 75 7.7 -C.57 (c) +.80 (c) -0.34 (c) 1.37
2-3 02-4 b 275 9.4 C -0.74 (d) +0.39 (d) -1.1 (d)
2-4 03-4 b' 275 9.8 -C.32 -0.71 - +0.42 - -1.0 -
4-5 04-5 c 1.20 7.2 +C.22 -0.79 +3.44 +0.08 +3.88 -1.5 3.22
4-6 04-4 c 120 6.0 =C.1D -0.79 +1.24 +0.08 +1.04 -1.5 1.34
(a)Diametral strain (E; ) = 1/3 (Vgg - 2 x A€r and axial straie (E;z) = 1/3 (VFR - A€), where GFR is predicted volumetric change and A% is strain
anisotropy (A€ - 0.31 + 0-084 x y)(Ref. %-10).
b)CEA rods Eabricated usirg CERCA process.
(cINot deternmined.
(d)Rrod inadvertently broker. and axial length not measurad (Fig. 5-19).
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TABLE 5-7

THERMAL CONDUCTIVITY MEASUREMENTS ON IRRADIATED GF-1 AND GF-2 - FUEL RODS

Thermal Conductivity

W/cem-°C-s){b)

Fuel Rod Volume/Time
Fuel Type(a) Averaged - Fluence Measured -
.Rod (Particle Temperature (1025 n/m?) Temperature Before After
Capsule | Number ,Types) (°c) (E > 29 £fJI)yrcr (°c) Irradiation | Irradiation
GF-1 | IIB a’ 1170 6.7 700 0.140 0.084
(No. 4) | (TRISO/BISO) 800 0.134 (c)
: ' 900 0.125- (c)
IB . e, e' 1080 5.5 600 - 0.2348 0.0984
(No. 2) | (TRISO/BISO) 700 0.2231 0.0954
800 0.2131 0.0921
GF-2 IIiA .C 960 4.8 + 600 0.147 0.0942
(No. 5) { (TRISO/TRISO) ’ ' 700. 0.140 0.0862
800 0.132 0.0686
ITA a 970 4.9 600 0.150 0.0774
(No. 3) | (TRISO/BISO) 700 0.140 0.0712
' 800 0.134 0.0569
IB d 960 4.1 600 0.130 0.0578
(No. 2) | (BISO/BISO) : 700 0.124 0.0567
800 0.115 0.0536
(a)Fuel rod types a, c, and d fabricated by

by CEA CERCA process.

(b)
(c)

LECI technique (Ref. 5-13).

Measurements not made because of poor surface conditions.

GA matrix injection process and rod types e and e'
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COMPARATIVE EVALUATION OF EOL Kr-85m R/B MEASUREMENTS FOR CAPSULES GF-1 AND GF-2

TABLE 5-8

TRIGA Fissicn Gas Release (R/B for Kr—-85m)
EJL Volume- Reirradiated
Fu=1 Fast Fluence Average Corrected for
Red (1625 n/m2) Iemperature(a) Reirradiated EOL | EOL Operating In-Pile
Capsule | Cell | Type | (E > 29 fJ)yper o0 at 600?C(t).' Temperature(¢) EoL(d)
GF-1 . 1 |e, e 5.2 1075 2.2 -2.8x10°5| 1.6 x 1076 9 x 1075
2 | a 5. 1180 1.3 - 1.7 x 1074 | 9 x 1074 2 x 1074
b, b' 6.4 31150 0.7 - 1.6 x10°3| 7.4 x 1073 .1 x 1073
GF-2 1 d 3.8 900 1.4 -*3.8 x 1076 | 9.4 x 1076 5 x 1076
a 5.0 975 6 - 8.5x1076| 2.7 x 1073 .1 x 1073
3] ¢ 4 955 3.8 -5 x 107 1.7 x 1074 5 x 1074
(a)Refer to Table 4-3. ]
(b)Refer to Figs. 5-29 amd 5-30. _
(C)Based on normalized temperature correction factors defined in Ref. 5-14.
(d)Refer to Figs. 4-22 and 4-23.
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TABLE 5-9

Kr-85m R/B MEASUREMENTS ON LASER-FAILED, TRISO-COATED PARTICLES

Fissile Kr-85m R/B

Description ‘Particle Batch Burnup _

of Fuel Designation (% FIMA) 600°C 1050°C 1250°C
Mixed oxide 6155-01-030 0 3.5 x 1074 | 1.4 x 1073 [7.5 x 1073
(8Th,U)0y 6155-00-030 5 5 x 1073 1.5 x 1072 |3 x 1072
kernel, sol-gel| 6155-02-030
Mixed oxide MG 178 0 np(a) 1.2 x 1072 np(a)
(8Th,U)0> 9 np(a) 1.7 x 1072 np(a)
kernel, AVS
ThO, kernel, 6542-02-036 0 n(a) |7 -8 x 1073 wp(a)
scl-gel . 3 .

ga?ND = not determined.
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TABLE 5-10
CALCULATED FISSILE PARTICLE FAILURE BASED ON Kr-85m R/B EARLY IN LIFE [2.% x 1025 n/m? (E > 29 £J)yrcr]

q 1 A / !
Tempirzttré,lgggniﬁéza?g E'ggaEJi Fluence Kr-85m Calculated Fissile
Of Lo % : HIGR R/B per’ Particle Failure
Volume Avg. Fissile In-Pile Laser-Failad at 2.5 x 1025 n/m2
Rod Temperature a) Burnup Kr-85m Particle, (E > 29 £I)yrer’
Capsule | Cell | Type (°C) (% FIMA) r/B(D) RfigsilelS) Xfiesile ()
.GF-1 1 e, e 1055 3.7 1.5 x 1074 1072 1.50
2 a | 1160 3.6 8 x 1076 1.5 x 1072 - 0.05
3 | b, b 1140 3.7 6 x 1074 1.5 x 1072 _ 3.00
i
GF-2 1 d 920 4, 5 x 1076 ~7 x 1073 0.07
2 | a 960 3.8 9 X 1076 ~7 x 1073 0.13
3 c 930 4.1 6 x 1074 ~7 x 1073 . 8.57
GF-3 1 | £, £ 972 3,2 106 ~6 x 1073 0.02
b, b' 973 3.5 3.4 x 1074 ~ x 1073 5.66
4 c 1125 3.4 7.2 x 1074 1.4 x 107% 5.14
(a)Refer to Figs. 4-1C throuzh 4—21.
(b)refer to Figs. 4-22 throuzh 4-24. | ' !
(gefer to Fig. 5-31. ‘
(d)

Based on the approximation thar most fissions along with fuel failure occur. in fissile fuel
early in life and there is no heavy netal contamination (refer to Eq. 5-4).
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CALCULATED FISSILE AND FERTILE PARTICLE FAILURES BASED ON Kr-85m R/B AT END-OF-LIFE

TABLE 5-11

' . : . Kr-85m R/B per Laser-
EOL EQL EOL Burnup . In-Pile Failed Particle(b) Calculated Fissile

Volume Avg. Fluence (% FIMA) EOL and Fertile Particle

Rod Temperature | (1023 n/m2) _— . Kr-85m Fissile, Fertile, Failure at EOL,(¢)

Capsule | Cell | Type °c) (E > 29 fJ)yTer| Fissile | Fertile r/8(8) Rfigsile Rfertile |Xfissiler Xfertile (%)
6F-1 -| 1 e 1075 5.2 8.5 1.7 9.5 x 10731 1.7 x 102 | 7 x 1073 0.74
2 a 1180 T 6.7 9.7 2.4 | 3.4 x1074[ 2.1 x10°2 |1.1 x 1072 2.17
3 (b, b 1150 ‘6.4 9.4 2.2 | 1.1 x 1073 2 x 1072 102 7.38
GF-2 1 d 900 3.8 6.5 0.8 | 4.8 x 1076 9x10°3| 4x103 0.07
2 a 975 5.0 7.6 1.3 2x1075)1.1x102( 5x103 0.24
3 & 955 4.5 7.4 1.2 1.5 x 1074] 1.1 x 1072 5 x 1073 1.70
GF-3 1 |g, £ 975 7.4 9.5 2.2 3 x 1075| 1.3 x 1072 6 x 1073 0.07
b, b' 990 9.8 11.4 3.6 | 4.7 x 1074 1.5 x 10-2 x 1073 4.57
4 c 1115 , 6.6 9.0 2.0 4 x 1074] 1.2 x 102 9 x 10-3 3.78

(a)

(b)
(c)
Zq. 5-5).

Refer to Figs.
Refer to Fig. 5-11.

4-22, 4-23, and 4-24.

Based on assumptfon of equal fissile and fertile particle failure

fracitons and

no heavy metal contamination (refer -to



TABLE 5-12

DETERMINATION OF FUEL PARTICLE FAILURE LEVELS BY ELECTROCHEMICAL DISINTEGRATION OF FUEL RODS

Rod Designation

Rod IIIA (No.5) from GF-1

Rod IVA (No. 5) from GF-3

Type of fuel

Irradiation conditions
Temperature
Burnup

Schematic diagram
of electrochemical
disintegration
technique for

each fuel rod

Fuel failure
Ficcile
Fertile .

Fissile particle
Mixed oxide (8Th,U)09
TRISO .
Tt AYS5=-M =010

Fertile particle
ThO,
BISO
Lot 6542-02-036

Fuel rod
Type b

1090°C (surface) - 1310°C (central)
9.35%Z FIMA

Electrochemical
disintegration

U, Th fission
products in solution

) Determination of
activity of Nb-95 and
Pr-144 in snlutrinn

Comparison of the mean
activity of one fissile
and one fertile particle

N7 (7.4.7)(a)
<1%

Fissile particle
Mixed oxide (8Th,U)07
TRISO
Lot A155=00=030

Fertile particle
ThOy
TRISO &
Lot 6252-00-020

Fuel rod

Type ¢

1165°C (surface) - 1200°C (central)
9.02% FIMA

Eléctrochemical
_disintegration

U, Th fission
products in solution

Dose of Dose of
U-236 to 1-233 to
rtrace trare
fissile thorium

particles
Determination Determination

of the number

of ruptured
fertile -
particles

of the number

of ruptured
fissile
parcicles

4% (3.8%)(a)
1%

(a)Based on EOL Kr-85m

R/B measurements (Table 5-11).
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METALLOGRAPHIC (X) AND

TABLE 5-13

MICRORADIOGRAPHIC (0) EXAMINATION OF
FUEL PARTICLES TESTED .IN:CAPSULES GF-1, GF-2, AND GF-3

Particle Batch
Fuel Type of "(F = fissile,
Description Rod f = fertile) GF-1 ‘GF-2 GF-3
Particles in a F = 6155-00-030 X X
rods' f = 6542-02-036
S b F = 6155-01-030
f = 6542-02-036
b’ F = 6155-02-030 %
f = 6542-02-036
c F = 6155-01-030
. f = 6252-00-020
d "F = 6445-00-010 X
£ = 6542-02-036
237() F = 6155-01-020 %
: f = 6542-02-036
239 (P) F = 6155-01-020
f = 6542-02-036
g15(¢) F = MG 178
' f = MG 156
817(® F = MG 178
f = MG 156
Loose ' 6542-02-036 - ThO2 BISO X0
particles 6155-02-020 - (8Th,U)0, TRISO
6155-00-020 - (8Th,U)0, TRISO| O.
6151-00-010 - UC, TRISO X0
. 6445-00-010 - (8Th,U)0, BISO '
6155-01-020 - (8Th,U)0, TRISO| O
MG.197 - (8Th,U)0, BISO ' X
MG 199 - (8Th,U)0, TRISO X0
MG 178 - (8Th,U)O, TRISO X0
MG 165 - Tho2 TRISO 1 o
MG 156 - ThO, RTSO i
MG 207 - ThO, BISO
MG 175 - ThO, TRISO ,
(a)

CEA matrix, natural graphite, GA particles.
(b) ‘ :

(c)
(d)

CEA matrix, artificial graphite, GA particles.
CEA matrix, natural graphite, CEA particles.
CEA matrix, avtificial graphite, CEA particles.
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TABLE 5-14
RANGE OF VMATRIX VALUES

Rod Type Vmacroporooity Vmicropofosity GmaLrlx
GA (a,b,b',c,d) 0.25 - 0.52 , ~20.5 0.24 - 0.38
CEA (e,e',f,f") 0 0.13 - 0.37 0.63 - 0.97
TABLE 5-15

COMPARATIVE EVALUATION OF OPyC FAILURE LEVELS DETERMINED VISUALLY FOR
UNBONDED PARTICLES AND METALLOGRAPHICALLY FOR
PARTICLES TESTED IN FUEL RODS

Fluence OPyC-
.Batch . Sample (1025 n/m2) Temperature | Failure
Designation Description (E > 29 fJ)HTGR (°c) (%)
6155-01-030 | Loose particle 4.0 985-1095 63.3
fuel rod (GF-3, 9.8 975 83.0
rod ITA) '
6155 02 030 | Loosc particle 4.0 985-1095 26
' fuel rud (GF=1, 6.7 1170 78
rod IIIB)
6155-00-030 | Loose particle 4.0 . 985 27
fuel rod (GF-2, 5.0 970 36
rod ITA) '

5-52



TABLE 5-16

FISSION PRODUCT DISTRIBUTIONS IN TRISO-COATED UCy FUEL®
(BATCH 6151-00-010) IRRADIATED IN GF-1 AT 1095°C
AND TO 4.2 x 1025 n/m? (E > 29 £J)yrcg and 60% FIMA

Element Concentration at Indicated Location (wt %)

Outer White Zone in Metallographic
Kernel Buffer IPyC Cross Section; Located in
Element Perimeter Layer Layer | IPyC Layer on One Side of Kernell
Sr 0.5-1 | 0.2 - 0.4 0.5
Y 0.2 0.2
Zr 1 0.2
Mo 1
Te Traces
1 Traces
Xe’ 0.5 - 1 0.3
Cs 1 -2 1-2 ~1 0.2
Ba 0.5 -0.8 0.5 <0.5
La <103 ppm ' 2
' Ce ~1 0.2 0.1 >3
Pr 0.4 - 0.1 ~2
Nd 1 0.2 0.1 >2
Sm 0.5 -1
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TABLE 5-17 ‘
OPyC FAILURE IN TRISO-COATED FISSILE EUEL TZSTED IN GF-1, GF-2, AND GF-3 VERSUS FRACTION OF OPyC LAYERS WITH LOW MICROPOROSITIES

IrradiatZon Comnditions 0PyC Properties
Particle Fluence orycC Low Mezn liean Optical Mean
Batch Capsule Tenperatare ‘(]025n/m2) Failurz Hicroporosity(h) Micropcrosity | -Anisotropy, |Coating Rate
Designation Tests(a) ‘ (°9) ‘E > 29 f)uren (¢4 (% < critical) | (ml/Lkg OPYZ) rare(c) : (un/min)
6155-00-010 2, 3 235-1090 3.7-9.4 5.9-27.3 30.0 6.4 . 1.033 2.3
6155-00-020 1, 3 1095-1000 4.4-9.4 3.5-2.9 1.0 7.5 1.027 2.8
6155-01-010 2, 3 985-1090 S 3.7-9.4 53.3-56.3 ) 9.2 1.025 3.1
6155-01-020 { ~ 1, 3 1065-1000 4.4-9.4 53.2-58.7 57.3 9.3 1.025 3.4
€155-02-010 2, 3 985-1000 3.7-2.4 25.5-14.3 5.8 9.4 1.022 3.3
6155-02-020. 1, 3 1095-1000 h.4-9 .4 1 26.7-26.3 26.8 G4 1.021: 3.4

(a)

b . . . . .

( )Percent of OPyC layers uirh nicroporssities less than :hat shown in Fig. 5-76.
c . : . . - s . : .
( )Eacon anistropy factor measurec opticzlly on Seibdersdorf polarizing microscope (25-um spot size).
d . s . . . . . " a9 -

- ( )Partlcles not distinctive enouch to allov a determinatiom of percent vith intruded mercury 9% of OPyC thickness;

hovever, sizable fractions of OPyC lzyers appeared to »e in :this region. -

Loose particle tests.
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SUMhARY OF DEFECTIVE SiC LAYERS IN FISSILE PARTICLES GF- -1,

TABLE 5-18

GF-2, AND GF-3

Particle Batch

Radiographic Evaluation After
Mercury Intrusion at 69 MPa

Fraction Defective

SiC Determined by
Fractional Cs-137

Fraction
Defective

Sample Data Retrieval Number of ‘Fraction Released After SiC Determined

Descrlptlon(a) Number Particles |Defective Sic(DP) 900 h at 1600°c(c) By Burn-Leach
Loose particles | 6155-00-030 1300 4.2 x 1072 6.5 x 1073 7.4 x 1074
Loose particles | 6155-01-030 575 8.9 x 1072 1.1 x 1073 3 x 1073
Loose particles | 6155-02-030 443 2.3 x 1072 1.3 x 1072 8 x 1074
Fuel rod 2082-4,| 6155-00-030 811(a) 7.4 x 1072 5.8 x 1073 np(d)
type a i .

Fuel rod 2084-2,| 6155-01-030 564(a) 6 x 1072 8.2 x 1073 ND

type b -

Fuel rod 2086-4 | 6155-02-030 660(a) |- 6.8 x 1072 3.5 x 1072 ND

type b’ : ‘

Fuel rod 2117-1, 6155-01-030 290(a) 11.8 x 1u™2 ND 8 x 1074
type ¢ : '

(a)Fissile particles yere obta1ned by burning rod and screening out desired size fraction.
Representative SiC flaws are shown in Fig. 5-79.

EC)Refer to Fig. 5-80.

np =

not determined.

,a:



TABLE 5-19
SUMMARY OF VISUAL EXAMINATION FOR ADVANCED FUEL PARTICLES

96-¢

| ‘ - Visual Lxamination
Gr-1{a) GF-2(b) cr-3(c) GF-1, -2 and -3
. Particle PV PV PV _ PV
Particle and Concepts No. of Failara llo. of Failure Ho. of Failure tlo. of Failure
Lot No. Kernel Type Tested Particles %) Particles (%) Particles (%) Particles %)
.- Doz ed Kernels

6111-71-E | LISO=coated |O 202 0 28 O 50 0 350 0
€111-1C1-E [ (S5Th,J)07 0.2 52 303. 0] G9 0 51 0 453 0
~ 6111-111-E 0.5 AL 202 0 @5 0 50 0 347 0
6111-95-E 2 =i 303 0 a7 0 50 0’ 450 0
" 6111-109-E 2 4] ) 404 0 02 0 51 0 547 0.
.6111-117-E | - 0.5 A1 + 1 5i 303 0 a7 0 50 0 450 0
6111-99-E 241+ 1 ¢i 303 0 97 0 50 0 450 0

6111-105-E 2 A1+ 2 €i 303 1.65 98 0 5C 0 451 1.1
6111-103-CL 4 41 303 0 . 189 0 5C 0 542 0

6111-93-E 4 5i .303 17.5 198 33.8 8e 0 587 20.4

6111-107-C 2 A1 + 4 53 303 . 25.7 198 65.1 101 0 602 34.4

6111-113-E 4 &1+ 4 <4 505 " 57.4 200 24 . 51 0 756 44.7

6171-15-E | TRISO-coated | ZrC coatec kernsl 120 4.6 - 120 4.6

Ucy
6171-17-E (8Th,U)0, Zr€C coatec kernel 120 0 120 0
6111-145-E | (8Th,U)07 ZrC TRISO 120 0 120 0
6111-147-E |UCy | Zrc TRISO 120 0 120 0
. Dcoed OPYC laver
5171-105-E |DISO-coated | 1¢ wt % 5: 240 ¢ 12C 0 360 0
- 6171-107-E | (8Th,U)07 25wt % Sz, | 240 0 12C 0 360 0
6171-115-E 3¢ wt 2 S- . . 240 (4] 12C 0 360 0
6171-117-E ) 47.5 wt % 5i 240 0.4 12C 0 360 0.3
6171-119-E 40.5 wt % Si 240 0 12C » 0 360 0
(a)z. 1025 n/n? (E > 29 £0)prep. 7.1% FIMA, and 1G9S°C.

5-4.4 x
(0)2.2-3.7 x 1025 n/n? (E > 29 £3)ypep. 3.7% FIMA in (BTE ,()02/50 to 60% FIMA in UCy, ard 985°C.
(¢)8.4-9.8 x 2025 a/m? (E > 29 f£I)ppap 11.1% FIMA, and 10C0°C.



TABLE 5-20
GAMMA SPECTROMETRY MEASUREMENTS DEFINING MIGRATION OF
METALLIC FISSION PRODUCTS IN BISO-COATED DOPED AND
UNDOPED (8Th,U)02 FUEL

R Mean Content of Buffer and OPyC Layer as a

Eornal Percent of the Total Quantity
Composition(a) Pa-233 | Ru-103 Zr-95 Cs-137 Cs-134
6111-71F 0 5.8 1.9 5.9 lid
(8Th,U)02
No dopant
6111-101E 0 5.5 1.9 6.8 4.9
(8Th,U)0,
+ 0.5 Si
6111-111E 0 155 1.5(b) 14.1 15.5
(8Th,U)02
+ 0.5 Al

(a)

Irradiated in capsule GF-1.

(b)Consistent with quantity associated with recoil into buffer
layer.
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Fig. 5-1. Neutron radiographs of individual cells in capsule GF-2
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Fig. 5-2. Neutron radiographs of individual cells in capsule GF-3
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SCREW FOR
UNLOADING CAPSULE

STORAGE RING

LOOSE PARTICLE
PLANCHETTE BEING
EXTRACTED

PUSHER ARM
FOR LOADING
PLANCHETTES

CRANK HANDLE

OUTER SHEATH
PUSH ROD

GRAPHITE STEM

STORAGE CONTAINER

__———GRAPHITE PLANCHETTE

S — LIDS

Fig. 5-3. Disassembly apparatus used for capsules GF-1, GF-2, and GF-3
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Fig. 5-4.

25

Fuel rod compact No. 1 irradiated in GF-1 to 4.7 x 10 n/m2
(E > 29 fJ)grgr and at 1080°C. This fuel rod is classified as
type e' [TRISO (8Th,U)02/BISO ThO2] and was fabricated by CEA
with the CERCA process using a synthetic graphite. (Two views
at 180-deg rotation.)
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Fig. 5-5. Fuel rod compact No. 2 irradiated in GF-1 to 5.5 x 1025 n/m
(E > 29 £J)grgr and at 1080°C. This ftuel rod is classitied as
type e [TRISO (8Th,U)05/BISO ThO2] and was fabricated by CEA
with the CERCA process using natural graphite. (Top and
bottom views are end and axial orientations, respectively.)
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Fig. 5-6.

1CM

e

Fuel rod cowpacl No. 3 irradiated in GF-1 to 6.4 x 1025 n/m

(E > 29 fJ)yrer and at 1170°C. Fuel rod is classified as
type a [TRISO 400-um-diameter (8Th,U)02/BISO Th02] and was
fabricated by GA. (Axial view shown.)
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Fig. 5=7.

Fuel rod compact No. 4 irradiated in GF-1 to 6.7 x 1025 n/m2
(E > 29 £J)yrgr and at 1170°C. This fuel rod is classified as
Lype a [TRISO 400-um-diameter (8Th,U)0/BLSO ThO7] and was
fabricated by GA. (The top and bottom illustrations are end
and axial views, respectively, and failed OPyC layers on
surface particles are apparent in the top view.)
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Fig. 5-8.

Fig. 5-9.

Fuel rod compact No. 5 irradiated in GF-1 to 6.5 x 1025 n/m2
(E > 29 fJ)HTG and at 1170°C. This fuel rod is classified as
type b [TRISO gOO—umrdiameter (8Th,U)05, 100-pm buffer/BISO
ThOz] and was fabricated by GA. (Two views at 180-deg
rotation.)

Fuel rod compact No. 6 irradiated in GF-1 to 6.1 x 1025 n/m2
(E > 29 fJ)HTGR and at 1170°C., This fuel rod is classified as
type b' |TRISO 500-um-diameter (8Th,U)0O5, 80-pm buffer/BISO
ThO2] and was fabricated at GA. (Axial view shown.) Note
localized chipping and fuel particle spalling.
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Fig. 5-10. Fuel rod compact No. 1 irradiated in GF-2 to 3.4 x 1025 n/m2
(E > 29 fI)yper and at 1010°C. This fuel rod is classified
as type d [BISO 500-um-diameter (8Th,U)09/BISO ThO;] and was
fabricated at GA. (Two views at 180-deg rotation.) Note
localized particle debonding in upper right section.

25 2

Fig. 5-11. Fuel rod compact No. 2 irradiated in GF-2 at 4.1 x 10" n/m
(E > 29 £J)grer and at 1010°C. This fuel rod is classified as

type d [BISO 500-pm-diameter (8Th,U)02/BISO ThO2] and was fabrl—
cated at GA. (Two views at 180-deg rotation.)
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Fig. 5-12.

Fuel rod compact No. 3 irradiated in GF-2 at 4.9 x 1025 n/m2
(E > 29 fJ)ypgr and at 1035°C. This fuel rod is classified
as type a [TRISO 400-um-diameter (8Th,U)O2/BISO ThO2] and was
fabricated at GA. (Two views at 180-deg rotation.) Note
localized particle debonding in upper section.

Fig. 5-13.

Fuel rod compact No. 4 irradiated in GF-2 at 5.1 x 1025 n/m2
(E > 29 £J)grgr and at 1035°C. This fuel rod is classified
as type a [TRISO 400-um-diameter (8TL,U)0,/BISO ThOy] and was
fabricated by curing in an Alp05 bed at GA. (Two views at

180-deg rotation.) Note extensive chipping and localized
particle decbonding in upper section.
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Fig. 5-14. Fuel rod compact No. 5 irradiated in GF-2 at 4.8 x 1025 n/m2
(E > 29 £J)grgr and at 1025°C. This fuel rod is classified
as type c¢ [TRISO 500-pm-diameter (8Th,U)Op, 100-um buffer/
TRISO ThO2] and was fabricated at GA. (Two views at 180-
deg rotation.)

Fig. 5-15. Fuel rod compact No. 6 irradiated in GF-2 at 4.3 x 1025 n/m2
(E > 29 £I)ygpgr and at 1025°C. This fuel rod is classified
as type c¢ [TRISO 500-um-diameter (8Th,U)02, 100-um buffer/

TRISO ThOp] and was fabricated at GA. (Two views at 180-
deg rotation.)
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Fig. 5-16. Fuel rod compact No. 1 irradiated in GF-3 to 6.4 x 1025 n/m
(E > 29 £J)ypcr and at 1030°C. This fuel rod is classified
as type f' [TRISO (8Th,U)07/BISO ThOy] and was fabricated by
CEA with the CERCA process using synthetic graphite. (Two
views at 180-deg rotation.)
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Fig. 5-17. Fuel rod compact No. 2 irradiated in GF-3 to 7.7 x 1025

2
n/m
(E > 29 [J)grcR and at 1030°C. This fuel rod is classified as
type £ [TRISO (8Th,U)02/BISO ThOy] and was fabricated by CEA
with the CERCA process using natural graphite.
180-deg rotation.)

(Two views at
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Fig. 5-18.

Fuel rod compact No. 3 irradiated in GF-3 to 9.4 x 1025 n/m

(E > 29 £fJ)grgr and at 1045°C. This fuel rod is classified
as type b [TRISO 500-um-diameter (8Th,U)0p, 100-um buffer/
BISO ThO2] and was fabricated by GA. (TIwo views at 180-
deg rotation.)
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Fiigs 5519

Fuel rod compact No. 4 irradiated in GF-3 to 9.8 x 102.5 n/m

(E > 29 £J)grgg and at 1045°C. This fuel rod is classified
as type b' [TRISO 500-um~-diameter (8Th,U)05, 80-pm buffer/
BISO ThO2] and was fahricated by GA. (Top and bottom illus-
trations are end views and axial views, respectively.) The
fuel rod was inadvertently broken during capsule disassembly.

2
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Fig. 5-20.

Fuel rod compact No. 5 irradiated in GF-3 to 7.2 x 1025 n/m
(E > 29 fJ)grer and at 1165°C. This fuel rod is classified
as type c [TRISO 500-um-diameter (8L'h,U)02, 100-pm butffer/
TRISO ThO2] and was fabricated by GA. (Two views at 180-
deg rotation.)
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Fig. 5-21.

1CM

Fuel rod compact No. 6 irradiated in GF-3 to 6.0 x 102J n/m2
(E > 29 £J)ygrgr and at 1165°C. This fuel rod is classified
as type c [TRISO 500-um-diameter (8Th,U)02, 100-um buffer/
TRISO ThOp] and was fabricated by GA. (Two views at 180-

deg rotation.) Note localized chipping and particle
debonding in upper section.
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OPYC FAILURE PRESSURE VESSEL
FAILURE

Fig. 5-22. TRISO-coated (8Th,U)0 loose particle batch 6155-02-020-1

irradiated in capsule GF-1 (planchet 13) to 4 x 1025 n/m2
(E > 29 £J)ygper and at a volume average temperature of

1095°C. This view illustrates the visual characterization of
OPyC and pressure vessel failure.
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Fig. 5-23., Correlation between OPyC failure (determined visually) and
fluence for TRISO-coated loose particle batch 6155-00-010
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Fig. 5-24.
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Predicted and measured irradiation-induced volumetric changes versus fluence for GF-1,
3F-2, and GF-3 fuel rod compacts
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Fig. 5-25.
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Fig. 5-26. Predicted and measured irradiation-induced diametral dimensional changes versus fluence
for GF-1, GF-2, and GF-3 fuel rod compacts
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TEMPERATURE RANGE: 880° — 1160°C

VOLUMCL FRACTION O COKL
IN MATRIX: 0.32 -0.38

VOLUMETRIC CHANGE, In (1+ AV/V) [%)

-8 ] . ] 1 |
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FLUENCE (1025 n/m2) (E > 29 thy1gR

Fig. 5-27. Irradiation-induced volumetric changes of matrix phase used to
predict GF-1, GF-2, and GF-3 fuel rod dimensional change
behavior (Ref. 5-10.)
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30 | ~———— BASED ON EMPIRICAL
ANISOTROPY MODEL
(REF 5-10)

e—— —— 90% CONFIDENCE
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Fig. 5-28. Predicted and measured strain anisotrophy versus fluence for
' fuel compacts irradiated in GF-1, GF-2, and GF-3
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Fig. 5-29. Reirradiaticn and measurement of R/B gaseous release at 60C°C for fuel rods in GF-1
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Reirradiation and measurement of R/B gaseous release at 600°C for fuel rods
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Fig. 5-31. Kr-85m R/B versus burnup for laser-failed (8Th,U1)0y and ThOy
fuel particles -



Fig. 5-32. Diametral photomicrograph of a type a fuel rod after
irradiation in capsule GF-2 (location 2-3) to a fast neutron
fluence of 4.9 x 1025 n/m?2 (E > 29 fJ)uTer at 970°C. A
macroporosity of 257% was measured.
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Big. 5=33.

Longitudinal photomicrograph of a type b fuel rod after
irradiation in capsule GF-3 (location 2-3) to a fast neutron

fluence of 9.4 x 1025 n/m2 (E > 29 £J)yTgr at 975°C.

A
macroporosity of 527 was measured.
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Fig. 5-34.

Diametral photomicrograph of a type b' fuel rod after
irradiation in capsule GF-1 (location 3-6) to a fast neutron
fluence of 6.1 x 1025 n/m2 (E > 29 £J)yper at 1170°C.

A macroporosity of 347 was measured.
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Fig. 5-35. Longitudinal photomicrograph of a type b' fuel rod after
irradiation in capsule GF-1 (location 3-6) to a fast neutron
fluence of 6.1 x 1025 n/m2 (E > 29 £J)gpgr at 1170°C. A
macroporosity of 287 was measured.
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Fig. 5-36.

Diametral phétomicrograph of a type c fuel rod after
irradiation in capsule GF-3 (location 4-6) to a fast neutron

fluence of 6.0 x 1025 n/m2 (E > 29 fJ)HTCR at 1120°C. A
macroporosity of 527 was measured.
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Fig. 5-37.

Diametral photomicrograph of a type d fuel rod after
irradiation in capsule GF-2 (lucation 1-1) to a fast ncutron

fluence of 3.4 x 1023 n/m2 (E > 29 £J)gper at 960°C. A
macroporosity of 447 was measured.
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Fig. 5-38. Diametral photomicrograph of a type e fuel rod after

irradiation in capusle GF-1 (location 1-2) at a fast neutron

fluence of 5.5 x 1025 n/m2 (E > 29 £J)gpgr at 1080°C. A
microporosity of 07 was measured.
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Fig. 5-39. Longitudinal photomicrograph of a type e fuel rod after
irradiation in capsule GF-1 (location 1-2) to a fast neutron
fluence of 5.5 x 1025 n/m2 (E > 29 £J)gpcg at 1080°C. A
microporosily of 0% was measured.
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Fig. 5-40.

Longitudinal photomicrograph of a type f' fuel rod after
irradiation in capsule GF-3 (location 1-2) to a fast neutron

fluence of 7.7 x 1025 n/m2 (E > 29 fI)yrgr at 975°C.

A
macroporosity of 0% was measured.
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Fig. 5-41. Representative metallographic cross section of matrix and
shim material in a GA type a fuel rod. The rod was irradiated
in capsule GF-1 (location 2-4) to a fast fluence of 6.7 x 1025
n/m2 (E > 29 fJ)gTGgr at 1170°C. The matrix microporosity
was not measured; however, it was estimated at "V50%.

Fig. 5-42. Representative metallographic cross section of matrix and
shim material in a GA type b' fuel rod. The rod was irradiated
in capsule GF-1 (location 3-6) to a fast fluence of 6.1 x 1025

n/m2 (E > 29 £J)gTgr at 1170°C. The matrix porosity was not
measured; however, it was estimated at "V50%.
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Fig. 5-43.

Fig . 5_44 .

Representative metallographic cross section of CERCA natural
type matrix in CEA type e fuel rod. The rod was irradiated
in capsule GF-1 (location 1-2) to a fast fluence of 5.5 x 1025

n/m2 (E > 29 £J)gTer at 1080°C. A matrix microporosity of
13% was measured.

Representative metallographic cross section of CERCA artificial
type matrix in CEA type ' fuel rod. The rod was irradiated
in capsule GF-3 (location 1-2) to a fast fluence of 7.7 x 1025

n/m* (E > 29 fJ)ypgr at 975°C. A matrix microporosity of
37% was measured.
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Figo 5_45.

Representative photomicrographs of TRISO (8Th,U)02
particles (6155-01-020) from type e fuel rod 237 irradiated
in capsule GF-1 (location 1-2) to a fast fluence of 5.5 x 1025
n/m2 (E > 29 £J3)yrer and a burnup of 8.5% FIMA at 1080°C
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Fig. 5-46. Representative photomicrograph of TRISO (8Th,U)0, particles

(6155-01-020) from type e fuel rod 237 irradiated in capsule
GF-1 (location 1-2) to a fast fluence of 5.5 x 1025 n/m2
(E > 29 £J)ygper and a burnup of 8.5% FIMA at 1080°C

Fig. 5-47.

Representative photomicrographs of TRISO (8Th,U)0; particles
(6155-00-030) from type a fuel rod (7161-003-01-4) irradiated
in capsule GF-1 (location 2-3) to a fast fluence of 6.4 x

1025 n/m2 (R > 29 fI)yper and a burnup of 9.7% FIMA at 1170°C
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5-48.

Representative photomicrographs ot I'RLSU (8Th,U)0, particles
(6155-02-030) from type b' fuel rod (7161-003-03-5) irradiated
in capsule GF-1 (location 3-6) to a fast fluence of 6.1

x 1025 n/m2 (E > 29 £J)ypcp and a burnup of 9.4% FIMA at 1170°C
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Fig. 5-49. Representative photomicrographs of TRISO (8Th,U)0, particles
(6155-02-030) from a type b' fuel rod (7161-003-03-5) irradiated
in capsule GF-1 (location 3-6) to a fast fluence of 6.1
x 1023 n/m2 (E > 29 fJ)HTGR and a burnup of 9.4% FIMA at 1170°C
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Fig. 5-50. Representative photomicrographs of TRISO (8Th,U)O2 particles
(6155-02-030) from a type b' fuel rod (7161-003-03-5)
irradiated in capsule GF-1 (location 3-6) to a fast fluence

of 6.1 x 1025 n/m2 (E > 29 £J)HTGR and a burnup of 9.5%
FIMA at 1170°C

5-100



Fig. 5-51. Representative photomicrographs of TRISO (8Th,U)0; particles

(MG 178) from type f' fuel rod 817 irradiated in capsule GF-3
(Location 1-2) to a fast fluence of 7.7 x 1025 n/m2

(% >.29 fJ)HTGR and a burnup of 9.5% FIMA at 975°C
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Fig. 5-52. Representative photomicrograph of TRISO (8Th,U)0j particles
(MG 178) from type f' fuel rod 817 irradiated in capsule GF-3
(lucation 1-2) Lu a fast [luence of 7.7 x 1025 n/m?

(E > 29 £fJ)yrer and a burnup of 9.5% FIMA at 975°C



Fig. 5-53. Representative photomicrographs of TRISO (8Th,U)0, particles
(6155-01-030) from type b fuel rod (7161-003—02-02) irradiated
in capsule GF-3 (location 2-3) to a fast fluence of 9.4
x 1025 n/m? (E > 29 LJ)yTer and a burnup of 11.4% FIMA at 975°C
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Fig. 5-54. Representative photomicrographs of TRISO (8Th,U)0Oy particles
(6155-01-030) from type c fuel rod (7161-003-04-4) irradiated
in capsule GF-3 (location 4-6) to a fast fluence of 6.0
x 1023 n/m?2 (E > 29 £J)ygrgr and a burnup of 9.0% FIMA at 1120°C
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Fig. 5-55. Representative photomicrograph of TRISO (8Th,U)0; particles

(6155-01-030) from type c fuel rod (7161-003-04-4) irradiated
in capsule GF-3 (location 4-6) to a fast fluence of 6.0 x

1025 n/m? (E > 29 £fJ)yTGR and a burnup of 9.0% FIMA at 1120°C

Fig‘ 5_56-

Representative photomicrographs of TRISO inert particles

(6351-01-020) from type L' fuel rod (7161-003-03-5) irradiated
in capsule GF-1 (location 3-6) to a fast fluence of 6.1 x

1025 n/m2 (E > 29 £3)yrgr and a burnup of 9.4% FIMA at 1170°C
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Fig. 5-57. Representative photomicrograph of unbonded TRISO UCy particles
(6151-00-010) irradiated in capsule GF-1 (planchet 6) to a
fast fluence of 2.7 x 1025 n/m2 (E > 29 fJ)HTGR and a burnup
of 50% FIMA at 1095°C
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Fig. 5-58.

Representative photomicrographs of unbonded TRISO UC)
particles (6151-00-010) irradiated in capsule CF-1
(planchet 6) to a fast fluence of 2.7 x 1023 n/m?

(E > 29 fJ)HTGR and a burnup of 50% FIMA at 1095°C
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Fig. 5-59.

RARE EARTH LANTHANIDE FISSION
PRODUCTS IN OPyC LAYER

RARE EARTH LANTHANIDE FISSION
PRODUCTS IN OPyC LAYER

Representative photomicrographs of unbonded TRISO UC,
particles (6151-00-010) irradiated in capsule GF-1 (planchet
6) to a fast fluence of 2.7 x 1025 x n/m2 (E > 29 £J)HTGR

and a burnup of 50% FIMA at 1095°C: (a) bright field and
(b) polarized light

5-108



Fig. 5-60. Representative photomicrographs of unbonded TRISO UC,
particles (6151-00-010) irradiated in capsule GF-1 (planchet
6) to a fast fluence of 2.7 x 1025 n/m2 (E > 29 £3) gTer
and a burnup of 50% FIMA at 1095°C
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Fig. 5-61. Representative photomicrographs of unbonded TRISO UC»
particles (6751-00-010) irradiated in capsulc GCF-1 (planchet
6) to a fast fluence of 2.7 x 1023 n/m2 (E > 29 £ yrer
and a burnup of 50% FIMA at 1095°C
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Fig. 5-62. Representative photomicrographs of unbonded TRISO UCy
~ particles (6151-00-010) irradiated in capsule GF-1 (planchet
6) to a tast tluence of 2.7 x 1025 .n/m2 (E > 29 £J)yrgr
and a burnup of 50% FIMA at 1095°C
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Fig. 5-63.

Representative photomicrograph of unbonded TRISO UC, particles
(6151-00-010) irradiated in capsule GF-3 (planchet 40, cell

3) at a fast fluence of 9.2 x 1023 n/m2 (E > 29 £J3)grer and

a burnup of 70% FIMA at 1000°C
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Fig. 5-64. Back-scattering electron image defining Nd, La, Ce, and Pr

distributions in TRISO-coated UC, (6151-00-010) irradiated
in capsule GF-1 (planchet 40) to a fast fluence of 3.6 x 1025
n/m?2 (E > £J)ypeg and a burnup of 55% FIMA at 1095°C.
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Fig. 5-65.

Ba ; Pd

Back-scattering electron image defining U, Si, Cs, Ba, and Pd
distributions in TRISO-coated UCy9 (6151-00-010) irradiated in
capsule GF-1 (planchet 40) to a fast fluence of 3.6 x 1025 u/w2
(E > 29 £J)ygrer and a burnup of 55% FIMA at 1095°C.
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Fig. 5-66.

Representative photomicrographs of unbonded TRISO (8Th,U)O2
particles (6155-01-020) irradiated in capsule GF-1 (planchet
18) to a fast fluence of 3.0 x 1025 n/m2 (E > 29 fI)HGTR
and a burnup of 7.1% FIMA at 1095°C
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Fig. 5-67. Representative photomicrographs of unbonded TRISO (8Th,U)02
particles (6155-01-020) irradiated in capsule GF-1 (planchet
18) to a fast fluence of 3.0 x 1025 (E > 29 fJ)HTGR and a
burnup of 7.1% FIMA at 1095°C
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Fig. 5-68.

Representative photomicrograph of unbonded TRISO (8Th,U)O02
particle (6155-01-020) irradiated in capsule GF-1 (planchet
18) to a fast fluence of 3.0 x 1025 n/m2 (E > 29 fJ)HTGR and
a burnup of 7.1% FIMA at 1095°C '
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Fig. 5-69. Representative photomicrograph of unbonded BISO (8Th,U)0,
particles (6445-00-010) irradiated in capsule GF-3 (cell 3)
to a fast fluence of 9.0 x 102 n/m?2 (E > 29 £ grer and a
burnup of 11% FIMA at 1000°C
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Fig. 5-70. Representative photomicrographs of unbonded TRLSO (8Th,U)O2
particles (MG 178) irradiated in capsule GF-3 (cell 3) to a
fast fluence of 9.2 x 1025 n/m?2 (E > 29 £J)grcr and a burnup
of 11% FIMA at 1000°C
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Fig. 5-71. Representative photomicrographs of unbonded TRISO (8Th,U)0,
particles (MG 178) irradiated in capsule GF-3 (cell 3) to a

fast fluence of 9.2 x 1023 n/m2 (E > 29 fJ)HTGR and a burnup
of 11% FIMA at 1000°C
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Fig. 5-72. Representative photomicrographs of unbonded TRISO (8Th,U)02
particles (MG 199) irradiated in capsule GF-3 (cell 3) to a
fast fluence of 9.0 x 1025 n/m2 (E > 29 fJ)grgr and a burnup
of 11% FIMA at 1000°C
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Fig. 5-73. Representative photomicrographs of unbonded TRISO (8Th,U)O7
particles (MG 199) irradiated in capsule GF-3 (cell 3) to a

fast fluence of 9.0 x 1025 n/m2 (E > 29 fJ)uTGR and a burnup
of 11% FIMA at 1000°C
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Fig. 5-74. Comparative evaluation of OPyC failure versus microporosity
for GF-1, GF-2, and GF-3 loose particle tests and irradiation

data base
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Fig. 5-75.

Contact microradiographs of TRISO-coated fissile fuel
lmpregnated witlh Hg al 69 MPa, The white region in the OPyC
layer represents Hg intrusion. The photographs depict
variability in OPyC microporosity within a batch: (a)

batch 6151-01-010 with an average microporosity of 4 ml/kg
OPyC, and (b) batch 6151-09-020 with an average microporosity
of 17 ml/kg OPyC.
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Fig. 5=76.

Contact microradiograph of a TRISO-coated fissile particle
from batch 6155-01-020. The particle was subjected to Hg
intrusion at 69 MPa and shows the minimum degree of acceptable
Hg intrusion into an OPyC layer (<9% of OPyC thickness).
Average measured OPyC microporosity for this batch is 9.3
ml/kg OPyC.
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Fig. 5-78.

TOP SURFACE
OF OPYC
LAYER

(a)

[ SPHEROID
MORPHOLOGY

CARBON
CRYSTALLINE
LAYERS

m——— OPYC SURFACE
PERPENDICULARTO
(b) DEPOSITION PLANE

Scanning electron microscope photographs of unirradiated OPyC
layer on TRISO-coated fissile batch 6155-00-020. Structure
is characterized as agglomerated spheriods with carbon
crystallite layers parallel to spheriod surface.
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Fig. 5-79.

200 um

Microradiographs of burneéELack, TRISO-coated fissile particles
subjected to Hg intrusion at 69 MPa: . (a) particle from batch
6155-01-030 and rod type b, which shows localized Hg intrusion
(white region); (b) particle from batch 6155-02-03 and rod

type b, which shows complete Hg intrusion
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Fig. 5-80. Fraction Cs-137 release versus heat treat time at 1600°C for
as-manufactured TRISO-coated (8Th,U)O2 fuel tested in capsules
GF-1, GF-2, and GF-3
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Fig. 5-81. Fraction Cs-137 release versus heat treat time at 1600°C for
as-manufactured BISO-coated (8Th,U)0, (batch 6445-00-010)
tested in capsules GF-1, GF-2, and GF-3
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Fig. 5-82. Representative photomicrographs of BISO ThO, particles
(6542-02-036) from type e fuel rod 237 irradiated in
caggule F-1 (location 1-2) to a fast fluence of 5.5 x
102 n/m® (E > 29 £fJ)yrer and a burnup of 1.7% FIMA at 1080°C
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Representative photomicrographs of BISO ThOj particles
(6542-02-036) from type e fuel rod 237 irradiated in c
sule GF-1 (location 1-2) to a fast fluence of 5.5 x 10
n/m2 (E > 29 £J)yper and a burnup of 1.7% at 1080°C
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Fig. 5-84. Representative photomicrographs of BISO ThO, particles
(6542-02-036) from type a fuel rod 7161-003-01-5 irradlated in
capsule GF-1 (location 2-4) to a fast fluence of 6.7 x 10 25
n/m? (E > 29. £ grcr and a burnup of 2.4% FIMA at 1170°C
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Fig. 5-85.

Representative photomicrographs of BISO ThOs particles
(6542-02-036) from type b' fuel rod 7161-003-03-5 irradiated in

capsule GF-1 (location 3-6) to a fast [luence of 6.1 x 1025 n/m2
(E > 29 £fJ)ygrgr and a burnup of 2.2% FIMA at 1170°C
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Fig. 5-86. Representative photomicrographs of BISO ThO, particles (MG 156)

from type f' fuel rod 817 irradiated in capsule GF-3 (location
1-2) to a fast fluence of 7.7 x 1025 n/m2 (E > 29 f£J)yTeR
and a burnup of 2.2% FIMA at 975°C
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Fig. 5-87. Representative photomicrographs of BISO ThOj particles
(6542-02-036) Lrom type b fuel rod 7161-003-02-4 irradiated
in capsule GF-3 (location 2-3) to a fast fluence of 9.4 x 1025
n/m2 (E > 29 £J)yper and a burnup of 3.6% FIMA at 975°C
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Fig. 5-88. Representative photomicrograph of unbonded BISO ThO, particles
(6542-02-036-1) irradiated in capsule GF-1 (planchet 5)
to a fast fluence of 2.6 x 1025 n/m2 (E > 29 fJ)yrer and a
burnup of 1.1% FIMA at 1095°C

3~137



Fig. 5-89. Representative photomicrograph of unbonded BISO ThOp particles
(6542-02-036-1) irradiated in capsule GF-1 (planchet 5) to a
faat fluence of 2.6 x 1023 n/m2 (E > 29 fJ)HTGR and a burnup
of 1.1% FIMA at 1095°C
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Representative photomicrographs of unbonde
particles (6111-107E) irradiated in capsul
fluence of 2.7 x 1025
1095°c.

d BISO (8Th,U)0,
e GF-1 to a fast

n/m2 (E > 29 fJ)urGR and 7.1% FIMA at
These kernels were doped with 2 Al + 4 Si
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Fig. 5-=91.

Back-scattering electron image defining C, Al, Si, Cs, and Ba
distributions in BISO-coated (8Th,U)02, batch 611-105E
irradiated in GF-3 to a fast fluence of 9.0 x 1025 n/m2

(E > 29 fJ)grgr and 11% FIMA at 1000°C. These kernels were
doped with 2 Al + 2 Si.
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Fdigs 15=92:

S

Back-scattering electron image defining Th, Cs, Rb, and S
distributions in BISO-coated (8Th,U)0y, batch 6445-00-010
irradiated in capsule GF-1 (planchet 4) to a fast fluence

of 2.7 x 1023 n/m2 (E > 29 £J)ypgr and a burnup of 7.1% FIMA
at 1095°C.
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Fig. 5-93.

6171-17E 6111-147E

(a)

B1i1-15E 6111-145E

(b)

Representative photomicrographs of unbonded ZrC-TRISO-coated
(8Th,U)O2 particles irradiated in capsule GF-1 at 1095°C and
537% FIMA: (a) ZrC layer deposited on kernel substrate [exposed

to 3.5 x 1023 n/m? (E > 29 £J)yperl, and (b) ZrC in place of SiC
[exposed to 3.0 x 1025 n/m2 (E > 29 £3)yrgr]
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Fig. 5-94.

(b)
Representative photomicrographs of unbonded BISO (8Th,U)0,
particles (6171-115E, 30% Si dopant) irradiated in capsule
GF-3 (planchet 60) to a fast fluence of 9.6 x 1025 n/m?
(E > 29 fJ)HTGR and a burnup of 11.1% FIMA at 1100°C
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Fig. 5-95. Representative photomicrograph of unbonded BISO (8Th,U)0>
particles (6171-107E, 257 Si dopant) irradiated in capsule
GF-3 (planchet 10) to a fast fluence of 8.6 x 1025 n/m2
(E'> 29 fJ)HTGR and a burnup of 11.1% FIMA at 1000°C

Fig. 5-96. Representative photomicrograph of unbonded BISO (8Th,U)0y
particles (6171-105E, 19% Si-doped OPyC layer) irradiated in
capsule GF-2 (plancet 62) to a fast fluence of 3.6 x 1025 n/m?
(E > 29 fJ)HTGR and a burnup of 5.37% FIMA at 985°C
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6. DISCUSSION
6.1. COATED PARTICLE IRRADIATION PERFORMANCE

6.1.1. Fissile Particles

Pressure vessel failure predictions for TRISO-coated fissile particles
irradiated in GF-1, GF-2, and GF-3 were made using the TRISO*MONTE computer
code. A detailed description of the calculational procedure is presented in
Ref. 6-1. TRISO*MONTE calculates the maximum stress in the SiC coating
~ layer, which is a function of dimensions and densities of individual coating
components plus the temperature, burnup, and fluence to which the particle .
is subjected. A Monte Carlo calculational routine is then used to repeat
particle stress calculations a large number of times (~1000) and define a
particle stress density di#tribution. The predicfed failure fraction is
then defined as that fraction of fuel with calculated particle stresses
greater than the apparent SiC failure stress (AFS). The AFS value is
empirically determined from irradiation capsule data and is dependent on
particle size and shape. TRISO-coated FSV fissile and fertile particles
with a particle diameter in the range of GF-1, GF-2, and GF-3 fissile parti-
cles have an AFS value of -20 MPa (-2800 psi) (Ref. 6-2). 1In contrast,
TRISO-coated UCy particles with a nominal diameter of 635 um have an AFS
value of 265 MPa (38,000 psi)‘(Ref. 6-1). Also, severely faceted TRISO-
coated UCy particles with a.635-pm nominal diameter have an AFS value of 92
MPa (13,200 psi). The pfedicted pressure vessel failure levels for TRISO-
coated fissile fuel tested in GF-1, GF-2, and GF-3 fuel rods was based on an
AFS value of -20 MPa. This AFS value is consiaered most applicable to
the GF-1,.GF-2, and GF-3 fuel pérticle types. Figure 6-1 shows that no
fissile particle failure was expected until fissile burnups exceeded

6% FIMA (open symbols). However, superimposed on this figure are
‘observed failure levels for early in life (<4% FIMA) which are based on

in-pile Kr-85m R/B results (Table 5-10). Figure 6-1 also shows that it is
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5-10). Figure 6-1 also shows that it is difficult to reconcile the
relatively high fissile particle failure (3% to 8.5%) early in life, based

on pressure vessel stress calculations.
The explanation for the premature failure of TRISO-coated fissile
particles tested in GF-1, GF-2, and GF-3 is related to the following

factors:

1. Trradiation pertormance of UPyC layers.

2. Manufacturing defects present in the SiC layers.

6.1.1.1. OPyC Performance on TRISO-Coated Fuel. The irradiation

pertformance of the QPyC layers is discussed in detail in Section 5.8.2.3.
Briefly summarized, OPyC failure was discussed in terms of correlations with
'OPyC‘microporosity and active coating gas concentrations during OPyC deposi-
tion. These correlations were related to high crystallite anisotropy in
irradiated OPyC structures with low microporosities (<13 ml/kg OPyC layer).
The correlation befween OPyC failure and micrdpordsity presented in Fig.
5-74 indicates that the TRISO-coated fissile particles tested in GF—l,'GF-Z,
and GF-3 should have a nominal OPYC failure of ~30%. This is consictent
with the CF—l, GF-2, and GF-3 observations (so0lid data points in Fig. 5-74),
which vary betwzen 1.6% aﬁd 61.3% OPyC failure. 1In addition, the irradi-
atioan dara on OPyC failure presented in Ref. 6-1 and obtained from GF-1, GF-
2, and GF-3 support the fact that OPyC failures occur early in life at flu-
ence exposures 2.5 x 1025 n/m? (E > 29 £I)uper- This io attributed to peak
irradiation-induced stresses that develop in the pyrocarbon layer due to
rapid densification and strain anisotropy. Beference 6-3 indicates that
maximum densification occurs in high-density pyrocarboné at a fluence of
~2.5 x 102> n/m2 (E > 29 fJ)yrgr and that the difference in strains perpen-
dicular and parallel to the deposition plane increases with crystallite
anisotropy. ‘The GF-1, GF-2, and GF-3 irradiatiog data on TRISO-coated fis-
sile fuel provided a basis for establishing current OPyC property and pro-—
cess specifications, namely, microporosity >13 ml/kg OPyC and volume frac-

tion of active coating >0.25 (Fig. 5-77). These specification parameters
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have been shown to successfully control PyC microstructure, such as the

degree of crystallite anisotropy, and assure acceptable OPyC performance.

6.1.1.2. TRISO-Coated SiC Performance. Adequate SiC performance in

TRISO-coated fuel is assured by specification limits on the following

(Ref. 6-1):

1. Range of deposition temperatures (1450° to 1700°C).
2. SiC thickness and density.
3. Defective SiC layers (<10—3).

The first two specification requirements relate to assuring SiC performance
during irradiation, while the last one controls the level of manufacturing
defects. The SiC layers in GF-1, GF-2, and GF-3 particles were consistent
with these specification requirements. However, further evaluation of the

- level of defective SiC layers in GF-1, GF-2, and GF-3 fissile fuel (refer to
Section 5.8.2.4) showed that all defeétive SiC layers were not detected by
the  current QC burn-leach technique. Specifically, the ievel of defective
SiC layers détermined by radiographic evaluation after mercury intrusion at -
69 MPa ranged from 2.3% to 11.8% (Table 5-17). A large fraction of these
defects were SiC layers with fgcalized microfissures (Fig. 5-79). This type
of defect would not be reédily discernable by the burn-leach technique since
this method depends on complete burning of the IPyC and leaching of the ker-
nel substrate. Microfissures of the typéJshown in Fig. 5-79 would restrict
oxidation of the IPyC layer and fuel kernel leaching. Consequently, the
burn-leach technique would tend to underestimate the true fraction of defec-
tive SiC layers. This result is supported further by Cs-137 diffusive
release studies, which show that defective SiC layers in GF-1, GF-2, and
GF-3 fissile particles ranged between 0.1% and 3.57% (Table 5-18). The frac-
tion defective SiC layers determined radiographically was greater than that
determined by Cs-137 felease. However, -this trend is rationalized on the
basis that microfissures in the SiC such . as shown in Fig. 5-79 would tend to
restrict diffusive Cs-137 release, which would underestimate the true level

of defective SiC layers. An important point. to be noted is that as internal
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fission gas pressure increases during irradiation, microfissures in

defective SiC layers could open up to form larger macroscopic cracks.

The above results imply that improved QC techniques need to be defined
and implemented to control the level of as-manufactured defective SiC
layers. This is particularly important with respect to advanced HTGR-GT
plaﬁt designs, which require low metallic fission product release to achieve
"hands-on" maintenance of turbines. Specifically, Ref. 6-4 shows that a
defective SiC fraction of <1.2 x 10-% is required to meet a 40-yr Cs-137
plateout activity of 8900 .Ci for a 1530-MW(t) HTGR-GT design.

6.1.1.3. Pressure Vessel Performance. Pressure vessel failure in TRISO-

coated fuel is defined as joint failure of the OPyC and SiC layers. Conse-
quently, pressure vessel failure early in life for TRISO coated fissile fuel
tested in capsules GF-1, GF-2, and GF-3 can be calculated by multiplying
irradiation—-induced OPyC failure by the fraction of as-manufactured defec-
tive SiC layers. Table 6-1 presents a comparative evaluation of calculated
and observed pressure vessel failure early in life for TRISO-coated fissile
fuel. 1In general, the calculated values either bracket or are consistent
with observed in-pile pressure vessel failure. This agreement provides con-
vincing experimental support that GF-1, GF-=2, and GF-3 TRISO-coated fissile
fuel failed early in life as a result of high OPyC failure (2.8% to 61.3%)
combined with a high level of as—manufacthred defective SiC layers (6.0% to
11.8%). |

Figure 6-2 is a plot of observed fissile particle failures in GF-1,
Gr'-2, and GI-3 and S8L-1 irradiation tcats dctermined by ficoion gao relecace
measurements versus calculated failure levels. Calculated failure is
determined by multiplying ifradiation"induced-OPyC failure by the fraction
of as—-manufactured defective SiC layers as determined by either a burn-leach
or mercury intrusion/radiographic evaluation. Figure 6-2 shows excellent
agreement between observed and calculated failure based on a mercury

intrusion/radiographic determination of defective SiC layers. However,
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a comparative evaluation shows that calculated failure levels based on
burn-leach are approximately two orders of magnitude less than calcu-
lated values based on a mercury intrusion/radiographic evaluation of

defective SiC layers.

6.1.2. Thermochemical Stability

6.1.2.1. Fuel Kernel Migration. During operation at high temperature, fuel

kernels migrate into the surrounding pyrocarbon coatings under the influence
of a temperature gradient. Kernel migration up the temperature gradient
results from carbon transport and is characterized by a rejected graphite
layer on the cool side of the kernel. The temperature and thermal .
gradient dependence of fuel kernel migration is discussed in Ref. 6-6;

specifically, the kernel migration distance is calculated as follows:

N

fKMC(T) dT(T)/dX ar (6-1)
T(T)

where X = total migration distance (m),
dT(t)/dx = temperafure gradient (K/m) across a particle at time T,
T(t) = average particle temperature (K) at time T,

t = total time (s) particlec have been in core,

KMC(T)

kernel'migration coefficient (mz—K/s) as a function of

temperature.

Reference 6-6 defines the variation in kernel migration coefficient

(KMC) with 1/T for carbide and oxide fuel as

KMC

I

0.62 exp(-3.11 x 109/RT) (carbide fuel),
' - ' (6-2)
KMC

0.39 exp(-2.96 x 109/RT) (oxide fuel),

where R = natural gas constant (8.313 J/K/mol) and T = temperature (K).
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Table 6-2 summarizes the thermal exposure conditions for GF-1, GF-2,
and GF-3. The table shows that cells 2 and 4 in GF-1 had thermal exposure
conditions that would result in the maximum fuel kernel migration in oxide
and carbide fuels. Using the maximum exposure conditions in Eq. 6-1 results
in predicted oxide and carbide fuel kernel migrations of <0.5 um. This
level of migration is not detectable with standard metallograhic techniques
used in the GF-1, GF-2, and GF-3 PIE. Consequently, the obsérvation of no
kernel migration in oxide and carbide fuels is consistent with current

performance models (Ref. 6-6) used in HTGR core design.

6.1.2.2. Metallic Fission Production Interactions. An electron microprobe

evaluation of metallic fission product distributions in BISO-coated
(8Th,U)0y fuel. showed that only Cs and Rb migrated into the coating layers
(refer to Section 5.8.2.2.). Rare earth type fission products, e.g.,
cerium, neodymium, lanthanum, samarium, pfaseodymium, and europium, were
confined to the kernel substrate and were not detected in the coating
layers. This is consistent with the thermodynamic stability of rare earth
metals that tend to form complex oxides‘with the kernel material (Ref. 6-7).
Tn turn, this reduces the mobility of these metallic fission products into
coating layers. In contrast, rare earll [ission products diffusc from UCy
kernels during irradiation (refer to Section 5.8.2.2). In TRISO-coated UCy
particles, concentrations of rare éarth metallic fission products build up
in the IPyC coating on the cooler side of the fuel particlés and can poten-
fially react with the SiC coating at the SiC-IPyC coating interféce. The
kinetics of rare earth — SiC attack iﬁ UCy fuel are dependent on temper-
ature; Fig. 6-3 is a plot of the rate of change of SiC thickness versus
reciprocal temperature. This figure presents a large body of data- (Ref.
6-8) on SiC attack and highlights’ the results of UCj loose particle tests in
GF-1 and GF-2 in comparison with the empirical data base. MNo rare earth -
SiC.attack was observed in U02 fuel tested in GF-1 and GF-2. However, the
metallographic techniques used have a resolution limit pf ~1 pum of SicC
attack. A rate of attack.of ~1.4 X 102 um/hl/2 is calculated by assuming 1
um of rare earth — SiC attack in UCy fuel in GF-1 and GF-2. This rate of

attack is consistent with the data base (Fig. 6-2).
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6.1.3. Fertile Particles

-

6.1.3.1. Failure Analysis. Failure of fertile particles tested in GF-1,

GF-2, and GF-3 was evaluated by:

1. Visual examination.of loose particles.
2. Metallographic examination of loose particles and fuel rods.
3. In-pile Kr-85m R/B measurements.

.

No visually or metallographically determined pressure vessel failure was
observed in fertile fuel with the exception of BISO-coated ThOy batch 6542-
02-036.- This batch'was the only batch of BISO-coated fuel fabricated by GA
and is discussed in detail in Sections 5.3.1 and 5.8.3.1. This batch had
maximum failure percentages of 5% (determined metallographically) in batch
6542-02-036 and 2.3%Z (determined visually) in a "daughter” batch 6542-
02-037. The "d%ughter" batch was density separated from the high particle
density fraction of'"patent" batch 6542-02-036. This results in the "daugh-
ter” batch having reduced coating thicknesses compared to the "parent”
batch. Exposure conditions for the failed'BISO;coated fuel were ~3.47 FIMA,
~9.6 x 1023 n/m? (E > 29 £J)yrgr, and ~1000°C. The visually and metallo-
graphically determined failure levels for batch 6542-02-036 are generally
consistent with the calculated fertile particle failures based on EOL in-
pile Kr-85m R/B meésurements. Table 5-11 shows calculated fertile particle
failure percentages for GA-fabricated rods, which ranged from 0.24% to
7.38%. 1t should be emphasized that these values are based on the assump-
tion of equal failure percentages in fertile and fissile fuel (refer to Sec-
tion 5.6.1). Consequently, there is considerablg uncertainty (estimated at
a factor of two) in calculated fertile particle failure levels based on EOL
Kr-85m R/B. The pressure vessel failure in batches 6542-02-036 and -037 is
partially acrtributed to the low buffer thicknesses (79 and 74 um) and OPyC
thicknesses (74 and 71 um). Currently, BISO-coated ThOy has reference buf-
fer and OPyC coating thicknesses of 80 to 110 pym ‘and 70 to 90 um,
respectively (Ref. 6—9).'
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One TRISO-coated batch of ThOs (6252-00-020) fabricated by GA was
tested in type c fuel rods and as loose particles in GF-2 and GF-3. The
average visually determined OPyC failure level in this batch was 13.8%
(Table 5-4). The OPyC microporosity in this batch was 15 ml/kg OPyC and the
OPyC layer was deposited with an active coating gas ratio of 0.13. The
observed failure in this batch is consistent with the empirical correlation
used to establish HTGR specification limits, namély, low microporosities
(<13'm1/kg‘OPyC) and/or low active coating gas 1alios (<0.25) are related to
OPyC structures developing large crystallite anisotropy during irradiation,
which results in large internal stresses and premature tailure (refer Lo
Section 5.8.2.3). No pressufe vessel failure was observed
metallographically in batch 6252-00-020. This is substantiated by in-pile
Kr-85m R/B measurements on type c¢ rods in capsules GF-2 and GF-3. Figures
4-23 and 4-24 show a rapid increase in Kr-85m R/B up to a fluence of 2.5 x
1025 m/m2 (E > 29 fJ)utgr followed by a sharp decline and leveling off.

This behavior is characteristic of fissile failure early iﬁ life (refer to
Section 5.6.1) followed by a decreasing fraction of and leveling off of

fissions in the fissile fuel with no additional fertile particle failure.

6.1.4. Advanced Fuel Particles

6.1.4.1. Doped Kernels. The experimental results on BISO-coated (8Th,U)0y

kernels with Al and Si dopants are discussed in Section 5.8.4. In general,
the results indicate that Al and Si remain in the kernel during lrradiation
and that Cs, Ba, and Sr have a tendency to concentrate with the dopants.
Furthermore, it appears'that zones rich in Si and fission products are char-
acterized by a Si/Al tatio of ~3. This c0uid be attributed Lo the thermo-
dynamic stability of feldspar-type structures, i.e., M(ALS5i3)0g, where M is
a group one or two metallic fission product element. However, it should be
emphasized thatAthe'presence of Al and Si dopants in (8Th,U)09 kernels did
not significantly retard the migration of s intc¢ the Coating laycre (Fig.

5-91).
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6.1.4.2. ZrC Coating Layers. Four experimental fuel particle designs

utilizing ZrC coatings in combination with porous and dense pyrocarbon
coatings were tested under high—temperaturé irradiation (refer to Section
5.8.4). As a fission product corrosion test for the ZrC, two particle
designs employed carbide coatings applied directly over either UCo or
(8Th,U)09 fuel kernels; the other two designs utilized ZrC outside of
porous pyrocarbon coatings but without the conventional inner dense IPyC
coating on either UCy or (8Th,U)0y fuel kernels. The particles were irradi-
ated at 1095°C to a fast neutron fluence of 3 x 1025 n/m2 (E > 29 £J)yTCR
and burnups of ~60 and 7.1% FIMA for the UCy and (8Th,U)0, kernels, respec-
tively. Metallographic and electron beam microprobe examination of the
irradiated particles showed that ZrC possesses good resistance to chemical

attack by fission products.

6.1:4.3. Si-Doped OPyC Layers. Five separate batches of BISO-coated

(8Th,U)09 particles with‘Si—doped OPyC layers (19.0 to 47.5 wt Z Si) were
shown to exhibit excellent structural integrity during irradiation (refer to
Section 5.8.4.1).' These batches were tested in GF-3 to 11.1% FIMA and

9.4 x 1025 n/u? (E > 29 £J)ypegr- One batch (6171-117E) with 47.5 wt % Si in
the OPyC layer exhibited 0.3% pressure vessel failure. This may be indica-
tive of an upper allowable limit on Si content for doped OPyC layers. The
structural appearance of Si-doped OPyC layers was characterized as concen-
tric laminated rings rich in Si content (Fig; 5-95). Also, it was shown
that hatch 6171=115E with 39 wit % S1 in the UPyC layer possessed excellent

retention of metallic fission products.
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TABLE 6-1

COMPARATIVE EVALUATION OF CALCULATED AND OBSERVED IN-PILE PRESSURE VESSEL FAILURE
EARLY-IN-LIFE FOR TRISO-COATED FISSILn FUEL

Observed
In-Pile
Calculated Pressure
OPyC Defective Pressure Vessel
) Rod Fissile Failure(a) |[sic Layers(b) Vessel Failure(¢) |Failure(d)
Capsule| Cell |Type Batch No. (% (%) (%) (%)
GF-1 1 e, e' | 6155-01-029 61.3 8.9 5.5 1.5
2 a 6155-00-030 2.8-16.7 7.4 0.20-1.23 0.05
3 b, b' | 6144-01-030 and 26.5.-61.3 6.0-6.8 1.6-4.2 3.00
6155-02-030
GF-2 1 d BISO fissiie -- - - 0.07
2 a 6155-00-030 2.8-16.7 7.4 0.20-1.2 0.13
3 c 6155-01-030 61.3 11.8 7.2 &.57
GF-3 1 £, £' | CEA fuel (MG 178)| 0.9 _ np(e) ND 0.02
2 b,b' 6155-01-03C and 26.5-61.3 6.0-6.8 1.6-4.2 5.66
6155-02-030 -
b4 e 6155-01-030 61.3 11.8 7.2 5.14

(a)Determlned visually (refer to Table 5 =4).

(b)Determined by radiiographic evaluation after mercury intrusion at 69 MPa (refer to

Table 5-

(c)petermined by multiplying OPyC failure by defective SiC layers.
(d)petermined from in-pile Kr-35m R/B measurements (refer to Table 5-10); applled to
early—ln-llfe failure [<2.5 x 1025 n/m2 (E > 29 £J)

e€)ND = not determined.

16).
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TABLE 6-2
THERMAL EXPOSURE CONDITIONS FOR IRRADIATED CAPSULES GF-1, GF-2, AND GF-3

Volume Average Thermal Irradiation
Temperature Gradient Time
Capcule Cell (°C) (102 °K/m) (107 s)
CF-1 1 1080 135 : 1.85
o e 2(a) 1170 - S [
3 1170 160
4(b) 1095 35
GF-2 1 960 105 1.72
2 970 130
3 960 . 125
4 985 35
GF-3 1 975 110 3.14
2 975 135
3 1000 55
4 1120 85

(a)Maximum thermal exposure conditions for kernel mlgratlon in
(8Th 11)0a2 and ThO; fuel systems.
5Max1mum thermal exposure conditions for kcrnel migration 1in UCy
fuel.



FISSILE
016 |- BATCH FUEL
: NUMBER ROD
6155-) TYPE CAPSULE
015 | _
o) 00-030 a GF-1
@) 00-030 a GF-2
0.1 O 01-030 b GF-1
A 01-030 c GF-2 |
v 01-030 ¢ GF-3 !
0.13 - o 01030 b GF-3 !
> 02030 b’ GF-1
» o 02-030 b’ GF-3
012 |

OPEN SYMBOLS REFER TO PREDICTED VALUES FROM
PARTICLE STRESS CODE (TRISO* MONTE} AND CLOSED
011 - SYMBOLS REFER TO PREDICTED VALUES FROM IN-

PILE Kr-85m R/B MEASUREMENTS (REFER TO TABLE 5-10)

0.10 |- : |
0.09
008 |-

0.07 [~

006 |-

005 |

PREDICTED FAILURE FRACTION

< 'Y

004
0.03 [— , . »
002 |

001

12

BURNUP (% FIMA}

Fig. 6-1. Predicted pressuré vessel failure fractipns:in TRISO-coated
fisgile fuel tested in capsules GF-1, GF-2, and GF-3
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Fig. 6-2. Comparative evaluation of calculated and observed fissile
particle pressure vessel failure
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Fig. 6-3. Rate of chahge of SiC thickness in TRISO-coated UCy fuel versus
reciprocal temperature. (Plot highlights GF-1 and GF-2 results
with respect to empirical data base presented in Ref. 6-5.)
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‘7. CONCLUSIONS

The GF-1, GF-2, and GF-3 PIE provided a large body of empirical data
that supports a generic data base for HIGR fuel systems. Specifically, the

capsules provided supporting data in the following areas:

1. Structural integrity, thermal conductivity, and irradiation-

induced dimensional changes of HTGR-type fuel rods.

2. TRISO~coated particle design basis for assuring adequate

irradiation performance of the OPyC and SiC layers.

3. Thermochemical stability (amoeba effect and metallic fission

product - SiC attack) of (8Th,U)09, UCy, and ThOy fuel systems.

4. Developmental fuel systems that are directed at inhibiting
‘metallic fission product release and improving the high-

temperature thermal stability of coated fuel particles.

The conclusions in each of these areas are highlighted and summarized

v

below:

7.1.. FUEL RODS
e
CEA rods fabricated by the CERCA process exhibited improved structural
integrity compared to GA rods, which were fabricated by a matrix injection
process. Irradiated GA rods were characterized by fine microcracks on the
surface in contrast to the smoother apperance of CEA rods. The improved
structural integrity is attributed to a combination of more coke binder and

less porosity in the matrix phase. No GA rod fragmented during irradiation;
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consequently, these rods demonstrate acceptable performance for HTGR-type

fuel rods exposed to 975° to 1170°C and 3.8 to 9.8 x 1025 n/m2 (E > 29
£I)HTGR -

Unirradiated fuel rods fabricated by the CEA CERCA process had thermal
conductivities that were .55% to 105% greater than GA matrix-injected rods.
After irradiation to fluences >5.0 x 1025 n/m2 (E > 29 fJ)yTGR and tempera-
tures between 960° and 1170°C, this difference was reduced to 27% to 61%.
Furthermore, postirradiation fuel rod thermal conductivitics ranged frow 427
to b4% or the unirradiated conductivity. These data indicate that the
reduction in conductivity occurs early in-ife, i.e., at fluences of ~24 x
1025 n/m2 (E > 29 fJ)gTGrR- The measured reductions in thermal conductivity
are subject to large uncertainties as a result of inaccuracies associated
with a comparative standard measurement in the LECI thermal conductivity

technique.

GF-1, GF-2, and GF-3 fuel rods fabricated with all TRISO-coated fuel
particles exhibit volumetric expansions of 1% and 4% for fluences between 6
and 7 x 102? n/m2 (E > 29 fI)yrcr- This behavior is consistent with
irradiation—-induced expansion in the matrix phase. 1In contrast, fuel rods
fabricated with TRISO- and BISO-coated fuel exhibited volumetric contrac-
tions of -6% to -1.25% for fluenceé between 4.5 and 7.8 x 1029 n/m? (E > 29
fJ)HTGR; Also, GF-1, GF-2, and GF-3 fuel fods exhibited strain anisotropy
that is consistent with the empirical model, ghowing that axial cuntractions

are less than diametral contractions.
7.2. TRISO-CUATED PARTICLE DESIGN

GA-fabricated TRISO-coated fissile particles in GF-1, GF-2, and GF-3
exhibited .a nominal OPyC failure of.~30%, which ranged between 1.67% and
~83.0%. The fallure is attributed to structures that result in excessive
strain anisotropy and high irradiatioﬁ—induced stresses. These structures

are produced under relatively dilute depositianconditions (volume fraction

7-2



of active coating gases of ~0.1) and are characterized by low micropor-
-osities (<10 ml/kg OPyC). These results provide strong empirical support
for current HTGR specification requirements on OPyC layers, namely, micro-

porosity >13 ml/kg OPyC and volume fraction of active coating gases.>0.25.

The level of as-manufactured defective SiC layers on—GA—fabriEated
fissile fuel was between 2.37% and 11.87% as aetermined by mercury intrusion
at 69 MPa and a radiographic evaluation. A large fraction of the defective
SiC layers was characterized by localized microfissures. Furthermore, the
level of defective SiC layers was substantiated by Cs-137 diffusive release
measurements on as-manufactured fissile fuel. The fraction defective SiC
layers determined by the mercury intrusion/radiographic technique is approx-
imately two orders of magnitude greater than the fraction determined by the
standard burn-leach technique. These results imply that the burn-leach
technique is an inadequate measure of the fraction defective SiC layers over
a wide range of defects, i.e., localized microfissures that breach the SiC

layer or catastrophic SiC failure.

In-pile Kr-85m R/B measurements on GA-fabricated fuel rods are
consistent with early-in-life {£2.5 x 1023 n/m? (E > 29 £J)yrgr] fissile
particle failure between 0.1%Z and 8.6%. This premature fissile particle
failure is attributed to high OPyC failure (2.8% to 61.3%) combined with a
high level of as-manufactured defective SiC layers (6.0%Z to 11.8%).

Pressure vessel failure levels between different TRISO-coated (8Th,U)0s
fissile particle types indicated that the 400-um—diameter kerneél diameter
was more conservative than the 500-ym-diameter designs. Specifically,
early-in-life fissile particle failure in Table 5-10 shows that the 400-
um—diameter kernel tested in type a rods exhibited pressure vessel failures
between 0.05% and 0.13%. This is substantially less than the 3.0% to 8.6%
failure level range observed in 500-pm—diameter kernels tested in b, b', and

¢ rods.
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7.3. THERMOCHEMICAL STABILITY

No amoeba migration was observed in the (8Th,U)09, UCy, and ThOy fuel
systems tested in capsules GF-1, GF-2, and GF-3.  These reeults are

consistent with current performance models used in HTGR core design.

No lanthanide fission product - SiC attack was ohbserved in the UC»H
lovse particle tuel tests. Also, lanthanide fission products, e.g., cerium,
within the (8Th,U)0y kernel structures. These observations are consistent

with fuel performance models.
7.4. . DEVELOPMENT FUELS

Aluminum and Si dopants in (8Th,U)0; kernels did not significantly

retard the migration of cesium into the coating layers.

ZrC TRISO-coated UCy and (8Th,U)0O; fuel showed gnnd irradiation
stability, énd the ZrC layers possessed good resistance to rhemical attack
by fission products. The fuel was irradiated at 1095°C to 5 x 1023 n/mz.(E
> 29 £J)yrgr and burnups of 7.1% for (8Th,U)0, and ~60% for UC,.

BISO~coated (8Th,U)0, with Si-doped OPyC layers in the range of 19 to
39 wt % exhibited excellent irradiation stability (no pressure vessel
failure). This fuel was tested tn peak expocurc comditions ul 11.1% KIMA,
9.4 x 102> n/m? (E > 29 £J)ypgr, and 1000°C.
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TABLE Al

FISSION GAS RELEASE RESULTS FOR ISOTOPES OF Kr AND Xe IN CAPSULE GR-1
’ ) Volune R/B
- Faatzglue;ce Average
Date (10" n/m"™) Temperature . . . .
Cell Time (E > 29 fJ)HTCR' °C) Kr85m - Kr87 Kr88 Kr89 Xel133 . Xe135m Xel135 - Xel37 Xe138

1 ® 11 * 11/ 2/74 * 1.9 1075 * 1,62E-04 * 1.10E-C4 * 1,24E-04 * 1.95E-05 * 1.29E-03 * 3.56E-05 * 3;95E—05 * 6.76E-06 * 1.73E-05 *
* * 16 OMN * * * cx * * * * * * *
* * > * * * * * * * * * *
Th 12 % 12/ 3/74 * 2.5 . 1050 * 1.30E-04 * 1.07E-04 * 1.12E-04 * 8.75E-06 * 9.47E-04 * 3.24E-05 * 3.80E-05 * 5.88E-06 * 1.39E-05 *
* * 1OH 45MN & * * * * * * * * * *
* * & * * - & * * * * * * *
* 13 % 20/ 3/74 * 2.7 1050 * 1.71E~04 * 1.21E-04 * 1,57E-04 * 2.16E-05 * 4.23E-04 * 2,79E-05 * 2.96E-D5 * 6.28E-06 * 1.36E-05 *
* * 12H 30MN # * * * # # * % * * *
* * - * * * o * * *. * * . * *
* 14 *x7 8/ 4/74 3.0 1060 * 1.61E-04 * 1.23E-04 * 1.21E-05 * 2.36E-05 * 3.31E~-04 * 4.26E-05 * 4.31E-D5 * 5,20E-06 * 1.79E-05 *
‘* . % 11H 15MN * * * * * . * * # * * *
* * * * % * * * * * * * *
* 15 % 24/ 4/75% * 3.3 1060 * 1.56E-04 * 1.59E-04 * 1.42E-04 * * 1,27E-03 * * 3.66E-05 * * *
* * 11H 45MN * : * x . * * # * * * # *
* *x * . * ® * * * . * . * * . * *
* 16 * 16/ 5/74 * 3.8 1060 % 7.99E-05 * 7.10E-05 * 6.90E-05 * 7,.40E-06 * 5.24E-04 * 2.39E-05 * 2,39E-05 * 2,94E-06 * 7.70E-06 *
*®°  k {SH 4SMN * * * * * * * * * * *
* * & * * * * * * * . * *. .k
ThO17 % 27/ 5/74% * 3.9 1055 * 8.82E-05 * 6.52E-05 * 6.56E-05 * 3.91E-06 * 2.12E-03 * 2.21E-05 * 1.74E-05 * 7,81E-07 * 6.99E-06 *
* * 11H OMN * * * * * #* * * * * *
* * * k. ® * * * * * & * -k
* 18 ™% 10/ 6/75% * 4.1 1060 % 1. 19E-04 * 8.89E-05 * 8.9S5E-05 * 1,15E-05 * 1.56E-03 * 3.31E-05 * 2.89E-05 * 3.41E-06 * 9.36E-06 *
* * 11H OMN * % * * * * * * * * *
* * * T % * * * * * . * * * *
* 19 % 24/ 6/74 * 4.4 1060 * 8.25E-05 * 6.32E-05 * 6.58E-05 * 8.95E-06 * 4.90E-04 * 2.41E-05 * 2,32E-05 * 2.45E-06 * 7.49E-06 *
* % 14H 20MN * * 3 * * * * * * * *
% * [ * * * * * * * * * *
* 20 * 22/ 7/74 % 4.7 1080 * 8.97E-05 * 4.43E-05 * 6.56E-05 * * 1.26E-03 * 7.99E-06 * 2.68E-05 * * 2.87E-06 *
* * 10H 20MN #* * ® * * * * * ) * * *
* * * * * * * * * * * * *
* 21 % 25/ 7/74 % 4.7 1080 * 1,24E-04 * * 9,64E-05 * * 6.88E-03 * * 3.44E-05 * * *
* * 9N 20MN * * * * . * * * * * * *
* * * * * * * * * * * * *
* 22 * 5/ 9/74 % 4.8 1080 * 7.60E-05 * 5.29E-05 * 5.49E-05 * 4.46E-06 * 9.35E-04 * 9.35E-04 * 2,92E-05 * 4,63E-05 * 8.08E-06 *
* % 9H SOMN * * * * * * * * * * *
* * * * . * * * * * * * * *
% 23 *x 25/ 9/74 % 5.2 1070 % 1,29E-04 * 7.27E-05 * 1.04E-04 * 9.56E-06 * 5.35E-03 * 3.95E-05 * 3.61E-05 * 7.20E-06 * 1.07E-05 *
* * 10H 4SMN * * * ® * * * * * * *




TABLE: A1 (Continued)

¥olume R/B
Fast Fluence
25 » Avzrage
Dzte (10" " n/m") Temparature
Cell Time (E > 29 :“)"-ITGR v2C Kr85m Kr87 Kr88 Kr89 Xe133 Xe135m Xel135 Xe137 Xe138
' )

- * * * % x * * * * * * *
* * * * # * * * * * * * *
* * * : * » < * * * * * * *
* 10 * 5/ 2/74 * 2.% 1" 7C * 5,20E-06 # 3.20E-06 = 3.82E-06 * ® * 1.54E-06 * 3,55E-07 * * 8,88E-07 *
* * 11H 15MN * * . » = * * * * * * *
* * * * A = * * * * * * *
* 11 % 11/ 2/74 * 2.3 116C * 6.66E-06 % 3, 73E-C6 = 5.55E-06 * * * 2.1"E-06 * 2.99E-07 * * 8.92E-07 *
* * 15H 15MN * . * * x * * * * * * *
* * * * x > * » * * * * *
* 12 * 11/ 3/74 * 3.3 1150 * 1.17E~05 * 3,96E-C6 * 9,79E-06 * * 1.01E-04 * Z,9¢E-06 3.58E-06 * * 1.32E-06 *
* * 15H 45MN * i * * # * * * * * * *
* 13 * 19/ 3/74 * 3.5 1150 * 2.18E-05 * 2,D9E-G5 * 2.04E-05 * 1.23E-05 * 2.42E-04 * 9,9ZE-06 * 7,78E-06 * 5.29E-06 * 4.59E-06 *
* * 15H 30MN * * * » * * * * * * *
* *x -k * ) * * B * * * * C ok . *
* 146 % 8/ 4/74 % 4.0 1155 * 1.96E-05 * 2,)4E-06 % 1.77E-05 * 4.46E-06 * 5.19E-05 * 7.6FAE-06 * 6.67E-06 * 1.52E-06 * 3.37E-06 *
* * 10H OMN * * * % * * * * * * *
*- % * - * * * * * * * * * *
* 15 * 24/ 4/74 * 4.7 1155 * 3.72E-05 * Z.32E-05 * 2,92E-05 * * 7.31E-04 * * 1.97E-05 * * *
* * 10H 25MN * * ’ ® * * * * * * * *
* * * * * * * * * * * * *
* 16 * 16/ 5/74 * 4.3 135 * 4,94E-05 * 4.28E-05 * 4.05E-05 * 9.11E-06 * 1.59E-03 * 1.502-05 * 1.17E-05 * 4.82E-06 * 6.06E-06 *

Tk * 14H 45MN * * « . * * * * * * * *
* * . ok * & * * * * * * * *
* 17 * 27/ 5/74 % 4.9 1135 * 9 71E-05 * 6. 4E-C5 * 6.11E-05 * 7.31E-06 * 3.81E-03 * 1,932-05 * 1.38E-05 * 3.76E-06 * 7.13E-06 *
* * J0H OMN * * * * ® * * * * * *
* * : * * * * ® * * * * * *
* 18 * 10/ 6/74 * 5.4 1165 * 7.23E-05 % 6.22E-0% * 5.69E-05 * 1.63E-05 * 7.64E-04 * 2,483-05 * 1.76E-05 * 8,38E-06 * 8.08E-06 *
* * 9H SOMN * * = * * * * * * * Lk
* x . * * ® * % & * * * * *
k19 % 24/ 6/74 * 5.7 1165 * 8,55E-05 * 7.74E-0° * 6.30E-05 * 1,37E-05 * 1.63E~03 * 3.34L-05 * 2.44E-05 * 6.05E-06 * 1.12E-05 *
* * 10H 30MN * * * * * ® * * * * ) *
* * * . * * * . * * * * * *
* 20 * 16/ /74 *- 6.0 1130 * 1,93E-04 * 1.25E-04 * 1.46E-04 = * 6.05E-03 * 5.15E~05 * 5.56E-05 * * 1.88E-05 *
* * 10H I5MN * * * * * e * * * * *
* * * * * * * * * * * * *
* 21°*% 24/ 2/74 * 6.0 1175 * 8.13E-05 * 5 73E-05 * 7,.04E-05 * * 9 .33E-04 * 1.798-05 * 2,.%3E-05 * * 5.20E-06 *
* * QH 20MN * * * * * * * * * * *
* x - * * * * * * * * * * ®
* 22 % 5/ 9/74 * 6.1 1130 * 1,74E-D4 * 1.43E-04 * 1,39E-04 #* 4.27E-05 * 3.14E-04 * 7,67E-05 * 7.35E-05 * 1,65E-C5 * 2.70E-05 *
* * 13H 35MN * * * * * * * * * * *
* * * * * . * * * . * * * * *
* 23 % 25/ 9/74 * 6.5 1130 * 3,89E-04 * 2.53E-04 * 2.79E-04 * 7.63E-05 * 5.63E-03 * 1.84E-04 * 2.19E-04 * 1.47E-05 * 4.96E-05 *
* * 14H “SMN * * * * * * * * * * *
* * * * * * * * * * * * *




(Continued)

TABLE A1l
Fast Fluence Voluma R/B
25 2 Average
Date (10" "n/m™) Temperature .
Cell Time (E > 29 fJ)HTGR (°c) Kr85m © Kr87 Kr88 Kr89 Xe133 Xe135m Xe135 Xe137 Xe138

* * * * * * * * * * * * *
* * * * * * * * * * * * *
3 * 11 %11/ 2/74 * 2.3 1155 * 5.70E-04 * 3,57E-04 * 4,.57E-04 * 1.06E-04 * 3,54E-03 * 1.4)E-04 * 1.77E-04 * 3,97E-05 * 5.92E-05 *
* * 14H 15MN * * .k K * * * * * * *
* * * * * ‘k -k * * * * * *
* 12 * 12/ 3/74 * 3.1 1145 *x 5.65E-04 * 3.83E-04° * 4.56E-04 * 2,34E-05 * 6.46E~03 * 1.56E-04 * 1.91E-04 * 1.64E-05 * 5.09E-05 *
* * 14H ISMN * * x * % * * * * * *
* * * * . & * * * * * * * *
* 13 * 20/ 3/74 * 3.2 1145 * 6.79E-04 * 3.91E-04 * 5.06E~04 * 5.06E-04 * 7,.51E-03 * 1,77E-04 * 1.76E-04 * 3.38E-05 * 6.16E-05 *
* * 10H 15MN * * * * * * * Tk * * *
* * L% ® * * .k * * * * * *
*14°% 8/ 4/74 * 3.8 1150 * 4,65E~04 * 3.30E-04 * 3.B2E-04 * 7.26E-05 * 1,58E-03 * 1.70E-04 * 1.53E-04 * 2,24E-05 *'5.18E-05 *
* * 13H SOMN * *® - * * * * * * * * - *
* * * * * * Tk * * * * * *
* 15 * 9/°4/74 * 3.8 1150 * 2.82E-03 * 1.33E-03 * 2.08E-03 * 1.25E-04 * ‘* 5,88E-04 * 2.73E-04 * 5.26E-05 * 1.59E-04 *
* % 11H OMN * * * * R * * * * * * *
% * B * * * * * * * * * * *
* 16 * 24/ 4/74 * 4.0 1155 * 5.93E-04 * 5.48E-04 * 4.B1E-04 * * 7,88E-03 * 3.50E-04 * 3.07E-04 * * 6.94E-05 *
* * 14H 5SMN * * * * * * * Sk * * C A
* * * * * * ok * * * * * . *
k17 %17/ 5/76 * 4.5 1175 * 3. 99E-04 * 2,95E-04 * 3,17E-04 * 6.22E-05 * 7.17E-03 * 1.64E-04 * 1.37E-04 * 1.64E-05 * 4.97E-05 *
* *x OH 4SMN * * - Sk * * * * * * * *
* * * * * % * * * * * * *
LR IB * 24/ S5/74 * 4.7 1175 * 2,81E-04 * 2. 54E-04 * 2.43E-04 * 3.58E-05 * 1.12E-02 * 1,01E-04 * 2,8BE-05 * 2.20E-05 * 3.16E-05 *
* * 14H OMN * * * * R * * * * * *
* * * * * * * * * * * * *
* 19 * 10/ 6/74 * 5.1 1175 * 2.95E-04 * * 2,37E-04 * * 2.10E-03 * * 1.28E-04 * * *
* * 14H J0MN * * * * * * ® * * * *
* * * * * * * * * * * * *
*20 * 21/ 6/74 * 5.3 1175 * 3.20E-04 * 2.24E-04 * 2.48E-04 * 6.34E-05 * 1.10E-02 * 1,63E-04 * 1.47E-04 * 7,94E-06 * 5.32E-05 *
* * 9“ ['SMN * * * * * * * * * * *
* * . * * * * * * * * * * *
* 21 %16/ 7/74 * 5.8 1160 * 4 26E-04 * 3.12E-04 * 3.50E-04 * * 6,00E-03 * 1.40E-04 * 1.93E-04 * * 4.66E-05 *
* * 130 25MN * * * * * * * * * * *
* * * * * * * * * * * * *
* 22 %24/ 7/74 * 5.8 1160 * 4,26E-04 * 2.72E-04 * 3,28E-04 * * 4,28E-03 * 1.31E~04 * 2.83E-0Q4 * * 2.99E-05 *
* * 10H 35MH * * * * * * * * * * *
* * * * . * * * * * * * * *
*23 % 5/ 9/74 * 5.9 1150 * 4,13E-04 * 3.90E-04 * 3.30E-04 * 8.16E-05 * 1.30E-03 * 2,72E-04 * 2.27E-04 * 4.86E~05 * 7.30E-05 *
* * 1SH OMN * * * * * * * * * * *
* * * * .o* * * * * * * * *
* 24 %25/ 9/74 * 6.2 1140 * 1,13E-03 * 8.85E-04 * 7.65E-04 * 1.86E-04 * 2,16E-02 * 8,33E-04 * 7.30E-04 * 9.16E-05 * 1.74E-04 *
* * 16H 10MN * * - % * * * * * * * *
* * * * % * * * * * * * *




TABLE A1 (Continued)
Fast Fluence Vo}ume R/B
25 2. Average
Date (10" /™) Tempe-ature
Cell Time (E > 29 “)HTGR (“c) Kr85m Kr87 Kr88 Kr89 Xe133 Xe135m ¥el35 Xe137 Xe138
4 * 11 *6/ 2/74 * 1.6 “100 * 1,15E-03 4 7.25E~-04* 8,97E-04 * 1.66E-04 * 1,07E-02 * 2,43E-04 * 3.89E-04 * 4.38E-05 * 7.90E-05 *
% ° % 9 OMN * * * * * * * * * * *
* * * * % * * * * * * * *
* 12 %11/ 2/74 * 1.6 1095 * 6.41E-04 * 2.49E-04%* 3.74E-04 * 3,88E-05 * 3.55E-03 * 1.09E-04 * 2.18E-04 * 2.15E-05 * 3.05E-05 *
* *10H OMN * * * * * * * * * * *
* * * * * * * * * * * * *
* 13 *4/ 3/74 * 21 1140 * 2.S0E-03 * 1.19E-03*% 1,80E-03 * 1.47E-04 * 2.66E-02 * €.39E-04 * 6.02E-04 * 6.857E-05 * 2.12E-04 *
* *10H 4OMN * * * * * * * * * * *
* * * * * * & * * * * * *
* 14 %11/ 4/74 * 2.5 15 * 1.37E-03 * 1,01E-03%* 1,10E-03 * 2.94E-04 * 3 .90E-03 * 5.52E-04 * 4,94E-04 * 1,03E-04 * 1,69E-04 *
* A4H 4SMN * * * * * * * * * * *
* * . * * * * * * * * * * *
* 15 %5/ 4/14 * 2.7 1°10 . * 1,53E-03 * 1.24E-03* 1.21E-03 * 2.03E-04 * 1.16E-02 * 6.29E-04 * 5.86E-04 * 3.E8E-05 * 1.75E-04 *
* *10H 10MN * - * * * * * * * * * *
* * * * * * * * * x * . * *
* 16 *20/ 5/74 * - 3.2 1i05 * 3.33E-03 * 1,98E-03* 2.69E-03 * 4.74E~-04 * 4,10E~02 * 1.14E-03 * 4.36E-04 * 2.60E-04 * 3.97E-04 *
* *10H OMN * * * * * * * * % * *
* * * * * * * * * * * * *
* 17 35/ 5/74 * 3.2 1100 * 6.87E-0% * 5.64E-C4* 5.38E-04 * 7.78E-05 * 8.78E-03 * 1,86E-04 * 1.84E-04 * 4. 86E-05 * 7.08E-05 *
* *16H DMN * * * * ’ % * * * * * *
* * * * * * x * * * * * *
* 18 *1/ b/74 * 3.5 1100 * 1,31E-03 * 9.62E-C4* 9.57E-04 * 1.01E-04 * 7.73E-03 * 2,22E-04 * 8.11E-05 * 1.93E-05 * 8.16E-05 *
* * g4 SOMN * * * * * * * * * * *
* * * * * . * * * * * * * *
* 19 %25/ 5/74 * .7 (85 * 2,80E-03 * 1.95E-C3% 2.87E-03 * 5.40E-04 * 1,44E-0% * 1.37E-03 * 1.DOE-03 * 1.17E-04 * 4.30E-04 *
* *0H DMN * * - . * * * * * * * * *
* * - o* * . * * * * * * * *
* 20 %22/ 7/74 * :.9 1C40 * 1.54E-03 * 9,17E-C4* 1.07E-03 = * 2.24E-02 * 2.79E-04 * 6.37E-04 * * 8.93E-05 *
* *14H 35MN * * * * 1 * [ * * * *
* * * * * * ® * * * * * *
* 21 #25/ 1/74 * 9 1C45 * 1,72E-03 * 1.06E-C3* 1.29E-03 * . * 1,05E-02 * 4.42E-04 +* 1,D4E-03 * * 1.32E-04 *
* *11H I0OMN * * * * * * & . * * * *
* * * * * * * * * * * * *
* 22 %6/ 374 * 4.0 1655 * 2,21E-03 * 1.53E-03* 1.60E-03 * 3.78E-04 * 4 ,00E-03 % 4,08E-04 * 4.36E-04 * 1.65E-04 * 1.91E-04 *
% * OH 40MN #* * * * . * * 3 * * * *
* * * * * * * * * * * . * *
*x 23 %26/ 9/74 % 4.3 1365 % 9 56E-04 * 8.01E-O4* 7.92E-04 * 1.94E-04 * 5.34E-03 ™ 4.10E-04 * 3.90E-04 * 1,24E-04 * 1.71E-04 *
* A11H OMN # * * * * * * * * * .ok
* * & * * *° * * * * * * *
* * ® * * * * * % * * * *




TABLE A2

FISSION GAS RELEASE RESULTS FOR ISOTOPES OF Kr AND Xe IN CAPSULE GF-2
Volume
Fastzglue;ce Average R/B
Dace (10" n/m") Temperature -
Cell Time (E > 29 “)HTGR (°c) Kr85m Kr87 Kr88 Kr89 Xe133 Xel135m Xel35 Xe137 Xe138
* * * * * * * * * * * * *
x . % * * X * * * * * * * *
1 * b & 4/ 1/74 * 0.1 1015 * 8,39E-08 * 5.45E-03 .* 5,18E-08 * * 1,03E-08 * 3.54E-08 * 4.80E-09 * * 1.25E-08 *
E % 9H 30MN # * . * * * * * * * * *
* x 3 * * * * * * o * * *
* 2% 14/ 1/76 » 0.3 1020 % 1.16E-07 * 6.22E-08 * 5.96E-08 * * 6.71E-08 * 2.50E-08 * 4,26E-09 * * 6.13E-09 *
* +* 9H 30MN # * * * * *, * * * * *
* * - * * . * * * * * * * % *
* 3 %21/ 1/74 % 0.4 1020 % 2.86E-06 * 2.56E-06 * 2,45E-06 * * 2,.83E-06 * 7.20E-07 * 8.79E-08 * * 2,79E-07 *
* * 16H 45MN » * * * * * * * * * *
* *x c A * * * * * * * * * *
e 4ok &) 2/74 % 0.7 1030 * 2,02E-06 * 1,74E-06 * 2.06E-06 * * * 1.20E-06 * 1,37E-07 * * 3.80E-07 *
= % 9H I15MN * * * * * k * * * * *
* * : * * * * * * * * * * *
= 5 %18/ 2/74 % 1.0 1030 * 8.17E-06 * 6.08E-06 * 6.88E-06 * * * 2,68E-06 * 3,16E-07 * * 1,43E-06 *
* % 15H OMN = * * * * * * * * * *
* & * * * * * * * * * *® *
* 6 x 18/ 3/74 * 1.2 1015 = * * * * 1.37E-06 * * * * *
* % 10H 1SMN * * * * * * * * * * *
* * . . * * * * * * * - * * * *
k7 % 3/ &f74 % - -— * 1.61E-06 * 2.45E-06 * 1.60E-06 * * 5.43E-07 * 3.81E-05 * 2.52E-07 * * *
* * 16H 45MN * * * * * * * * * * *
* P * * * * * * * * * *
* 8 %15/ 5/74 * 1.4 990 * 7.34E-06 * 7.33E-06 * 7.29E-06 * * 2,84E-06 * 5.24E-06 * 3,51E-07 * % 2.22E-06 *
* * 9H 15MN #* ’ * * * * * * * * * *
* * : * * * * * * * * * * *
* 9 %30/ 5/74 % 1.6 945 * 7.70E-06 * 5.15E-06 * 6.29E-06 * * 7.89E-06 * 1.77E-04 * 9,.49E-07 * * *
* °  x 16H OMN * * * ok * * * * * * *
* x * * * * * * * * * * *
% 10 & 27/ 6/74 *» 1.8 940 * * * * * * * . * * *
* * 15H 25MN * * * * * * * * * * *
* * M * * * * * * * * * o *
* 11 %17/ 7/74 * 2,2 945 * 4,68E-06 * * 4. 58E-06 * *x 3,40E-06 * 9.83E-09 * 1.61E-06 * * *
* % 15H OMN * * * ] * * * * * * *
* * * * * * * * * * * * Lk
* 12 % 8/ 8/74 * - — * * * * * 8.95E-06 * * * * *
* % 11H 30MN #* * * % * * * * * * *
* * * * * % * * * * * * *
* 13 % 26/ 9/74 * 2.5 915 * 3.32E-06 * 2,95E-06 * 2.34E-06 * * 4,49E~06 * * 4, 10E-07 * * *
* * 16H SOMN * * * * * * * * * * *
»* * L * * * * * * * * * * *
» & * ® % x * *. * ® * * *




TABLE A2 (Continued)

Fast Fluence Volcme R/B
. 25 2 averzge
Date (10 " n/m") Temperatire .
Cell Time (E > 29 ”)HTCR °c: Kré&5m Xr87 Kr88 Kr89 Xe133 Xe135m - Xe135 Xe137 Xe138
2 % * * * * * * * * * * * *
L IR YA Vi I 0.1 969 * 1.79E-07 * i.60E-07 * 1.50E-07 * * 1.63E-08 * * 6.21E-09 * * 2.30E-08 *
* * 10 JOMN * * * * * * * * . * * *
2 * * * * * * * * * * * *
k2 k14 8/74 * 0.5 960 * . 2.51E-07 * i,46E-07 * 1,78E-07 * * 7.56E-08 * * 3,35E-09 * ® 1.74E-08 *
* * {0H I0MN * * * * * * * * * * *
* * * * * * . * * * * * * *
* 3 % 220 1/74 % 0.7 969 * 2,.94E-07 * 2.30E-07 * 2.45E-07 * * 1,23E-07 * * 4, 91E-09 * * 1,.80E-08 *
% * {1H CMN * * * * . * * % * * * *
® * * * * * * * * * e * *
* 4 % 4 274 * 1.0 960 * 2,76E~07 * ~.71E-07 * 2.15E-07 * * 7.97E-08 * * 7.38E-09 * * *
* * 100 SMN * * * * * * * * * * *
k. % * * * * * * * * * * *
x5 %25/ 2/74 * 1.4 965 * * x * * 2.16E-07 * * * * *
* * 10H 45MN * * * * * * * * * * *
* * B * * * * * * * * * *
* 6 % 19/ /74 * 1.6 985 * * * * * 1,14E-05 * * * ] *
* * 11H CMN  * * * * * * * * * * *
* * * * T * * * * * ok * *
7k 41 4]74 % - - * 5,.85E-07 * * §.79E-07 * * 2,09E-07 * * 1,.35E-07 * * *
* * 10H ZOMN * * L * * * * * * * *
*’ * * * * * * * * * * * *
* 8 % 30/ S/74 * 2.2 98) * 9.43E-05 * * 7.63E-05 * * 1,29E-04 * * 3.80E-06 * * *
* * 14H ZOMN * * * * * * * * * * *
* * ® * * * * * * * * * *
* 9 % 27/ 6/74 * 2.7 96) * 1.11E-05 * 1.23E-05 * 1,05E-05 * * 2.77E-05 * * 7,32E-07 * * *
* * 14H 35MN * * * * * * * * * * *
* * * * * * » * * * * * *
210 * 17/ /74 * 3.0 955 * 1,24E-05 * * 9.36E-06 * * 1.61E-05 * 4.06E-08 * * * *
* * 111 OMN * * * * * * * * * * *
* * * * * * * * * * * * *
x 11 % 8/ 8/74 * - - * * * * * 1.04E-05 » * * * *
* * 10H OMN * * * * » * * * * * *
* * 3 . * * * » * * * * * *
* 12-% 26/ 9/74 % 3.4 970D * 6.89E-06 * I.25E-06 % 5.62E-06 * * 5,08E-06 * * 4, 52E~-07 * * *
* * 15H "5MN * * * ® » * * * * * *
* * * * * * » * * * * * *
* * * * * * » * * * *, * *




TABLE A2 (Continued)

Volume R/B

Fast Fluence
Average

" Date \ (1025n/m2) Temperature . .
Cell Time \ (E > 29 fJ)HTGR °c) Kr85m Kr87 Kr88 Kr89 " Xe133 Xel135m Xe135 Xe13?7 Xel138

*
»
»

*

* *
* *
.56E-08 * 1.11E-07

*
»

»
*
*»
»
»
*

4/ 1774 * 0.1 980 * 3 17E-17 * 2.52E-07 *
11H 15MN ’

~N

.76E-07 *

»
w
*
-
*
»*

. 16E-08 4.38E-08

-

14/ 1/74
9H 30MN

0.4 975 4.27E-07 * 3.01E-07

w

.32E-07 1.45E-07 .42E-08 1.72E-08

22/ 1/74
11H 45MN

0.6 970 3.46E-07 * 2,56E-07 * 2.74E-07

o

1.89E-07 .52E~-09 1.64E-08

4/ 2/74
10H 45MN

0.9 965 4.31E-07 * 2.45E-07 * 2.94E-07 1.23E-07 1.22E-08

x 18/ 2/74
16H 15MN

3.39E-07 * 2.32E-07 * 2.58E-07

n

.54E-07 1.35E~08

* 18/ 3/74
14H 15MN

1.3 975

oo

.92E-08

3/ 4174
1SH 30MN

.19E-08

&~

.35E-08 * 3.83E-08

w

.52E-08

~

.03E-08 * 1.38E-D8

=]

.68E-09

-

-

15/ 5/74 1.7 980 .08E-05 * 8,62E-06 * 9.23E-06
15H 30MN ’

-

. 15E-05

w

.65E-06 * 8.34E-07

N

.06E-06

29/ 5/74
14H 30MN

1.9 970

-

.89E-04 * 1.57E~-04 * 1.44E-04 * 1,76E-05 * 2,30E-03

&

.40E-05 * 5.68E~05 * 1,65E-05

w

.59E-05

18/ 6/74
148 30MN

2.2 940 4,45E-04 * 3.31E-04 * 3.21E-04 * 4.48E-05 * 7.64E-03 * 1.09E-04 * 1,22E-04 * 3.56E-05 * 4.78E-05

27/ 6/74 2.5 " 935

10H 20MN

5.76E-04 * 4,24E-04 * 5.09E-04 * 9.64E-05 * 2.81E-03 * 1.35E=04 * 1.43E-04 * 6,06E-05 * 6.69E-05

19/ 7/74 2.8 . 935

9H 15MN

3.97E-04 * 2.69E-04

w

.31E-04 1.79E-03

w

.89E-05 * 1,37E-04 3.17E-05

26/ 7/74 3.39E-04 . 94E-04 8.73E-05 6.94E-06

2.9 945
9H 30MN :

£

.B4E-04°

w

1.30E-05

N

.62E-03

-

L77E-04 5.04E-05

12/ 9/74 3.0 955 3.96E-05

13H 20MN

o~

.33E-04 * 4.19E-04 .73E-04

w
oo

5.73E-05 .92E-04 * 1,44E-04

-

L42E-04 6.95E-05

15 % 20/ 9/74

8H S0MN

~N

.T0E-04 * Z.48BE-04 .68E-04 .65E-05

~N

9.26E-05 * 8.71E-04

o

.21E-05

-

.10E-04 * 4,47E-05

wn

3.0 960

* N N % * N B B % % %% B X N B F N B X N B ¥ % R N F R B R R X XA R H AR * *»
) .
PO O 3 B R I N N NS R R N B B N Nk Nk Ak B BE NE R IR AR R SR 2N b LR Bk NE BE SR B R NE N BN B

PSS A I N I N IR N B N B N B R N N AR N R N A IR IR At 2E B S SN N BE B R ST
*> * * X N k. LR I I R IR IR O B I O A B N R N B A S IR R SR B A R A A IR R B *»
» ¥ X X ¥ l‘* * % % ¥ N N % % K % N X N % N X X B % ¥ F B * ¥ ¥ * 2N * * * % % * F X %
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TABLE A2 (Continued)

Volume
Fastzzlue;ce " average R/B
Date (10" " n/m") Temperature
Cell Time. (E > 29 f::'HTGR °c) Kr85m K=87 Kr88 Kr89 Xel33 Xe135m: Xe135 Xe137 Xe138
* * * * * * * * * * * * *
* * * * * * * * . * * * * *
4 * 1 % 4f /74 % 0.1 1170 * * * * * 1.24E-05 * * 3,G2E-06 * * *
* * 12H OMN * * * * * * * * * * *
* * » * * * * * * * * * *
* 2 % 14) 1/74 * 0.3 1170 * 1,80E-04 * T.25E-05 * ", 12E-04 * 1,52E-06 * 6.88E-04 * 1.35E-05 * 2.36E-05 * * 3,89E-06 *
* * 14H ZOMN * * * * * * * * * * *
* * * * * * * * * * * * *
* 3 %22/ 1/74 * 0.4 1155 *  1,70E-04 * 6.99E-05 * 1.15E~04 * * 3,.79E-04 * 1,23E-05 * 2,63E-05 * * 4,23E-06 *
* * 14H LOMN * * * * * * * * * * *
* * * * * * * * * . * * * *
* 4% 4/ 274 % 0.7 1155 * 2,59E-04 * |.49E-04 * 1.92E-04 * * 9,96E-04 * 7.21E-05 * 9, 2E-05 * #* 1,40E-05 *
* * 14H a5MN * * * * * * * * * * *
* * * * * * * * * * * * *
* 5 %19/ 2/74 % 1.0 1150 * 3.91E-04 * 2,07E-04 * 2,.85E-04 * 5.62E-06 * 1,40E-03 * 7.10F-15 * 1,13E-04 * 2.92E-06 * 1.83E-05 *
* % OH 45MN * * . * * * * * * * * *
* * * * * * * * * * * * *
* 6 % 19/ 3/74 * 1.1 1100 * * * * * 2.72E-03 * * * * *
* *x  8H eSMN * * * * * * * * * * *
* * * * *® * * % * * * * *
* 7% 4 /T4 * - —— % 1.13E03 * * B.95E-04 * * * 6.19E-Q6 * 7.52E-04 * * *
* * 14H 35MN * * * * # * * * * * *
* * ok * * * * * * * * * *
* 8 % 31/ 5/74 % 14 1005 * 4.20E-0s * * 4.54E-04 * * * 4,06E-06 * 1,75E-04 * * *
* x 1CH OMN * * Iy * * I * * * * *
* * * * * * * * * * * * *
* 9 % 28/ 6/74 * 1.8 970 * 9.66E-0s * * B.22E-04 * * 9, 01E-04 * 9.52k-C6 * 5.B5E-04 * * *
* *x QN 35MN * * * * * * * * * * *
* * * * * * - * * * * * * *
* 10 * 26/ 7/74 * | 2.1 940  * * * * * 6,42E-04 * * * * *
* * 14H 20MN * * * * * * * * * * *
* * * * = * * * * * * * *
* 11 % 27/ 9/74 * 2.3 925 & * * * * 6.05E-04 * * * * *
* * 9N 30MN * . * * * * * * * * * *
* * * * * * * * * * * * *




N

TABLE A3
FISSION GAS RELEASE RESULTS FOR ISOTOPES

OF Kr AND Xe IN CAPSULE GF-3

Volume

Fast Fluence R/B
25 2 Average
Date (10" "n/m") Temperature -
Cell Time (E > 29 fJ)HTGR (°C) Kr85m Kr87 Kr88 Kr89 Xe133 Xe135m Xel135 Xe137 Xe138
*. X * * * * * * * * * * *
* * : * R * * * * * * * * * *
1 * 1% 1/ 2/74 A 0.1 990 * S.49E-06 * 3.26E-06 * 4.86E-06 * * * 3.27E-06 * 5.36E-07 * * 1.19E-06 *
* * 9H 1SMN * * * * x * x * * * *
* * 3 * * * * * * * * * *
* 2% 12/ 2/74 % 0.2 990 * 1,52E-06 * 1.31E-06 * 1.30E-06 * * 3.83E-06"* 9.80E-07 * 1.46E-07 * * 3,55E-07 *
* * 11H 15MN * ) * * - * * * . * * . * * *
* * * * Tk * * * * * * L *
* 3 % 18/ 2/14 * 0.3 995 * 1,44E~06 * 7.33E-07 * 9.73E-07 * * 3.09E-06 * 1.06E-06 * 1.73E-07 * * 3.42E-07 *
% - * OH 1SMN * * . * * * * * * * * *
* * . * * * * * * * * * * *
x4 % 4 3]74 * 0.5 995 * 4.16E-06 * 1.51E-06 * 1,66E-06 * * 4,25E-06 * 1,02E-06 * 1.64E-07 * * 2.29E-07 *
* * J0H OMN * * . * * L% * . * - * * ok %
* * * * * * * * * * * * *
* 5 %21/ 3/74 * 0.8 995 * 1.48E-06 * 1,35E-06 * 1.28E-06 * * 1,39E-06 * 9.22E-07 * 6.85E-0B * * 3,22E-07 *
* * 1SH OMN * : * * * - * * * * * * *
* * * * * * * * * * * * ) *
* 6 * 10/ 4/74 * 1.1 965 * 1,75E-06 * 1.42E-06 * 1.49E-06 * * 3.71E-06 * 1,22E-06 * 2.12E-07 * * 4.72E-07 *
*, * 10H 45MN * * * - * * * * * . * * *
* * * * * * * * * * ‘* * *
* T % 22/ 4/74 % 1.3 965 * 1.34E-06 * 1,20E-06 * 1.11E-06 * * 2 .35E-06 * 1,01E-06 * 1.03E-07 * * 3.06E-07 *
* * 10H OMN * x . * * * * * Tk * * *
* * * * * * * * . * * * * *
x B * 13/ 5/14 * 1.5 970 * 1,40E-06 * 1,46E-06 * 1.10E-06 * * 2,10E-06 * 1.07E-06 * 1.63E-07 * * 4.19E-07 *
* x 11H 15MN * Tk * * * * * * * * *
* * * . * * * * * * * * * *
* G % 28/ 5/74 * 1.8 980 * 8.95E-07 * 6.59E-07 * 7,.46E-07 * - * 2.73E-06 * * 1.50E-07 * * *
* * QH SOMN * * * * * * * * * * %
* * * * * * * * * * * * *
* 10 % 17/ 6/74 * 2.0 485 * 9,79E-07 * 1,03E-06 * 9.43E-07 * * 2,26E-06 * 7.06E-07 * 1,.05E-07 * * 2.25E-07 *
* * Q4 45MN * * " * * * * * * * *
* * * B * * * * * * . * * *
* 11 % 25/ 6/74 * 2.1 985 * 8.22E-07 * 2.64E-06 * 9.96E-07 * * 1.99E-06 * 4.22E-06 * 9.34E-08 * * *
* * 14H 35MN * * * . * : * * * .ok * * *
* * * * * L% * * * * * * *
* 12 % 23/ 7/74 % 2.4 965 * 1,01E-06 * B.58E-07 * 8.89E-07 * * 2,32E-06 * 5,25E-07 * 1,06E-07 * * 2.66E-07 *
* * O OMN * * *x * * * * R * * *
* * * * * * * * * * * * *
x-13 % 9/ 9/74 * 2.5 965 * 1,82E-06 * 1.69E-06 * 1.55E-06 * * 2,06E-06 * 9.69E~07 * 1.59E-07 * 4.49E-07 * 4.25E-07 *
* * 10H 35MN * * * * . * * * ok * * *
* * * * * * * * * * * * *
* 14 * 19/ 9/74 * 2.5 965 * 1,06E-06 * 1.28E-06 * 1.28E-06 * * 1,96E-06 * 7.49E-07 * 1.34E-07 * * 2.90E-07 *
* * J4H 20MN * s * * * * * * * * * *
* * * * * * * * * * * * *
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TABLE A3 (Continued)
y Volume
Fastzg}ue;c,e Average R/B
Date (10" "a/m") Temperature
Cell Time - (E > 29 :.J)HTGR (°c: Kré5m Kr87 Kr88 Kr89 Xel133 Xe135m - Xel135 Xe137 Xe138
* * * * * * * * * * * * *
* % * * * * * * * * * * *
2 * 1 & 1/ 2/74 % 0.1 . 955 * 1,35E-07 = 1.13E-07 % 1,14E-07 * * * o* 5.66E-09 % * 3.27E-08 &
* % 10H i5MN * * * * * * * * * * *
x X ok * * * * * * * * * *
x 2 4% 12( 2/74 0.3 955 % 3,30E-0? * 2.03E-07 * 2.40E~-07 % % 1.23E-07 * * 6.98E-09 * * *
x % 11H SOMN # * x X * * * * * * *
* * * * * * x x *x * * * *
* 3 % 18/ 2/74 * 0.5 955 * 4. 11E-07 * 2,48E-07 * 3.00E-07 * * 2,32E~07 = 8.84F-0C % 1.19E-08 » * 3.11E-08
* * 10H 5MN * - * * * * * * * * * *
I T * * * * * * * * * * *
* 4 % 4f 3/74 0.8 955 * 5.07E-07 * 3.43E-07 * 3.64E-07 * * 1.09E-07 * * 1.34E-08 « * *
* * 10H 40MN * * * * * * * * * * *
* "%k * * * * *x * * * * * *
* 5 % 22/ 3/74 % 1.1 96) * 1,61E-0€ % [.49E-06 % 1,41E-06 * 1.53E-06 *# 6.17E-0% * 1.10E-07 * 1.78E-07
* & 9H A5MN * * * * *x - * * * * * *
* * * * * * * * * * * * *
* 6 % 10/ 4/74 1.5 965 * 1,91E-0€ * 1.67E-05 * 1.59E-06 * % 1.53E~06 * 6,17E-07 * 1.J0E-07 * * 1.78E-07 »
* % 9H 4SMN % * * * * * * * * * *
*x * * * * * * * * * * *
* 7 k 22/ &/74 % 1.8 95J * 4.83E-05 % 3.83E-05 % 4,97E-05 *# 1,13E-05 * 7,94E-04 * 1.92F-0% « 1,30E-05 % 7.23E-06 * 9.68E-06 »
* % 110 OMN * * * * * * * * * * *
* * * * x * * * x * * * *
* 8 *x 13/ 5/74 » 2.1 933 * 1.21E-04 * 1.03E-04 * 9,32E-05 * 1.42E~05 * 3.53E-04 * 3,59E-0Z * 3.31E-05 * 3,70E-06 * 1.80E-05 *
* % 15H 15MN * * * * * * * * * * *
x ® . * * * * * * * * * *
* 9 % 28/ 5/74 % 2.3 955 * 1.91E-04 * * 1.62E-04 * * 2.10E-03 % * 6.68E-05 % * *
* % 15H i5MN % * * * * * * % * * *
x % * * * * * * x * * Tk *
*10 * 17/ 6/74 * 2.8 982 * 3,26E-04 * 2.75E-04 * 2.47E-04 % 4.50E-05 * 8.61E-03 *# 8.57E-05 % 7.83E-05 % * 3.69E-05 *
* & J0H 35MN * * * * * * * * * * *
F ) * ) * * * * * * * * * *
*11 % 25/ 6/74 % 2.9 97) % 3.40E-04 * 2.83E-04 * 2.65E-04 * 5,25E-05 * 5.32E~03 * 9,75E-05 # 9.90E-05 * 3.33E-05 * 4.21E-05 *
% & 14H 3SMN # * * * * * * .ok * * *
% * * * * Tk . * * * . * * *
*12 % 23/ 7/74 % 3.3 952 * 2.28E-04 % 1.30E-04 * 1.79E-04 * 4.08E-06 * 5,.01E-03 * 3,08E-05 * 4.89E-05 *# 3,29E-06 *# 1.66E-05 #
* k9 40MN * * * * * * * * * * *
x * * * * * * * * . * * * *
*13 % ° 9/ 9/74 » 3.3 97)° % 1.29E-04 * 1.30E-0% * 1.11E-04 * 3,69E-05 * 9.83E-04 * 6,83E-05 * 5.35E-05 * 1.73E-C5 *# 2.13E~05 *
* & 13H 50MN % * * * * * * * * * *
* * * . * * * * * * * * * *
*14 %19/ 9/74 3.4 985 * 1,52E-04 * 1.32E-04 * 1.21E-04 * 2.75E-05 *# 9.51E-04 * 5,39E-0S * 4.94E-05 * 1.63E-G5 * 2,19E-05 *
* % 9H "OMN * * * * * * * * * * *
* * * * * * % * * % * %
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TABLE A3 (Continued)
Fast Fl Vo_une
. 25 ue;ce Average R/B
Date - (10" n/m") Temperature|
Cell Time (E >29 £3) prer (°c) Kr85m Kr87 Kr88 Kr89 Xe133 Xe135m Xe135 Xe137 Xe138

*  x * * * * * * * * * * *
* * * * * * * ' * * * * *
Z * 1% 1/ 2/74 % 0.1 1020 * 2.00E-05 * 1.08E-05 * 1.62E-05 * * * * 2.08E;07 * * 5.91E-07 *
* * {1H OMN * * * * * .k * * = * *
* * . * * * * * * * * * * *
* 2 %12/ 2/74 * 0.3 1050  * 5.28E-05 * * 2.67E-05 * * 7.83E-05 * * 8,64E-07 * * *
* % 14H 10MN * * * *. * * * * * * *
* « * * * * * * * * * * *
* 3 % 18/ 2/74 % 0.5 1045 % 5.36E-05 * 2.15E-05 * 3.55E-05 * * 1.49E-04 * 4.26E-06 * 5.94E-06 * * 1.57E-06 *
* * 11H SMN * % * * * * * * * * *
* [ I * % * * * ) * * * * * *
Sk 4 % 4] 3/74 % 0.8 1040  * 3,33E-05 * 1,93E-05 * 2,51E-05 * 6.54E-07 * 9,57E-05 * 3.12E-06 * 3.07E-06 * 2.73E-07 * 1.32E-06 *
* * "% 14H 15MN * . * * * * % * * * * *
* % * *x % * * * S * * * *
* 5 %22/ 3/74 % 1.1 1035 ~ * 3.65E-05 * 2.01E-05 * 2.52E-05 #* * 1.34E-04 * 3.15E-06 * 4.40E-06 * * 1.47E-06 *
* * {1{H 20MN .* . * * * * * * * * * *
* * * * * * * ' } * * * * *
* 6 % 10/ 4/74 * 1.5 1025  * 5,10E~05 * 2.59E-05 * 3.58E-05 * 9.18E-07 * 9.66E-05 * 3.49E-06 * 5,50E-06 * 3.02E-07 * 1,56E-06 *
* % 1SH OMN * * * * ® * * * * * *
* * * * * * * * * * * * *
* 7 * 22/ 4/74 % 1.7 1005 % 4.14E-05 * 2.57E-05 * 3.10E-05 * 1.39E-06 * 2.09E-04 * 3.68E-06 * 5.24E-06 * 3,09E-07 * 1,50E-06 *
* * 14H 15MN * : * * * * * * * * * *
* * . L% * * * * * * * * % *
* 8 % 14/ 5/14 * 2.0 930 * 4.06E-05 * 2.26E-05 * 2.35E-05 * * 1.27E~-04 * 4.08E-06 * 6.51E-06 * * 1.63E-06 *
* * 11H J0MN * * * * * * % * * *- *
* * * * * . * * S * * * *
* 9 x 28/ 5/74 * 2.3 985 * 4. 74E-05 * 2.51E-05 * 4.40E-05 * * 1.38E-03 * 5.32E-06 * 8.87E-06 * 1,80E-06 * 2.51E-06 *
* * 10H IOMN * * * * * * * * * * *
L] * * * % * * * * * * & *
* 10 * 17/ 6/74 * 2.8 985 * 1.20E-04 * 9.79E-05 * 8,75E-05 * 2,10F-05 * 1.17E-03 * 2,93E-05 * 2.95E-05 * 1,58E-05 * 1,43E-05 *
* * 14H 30MN * * * * * * * * * * *
* * * * *. * * * * * * x *
* 11 * 26/ 6/74 * 2.9 970 * 3.99E-04 * 2.14E-04 * 2.65E~04 * 1,7SE-05 * 8,03E-03 * 4.98E~05 * 6.75E-05 * 5.22E-06 * 2.46E-05 *
* * 14H 45MN * * * * * * : * * * * *
* * * * * * * * * * * * *
*x 12 * 23/ 7/74 * 3.2 970 * 3,45E-04 * 1.93E-04 * 2.74E-04 * 5.65E-06 * 3.14E-~03 * 5.09E-05 * 1.17E-04 * 5 66E-06 * 3.14E-05 *
* # 14H 15MN * * * * * * * * * * *
* * * * * * * * * * * * *
* 13 * 11/ 9.74 * 3.3 985 * 2 80E-04 * 2.33E-04 * 2,17E-04 * 6.60E-05 * 5.05E-04 * 1.02E-04 * 8.01E-05 * 4,46E-05 * 5.68E-05 *
x % O 25MN * * * * * * * * * * *
* * * * * * % * * * * * *
* 14 % 18/ 9/74 * 3.3 990 * 3_39E-04 * 2.85E-04 * 2,64E-04 * 4.63E-05 * 1.62E-03 * 7,.59E-05 * 7.74E-05 * 2.45E-05 * 4.09E-05 *
* *® J4H 50MN * * . * * * * * * * * *
* * ok * * * * * * * * * *
* * * * * * * * * * 3 * *
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TABLE A3 (Continued)

Fast Fluence AV-)lume
25 2 varage R/B
Date (10" "n/2%) Temparature
Cell Tme € >20 en, | CO K85, l Kr87 | Kr88 | Kr89 l Xe133 | Xe135m l Xe135 | Xe137 | Xe138
* * * * * * * * * * * * *
* * * Tk * L% * * * * * * *
4 ® 1 % 1, 2/74 * 0.1 1125 % 7.17E-07 * 8.06E-J)7 * 7.35E-07 * * * * ).66E-08 * % 7.31E-08 *
* * 11H S50MN * * * * * * * * * * *
* * * * * * * * * * * * *
k2 & 12,7 12/14% 0.2 1125 % 1,07E-06 * 6.40E-27 * 8.03E-07 % * 6.02E-07 * 2.14E-07 * §,48E-08 * * 2.69E-08 *
* % 1SH SMN ’ * * * * * * * * * *
* * * * ® * * * . * * * * *
* 3 % 18, 2/74 * 0.3 1125 % 1.11E-06 * 7.26E-)7 * 9.00E-07 * * 7.18E-07 * * 3.02E-08 * * 4,39E-08 *
* * 12H OMN * * * * ® * * * * * *
* * ) * * * * * * * * * *
x 4k 4y 3/74 % 0.5 1125 % 1.44E-06 * 1.20E-J6 * 1,22E-06 * * 1.07E-06 * 2.(8E-07 * 6.88E-08 * * 1.24E-07 *
*® * 11H 25MN = * . * * * * ® * * * *
* * * * . * * * * * x * * *
k 5 %22, 3/74 % 0.7 1125  * 1.98E-05 * 1,.41E-D5 * 1,62E-05 * * % 5.85E-06 * 9.18E-07 * * 4,90E-06 »
*, * 10H 25MN * * * * * * L] * * * *
. * * * * * * * * * * * *
k 6 % 107 4/74 * 1.0 1130 % 3.25E-05 * 2.82E-)5 * 2.62E-05 * 9.83E-06 * 4.53E-05 * 9,04E-06 * 9.06E-06 * 2.90E-06 * 5.60E-06 *
* ‘% 11E 45MN * * ’ * * * * * * * * *
* * * * * * * * & * * % *
k7 k 22/°4[1L % 1.2 1120 % 2.84E-05 * 2,42E-J5 * 2,65E-05 * 5.37E-06 * 2.28E-0a * 6.13E-06 * &.11E-06 * 2.76E-06 * 3.71E-06 *
* * 15E 30MN * * : * * * x - * * * * : x
* * * * * * * * * * * * *
* B % 14) 5/746 * 1.4 1135 % 5,52E-05 * 4.50E-)5 * 4.55E-05 * 8.94E-06 * 1.40E-0& * 1.55E-05 * 1.77E-05 * 5,74E-06 * 7.41E-06 #*
* * [4E 4SMN * * * T % * x * * * * *
* * * . * * * * * * * * * *
* 9 % 28,°5/74 % 1.6 1145 * 2,7GE-064 * 2,27E-)4 * 2.23E-04 * 4.11E-05 % 3.18E-03 * 6.95E-05 * T.63E-05 * * 3,57E-05 *
* - % 2K 45MN % * * ok * & % * * * *
* * * * * * * 3 * * * * *
* 10 % 17/ 6/74 * 1.8 1155 % 7.9EE~064 * 7_.57E-94 * 6.59E-04 * 1.29E~04 % 9.68E-03 * 2.2JE-04 % 3.00E-04 * 7.61E-05 * 9.17E-05 #*
* * [4F 30MN * * * * . * * * * * * *
* * * * * * * * * * * * . *
* 11 % 26f 6/7L * 1.9 1140 * 8,0CE-D4 * 4.99E-D4 * 6.62E-04 * 1.52E-04 * 9,94E-0% * 1.23E-04 * 2.72E-04 * 5.33E-05 * 5.29E-05 *
* * 9F 45MN. * * * * * * * * . * * *
* * *° * * * * * * * * * *
* 12 % 23 7/76 % 2.0 1125 * 9_87E-D4 * 6.55E-04 * 7.87E-04 * * 4,11E-05 * 1,01E-04 * 3,94E-04 * * *
* * |1F 20MN * * * * * * * * * * *
* x - * * * * * * % * -t * *
X 13 % 9 9/7¢ % 2.1 1125 * 6.88E-04 * 6.74E-94 * 5,56E-04 * 1,77E-04 * 2 28E-0% * 3,00E-04 * 2.71E-04 * 8.43E-05 * 1.13E-04 *
* * |5F 4SMN * * . * * * * * * * * *
* % . * * * * * * % * * * *
* 14 * 197 9/76 % 2.2 1125 % 7.93E-04 * 6.77E-94 * 5.64E-04 * 9.06E-05 * 7.40E-0> * .3,03E-04 * Z,77E-04 * 5.44E-05 * 9, 85E-05.-#%
* * 10E 45MN * * * * * * % * * : * *
* * * * * * * * * * * * *






