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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 (liEU) mixed oxide (8Th,U)02 fissile and Th02 fertile 

particles were tested over the following exposure conditions: 

1. 3.8 to 11.0 x 1Q25 n/m2 (E > 29 fJ)HTGR. 

2. 960° to 1120°C time volume average tempe!ature. 

3. Mixed oxide (8Th,U)02 burnup between 5.3 and 11.4% FIMA and Th02 

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 ~~vels between different TRISO~cGated (8Th,U))02 fissile 

particle types showed that the 400-~m~diameter kernel design was more 

conservative than the 500-~m-diameter designs. High OPyC failure .levels 

(1.6% to 83%) on TRISO-coated fissile particles were attributed .. 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 11.8%, which was approximately two orders of magnitude greater than the 

fraction determined by the standard burn-leach technique. The results imply 

iii 



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. INTRODUCTION 

A cooperative program between General Atomic Company (GA) and the 

French Commissariat a l'Energie Atomique (CEA) was 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 reactor 

at Grenoble, France were the first in a series of instrumented irradiation 

tests planned under the cooperative GA/CEA program. The GF-1, G~-2, and GF-

3 capsule tests were irradiated between October 31, 1973 and July 25, 1975. 

High-enriched uranium (HEU) mixed oxide (8Th,U)02 fissile particles and 

Th02 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 French 

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 25% occupied 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 is 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)02 between 5.3 and 11.4% FIMA and 

for Th02 between 1.1 and 3.6% FIMA. 

The purpose of this report is, to describe in detail 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, auu GF-J irradiation testa wuo 

given in Ref. 1-1; the intent ot thiS report is to pruvlu~ a wuL~ 

comprehensive discussion of the results. 

REFERENCE ' 

1-1. 'Bla~chard, R., and M. L. Pointud, "Rapport.de Synth~se 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)02 fissile fuel and BISO-coated Th02 

fertile fuel. 

2. 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 ·uc2 and Th02 fuel systems. 

3. 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. 

4. 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*' summarizes 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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TABLE 2-1 
OBJECTIVES OF DIFFERENT FUEL ROD TYPES TESTED IN CAPSULES GF-1, GF-2, 

AND GF-3 

Fuel Rod 
Type 

a 

b 

' b' 

c 

d 

e and e' 

f and f' 

Coated Particle Type 

Fissile Fertile 

TRiso HlSU 

TRISO niso 

TlUSU BISO 

TRTSO TRISO 

BISO BISO 

TRISO BISO 

TRISO BISO 

Purpose 

test fissile TRISO parLlcle::; wlLll 
oxide kernels.and the potential 
performance improvement associated 
with a smaller kernel diameter 
(400 ~m) compared to the reference 
500-~m-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 ~m on the 
reference kernel diameter (500 ~m). 

Test fisl:llle TRISO !::'articles that have 
increased heavy me.ral luadlug clt!u::;ll.y 

Test a total TRISO system having oxide 
kernels and demunslrale ~ ltigher 
retention ~f fission products compared 
to a TRISO/BISO fuel system. 

Test a total BISO system for 
comparative purpul:les with TRISO/BISO 
and TRTSO/TRTSO fuel systerne: 

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 SANPLES 

3.1.1. Description 

Fissile and fertile coated particl.es with both TRISO and BISO designs 

were tested in the GF c.apsules. One of the fissile particle samples con­

tai~ed reference large high-temperature gas-cooled reactor (LHTGR) HEU ura­

nium carbide kernels while the remaining fissile particle samples contained 

HEU mixed (8Th,U)02 kernels. All fertile particles had thorium oxide-ker­

nels. One batch of TRISO-coated particles containing carbon resin kernels 

. was used in the fuel rods as inert particles. All kernels and coated parti­

cles were fabricated at GA according to the Fuel Materials Branch 

specifications (Ref. 3-1). 

3.1.1.1. Fissile Particles. The (8Th,U)02 fissile particles were TRISO 

coated with the exception of one BISO-coated batch. In addition, a single 

batch of TRISO-coated, 200-~m diameter UC2 [VSM (drop melting)] was tested; 

however, this fuel l:ylJI:! was uuly tested as loose particles. The (~Th,U)02 

kernels were either 400 ~m or 500 ~m in diameter. The 400-~m kernels were 

coated with a conservative TRISO design in order to provide high assurance 

of low particle failure fractions. TRISO-coated fuel with 500-~m kernels 

was based on the following design considerations: 

1. A conservat:ivt!ly designed TRISO coating with a predicted end-of­

life pressure vessel failure of 0. 5% (Ref. 3-1). 

"' 
2. A high heavy'metal density TRISO coating design with a predicted 

end-of-life pressure 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-~m-diameter, TRISO-coated (8Th,U)02 fuel particles were 

directed at establishing an acceptable upper limit to high heavy metal den­

sity TRISO design. BISO-coated (8Th,U)02 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 ot these particles to cooler regions. 

3 .1. l'.:L. Fertile l'articl~s. All fert:ill! par·LlL:ll:'!;; l'.t.JIILa.itled 500 ~m 

kernels, with the majority of the samples being Th02 BISO-coated particles, 

Le. ,'the candidate ·reference HTGR fertile fuel (Ref. 3-2). One Th02 -BISO 

sample was obtained by separating it from the parent batch using a gradient 

density column. This technique ensured that the particles would have a con-· 

stant total co~ted particle den~ity. In addition, one batch of TRISO-coated 

Th02 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-~m carbon resin kernels. 

3.1.2. Fabrication 

All oxide kernels were made by a gel-supported precipitation technique. 

The VSM process was used to manufacture the UC2 kernels. Inert carb'on ker­

nels were processed from cation ex6haf1ge resin beads. After kernel fabrica­

tio~ particle coatings were deposited in a 127-mm fluidized bed coater. TI1e 

TRISO coatings were fabricat~d with buffer from propylene, SiC from methyl­

trichlorosilane~ and PyC from propylene. The BISO coatings were fabricated 

with buffer and 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', c; and·d.· Each rod ·type contains different batch combinations of fis­

sile ~nd fertile particle~ 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 

pitch binder (A240 petroleum pitch, Ashland Oil Company), additives (octa­

decanol and polystyrene), and graphite n·our (6353 natural flake graphite 

flour, Asbury Graphite Mills). A general descri!)tion of fuel rod types 

irradiated in each capsule is given in Table 3-5. 

3.3.2. F~b~ication 

·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 % 
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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. Fissile Particles 

Two batches of TRISO-coated and one batch of BISO-coated (8Th,U)02 

fissile fuel particles were fabricated by CEA DMG at Grenoble. The kernel 

diameters ranged between 468 and 518 ~m with other coating thicknesses 

comparable to GA-fabricated particles. 

3.4.2. Fertile Particles 

Two batches each of TRISO~ and BISO-coated Th02 fuel having kernel 

diameters between 490 and 509 ~m 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 

cylindrical compact at ~200°C .. Two rods designated e and f contained 

natural graphite in the matrix 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, GF-2, and GF-3 

Irradiation Capsules," General Atomic unpublished data, December 15, 

1974. 

3-2. "HTGR Fuel Product Specification," General Atomic unpublished data, 

August 1979. 
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!I'ABLE 3-1 
S~Y JESCRIPTION OF GA-COATED PARTICLES IRRADIAT~D IN CAPSULES GF-1, GF-2, AND GF-3 

Coatings 

Kernel (a) 
Buffer IPyC SiC 

T'uck- Thick- Thick- Fraction Sa~tpl.e 

Data Retrieval Diameter -.ess Density ness Jensity 
OPTAF{b) 

ness Density Defective {c) 
Number Type {).Jm) TY?e ().Jm) {Mg/m3) 

6151-00-010 uc2 199 TRISO 97 

6155-00-010 {8Th,U)02 403 TRISO 80 

6155-00-020 {8Th,U)02 397 TRISO 78 

6155-00-030 {8Th,U)02 410 TIUSO 79 

6155-01-010 {8Th, U)02 512 TRISO LOO 

6155-01-020 {8Ih, U)02 502 TRISO L06 

6155-01-030 (8Th,U)02 506 TRISO L03 

6155-02-010 {8Th,U)02 504 TR:ISO 77 

6155-02-020 {8Th,U)02 505 TR:ISO 80 

6155-02-030 {8Th,U)02 493 TR:ISO 79 

6445-oo-:..oto (8Th,U)02 513 BISO 90 

6252-00-020 Th02 512 TR:ISO 74 i 
6542-02-036 Th02 481 BISO 79 i 

! 
6542-02-037 Th02 474 BISO 73 i 

6351-01-020 c 210-297 TRISO (e) 

{a)Uranium is app~oximately 93.15% enriched U-235. 

(b)Optical anisotropy factor, relative unLts. 

1.18 

1.22 

1.15 

1.19 

1. 22 

1. 24 

1.23 

1.13 

1.18 

1.16 

1.17 

1.16 

1.18 

1.18 

(e) 

{).Jm) (Mg/m3) ().Jm) {Mg/m3) SiC 

35 1.94 1.19 31 3.20 {e) 

32 1.88 1.22 32 3.22 {e) 

27 1.92 1.11 31 3.22 {e) 

30 1.90 1.18 28 3.22 0.074 

30 1.96 1.20 27 3.22 {e) 

32 1.93 1.17 34 3.22 {e) 

31 1.95 1.24 27 3.21 0.089(f) 

26 1.94 1.25 28 3.21 {e) 

32 {g) 1.20 29 3.22 {e) 

29 1.94 1.22 30 3.22 0.068 

(h) (h) (h), (h) (h) (h) 

27 1.34 1.25 31 3.21 {e) 
·• 

(h) (h) {h) (h) {h) {h) 

(b) (h) {h) (h) (h) (h) 

29 1. 76 1.09 29 3.22 ·{e) 

{c)Determined by :-radiographic evaluation of burned-back particlea intruded with Hg at 69 MPa for 2 min. 

{d)Hercury intrusion ~t 69 MPa. 

{e)Hot determined. 

{f)Average of two separate measurements. 

(g) Not determined, density estio:ated to be approximately 1. 90 to L 95 Mg/m3 • 

{h)Not applicable. 

{i)Not determined. 

·, 

.. 

., 

Thick-
ness 
{).Jm) 

44 

36 

41 

39 

40 

42 

40 

40 

41 

39 

90 

42 

74 

80 

36 

OPyC 
Capsule 

Micro- Tested 
Density porosity (d) in 
{Mg/m3) (jnl/kg OPyC) OPTAF {GF-) 

1.80 6. 77 l.ll 1,3 

1. 78 6.41 . 1.13 2,3 

1. 76 7.51 1.14 1,3 

1. 78 9.42 1.08 1,2 

1. 78 9.19 1.13 2,3 

1.81 9.32 1.07 1,3 

1. 79 12.34 1.11 1,2 

1.81 9.36 1.13 2,3 

1.82 9.40 1.13 1,3 

1.87 12.93 ' 1.11 1,3 

1.83 (i) 1.12 1,2,3 

1.81 15.30 1. 24 2,3 

1.89 12.03 1.12 1,2,3 

1.89 12.42 1.12 3 

1. 75 9.08 1.12 1,2,3 
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TABLE 3-2 
FABRICATION COATING PARAMETERS FOR GA-COATED PARTICLES 

Inner .. Outer Isotropic 
Buffer Isotropic SiC 
Mean Mean Mean Mean Active Coating 

Sample coatinr coatinr Coating coattny Gas Volume 
Data Retrie-.,al Rate<a Rate<a Rate(a) Rate a · Fraction(b) 

Number Fuel Type (]Jm/min) (]Jm/min) (]Jm/min) (]Jm/min) (C/G + L + D) 

. 6151-00-010 Fissile TRISO 4.85 - 1.17 0.19 1.47 0.13 

-6155-00-010 Fissile TRI:30 20.1 4.57 0.48 2.25 0.11 

6155·-·oo-ozo Fissile TRI30. 26.0 3.60 0.54 2.83 0.11 

6155-01-010 Fissile TRBO 22.2 3.75 0.53 3.08 0.11 

6155-01-020 Fissile TRI30 24.9 4.57 0.48 3.36 0.11 

6155-02-010 Fissile TRI30 23.4 3.47 0.56 3.33 0.11 

615.5-02-020 Fissile .TRI30 24.6 4.27 0.55 3.42 0.11 

. 6445-00-0loJ Fissile BIS•J 33.3 (c) (c) 8.57 0.22 

6252-00-020 Fertile TRI30 24.0 7.14 0.13 4.24 0.13 

6542-02-036 Fertile BISJ 18.0 (c) (c) 2.16 0.13 

6542-02-037 Fertile BISJ 18.0 (c) (c) 2.16 0.·13 

6351-01-02{) Inert TRISO (d) 1. 38 0.14 1.06 o·.11 

(a)Determined from measured coating rate. 

(b)C = acti~e coating gas flow rate (CzHz + C3H6), L =levitation gas flow rate (Ar or He or Nz), 
and D =.diluent gas rate (Ar or He or Nz or Hz). 

(c)Not appli-~able. 
(d)Not determined. 
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TaBLE 3-3 
PRJPE~TIES OF GA TOTAL COATED PAET[CLES IRRADIATED IN CAPSULES GF-1, GF-2, ~D GF-3 

Exposed 

Fraction Def~ctlve 
Hydrolysis 

Sample Mean Particle Test 
Data Retrieval Diameter Jensity(a) Coated 

H•:(c) 
(g heavy metal) 

Number (~m) (Mg/m3) E'articles(b) . g heavy metal 
' 

6151-00-010 595 2.28 {f) :; X 10 -L (g) 

6151-00-010 713 3.31 (f) : X 10-L 4 X 10-6 
: 

10-6 10-7 6155-00-020 695 3.24 (f) :;. ·x <6 X 

6155..:oo-o~(h) 728 3.34 (f) o X 10 
-l. 

<7 X 10-7 

61~5-01~010 888 3.32 (f) € :X 10-~· <6 X 10-7 

6155-01-020 885 3.34 (f) c; ·x 10-6 7 X 10-5 

6ls5~ol-oJO<h> '· 
10-4 10-~· 10-4 884 3.33 7 X ::. :X 7 X 

; 

10-4 10-l. 10-7 6155-o2-0lo 831 3. 72 8 X ~ :X <6 X 

6155-02-020 840 3.69 ' (f) 
-l. 

<6 10-7 
::. :X 10 X 

6155~02-0JO(h) 812 3.74 (f) Ex 10-l. <6 X 10-7 

6445-00-010 870 3.21 (f) U) <6 X 10-7 

6252-00-020 833 3. 77 (f) :: :X 
-l. 

10' 9 X 10-7 

6542-02-036 786 3.54 (f) U) 9 X 10-6 

6542-02-037 768 3.54 (f) U) 9 X 10-6 

6351-01-020 573 1.83 (f) U) (i) 

(a) Measured by air p:;cnometer. 
(b) . 

Determined by micros.:opic examinetion of partic.Je batc.h radiograph. 

(c)Determined by burn-leach test. 

(d)Release.rate/birth rate of Kr-85m at llOO"C. 

(e)U denotes unbonded particle sample; a, b, b', c., d denot~ fuel rod types. 

(f)No failures observed. 

(g)Not determined. -

(h) Composite of abov~ two batches (i.e., -010 and -O:W). 

(i)Not applicable. 

Heavy Metal 

Leach Test Fission 
u Th Gas 

(g li/g U) (g Th/g T:1) Release(d) 

<10-7 <10-7 4 X 10-7 

1 x'l0-7 <10-7 4 
I 10-7 
X 

3·x 10 -6 3 X 10-b 2 X 10-6 

<10-7 6 X 10-b 6 X 10-7 

7 X 10-7 <10-7 1 X 10-6 

6 X 10-7 <10-7 6 X 10-7 

<10-7 3 X 10-6 2 X 10-7 

7 X 10-7 1 X 10-b 6 X 10-fi 

6 X 10-7 1 X 10-b' 8 X 10-~ 

7 X 10-6 4 X 10-6 3 X 10-7 

<10-7 <10-7 6 X 10-8 

(i) '• <10-7 (i) 

(i) 8 X 10-5 (i) 
10-5 : 

(i) 8 X (i) 

(i) (i) (i) 

Where 
Used(e) 

u 

u 
u . 
a 

u 

u 

b,c .. 
u ; 

u 
b' 

U,d 

U,c 

U,a,b,b' ,d 

u 
a,b,b' ,c,d 



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 lnner PyC ZrC Outer PyC 

Oescrip- Sample Particles 
Diam. Density Thickness Density Thickness Density Thickness Density Thickness Density 

tion No. CF-1 CF-2 CF-3 Type (pm) (gm/cc) Type (pm) (gm/cc) !••m) (gm/cc) (urn) (gm/cc) (urn) (gm/cc) 

Doped 4-9-2 600 240 120 (2A1, 451, 500 9. 35 7 8150 89 l.ll - - - - 88 l. 820 
Kernels 6u1-107E 8Th,U) 0

2 
4-18-1 360 120 60 (8Th, U) 0

2 
500 9. 917 8150 94 1.04 - - - - 88 l. 789 

6ll1-71E 

4-19-2 360 120 60 (. 5 51. 500 9. 357 8150 98 1.14 - - - - 85 1.804 
61ll-101E 8Th.U) 0

2 
4-19-1 360 120 60 (2 51, 500 8. 758 8150 92 1.06 - - - - 86 1.804 
6ll1-95E 8Th,U) 02 

4-18-2 360 240 60 (4 5(, 500 7.822 8150 91 1.04 - - - - 83 1.802 
6ll1-93E 8Th,U) 02 . 
4-10-1 360 120 60 (.5 A1, 500 9.99 8150 . 105· 1.12 - - - - 95 1.823 
6111-ll1E 8Th, U) 0

2 
4-5-2 360 120 160 (2 A1, 500 9. 75 8150 93 1.12 - - - - 94 1.823, 
61U-109E 8Th,U) 02 

4-5-1 360 240 60 (4 A1, 500 9.06 8150 95 1.08 - - - - 88 l. 812 
61ll-103E 8Th,U) 02 

4-12-1 360 120 60 (. 5A1,151, 500 5. 27 8150 93 1.05 - - - - 96 1.817 
6ll1-ll7E 8Th,U) o

2 
4-12-3 360 120 60 (2A1, 251, 500 B. 38 8150 95 1.04 - - - - 84.3 l. 817 
6U1-I05E 8Th,U) 0

2 
4-13-1 360 no 60 (2A1, 151, 500 8. 72. 8150 96 l.ll - - - - 100 1. 799 
6111-99£ 8Th,U) o

2 
Doped 4-12-2 360 240 60 (4A1; 451, 500 7. 26 8150 95 1.09 - - - - 91 1.814 
Kernels 6111-1i3E 8Th,U) o

2 

I 
51 6171-105£. - 240 120 (8Th,U) 02 400 9. 70 Silicon 97 l. 21 17 l. 864 - - 84 .. 

2.149 
8150 8150 (19% 51) 

I 
6171-107£ - 240 120 (8Th,U) 02 400 9. 70 Silicon 97 1.21 17 1.864 - - 81 2.195 

8150 (25% 51) 

6171-115£ - 240 120 (8Th,U) 02 400 9. 70 Silicon 97 l. 21 17 1.864 - - 78 2. 321 
8150 (39% 51) 

"' ~ 6171-117£ - 240 120 (8Th,U) 01. 400 9. 70 Silicon 97 1.21 17 1.864 . - - 85 2.481 
..< 
~ HlSU (4/.~i: Si) 
~ 

"' 
;! 51 6171-119£ - 240 120 (8Th,U) 02 . 400 9. 70 Silicon . 97 1.21 17 1.864 - - 61 2 .4'17 

"' 8150 8150 (40% Si) 

{ 
6171-67£ - 150 45 (8Th,U) 02 400 9. ~0 8150 97 l. 21 - - - - 80 1. 784 

l'rt 6171-65£ - . 150 45 (BTh,U) 02 400 9. 70 DI:JO 97 1. 21 - . - - 81 1'.847 
BISO 

6171-41£ - 150 45 (8Th,U) 02 400 9. 70 8150 97 1. 21 - - - - 87.3 1.936 

HTI { 6222-19E - 150 45 (8Th,U) 02 400 9. 70 8150 97 1.21 - - - - 87 1. 718 

BISO 6222-25E - 150 45 (8Th,U) 02 400 9. 70 8150 97 1. 21 - - - - 76 1.583 

6171-15E 120 - - uc2 
200 10.99 TR1SO 120 l.O(a) - - 46 6.2(a) 64 l.8(a) 

·~ ~00[ 6171-17E 120 . - - (8Th,U·) 02. 400 9. 70 TR150 84 l.O(a) - - 52 6.2(a) 75 l. 8(a) 
~grt1.• 

cles 6111-145£ 120 - - (8Th,U) 02 400 9. 70 TR1SO 110 .97 13 . l.S(a) 45 6.2(a) 8S 1.8(a) 

6111-147£ ·120 - - uc2 200 10.99 TIHSO . 102 .98(a) 8 1.8(a) 45 6.2(a) 50 l. 778 

•~moo! 
6171-15£ 24 24 - (8Th,U) 02 400 ·9. 70 TRI50 84 l.O(a) - - 52 b.2(a) 75 l. H(a) 

Particles 6171-17E 36 36 - uc2 
200 10.99 TR1SO 120 l.O(a) - - 46 6.2(a) 64 1.8(a) 

for 
Bonded 6111-145£ 24 24 - (8Th,U) 02 400 9. 70 TRI50 110 . 97 13 l. 8(a) 45 6.2(a) 85 l. 8(a) 

Rings 6111-147£ 36 36 -. uc2 
. 200 10.99. TRISO 102· .98(a) 8 1.8(a.l 45 6. 2 (a) 50 1. 778 . SiC 

OPUF 6111-13 9 - 8 A12o
3 

1/64 3.95 TR1SO - - 36 1. 782 30 3.2 31 1. 975 

Ser~e~ (1/64 in.) ·in. 

6111-13 4 - 5 A120
3 

1mm 3. 95 TRI50 - - 29 .l. 828 30 3.2 35 l. 972 

(1 mm) 

~).1.1-9 10 - In AJ
2

n
3 

1/fi, 1.qs TRTSO - -. 36 l. 782 30 3, 2 43,7 l· 94~ 
(1/64 in. l in. 

6111-9 5 - 5 A1
2

o
3 

1mm 3. 95 TRISO - - 29 1.828 30 3. 2 . 60 1. 941 

(1 mm) 
I 

6111-3 4 - 4 A12o
3 

1/64 3.95 TR1SO - - 36 1. 782 30 3.2 36 1. 959 

(1/64 in.) .in. 

.6111-3 1 - 1 A120
3 

1mm ]. ~5 TRISO - - i9 1. 828 30 3.2 49 1.953 

(1 mm) 

6041-137 4 - 4 A12o
3 

1/64 3.95 TR150 - ·- 36 1. 782 30 3.2 27 1. 965 

(1/6~ l<>.) in. 

OPTAF 6041-137 1 - 1 A1
2

o
3 

1mm 3.95 TRI50 - - 29 1.828 30 3.2 23• 1.981 

SP..rieA (1 mm) 

, 
(a) estimated 

3-9 
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Stn1MARY DESCRIPUO>; lF G.\ FU'lL R~~~LiR~lATED IN CAPSULES GF-1, GF-2, AND GF-/
3

) 

Coated Part:c.les Mat~ix<=l. 

PitC:. Cote•.e: Expos-ed 
Defective 

Data 
Fissile F=rtile Green Rod SiC Coatings<Jl 

Retrieval 

I 
Dnta 

I 
Data Po~~~~(d) 1

1Ap•areot 
Dimensions 

F=:~~!~tf) 
FueL Loading Fission 

l:e~·ry M~:tal (i) 

R·Jd number Ret:-ieval Retrieval Yield [e!lsity 
(lJm) Uniformity (g) 

Rel~::e ~h: ( S •envy metal) u I Th 
Typ> (b) 7:61-003- Type NUilber ~pe Number (%) (t) (M;:/113) Dl;:meter I Length (%) u ITh g !I-eavy metal (g U/g U) (g Th/g Th) 

GF-1 Capsule 

a 01-4 (~i~o2 6155-00-030 ThO_ BISC 6542-02-036 35 32 l.lJ l 573 5.016 58 1.01 1.02 1 X 10-S :! X 10-4 

<.Q X 10-7 
(k) (1) 

a 01-5 (~i~bo2 6155-00-030 ThO .• BISC 6542-02-036 35 33 ).13 1 573 4.991 58 1.01 1.06 3 X 10-6 ! X 1•)-4 (k) (1) 
- <) X 1•)-7 

b 02-5 <~i~bo2 6155-01-030 ThO • BISC 6542-02-036 33 32 ).13 1.573 5.018 57 1.07 1.02 2 X 10-6 <l x 1r7 (k) (1) 

b' 03-5 (Th,[)O. 6155-02-030 
TRISO ~ 

ThO! BISC 6542c02-036 34 35 ).14 1.573 '5.040 57 "1.0~ 1.06 2 x 10-6 5 X 1)-4 (k) (1) 

-CF 2 Capsule 

• 01-6 (Th, U)O. 6155-00-030 ThO~ BISC 6542-02-C36 35 ;4 ).13 1.573 5.031 57 1.01 LOB 2 X 10•6 2 x n-4 (k) (1) 
TRISO ..: <5 X 1)-7 . 08-4 (Th,U)O. 6155-00-030 Th()o~ BISC> 6542=,J2-C36 31 25 ).10 L573 4.994 57 1.02 1.07 3 X 10•6 • <:!I. X l.J-6 (k) (1) 

(packed bed) TRISO • 

c 04-6 (Th,U)O, 6155-01-030 Th~ TRI:o 6252-J0-02C 31 31 J.ll L573 4. 983 58 1.1)7 1.04 2 x w-6 <3. X l.J-6 8 x 10-4 2 • to-3 
TRISO • 

c 04-7 (Th,O)O, 6155-01-030 ThOz TRI:-0 6252-D0-02C 31 32 J.l2 1..573 5.003 57 1.01 1.03 1 X 10-6 <L x w-6 8 X 10-4 2 x to-3 
TRISO • 

d 05-4 (Th,O)O: 6445-00-010 ThOz BIS• 6542-02-03€ 37 32 0.12 1.573 4.969 57 L07 1.04 8 X 10-7 <l X J.0-6 (1) (1) 
BISO 

d 05-5 (Th,O)O. 6445-00-010 Th":! BIS• 6542-Q2-03E 37 31 0.12 E.573 4.971 58 1.03 L03 1 x 1C~6- <l X J.0-6 (1) (1) 
BISO 

-CF 3 Capsule 

b 02-4 (Th,U)O. 6155-01-030 ThS BI_sl 6542-Q2-036 33 33 0.1:! D.S73 4.984 58 L11 LOS 3 x u.-o Ci6 X 1()- 7 (k) (1) 
TRISO -

b' 03-4 (Th,Ulo. 6155-02-030 Thl::e BISJ 6542-02-036 34 3o o().}; 1.57:! 5.011 57 1.07 L04 3 X 10-? 6 x Jo-4 (k) (1) 
TRISO -

c 04-4 (Th,'J)O, 6155-01-030 ThS TRI50 6252-00-020 31 32 ·O.lL J. 574 4. 957 58 1.02 1.04 1 X 10-E cl X 10-6 8 X 10-4 2 x 10-3 
TRISO -

c 04-5 (Th,:Jlo, 6155-01-030 ThC; TRGO 6252-00-020 31 30 0.11 1.57;. 4.971 58 LOS 1.07 1 X 10-E •: X J0-6 8 X 1C-4 2 X 10-3 

TRI30 -

(a)Required fuel loadings nre 0.130 g cf U-235 &.d 4.371 g of Th-Z32 per rod. Each ·r.;,d contai.ns ZS vel % 1099 impregnated shim (FOlH) and TRISQ-coated carbon ::.nert particles (6351-01-020). 

(b) All rods cured-in-place ex~ept where noted. . 

(c)Ft:el ~od matrix has A-240 ?itch for the binder, 6153 natur.sl flake s=aphite fo= t:"le filler~ an:l SCC•ll as an additive. 

(d)Determined from metallogrB..?hic cross section c-f a ::ompanicn fired rod from same b!lto. 

(e)Celculated from green and fired :uel rod' wei,&ts snd nomir.al part:tcle weights. ~ 
(f)Calculated from fired rod and nomin.sl partic:e pammeters. i 
(g)Ratio of maximum gamma COI.Klt rate to mean co11at r~e deternined from grumr.a cou."\ting toth ends of T•d. 

(h)Release =ate/birth rate of: Kr-85m at 1100°C. 

Primary Variables 

Conservative, 400 lJm kernel, 
TRISO fissile 

Conservative, 400 um kernel. 
TRISO fissile 

Conservative, 500 lJm kernel: 
TRISO fissile 

Less conservative, 500 1..1m kernel, 
TRISO fissile 

Conservative, 400 lJm kernel , 
TRISO fissile 

Conservative, 400 lJm kernel, 
TRISO fissile 

Conservative, TRISO fissile, 
500 lJm kernel, TRISO fertile 

Conservative, TRISO fissile, 
500 1Jm kernel, TRISO fertile 

500 lJ'm kernei, BISO fissile 

500 lJm kernel, BISO fissile 

Conserva-:ive, 500 lJm kernel, 
TRISO fissile 

Less conservative, 500 lJm kernel, 
TRISO fissile 

Conservative, TRISO fissile, 
500 1Jm kernel, TRISO fertile 

Conservative, TRISO fissile, 
500 lJm kernel, TRISO fertile 

(!)Determined by hydrolysis test. < s!.gn denotoei vakle belov the detectability of the apra:atus. A <:orrection factor to account for total conversion .;,f "ThO~ ::> Th•: 2 has been applied to rods having detectable contamination. 
Measureaents made on one or two companion rods. Moe.an vsJ..ue given if tAl·=> n·.llllber::s were simllat:; b~>th val·.a·~s given if numbers differ by or~ers of magnitude. 

(j)Detennin~d by burn-leach test; measurement m.a.ie or; companion rod fro:n same bat::h. 

(k)Not determined. 

O)Not applicable. 
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TABLE.3-6 
PROPt:RTIES OF CEA TOTAL COATED PARTICLES IRRADIATED IN CAPSULES GF..-2 AND G:F~3 

Surface 
Contamination 

• 
Mean Acid Where Mean Particle Leach Crushing 

Diameter(a) 
-

Weight( c) Particle Particle (ppm/ Activity .Facetin~ Force 
Batch No. (]Jm) Density(b) (mg) particle) (l-1 Ci) (MIFI) ( ) (kg) Capsule 

MG 156 . 821 3.14 0.905 Th = 6 1. 5 X 10 -8 3.96 2.2 GF-2,-3 
u = 5 

MG 165 857 3.13 1.024 Th = 1 -8 1 X 10 · 3.76 2.3 GF-2 
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 ~ 0.5 

:t-1G 178 885 3.19 1.155 (f) 35 X 10-8 3.88 2.2 GF-2,-3 

MG 197 845 2.88 0.898 Th = 7 2.3 X 10-8 2.92 (f) GF-2,-3 
U='4 

MG 199 822 3.11 
.. 

0.882 Th = 1.1 0,5 X l0-8 2.76 (f) GF-2,-3 
u = 0.5 . 

MG 207 810 3.29 0.881 Th = 8 10 X 10-8 3.65 1.9 GF-3 
u = 3 

j 

. (a)Measured by radiography. 
(b) D . b A '- . . I ens1ty y rcu1meces pressure. 

(c)By weight after co~ting. · 

(d):t-U!Fl; = index of variation in form between 1 for the poor form and 4 for the spherical form. 
(e) . 

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

(f) Not de t·ermined. 

Used 

Test 
Type(e) 

U,f 

u 

u 

U,f 

u 

u 

u 
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TABLE 3-7 
FABRICATION COAU:t\G PARAMETERS FOR CEA-COATED PARTICLES 

Seal Inner Outer Isctrop:j.c 
Buffer Coat Isotropic SiC 
Mean Mean Mean Mean Mean Active Coating 

Particle Coating Coating Coating Coating Coating Gas VolumE 
Batch Rate Rate Rate Rate Rate Fraction() 
Number Fuel Type (]llll/min) ( J1I11/ min) (]Jm/min) (]Jm/min) (]1m/min) (C/C + L + D) 

MG 156 Fertile BISO 11.5 11.5 . (a) (a) 2.22 0.3 

MG l6.5 Fertile TRISO 10.8 10.8 2.54 0.17 2.22 

MG 17.5 Fertile ·TRISO 11.79 11.79 2.52 0.40 2.25 

MG 17-3 Fissile TRISO 14.0 14.0 2.80 0.20 2.35 
MG 19"7. 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 20"7 Fertile BISO 15.1 15.1 (a) (a) 4.5 

(a)Not applicable. 

(b) C = volume of C3H6, L volume of ine1rt levitation gas Ar, and I· = volume .of H2 diluent gas • 

• 



TABLE 3-8 
SUMMARY DESCRIP!ION OF CEA-COATED PARTICLES IRRADIATED IN CAPSULES GF-2 AND GF-3 

Coatings 

Buffer IPyC SiC OPyC Capsule 
Kernel 

Thick- Thick- DAR(b) Thick- Thick- DAR Tested 
Parti::le Diameter ness(a) Density ness Density (Optical ness Density ness Densit)(c) (Optical in 
Batch No. Type (\lm) Type (vm) (Mg/m3) (lJm) (Mg/m3) Anisotropy) (\lm) (Mg/m3) (\lm) (Mg/m ) Anisotropy) (GF-) 

MG 156 Th02 490 BISO 85 1.13. (d) (d) (d) (d) (d) 80 -1.9Q 1.010 2,3 

MG 155 Th0 2 490 TRISO 89 1.21 30 1.93 1.022 . 22 3.185 40 1.86 1.016 2 .. 

MG 175 Th0 2 490 TRISO 92: 1.12 27 1.95 . 1.022 26 3.195 39 1.85 1.018 2,3 

MG 178 (8Th,U)0 2 518 TRISO 93 1.09 29 1.95 1.028 25 3.195 40 1.88 1.016 2,3 

MG 197 (8Th,U)02 477 BISO 97 1.11 (d) (d) (d) (d) (d) 87 1.85 1.014 2,3 

MG 199 (8Th,U)0 2 468 TRISO 90 1.11 27 1.87 1.022 24 3.195 37 . 1.85 1.020 2,3 

MG 207 Th02 ,509 ·alSO 84 1.08 . (d) (d) (d) (d) (d) n· 1.92 1.014 3 

(a)Mean by radiography and photodensitometry. 

(b)DAR {window diameter= 15 vm); DAR~ OPTAF and BAFo ~ 0.27 x OPTAF + 0.733, where OPTAF is optical anisotropy factor and BAFo is Bacon 
anistropy factor detenmined· by Seibersdorf device using 25 vm spot diameter. 

( ) 
c By flotation. 

(d)Not applicable •. 



w 
I 

~ 

Fuel Rod 

Type Number 

e 237 

e' 239 . 

f 815 

f' 817 ° 

Fi::sile 
Irradiated In 

Capsule Cell Type Numbe:: 

GF-i 1 (ETh,U)o 2 6155-0:-020 I 
·. 'IF. ISO 

GF-1 1 (6Th;U)0 2 6155-o:-o2o I 
'IE. ISO i 

GF-3 1 ~~ou>o2 MG 178 
i 

I 
GF-3 1 ~~ou>o2 MG 17S ! 

' 
I 

TABLE 3-9 
SUMMARY DESCRIP:ICN 0? ''IJE[ RODS IRRADIATED I~ CAPSULES GF-1 AND CE'-3 

F article Loadings Per lbd 
E'e1·tile Volume 

~nert Fraction 
Weight No. ::.f W~igl:t No. of (Fissile + ;Ieight lb .. cf' 

(g) Part::lcles Type Nutrbe.r :gJ Particles Fertile) (g) Part:lcl~s 

2.68 2);1J. 1':102 8ISO 6542-o:-036 6 62 7937 0.27 1.355 7521 

2.68 237J. T:102 BISO 6542-o:-036 .; 62 7937 0. 27 1.355 751; 

2.S.S7 22'<0 T:\02 BISO MG 156 7.16: 7917' 0.:!07 0.589 3"" ,, . 
2.587 22[;() Th02 BISO MG i.:6 7.16: 7917 o.::.o1 0.589 3 ........ < •• 

Matrix 
Totd Total Rod Oi:nensions (mm) 

Uranium Thorium 
Diameter Rod 

Type I Density Per Rod Per Rod Weight 
(CERCA) (Mg/m3) (g) (g) Top Middle Bottom Height (g) 

ICL 8102 I 1.6 0.14J 4.873 15.82 15.81 15.80 50.41 20.843 
t'atural I 

ICL 8418 1.6 0.140 4.873 15.84 15.!13 15.83 50.40 20.!120 
L:r ti ficial 

I.CL 8102 1.6. 0.1345 4.908 15.80 15.!11 15.80 50.3S 20.460 
T.atural 

LCL 8418 1.4 0.1345 4.908 15.76 15.76 15.77 50.09 19 .04S 
a.rtificial 



4. DESCRIPTION OF IRRADIATION 

4.1. IRRADIATION FACILITIES 

The GF-1, GF-2, and GF-3 capsules were irradiated in a Till1ULT G device . 

. TUMULT G occupied one-quarter of the available.core penetrations 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 shm.ving the individual component.s 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. Fig!lres 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 capsules GF-1, GF-2, and GF-3. The flux dosimeters used for 

these capsules were Cu, CuO, and VCo alloys; the measured thermal and fast 

flux axial profiles for Siloe core loc.ations 45G and 47G are sho"m in Figs. 

4-4 and 4-5, respectively. Table 4-1 provides a summary description of the 

irradiation test conditions for capsules GF-1, GF-2, and GF-3. A brief 

descri pti.on of the therm<ll 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-2, and GF-3 was based on in-pile 

temperat1.1rP. 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 thermocouples were located at the inner 

containment wall and in the eraphi.te bodies adjacent to the fuel compacts 

*Figures appear at the end of each section. 

4-1 



(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 W8S eSSentf~l tO l'TP17/7nt prQID::ttUrC failure 

of TRISO-coated fuel by Ni/SiC attack (Fig. 4-6). The C/A thermocouples are 

stahle during irradiation and are not affected by alloy composition changes 

caused by transmutation (Ref. 4-3); consequently, no irradiation c~rrection 

factors are required. Material thermal;. properties used in the c.n] r.ul.<~ti on 

of Gi'"-l, GF-~, and GF-3 temperatur~s are listed in Table 4-2.. Tt shm.1ld b~ 

n.oted in this table that the fuel rod thermal conductivity undergoes a 30% 

reduction during irradiation. This has been substantiated by actual me~­

surements.on irradiated rods (see Section 5.5). In addition to temperature 

measureme.nts, the following equations were .. used to relate· measured 

temperatures to calculated fuel temperatures: 

where Ts 

T r. 

surface temperature of fuel compact, 

measured graphite ·temperature, 

measured container wall t.P.mperature 

(controlled io '7~0°~ to maintain decign 

fuel temperature). 

(4-1) 

(4-2) 

These equations were established empirically by using a simulated mockup of 

the GF-1," GF-2, and GF-3 capsule design with electrical heaters serving as 

the heat source (Ref.· 4~1). These equations served to account for the 

geome.try and complicated heat fluxes in the system; consequently, a 

!3implif1ed one-dimensiomil heat flux thermal calculAt.i On was pOSSible for 

4-2 
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relating measured temperatures to calculated temperatur·es and powers. The 

tempel;'ature_ at the fuel rod axis -~Ta) is calculated as:. 

(4-3) 

where AT(k) is the calculated fuel rod radial temperature drop for a given 

power level. The calculated mean fuel surface and axial centerline 

temperatures for each cycle of capsules 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 (Tv) is: 

(T - T )/2 
a s 

(4-4) 

where V volume of fuel rod, 

radius of fuel rod, 

b 

The cor.r.espondtng time-volume average temper"ature is defined as: 

T_ t v, 1/t T_(.t)dt v -. , ... (4-5) 

where t is the irradiation time. Average temperatures are calculated in a 

like manner for the center of the fuel rod (Ta,t) and f~r the surface (Ts,t) 

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 2a 

uncertainty band on reported t.emperatures ;in capsules GF-1, GF-2, and GF-3 

is estimated at .... 1Q0°_C. This accounts for uncertainties associated with 

fuel rod the.rma1 conductivity, f_uel heat_. genera_tion rate (fission-. and 

gamma), and fuel rod/graphite radial gap widths. A more detailed discussion 

of thermal. analysis uncertainti~s i-n irradi~tion· ,cppsule .tests is presented 

in Ref. 4-4. 



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 fJ) 

fluence units. The neutron-induced lattice displacement rate in graphite 

depends on the probability of a neutron reaction occurring, Os(E), and the 

number of lattice displacements resulting from each reaction, p(E). 

Therefore, ~ displacement cross section can be defined as: 

on(E) Os(E)p(E) 

where ou(E) 

p(E) 

displacement cross section; the displacement rate per unit 

neutron flux of energy 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~ 

lihr~ries. 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 reactor is 

D 

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 national reference 
set of evaluated cross section data. 
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simplification for graphite is to select a limiting energy (EL) value of 29 

fJ (0.18 MeV); i.e., on forE > EL is equal to on(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: 

where 

total displacements 

a(EL)HTGR 

(4-7) 

(4-8) 

effective displacement cross section for an HTGR spectrum 

above energy EL, 

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

flux), 

equivalent HTGR fluence for damage in graphite for energy 

above EL, 

extent of irradiation test. 

Physically, ~(EL)HTGR is the neutron fluence above energy EL in an HTGR 
/ 

that is required to produce the number of displacements which occurred in a 

particular irradiation test. 
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Other displacement damage cha.racteristics have been defined for use in 
. . ·.~ . . ~ ~-· .. . . . . 

comparison of damage in graphite .. The "equiva},ent fission fluence for 

damage in graphite" ~G is defined as follows: 

or 

~ = 
G 

~G 
total displacements 

0 
X 

(4-9) 

(4-10) 

where t2 - t1 duration of the irradiation test, 

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

fiocion spectrum] , 

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

Physically, <I>c is the t:Luence required in a fission spectrum to prodUCI:l 

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

Using ~G as an equivale~t basis for comparison, the Siloe and HTGR 

rpactor spectra have the following fluence equivalence (Ref. 4-3): 

~(E > 161 fJ)silne x 2 ~G (4-11) 

~(E > 29 fJ)HTGK X 1.25 ~G (4-12) 

These equations imply the follovJing fluence equivalence: 

~(E > 161 fJ)siloe x 1.6 ~(E > 29 fJ)HTGR (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. Equation 4-13 was used to convert a measured Siloe 

fluence (E > 161 fJ) to a corresponding HTGR.fluence (E) 29 fJ). The cor­

responding fast and thermal axial fluence profiles for capsules GF-1, GF-2, 

and GF-3 are plotted in Figs. 4-7, 4-8, and 4-9. In 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 through 4-21. 

4.1.3. Heavy Metal Burnup Calculations 

Heavy metal burnup is a measure of the total fis.sions that have 

occurred in a fuel sample during irradiation, and it is proport.ional to the 

amount ·of fission products generated.· The heavy metal burnup of each fuel 

sample 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 1 levels into 99 separate groups. 

Required inputs are reactor power history, average thermal fluences, 

initial uranium and thorium loadings, macroscopic cross sections,· and 

fission yields. Isotopic fission yields were obtained from a compilation of 

Meek and Rider (Ref. 4-6). The cross sect1ons 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 
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complexity and computer run time, a simplified calculation was performed to 

determine burnups at the end of each irradiation cycle. This simplified 

code was used to pr·ovide a basis for noble fission gas re;t.ease [rate of· 

rele~se/rate of birth (R/B)] measurements during ea.ch cycle. The simplified 

code was capable of calculating isotopic concentrations and burnups to 

within ±5% of the more exact APPOLLO calculations. 

4.1.4. Fission Gas Release Heasurements 

The ~nert 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 (Kr-85m, Kr-87,.Kr-88m, Kr-89, Xe-137, and Xe-138) were measured. 

These isotopes were of primary interest because they con~Lltute 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 allm-ving equilibration of gaseous activity 

through a standard tube prior to sampling. After equilibration, 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 of the gas sample~ Lu Ll!e counting room. The 

daughter product, Rb-89, was used for determining the yield of the short­

lived Kr-89 isotope, and the longer-lived isotopes (Kr~85m, Kr-87, Kr-88m, 

Xe-137 • and Xe-138) wer.e counted directly. Absolute quanti ties of all iso­

topes were calculated to determine the amount of gas relea~eu al Ll!e 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 

rP1ease 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: 

failure 
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where R/B total release per birth, 

Uc beginning-of-life uranium contamination measured by TRIGA, 

Tc beginning-of-life thorium contamination measured on 

companion rods using LINAC or' thorium hydrolysis test, 

Fu-235 

Fu-233 

Yu-235 

Yu-233 

Xfissile 

Xfertile 

Rfissile 

Rfertile 

fissions from U-235, 

fissions from U-233, 

yield of a particular isotope per U-235 fission 

(Yu-235 for Kr-85m = 0.013), 

yield of a particular isotope per U-233 fission 

~Yu-233 for Kr-85m = 0.022), 

fissile particle failure fraction~ 

fertile particle failure fraction, 

fractional release of a certain isotope per failed TRISO 

particle, 

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-life 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 (Fu-235 > Fu-233); this reverses 

at end-of-life (Fu~233 > Fu-235)· This implies that either fis­

sile contamination and/or failure dominates the R/B measurement 

during the early part of irradiation, and fertile contamination 

and/or failure dominates R/B near end-of-life. 
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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 figur~s because of the wide variety 

of fuel types tested in each cell an~ the inability to correlate R/8 

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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TAOLE 4-1 
SUY.MARY DESCRIPTION OF .IRRADIATION COIIDITIONS FOR CAPSULES GF-1, GF-2, AriD GF-3 

Maximum Kernel Curnup 

Mean Cell Fluence Mean Fluence (% FU!A) 
Date Date Leneth of - Temperature< b) (lo25 n/m2) (1o25 n/m2) Siloe General Operating Fissile Fertile Irradiation Irradiation Irradiation 

Capsule Cell Fuel Description(a) (•c)(a) (E > 29 fJ)IITGR (E > 29 fJ lHTGil (8Th ,U)0 2 Th02 r.~gan Ended (h:• Position Conditions 

GF-1 4 Lease pat·ticles and 1149 -- 4.4 7.10 1.10 10/31/73 9/24/74 513(1 45D Functioned Hell. 
coupor.s (10 cydes) Some thermocouples 

3 2 rods (types b 1248 1311 -- 6.4 9.35 1.10 
failed because of to 
the reaction and b'.) 
bet\<ieen the 

2 2 rods (type a) 1252 to 1350 6.9 6. 7 9.70 ~.40 thermocouple well 

1 2 rods (t:;pes e 1149 1216 -- 5.2 8. 53 1.67 
and the tungsten to 
deposit. and e' 

GF-2 4 Loose particles 1183 to 707(C) -- 3. 7 5.29 0.51 1/3/74 12/19/74 4764 45G Irradiation terminated 

3 2 rods (type c) 1024 to 1024 -- 4.5 7.40 1.17 (10 cycle~) and prematurely follol-ling 
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 (type d) 1011 988 -- 3.8 6.48 0.81 
tube. to 

GF-3 4 12 rods (type c) 1165 to 1199 -- 6.6 9.02 1. 97 1/31/74 7/25/75 3714 47G Functioned very well 

3 Loose particles and 1028 -- 9.4 11.07 3. 43 ( 17 cycles) although some 

coupons thermocouples failed. 

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 f') 

(a)nefer to Section 2 for a description of rod types and loose particle cells. 
(t)The t~o~o values given correspond to the beginning a:nd end of irradiation and are based on calculations that assume a 30% reduction in fuel rod thermal conductivity. 
(c.lrhe tempe<ature in cell 4 of GF-2 decreased.· 



TABL3 4-2 
THERMAL PROPERTIES USED IN CALCULATION OF GF-1, GF-2, AND GF-3 CAP3ULE TEMPERATURES 

. 'f·:1e-rmal Property 

Theroal Conductivity(a) Thermal Dilatation 
Capsule Component (W/cm-°C) (oc-1) Emissivity 

Fuel rod compacts 0.104, 0.073(b) 5 X 10-E 1 

Graphite sleeve 0.45 5 X 10-6 1 

Inner corltairiment (0.13~ + 0.18 X 10-2 x T) (16 + 0.4 X 10-2 ::: T) X 10-6 0.6 

Bridg~ to primary (C.233 - 0.227 x :..o-3 X ~ + (10.5 + 0.3 X 10-2 x T) X 10""'"6 0.4 
containment 0.568 X 10-6 X T2) 

Helium {1.<.7 + 3.35 x to-3 X T - -- --
0.56 X 10-6 x T2) x :..o-3 

Neon (0.5 .+ 0.8 X 10-3 X T) X 10-3 -- --

(a)T defines temperat-..:.re dependence in °C. 
(b)End-of-life fuel r:•d thermal conductivity (30% reduction from initial preirradiation 

value. 



TABLE 4-3 
IRRADIATION TEMPERATURES OF CAPSULES GF-1, GF-2, AND GF-3 

Average 

Fuel Centerline Volume Average Fuel Service Fuel 
Surface Temperature CC) Temperature (°C) Tern:Perat~re (°C) Temperature 

Fuel Time Time Time Gradient 
Capsule Cell Description Maximun Average EOL Maximum Average EOL Maximum Average EOL CCI em) 

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 1180 1115 1085 1085 165 
3 Type b, b' rods 1275 1250 1235 1205 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 9!30 960 955 910 900 900 125 
4 Loose particles 1185 1000 715 1170 985 690 1145 965 670 35 

GF-3 1 Type f, f' 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 1~5 
3 Loose particles 1075 1030 1030 1050 1000 1005 1020 975 970 55 
4 Type c rods 1200 1165 1160 1155 1120 1115 1110 1080 1070 85 
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(N79077-1) 

Ni/SiC ATTACK BROACHING INTEGRITY OF SiC LAYER 

(N/90//-2) 

POLARIZED LIGHT SHOWING NiSi PRECIPITATES IN 
SiC LAYER 

¥ig. 4-6. Ni/SiC aLLack observed in TRISO-conted fuel tested in 
CORAIL IV A and B; irradiated for 9 month~ between 
1150° and 1250°C (Ref. 4-2) 
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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 samples 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 shoYm in Figs. 5-l 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 

After disassembly, 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 remain intact with minimal cracking and experience neg­

ligible particle debonding. The examination was conducted with a stereo­

microscope at a magnification range of approximately lOX to 20X (Refs. 5-l 

through 5-3). Photographs of each of the irradiated rods are shown in Figs. 

5-4 through 5-21. In general, all rods exhibited good to excellent struc­

tural integrity with no irradiation-induced fractures evident. The GA r~ds, 

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 a~c~ntuating the microcracks (Figs. 5-9, 5-12, 

5-13, and 5-21). In contrast, CEA rods fabricated with the CERCA process 

using natural graphite'exhibit~d 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 sample from GF-1, GF-2, and GF-3 was examined visually 

(stereomicroscope at ~lOX) 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-l through 

5-3. It should be noted that an accurate assessment of pressure vessel 

failure (failed SiC and OPyC layers) ~s difficult in some TRISO-coated 

batches because of the adherence of a partially failed OPyC coating over the 

SiC substrate. Consequently, 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: 

1. TRISO-coated (8Th,U)02. 

2. TRISO-coated uc2 . 

3. TRISO-coated Th02. 

4. BISO-coated (8Th,U)02· 

5. BISO-coated ThOz. 

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 

result~~ 

5.3~1. Pressure Vessel Failure 

Pressure vessel failure in TRISO-coated (8Th,U)02 ranged between 0 and 

2.3% in capsules GF-1 and.GF...:.3 (Table 5-4). No pressure vessel failure was 

observed in GF-2. This trend c·orrelates with the progressive increase in 
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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 vessel 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-~m (8Th,U)02 fuel. In addition, the 

visually observed loose particle failures in TRISO-coated (8Th,U)02 fuels 

are confirmed by the high Kr-85m R/B release 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). In con­

trast, no pressure vessel failure was observed in TRISO-coated Th02 fuel 

irradiated to 3.4% FIMA and 1000°C in GF-3. The pressure vessel failure in 

TRISO-coated UC2 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. UC2, i.e., (0.5% at 1250°C and 78% FIMA (Ref. 5-6). 

Table 5-4 shows that pressure vesSel failure in BISO-coated, 

500-~m-diameter (8Th,U)02 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)02 kernels with 

500-~m-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)02, Th02, and 

UC2 kernels ranged from 0 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 general 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 1025 n/m2 (E > 29 fJ)HT~R and volume 

average temperature of 1095°C 

GF-3 - 8.8 to 10.2 x 1025 nfm2 (E > 29 fJ)HTGR 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 CF-1 and GF-3. The 

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

GF-2 - 1.Y to 4.0 x 1U2J nfm2 (E > 2Y fJ)HTGR and volume 

.average temperatur~ of 985°C 

The GF-2 results imply that O~yC failures occur early in life at 

fluences <2.8 x 1025 n/m2 (E > 29 fJ)HTGR· 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 ~1100uC 

for CF-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 failures has been documented for 
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other capsules (Ref. 5-8), and the general trend appears to be a marked 

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 nfm2 (E > 29 fJ)HTGR· 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 failur~ increasing linearly 

with fluence. It is probable that this batch had different OPyC structural 

properties compared to other batches, which enabled 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 specification 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 % C2H2 plus C3H6 in total coating gas. A more d~tailed 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 dia~ gauge micrometer that had an accuracy of ±1o-4 mm, 

Three diametral measurements were made on each fuel rod, i.e., one on each 

end and one in the middle. In addition, one length measurement was made on 
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each fuel 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: 

· I::.V/V. 2/::.D/D + I::.L/L (5-1) 

where I::.V /V, h.D/D, and I::.L/L are incremental volume, diameter, and· length 

changes, respectively, due to irradiation. Table 5-6 lists values for h.V/V, 

t::.D/D, and h.L/L along with irradiation ex~osure 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 h.L/L -~D/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 changes 

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 dimensional 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. Consequently, the matrix must be 

accounted for in a general description of fuel rod dimensional changes. The 
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general model a~counts 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 fluences greater than ~s x 1025 n/m2 (E > 29 fJ)HTGR· This 

matrix behavior is particularly evident in GF-1, 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 1025 nfm2 (E > 29 fJ)HTGR· These rod 

types contain TRISO-coated fuel, shim, and matrix. The TRISO-coated fuel 

and shim particles undergo a maximum volumetric contraction of -3% to -4% 

for fast fluences between 3 and 9 x 1025 nfm2 at temperatures of 1100°C or 

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 1o25 n/m2 (E > 29 fJ)HTGR· 

2. Fuel rods containing TRISO/BISO-c6ated 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 can exp~nd 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 d~ring irradiation to accommodate differential volu­

metric contractions. Under this condition voidc 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 9-bove is explained on the basis of BISO-coated fuel particles 

exhibiting volumetric contractions of ~18% at fluences between 6 and 

8 x 1025 n/m2 (E > 29 fJ)HTGR (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: 

!J.L/L 1/3 (~V/V + 2 • ~€) ('1-2) 

l!.D/D 1/3 (flV/V - flE) (5-3) 

where AL/L, AD/D, and AV/V are length, diameter, and volume changes 

respectively, and .fle is strain anisotropy, which is defined as (AL/L -

AD/D). It a tuel rod exhibits isotropic behav10r, 6t = 0 and Eqs. 3-2 and 

5-3 reduce to flL/L = l!.D/D = 1/3 flV/V. However, fuel rods containing matrix 

and shim particles exhibit anisotropic behavior, which is described by the 

flE 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 tq 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-~, 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 rods are.superimposed 

in this figure. In general, the GF capsule data are bounded by the 90% 
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confidence bounds of the model. Figure 5-28 aiso 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 ~£ 

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. 

Y-28 is that the preferred alignment of graphite shim and/or filler particle 

basal planes perpendicular to the.rod axial direction resulted in expansion 

or less shrinkage in the axial direction compared with the radial direction. 

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 temperatures: 600°, 700°, and 

~00°C. No measurements wer.e 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 standards 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 th~rmal conductivity between the sample and 

the standard do not result in significant changes in the response of thermal 

flux meters in the app~ratus. This condition is not generally met; conse­

.quently, large uncertainties in the reported thermal conductivities exist. 

Table 5-7 surumarl~~~ GF-1 and GF-2 fuel rod thermal conductiv1ty 
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measurements. The general trends evident from ttis 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 nfm2 (E > 29 fJ)HTGR• this difference was reduced from 

27% to 61%. 

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

rr:~nged 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 fJ)HTGR· 

A further point worth noting is that the friable character of 

irr.adiated 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 measurement 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 the 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 fraction 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 c~psules 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 progressive 

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-pil~ EOL measurements (Table 

5-8). Table S-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)f· 

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 

S-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 these data with current: fission gas release mudels 

(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 ~-1~ dcfinoo tho rol3tionchip b9tW9~n m~a~ured R/B, iqn~npP 

yield, fraction of U-l3~ and U-l33 tissions, U and Th contam1naL1on, and the 

fraction of fissile and fertile particle fail_ures. Equation 4-14 can be 

simplified to the following approximation early .in life: 

(R/B)~BOL ~ Xfissile x Rfissile (S-4) 
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where Xfissile 

Rfissile 

fissile particle failure fraction, 

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 

1o25 n/m2 (E > 29 fJ)HTGR (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)HTGR1· 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 

1o25 n/m2 (E > 29 fJ)HTGR·- 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 calculated fissile particle failures at a fluence of 

2.5 x 1025 n/m2' (E > 29 fJ)HTGR and shows that fissile failures ranged from 

<0.13% for types a, d, f, and f' to 1.~% to 8.6% for types b, b', c, and e. 

Also, i.t should be noted that the same f_issile particles were present in 

fuel rod types b and c 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%). 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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where 

Fuel failure at EOL can be approximated by the following equation: 

-
(R/B)EQL ~ X (Rfissile • Ffissile + Rfertile • Ffertile) (5-5) 

X fissile and fertile ,particle failure fraction, 

Rfissile• Rfertile fractional release of gaseous isotope from 

failed fissile and fertile fuel respectively, 

Ffissile• Ffertile ~ fraction of fissions in fissile and fertile 

fuel reep~ctiv~ly, 

Equation 5-5 is a valid appro~imation 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 

u~ n~glected. 

3. Equivalent gaseous isotope yields in fissile and fprttlP 

particles. This is a good approximation considering 

the fissile fuel is (8Th,U)02. 

The calculated fuel failure fractions based on Kr-85m R/B at EOL using 

Eq. 5-5 and the above assumptions range between 0.07% and 7.38% (Table 

5-11). It should be emphasized that the EOL calculations .of fuel f~ilure 

are more uncertain than the early-in-life predictions of fissile fuel 
' failure listed in Table 5-10. This is a consequence of having to 'assume 

equal fissile and fertile particle failure fractions at EOL. Without this 

assumption there is an infinite number of allowable fissile 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 (metallography' 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 calctilated 

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: 

Rod type a 

Rod types b and c 

Rod type b' 

TRISO-Coated (8Th,U)02) 

Kernel Diameter (~m) 

400 

500 

500 

Buffer Thickness (~m) 

80 

100 

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 c 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-~m-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 range observed for ~UO-~m-diameter 

kernels tested in b, b', and c rods. A similar comparison of_end-of-life 

fissile particle failure levels in Table 5-11 shows that type a rods 

exhibited particle failures between 0.24% and 2.17% compared to a failure 

range of 1.70% to 7~4% for type b~ b', and c rods. Consequently, these data 

suggest that the 400-~m-diameter (8Th,U)02 kernel is a more conservative 

design compared to the 500-~m-diameter. kernel designs. 

5.7. DETERMINATION OF FUEL FAILURE BY FUEL ROD DISINTEGRATION 

The previous section discussed fuel £allure· 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 f9I 

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 dia~ram of the eli si ntP.er.Ati nn te~hD.i rp.1~;>, tog..-ther 

with the results for each of the two fuel rods measured, is shown i.n TahlP. 

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 (4% versus 3.8%) and poor agreement for rod 
J 

IliA in GF-1 (31% versus 7.4%).· An electrochemically determined fissile 

particle'failure of 31% in rod IliA of GF-1 cannot be rationalized with 

respect to the 4% failure level determined on thP. RAmP fissilP particle 

batch (6155-01-030), which was exposed to comparable irradiation conditions 

(Table 5-12). It can only be suggested that the fuel particles in rod IliA 

of GF-1 were 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' ·' c, 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 structuraldifferences are highlighted as f,ollows: 

1. Metallographic cross sections of GA rods (Figs. 5-32 through 5-37) 

show four predominant fue'l rod components (fuel particles, 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 interconnecting and 

distinguished as a mottled (black and white) area, and a light 

grey phase is the metallographic mount resin that has impregnated 
/ 

the preexisting voids. The-macroporosity range for GA-fabricated 

rods is 25% to 52%. 

*Macroporosity is defined as void in the matrix phase that is )50 ~m 
in extent and microporosity is defined as void that is (50 ~m in extent. 
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2. 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 representative metallographic cross sec­

tions of the matrix and shim particle in CEA- and GA-fabricated 

fuel rods-. These illustrations indicate that microporosity is 

typically 50% 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 

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

where 

Vmatrix (1 - Vmacroporosity) x (1 - Vmicroporosity) 

Vmatrix 
volume coke plus. filler. 

volume coke plus filler plus porosity 

Vm. croporosity volume fraction of porosity in matrix )50 ~m 

in extent, 

Vmicr.oporosity = volume fr<:u.:Ll01t of JJOroslL:y ln lllc:ttl"iX <:.U 1Jllt 

in exr~rir. 

Table 5-14 summarizes the range of V . values for CEA- and 
matrl.x 

GA-fabricated rods. CEA rods have a V i value approximately two matr x 
and one-half ttmes greater than GA rods; consequently, there is con-

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

structural integrity. 
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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 metallographic 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 

effects such as kernel migration (amoeba effect) or fission product attack. 
J 

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. 

The fact 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 1025 n/m2 (E > 29 fJ)HTGR, which 

is followed by densification of the failed.OPyC layer on the SiC 

substrate. 

In general the OPyC failure levels observed metallographically 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 metallographically determined OPyC failures. 

Differences in OPyC failures for a given fissile batch are attributed to 

either differences in exposure conditions (temperature and fluence) and/or 

statistical uncertainties associated with limited particle counts (typically 

~100 and ~36 for visual and metallographic evaluations, respectively). No 

metallographic evidenc~ was observed showing matrix - OPyC coating 

interactions; consequently, it is reasonable to expect c.omparable 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 become distinguishable from polishirig artifacts~ No catastropHic 

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 metall~graphic evaluation were IPyC cracks and the tendency for IPyC 

shrinkage away from the SiC layer. The range of irradiation-induced IPyC 

cracks was between 0% 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 0 to ~36%. Figure 5-54 is a representative photomicro­

graph of IPyC/SiC layer separation. Though unsubstantiated, it would appear 

that IPyC 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 polarized 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. S-7). Spe~.· 

cifically, reaction products formed between H2 and methyltrichlorosilane · 

during SiC deposition can diffuse through a permeable 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 irradiations of UC2 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 mechani­

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 corresponding 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 keeping Cl2 from the methyltrichlorosilane 

decomposition out of the buffer during SiC deposition. 

The fissile particle ker~el types for CF-1, CF-2, and GF-3 were 

(8Th,U)02 and UC2· The mixed oxide fuel was fabricated by either a sol-gel 

process (GA fuel) or an AVS process (CEA fuel). UC2 fuel was fabricated by 

a high-temperature sphere-forming process (patented as V~M). 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)02 kernel 

structures indicates that larger gas bubble formations are favored in those 

stru.ctures irradiated to higher burnup~ 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 and increased 

migration rates at higher temperatures. In 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 layers. Consequently, the mixed oxide fissile 

kernels appear to be highly retentive of metallic fission ~roducts and sup­

press the potential 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)02 kernels. In addition to the TRISO-coated 

(8Th,U)02 fuel, a single batch. (6445-00-010) of BISO-coated (8Th,U)02 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 observed for TRISO-coated (8Th,U)02 

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 C02 permeability measurements made at CEA on BISO OPyC 

coatings with properties comparable to batch 6445-00-010. Specifically, 

Ref. 5-23 showed that BISO coatings on Th02 and (8Th,U)02 had measured C02 

permeabilities at room temperature between 0.4 and 5.0 x lo-ll cm2/s. The. 

possibility exists that noble fission gases could readily diffuse through 

BISO coatings at higher temperatures. 

The UC2 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 UC2 kernels 

are consistent with irradiation capsules Pl3R and Pl3S test results on 

reference-.type UCz fuel irradiated ·at temperatures between 1000° and ll00°C 
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(Ref. 5-8). The UC2 kernels also showed extensive migration of metallic 

fission products into the IPyC layer and adjacent to the SiC interface (Fig. 

5-59). This is particularly clear in a polarized light metallographic cross 

section (Fig. 5-59), which shows the optically active 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 (~5 ~m in extent) of palladium were 

also 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 

UC2 fuel is less in the GF-3 loose particle tests than in the GF-1 tests. 

This is a consequence of -100°C·lower operating temperature for GF-3 com­

pared to GF-1 (1095° versus 10006C). In no case was metallic fission prod­

uct - SiC attack observed. In addition, no kernel migration (amoeba effect) 

was observed in UC2 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)02 fuel and reference-type TRISO-coated UC2 

fuel (Ref. 5-24). The UC2 fuel (batch 6151-00-010) was irradiated as loose 

particles in position 40 of capsule GF-1. The exposure conditions were 

1095°C, 3.7 x 1o25 n/m2 (E > 29 fJ)HTGR• and -5S% FIMA. Electron microprobe 

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 57 59). 

Table 5-15 summarizes the electron microprobe results for different 

structural regions in the TRISO-coated UC2 fuel. ·In addition to the fission 

product distributipns 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 UC2 kernel perimeter cont.ains 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 "white region" in the IPyC layer, which contains 

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

2. Under exposure conditions of 1095°C, 3.6 x 10£~ n/mL (E > 
29 fJ)HTGR• and 55% FIMA in UC2, 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)02 

fuel (batch 6445-00-010) was performed to define a basis for comparing the 

effectiveness of different kern~l dopants (Al or Si) on metallic fission 

product retention. A back-scattered electron density image defining the 

distribution of Cs, Rb, S, and Th 1rt th~ BISO-coa~ed parLlcl~ 1~ ~l,own in 

Section 5.8.4.2 (Fig. 5-92). This fuel was irradiated in GF-1 to 2.7 x 1o25 

n/m2 (E > 29 fJ)HTGR• 7.1% FIMA, and 1095°C. This figure shows that Cs is 

distributed in an unusual way in the buffer coating; rtam~ly, Cs i~ fuund ln 

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 

c-.ontain oxygen, 

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. In addition to localized Cs 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 irt th~ 

buffer or OPyC coatings b~t were detected in small. quantities in the kernel 

where they were homog·eneously 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 

s~4 and 5-15). These high OPyC failure levels are consistent with the 

empirical correlation established in Ref. S-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 microporosity 

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 microporosities 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. Fur~hermore, the fraction of OPyC layers in a 

batch with low microporosities, i.e., mercury intruded into <9% 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 layer.s in 

GF-1, GF-2, and GF-3 fissile particles with microporosities less than the 

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 compa~ison 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 

~m/ 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 

5-25 



the volume of C2H2 plus C3H6 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 coating 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 pr~mal:ure 

irradi~tion-induced OPyC failure. When considering the deposition process, 

the volume fraction of hydrocarbon gases (C2H2 a"rid CJH6) in "the total- coat­

ing gas and the coating temperature determine the relative amounts of pyro­

carbon crystallite nucleation and growth in the vapor phase and on the 

levitated particle bed substrate. Thi.s in turn controls the structure of 

the pyrocarbon layers. Reference 5-25 provides a detailed discussion of 

structural variations in pyrolytic carbons in terms 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 crystallites within conical growth fea­

tures are expected as the deposition coating rate or the hydrocarbon con­

cP-ntration is reduced. The crystallites in the conical growth features show 

a strong tendency for orientation of the carbon layer planes parallel to 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 

fP.ature. 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 ±eatures progress from 

conical to spherical and intergrowth pores develop, which result in higher 

measured microporosities. In addition, the preferred orientation of the 

pyrocarbon.crystallites between different spherical growth features is •.. 
disposed randomly, which results in a more isotropic srructure. 
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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 pyre­

carbon crystallites. This anisotropy leads to a differential between 

irradiation-induced strains parallel and perpendicular 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 pyro~arbon was characterized as an agglo~eration of 

carbon spheroids with 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 preferred 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 

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-M5m R/B measurements (refer to Section 5.6.1).· Furthermore, classical 

pressu~e 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 characterization 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 · te·chniques 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 ~orce 

mercury into microcracks that may he 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 complete 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 .based 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 -1o15 

atoms per sample. The·samples were then isothermally heat treated at 1600uC 

for varying times tip to 900 hours, and the diffusive Cs-137 released from 

the particles was measured for each heat-treat time. Also BlSO-coated 

fissile batch 6445-00-010 was included in this study to define a relative 

basis for Cs-137 release under these heat-treat 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 fractio'n 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 summarizes 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. Meta1lographic Evaluation. Metallographic cross 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 ThOz fertile par­

ticles were irradiated in GF-1, GF-2, and GF-3 fuel rods, namely, one batch 

of BISO-coated Th02 (6542-02-036) and one batch of TRISO-coated Th02 (6252-

00-020). The CEA fertile fuel consisted o£ two batches of BISO-coated Th02 

(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 batch. 

TRlSO-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 i-s outside the specification range. 

Consequently, the high 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 fJ)HTGR, 

and 975v to 1000vC. 

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 detr"imental to the mechanical 

integrity of the BISO-coated particle during irradiation. 

Irradiation-induced changes in the Th02 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). 
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2. Homogeneously distributed fine fission gas porosity (Figs. 5-82 

and 5-86). 

These structural features are consistent with other irradiation experience 

on Th02 (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)02 with OPyC layers deposited with a 

homogeneous distribution of finely dispersed silicon. 

4. Irradiation stability 6f TRISO-coated OPyC layers verius optical 

anisotropy. 

Particles in category 4 were not evaluated during the PIE of capsules GF-1, 

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 particles. The first 12 

batches in this table are BISO-coated (8Th,U)02 kernels with different Al 

and Si kernel dopant c~ncentrations. In general,, it appears that these par­

ticles are more susceptible to pressure vessel failure as the concentration 

of kernel dopantc incrcaoco (refer to CF-l and GF-2 trends). Furthermore, 
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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. Th~ 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)HTGR• GF-2 had an average temperature of ~1075°C. 

The next set of four batches in Table 5-lY relates to TRISO-coat:ed 

(8Th,U)02 and UC2 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 UC2 kernel and exhibited 4.6% pressure vessel failure. However, this 

failure is not unexpected since there is no void volume inside the ZrC layer 

for accommodation of fission gas pressure. The other batch, (6171-17E), 

with a ZrC-coated (8Th,U)02 kernel, did not exhibit any pressure vessel 

failure; however, the burnup in this batch was 7.1% FIMA as compared to ~60% 

FIMA for UC2 in batch 6171-15E. The other two ZrC TRISO-coated batches, 

which had a buffer layer between the kernel and ZrC layer, showed po 

pressure vessel failure. The last five batches of BISO-coated (8Th,U)02, 

with varying silicon concentrations in the OPyC layer, 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)02 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 concentrati~n 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)02 + 2Al + lSi (GF-1 and ~-~ 

(8Th,U)02 + 2Al + 2Si (GF-3) 

(8Th,U)02 + 4Al + 4Si (GF-1) 

(8Th,U)02 [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 follows: 

1. A1 and Si dopants are confined to the kernel and do not migrate 

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

2. A dense carbon-rich band develops at the buffer-kernel interface, 

which contains a small concentration of fission .products but is 

depleted of Aland Si (Fig. 5-91). 

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

to a lesser extent with Al. In addition, comparison of fission 

product distributions in the .same batch [(8Th,U)02 + 2Al + lSi] 

tested in GF-1 and GF-3 indicates that temperature plays a signif­

icant role .. Specifically, fission products were associated with 

Si and Al in GF-1, which operated at 1095°C, but not in GF-3, 

which operated at 1000°C. 

4. 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 s.tandard (Fig. 

5-92) is unexplained and complicates a direct comparison.as tq the 

effectiveness of Al and Si kernel 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)02 (reference standard without dopants) 

6111-101E (8Th,U)02 + 0.5Si 

6111-111E (8Th,U)Oz + 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)Oz 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 0.5Al, where migration 

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

Figure 5-93 is a representative series of metallogra~hic ~ross sections 

of four batches of fuel utilizing ZrC coating layers. This figure shows 

cracked ZrC layers for those batches with the ZrC deposited directly on a 

UC2 or (8Th,U)Oz 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 product migration in these systems is attributed to 

fissures in the ZrC layer. 

Representative metallographic cross sections of BISO-coated (8Th,U)Oz 

fuel particles with Si-doped OPyC layers are shown in Figs. 5-94 through 96. 

The.se 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 interface, which corresponds to the metallic fission 

product recoil zone. Fission product distributions were characterized by 

electron microprobe anaiysis on the following two batches irradiated in 

GF-3: 

6171-llSE (39 wt % Si in OPyC layer) 

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

These results indicated that the mixed PyC + SiC coating was an excellent 

barrier to fission products, except in the case where the buffer coating 

contained chlorine. The chlorine may be introduced into the buffer coating 

during fabrication if the high-density seal coating surrounding the buffer 

coating is not tight. It has been confirmed that this seal coating layer 

was tight in the batch with 39% Si but not tight in the batch with 19% Si. 

In thi$ last batch, the presence of chlorine in the buffer layer resulted in 

a systematic formation· of localized metallic fission products along the 

inner surface of.the OPyC layer and the presence of Cs (~1000 ppm) in the 

Si-doped OPyC layer. 
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TABLE 5-1 
RESULTS OF VISUAL EXAMINATION OF UNBOtiDED FISSILE AND FERTILE PARTICLES TESTED IN CAPSULE GF-1 (REF. 5-1) AT A 

TDIE-VOLiiME AVERAGE TEMPERATURE OF 1095°C 

Irradiated 
Visual Particles 

Failures (%) Tested (in 
Sample Kernel Coat in' No. of No. of Fuel Rod. or 

Designation Type( a) Type(b Planchets Particles OPyC pv(c) Coupon No.) 

6155-01-020 MO T 4 400 63.25 0 Compacts 1' 
2, and 5 

6155-00-020 MO T 4 400 3.50 0 Compacts 3 
and 4 

6155-02-020 MO T 4 400 26.75 1.5 Compact 6 

6445-00-010 ~10 . B 4 400 0 0 

6542-02-036 Tho2 B 4 400 0 0 Compacts 1 
through 6 

6151-00-010 uc2 T 4 400 l. 75 0.25 

4-18-1-6111-71E · MO ll 2 202 0 0 

4-19-2-6111-101E· !10 (0.5 Si) n 3 303 0 0 

4-10-1-6111-111E HO (0.5 Al) B 3 202 0 0 

4-19-1-6111-95E MO (2 Si) B 3 303 0 0 

' 4-5-2-6111-1091!: MO (2 Al) B ) 404 0 0 

4-18-2-61ll-93E MO (4 Si) B 3 303 0 17.50 

4-,'i-l-lilll-103E MO (4 Al) B 3 303 0 0 

4-12-1-6111-117E MO (0.5 Al, 1 Si) B 3 303 0 0 

4-13-1-61ll-99E MO (2 Al, 1 Si) B 3 303 0 0 

4-12-3-6111-105E MO (2 Al, 2 Si) ll 3 303 0 1.65 

4-9-Z-6111-107£ HO (2 Al, 4 ~1) D 5 505 0 57.'&3 

4-12-2-6111-113£ HO (4 Al, 4 Si) D 3 303 0 25.70 

61ll-147E uc2 T (ZrC) 1 164 0 0 Coupon 2 

6171-17E · uc2 T (ZrC) 1 108 0 4.63 Coupon 4 

6171-15E !10 T (ZrC) ·1.5 97 0 0 Coupon 3 

6111-145E MO T (ZrC) 1.5 89 0 0 Coupon 1 

-- Saphire - 1 37' 0 0 

------:----- -

(a)Mo refers to (8Th,U)02 with dopants indicated in parentheses. 
(b)T refers to TRISO coating and B refers to BISO coating; ZrC TRISO coatings are indicated. 
(c)r.efers.to pressure vess~l fH1lure (failed SiC and OPyC layers). 
(d)Fluence for individual p·lanchets calculat~d as ljJ = 2. 5 + (planchet No.) (0. 02794) • 

• 
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Fluence 
Planchet (1o25 n/m2) 

No. (E > 29 fJ)HTGR 

1,18,35,52 Max. = 4.4 
Min. = 2.5 
(d) 

2,19,36,53 

3,20,37,54 

4,21,38,55 

5,22,39,56 

6,23,40,57 

8,25 

9,26,60 

28,45,62 

10,43,61 

12,46,63 

11,27,44 

13,29,47 

30,48,64 

31,50,65 

14,49,68 

7 '2'• '41 '"2' 56 

15,51,66 

16 

34 

33,67 

32,67· 
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TABLE 5-2 
RESULTS OF VISUAL EXAMINaTIO~ OF UNBO~lE:l FI5nLE AND FERTILE PARTICLES TESTED IN CAP3l'LE GF-2 0EF. 5-4) 

AT A TIY.E-JOl'UME AVERAGE TEMPERATURE OF 985"C 

Visual Particles 
Failures (%) Tested in Fluence 

Sample K:!rnel ·• Coat:in~ .. ,. o: No.· of Fuel Rod ! Flancl>et (lo25 n/m2) 
Designation TY?e(a) Type(b P'la"le:he;:s Particles PV(c} OPyC Conpact No. No. (;;: > 29 fJ lHTGR 

6155-01-010 MO 1 4 392 0 63.26 l,l8,l5.,i2 Max. = 3.7 
6155-00-010 MO 1 4 393 0 8.91- 2,19,316 .~3 Min. = 2.2 
6155-02-010 MO 1 4 391 0 25.83 3,20,:J7,S4 (d) 
MG 178 MO 1 4 398 0 1.00 4,21,38,S5 
MG 139 MO T 4 395 0 2.79 6,23,4),~7 

6171-41-E MO 8 1 106 0 0 29 
6171-65-E MO 8 1 106 0 0 2.5 
6171-67-E MO 8 1 106 0 0 27 
MG lH MO 8 4 396 0 0 n ,3o, 34 ,6~ 
6252-00-020 Tho2 T 4 393 0 19.85 5 5:t22,3~,~·6 
HG ViS Tho2 T 3 299 0 1.0 11. 51, )6 
MG 115 Th02 T 3 299 0 0 3l,58,'i7 
MG U6 Tho2 B. 4 397 0 0 l5,3l,B,S~· 

6111-71-E MO B 1 98 0 0 8 
6111-101-E MO (0 .!· Si) B 1 

I 
99 0 0 2.) 

6111-111-E MO (0 .!. All B 1 95 0 0 4.l 
6111-95-E MO (2 H) B 1 97 0 0 ~3 

6111-109-E MO (2 U) B 1 92 0 0 .iu) 

6111-117-E MO (0.~ Al + ~ Sl) B 1 97 0 0 ·48 ,J 

6111-99-E MO (2 .H + 1 Si) B 1 97 0 0 .50 
6111-105-E MO (2 .Al + 1 51) B l 98 0 0 4!1 
6111-103-E MO (4 .U) B 2 189 0 0 11,47 
6111-93-'-E MO (4 5i) B 2 198 33.84 0 E,44 
6111-113-E MO (4 -~1 + 4 Si) B 1 100 24 0 U,65 
6111'-107-E MO (2 .\1 + 4 Si) B 1 198 65.15 0 j ,42 

6171-105-E MO B 19% Si) 2 214 0 0 2f:,62 
6171-107-E. MO B 25% Si) 2 213 0 0 ](•,61 
6171-115-E MO B 39% Si) 2 214 0 0 9,60 
6171-119-E MO B 40% Si) 2 213 0 0 !:0,63 
6171-117-E MO B 47.~% Si) 2 213 0 0.46 2~ ,41 

(s)MO refers to (3Th,U)0·2 with copants indicate.!. Jr. ·>arentheses. 
(t)T refers to TUSO coating anc B refers to BIS·) c-oating; Si-doped BISO coatings are with Si c.oncertrations in 

parrn~heses. . 
C)Refers to pres;ure ve;sel failure (failed SiC aoo Ol'yC layers). 
d)Fluence for individual planchets calculated a;~= 2.2 + (planchet No.)(0.02239). 



TABLE 5-3 
r.r:SULTS OF VISUAL EXAMINATION OF UNilOUDED FISSILE AND FERTILE PARTICLES TESTED IN CAPSULE CF-3 (REF. 5-5) 

AT A TIME-VOLUME AVERAGE TEMPERATURE OF 1000•c 

Visual 
Failures (%) Fluence 

Kernel Coat in' No. of No. of Planchet (lo25 n/m2) 
Type(a) Type(b Planchets Particles OPyC pv(c) No. (E > 29 fJ)HTGR 

6155-01-020 MO T 3 300 58.7 0.3 1,35,52 Max. a 9.8 
6155-00-020 MO T 3 300 2.0 0 2,19,53 Min. a 8.4 
6155-00-010 MO T 3 300 2.73 o. 7 3,18,36 (d) 
6155-01-010 110 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 HO T 3 300 26.3 2.3 20,37,54 
HG 178 MO T 5 503 o. 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 197 110 Is 4 402 0 0 9,31,51,66 

6171-41-E MO B 1 45 0 0 
617,1-67-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 0 
6222-25-E MO B 1 76 0 0 

6171-105-E HO B (19% 51) 1 108 0 0 28 
6171-107-E MO. B (25% 51) 1 108 0 0 10 
6171-115-E HO B (39% 51) 1 108 0 0 60 
6171-119-E MO B (40% 51) 1 108 0 0 12 
6171-117-E MO B (47.5% 51) 1 108 0 0 24 

6171-71-E (Ref.) 1·10 B 1/2 50 0 0 
6111-101-E MO (0.5 51) B 1/2 51 0 0 
6111-111-E MO (0.5 Al) B 1/2 50 0 0 
6111-95-E MO (2 51) B 1/2. 50 0 0 
6111-109-E HO (2 Al) B 1/2 51 0 0 
6111-117-E MO (0.5 Al + 1 51) B 1/2 50 0 0 
6lU-99-E NO (2 Al + l Sl) B l/2 50 0 0 
6111-105-E MO (2 Al + 2 51) B 1/2 50 0 0 
6111-103-E MO (4 Al) B 1/2 50 0 0 
6111-93-E MO (4 51) B 1 86 0 0 27 
6111-113~E MO (4 A1 + 4 51) B 1/2 51 0 0 
6111-107E MO (2 Al + 4 51) B 1 101 0 0 41 

6252-00-02.0 Th02 T 3 300 6.0 0 16,44,64 
MG 115 Th02 T 4 404 0.25 0 14,47,67,69 

6541.-01.-037 Tho2 B 3 300 2.3 0 22,39,56 
MG 156 Th02 B 4 402 0 0 11,32,59,62 
MG 207 Th02 ll 5 505 0 0 13,33,61,68,70 

6151-00-010 uc2 T 3 300 1.3 0 6,23,40 

(a)Mo refers to (8Th,U)02 with dopants indicated in parentheses. 
(b)T refers to TRISO coating and B refers to BISO coating; 51-doped BISO coatings are indicated with 51 concentrations in 

parentheses. 
(c)aefers to pressure vessel failure (failed SiC+ OPyC layer). 
(d)Fluence for individual p~~nchets calcvlated as v = 8.4 +(Planchet No,)(Q,01972l. 
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'::'A11LE 5-4 
SUMMARY OF VISUALLY DEERMINED UNBCo:t'WED PARTICLE FAILURES OBSERVED IN :;F-1, :;F-2, and G:?-3 

(EXCLUDES DOPED KERNE-L AND ZrC-TRISO FliEL TYPES) 

GF-1 T GF-2 + GF-3 

·Fuel Failure {%) 
GF-1 (a) GF-2(b) GF-3(c) No. of 

Particle Sample 
pv{d) 

Particles 
Type Designation OPyC pv(c.) OP~C OPyC pv(d) Irra3iated 

TRISO with 61..55-01-020 63.2 0 -- -- 58.7 0.3 7JO 
mixed oxide 6155-01-010 -- -- 63 .. 3 0 56.3 1.3 632 
kernel 6155-02-020 26.7 1.5 -- -- 26.3 2.3 700 

6155-02-010· -- -- 25 .. 8 . 0 14.3 0.3 &91 
6155-0aJ-020 3.5 0 -- -- 2.0 0 mo 
615 5-0•J-CllO -- -- 8.9 0 27.3 0. 7 &93 
MG 178 -- -- LO 0 0.7 0 9{)1 
MG 199 -- -- 2.8 0 0 0 797 

BISO with 6445-00-010 0 0· -- -- 0 0.3 6::13 
mixed oxide MG 197 -- -- 0 0 0 0 TJ6 
kernel 

TRISO with 6252-00-020 -- -- 19.8 0 6.0 0 6:l3 
thorium MG 175 -- -- 0 0 0.25 0 6:19 
kernel MG 165 -- -- 1.0 0 -- 0 2:19 

BISO with. 6542-0~-037 -- -- -- -- 2.3 0 3)0 
thar::.um 6542-.02-036 0 0 -- -- -- -- 4JO 
kernel MG 156 -- -- 0 0 0 0 6:19 

MG 207 -- -- -- -- 0 0 5J5 

TRISO with 6151-0•J-Oll} I. 75 0.2: -- -- 1.3 0 7)0 
uc2 kernel 

(a)Irradiation ·expo:ure: L095°C and :.6 to 6.4 x 10
25 

n/m
2 

(E > 29 fJ)HT··~R· 
(b) 25 2 j 

Irradiation expo:ure: ~85°C and 1.9 to 4.0 x 10 n/m (E > 29 fJ)HTGR" 

{c)Irradiation expo:ure: L000°C and E-.8 tb 10.2 x 10
25 

n/m
2 

(E > 29 fJ)HI'GR" 

{d)Refers to pressu::-e ves;e1 failure (failed OPyC and SiC lay,er). 

Total Total 
OPyC pv(d) 

Failure 3'ail ure 
(%) {%) 

61.3 0.1 
60.2 0.6 
26.5 1.8 
20.5 0.1 
2.8 0 

16. 7 0:3 
0.9 0 
1.3 0 

0 0.14 
0 0 

13.8 0 
0.1 0 
1.0 0 

2.3 0 
0 0 
0 o· 
0 0 

1.6 0.14 



TABLE 5-5 
TRISO-COATED LOOSE PARTICLE OPyC PROPERTY AND PROCESS CHARACTERISTICS (EXCLUDES ADVANCED FUEL PARTICLE TYPES) 

TRISO-
·Coated 

Particle 
Particle Partid.e Size 
Batch No. Type (~m) 

6155-00-010 (8Th,U)02 713 

6155-00-020 (8Th,U)02 695 

6155-01-010 (8Th,U)02 888 

61)5-01-020 (8Th,U)02 885 

6155-02-010 (8Th,U"102 831 

6155-02-020 (8Th,u:to2 840 

6151-00-0LO uc2 · 595 

62~-2-00-020 Th02 833 

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

Thick-
ness Density 
(~m) (llg/m3) 

36 l. 78 

41 l. 76 

40 1. 78 

42 1.81 

40 1.81 

41 1.82 

44 1.80 

42. 1.81 

Range of Irradiation 
OPyC Properties Conditions 

Active Time-Volume 
Micro- Coating Coating Average Fluence 

Optical porosity Rate Volume Temperature (lo25 n/m2) 
Anisotropy (ml/Mg) (~m/min) Fraction ("C) (E ) 29 fJ)HTGR 

1.13 6.41 2.25 0.11 985-1000 (a) 

1.14 7.51 2.83 0.11 1095-1000 (b) 

1.13 9.19 3.08 0.11 985-1000 (a) 

1.07 9.32 3.36 0.11 1095-1000 (b) 

1.13 9.36 3.33 0.11 
I 

985-1000 (a) 

1.13 9.40 3.42 0.11 1095-1000 (b) 

1.ll" 6.77 1.47 0.13 1095-1000 (b) 

1.24 15.30 4.24 0.13 985-1000 (a) 

Range of 
Visually 

Determined 
OPyC 

Failure 
(%) 

8.9-27.3 

3.5-2.0 

63.3-56.3 

63.2-58.7 

25.8-14.3 

26.7-26.3 

1.75-1.3 

19.8-6.0 



TAbLE 5-6 
FUEL ROD DIMENSIONAL •:HANGE .DATA FOR CAPSULES GF-1, GF-2, AND GF-3 

Irradi~ricn Conditions 
Fuel Rod Dimensicnal Change 

T:iine Fuel Rod 
GA Data Vofume Dlametral (llD/D0 ) Axial (llL/L0 ) Volu:netric Anisotropy 

Rod md Retri;,val Average Fast Fluer.ce ·:%) (%) (llV/J 0 ) (%) (Axial - Diamentral) 
ceu) Number Temperature (lo25 n/m2) o(llL/L - liD/D) 

Capsule No. (7161-003-) [ype ('c) (E ) 29 fJ)HTGR Mea;ured Predicted(a) MeasureC. Predicted(a) "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) -4.41 (c) o. 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 i 
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) f' !'75 7.7 -0.57 (c) -1{).80 (c) -0.34 (c) 1.37 
2-3 02-4 b !'75 9.4 c -0.74 (d) -1{).39 (d) -1.1 (d) 
2-4 03-4 b' !'75 9.8 -C.32 -0.71 -- -1{) .42 -- -1.0· --
4-5 04-5 c 1:.20 7.2 +C.22 -0.79 +3.44 -1{).08 +3.88 -1.5 3.22 
4-6 04-4 c 1:.20 6.0 '-C.lO· -0.79 +1.24 -1{).08 +1.04 -1.5 1.34 

(a) ' ~ ' ~ • 
Diametral strain (Er) ~ 1/3 (VFR- 2 x 6E1 and axial strain (e 22 ) 1/3 (VFR- liE), where VFR is predicted volumetric change and ll~ is strain 

anisotropy (M - 0. 31 + 0. 084 x tji)(Ref. ~·-10). 
(b)CEA rods fabricated usi<"-g CERCA pr·>cess. 
(c)Not deternined. 
(dlRod inadVl>rtently broker. and! axial length not measured (Fig. 5-19). 
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TABLE 5-7 
THERM)~ CONDUCTIVITY MEASUREMENTS ON IRRADIATED GF-1 AND GF-2-FUEL RODS 

Fuel Rod Volume/Time 

Thermal Conductivity 
W/cm-°C-s)(b) 

Fuel Type(a) Averaged Fluence Measured 
. Rod (Particle Temperature (1025 n/-dt2) Temperature Before After 

Capsule Number . Types) Cc) (E > 29 fJ)HTGR CC) Irradiation Irradiation 

GF-1 liB 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 0.223t 0.0954 

800 0.2131 0.0921 

GF-.2 IliA .C 960 4.8 • 600 0.147 0.0942 
(No. 5) (TRISO/TRISO) 700 0.140 0.0862 

800 0.132 0.0686 

IIA 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 GA matrix injection process and rod types e and e' 
by CEA CERCA process. 

(b)LECI technique (Ref. 5-13). 

(c)Measurements not made because of poor surface-conditions. 



TABLE 5-8 
COMPARATIVE EVALUATION OF EOL Kr-85m R/B MEASUREMENTS FOR CAPSULES GF-1 AND GF-2 

TRIGA Fissicn G:ls Release (R/B 

EJL '/o1ume- Reirradiated 
Fuel Fast Fluence Aver.:tg~ Corrected for 
Rod (lo25 nfm2) re-:npe:::-atureCa) Reirradiated EOL IDL Operating 

Capsule Cell Type (E > 29 fJ)HTGR : 0•:) at 600°cC 1:) · Temperature( c) 

GF-1 1 e,. e·, 5.2 1075 2.2- 2.8 x 1o-s · 1.6x 1o-6 

2 a 6.7 1180 1.3- 1.·7 x Io-4 9 x 1o-4 

3 b, b" 6.4 :!.150. 0. 7 - 1.6 x'lo-3 7.4 X 10-3 

GF-2 1 d 3.8 900 1.4 -'3.8 x lo-6 9.4 ·x 1o-6 

2 a 5.0 975 6 - 8.5 x 1o-6 2.7 x 10-s 

3 c 4.5 955 3.8 - 5 X 1o-'s 1.7 x 1o-4 

(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. 

for Kr-85m) 

In-Pile 
EOL(d) 

9 X 10-s 

2.2 X 10-4 

1.1 X 10-3 

5 X 1o-6 

1.1 X 10-5 

1.5 X 10-4 



TABLE 5-9 
Kr-85m R/B MEASUREMENTS ON LASER-FAILED, TRISO-COATED PARTICLES 

Fissile Kr-85m R/B 
Description ·Particle· Batch Burn up 

of Fuel Designation (% FIMA) 600°C 1050°C 1250°C 

Mixed oxide 6155-01-030 0 3.5 x io-4 1.4 x 1o-3 7. 5 X 10-3 
(8Th,U)02 6155-00-030 5 s x 1o-3 1.5 x 1o-2 3 x 1o-2 
kernel, sol-gel 6155-02-030 

Mixed oxide l£ 178 0 ND(a) 1.2x 1o-2 ND(a) 
(8Th,U)02 9 ND(a) 1.7 x 1o-2 ND(a) 
kernel, AVS 

' 

Th02 kernel, 6542-02-036 0 ND(?) 7 - 8 X 10-3 ND(a) 
SC·l-gel 3 

(a)ND not determined. 



TABLE 5-10 
CALCULATED FISSILE PARTICLE FAILURE BASED ON Kr-85m R/B EARLY IN LIFE [2 . .: x 102:5 n/m2 (E > 29 fJ)HTGR] 

l Tempe~ature, Burnup, an~ R!B at a Fluence 
of 2.5 ~ 1025 n/m2 (E > 29 

Rod 
Volume Av~. 

Temperature a) 
Capsule Cell Type (0() 

.GF-1 1 e, e' 1055 

2 a 1160 

3 b, b' 1140 

GF-2 1 d 920 

2 a 960 

3 c 930 

GF-3 1 f, f' 97:1 

2 b, b' 97:1 

4 c 112~· 

(a)Refer to Figs. 4-10 throu~h ~-21. 
(b)Refe~ to Figs. 4-22 throu~h ~-24. 
(c)Refer to Fig. 5-31. 

Fissile 
Burn·Jp 

(% FIHA) 

3.7 

3.6 

3.7 

4.3 

3.8 

4-1 

3.2 

3.5 

3.4 

fJ)HTGR 

In-Pile 
Kr-85m 
R/B(b) 

1.5 x 1o-4 

8 X 10-6 

.6 X 10-4 

5 X 10-6 

9 X 10-6 

6 x 1o-4 

10-6 

3.4 x 1o-4 

7.2 X 10-4 

Kr-8Sm Calculated Fissile 
R/B J=Er· Particle Failure 

Laser-Fail=d at 2.5 x 1o25 n/m2 
Particle, (E ) 29 fJ)HTGR' 

Rfissile(c) Xfissile (%) 

10-2 1.50 

1.5 x Io-2 . 0.05 

1.5 x 10-2 3.00 
l 

-7 X 10-3 0.07 

-7 X 10-3 o;13 

-7 X 10-3 8.57 
I 

-6x LO-l 0.02 
... 

-6 x to-.:e 5.66 

1.4 
r, 

x 1o-"'" 5.14 

(d)Based on the appro:dm:1tion tha;: most fissions along with fuel failure occuL in fissile fuel 
early in life and there is. :10 heavy netal contamination (refer to Eq. 5-4). 



TABLE 5-11 
CALCULATED FISSILE AND FERTILE PARTICLE FAILURES BASED ON Kr~85m R/B AT ~NO-OF-LIFE 

EOL EOL 
V:>lume Avg. Fluence 

Rod T:mperature ( 102 5 .n/m2) 
Capsule Cell Type ("C) (E > 29 f~)HTGR 

GF-1 1 e 1075 5.2 

2 a 1180 6.7 

3 b, b' 1150 .6 .• 4 

GF-2 1 il 900 3.8 

2 a 975 s.o 

3 c 955 4.5 

GF-3 1 f, f' 975 7.4 

2 b, b' 990 9.8 

4 c 1115 6.6 

(a)Refer to Figs. 4-22, 4-23, and 4-24. 

(b)Refer to Fig. 5-~1. 

EOL Burnup. 
(% FIMA) 

Fissile ·Fertile 

8·.s 1.7 

9.7 2.4 

9.4 2.2 

6.5 0.8 

7.6 1.3 

7.4 1.2 

9.5 2.2 

11.4 3.6 

9.0 2.0 

In-Pile 
Kr-85m R/B per Laser-

EOL 
Failed Particle(b) 

Kr-85m Fissile, Fertile, 
R/n(a) Rfissile Rfertile 

9.5 X 10-5 1. 7 X 10-2. 7 X 10-3 

3.4 X 10-~ 2.1 X 10-2 1.1 X 10-2· 

1.1 X 10-3 2 X 10-2 10-2 

4.8 X 10-6 9 X 10-3 4 X 10-3 

2 X 10-5 1.1 X 1!)-2 5 X 10-3 

l.Sx 10-4 1.1 X 10-2 5 X 10-3 

3 X 10-5 1.3 X 10-2 6 X 1o-3 

4.7 x 1o-4 1.5 X 10-2 8 X 10-3 

4 x 1o-4 1.2 X 10-2 9 X 10-3 

Calculated Fissile 
and Fertile Particle 

Failure at EOL,(c) 
Xfissile• Xfertile (%) 

0.74 

2.17 

7.38 

0.07 

0.24 

1. 70 

0.07 

4. 57 

3.78 

(c)Based on assumption of equal fissile and fertile particle failure fra~itons and no heavy metal contamination (refer .to 
Eq. 5-S). 



TABLE 5-12 
DETERl1INATION OF FUEL PARTICLE FAILURE LEVELS BY ELECTROCHEMICAL DISINTEGRATION OF FUEL RODS 

Rod Designation 

Type of fuel 

Irradiation conditions 
Temperature 
Burnup 

Schematic diagram 
of electrochemical 
disintegration 
technique for 
each fuel rod 

Fuel failure 
Ut:cih 
Fertile 

Rod IliA (No.5) from GF-l 

Fissile particle 
Mixed oxide (8Th,U)07 
TRISO 
l.nl (,] 'i'i-01-010 

Fertile particle 
Th02 
BISO 
Lot 6542-02-036 

Fuel rod 
Type b 

l090°C (surface) - l3l0°C (central) 
9.35% FIMA 

Electrochemical 
disintegration 

• U, Th fission 
products in solution 

' Determination of 
activity of Nb-95 and 

Pr-144 in Rnlutinn 

l 
Comporioon of ~h~ ~?on 
activity of one fissile 

and one fertile particle 

11X (7.4."%)(a) 
<l% 

(a)Hased on EOL Kr-85m R/8 measurements (Table 5-11). 
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Rod IVA (No. 5) from GF-3 

Fissile particle 
Mixed ~xide (8Th,U)0? 
Till SO 
l.nl; 61 !l~~OQ=Q~O 

Fertile particle 
Th02 
TRISO 
Lot 6252-00-020 

Fuel rod 
Type c 

ll65°C {surface) - l200°C (central) 
9.02% FIMA 

Electrochemical 
disi'ntegration 

• U, 'fh fission 
products in solution 

Dose ~f Do\e of 
U-236 to U-233 to 

trArP 

flssll~ 

Por~l?le~ 

• Determination 
of the number 
of ruptured 

fissile 
p~it'L Lcl~s 

t.TFH"P. 

llwt·lum 

l 
Determination 
of the number 
of ruptured 

fertile 
parLicl!<!s 

!t% ('LR%)(a) 
l% 



TABLE 5.-:-13 
METALLOGRAPHIC (X) AND 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 

Particles in a F = 6l.J.J-OO-OJO X 
rods f = 6542-02-036 

b F = 6155-01-030 
f = 6542-02-036 

b' F = 6155-02-030 
f = 6542-02-036 X 

c F = 6155-01-030 
f = 6252_.00-020 

d . F = 6445-00-010 
f = 6542-02-036 

237(a) F = 6155-01-020 X 
. f = 6542-02-036 

239(b) F = 6155-01-020 
f = 6542-02-036 

815(c) F = MG 178 
f = MG 156 

817 (d) F = MG 178 
f = MG 156 

Loose 6542-02-036 - Th02 BISO X 0 
particles 6155-02-020 - (8Th,U)02 TRISO X 

6155-00-020 - (8Th,U)0 2 TRISO 0 

6151-00-010 - uc2 TRISO X 0 

. 6445-00-010 - (8Th,U)02 BISO 

6155-01-020 - (8Th,U)0 2 TRISO 0 

MG. 197 - (8Th,U)02 BISO 

MG 199 - (8Th,U)02 TRISO 

MG 178 - (8Th,U)02 TRISO 

MG 165 - Th02 TRISO .. 
MG 156 - .1'h02 RTSO 

MG 207 - Th02 BISO 

MG 175 - Th02 TRISO 

(a)CEA matrix, natural graphite, GA particles. 

(b)CEA matrix, art~ficial graphite, GA particles. 

(c)CEA matrix, natural graphite, CEA particles. 

(d)CEA matrix, artificial graphite, CEA particles. 
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GF-2 

X 

X 

X 

X 0 

X 0 

0 

GF-3 

X 

X 

X 

X 0 

X 0 

X 0 

X 

X 

X 

X 0 

X 



TABLE 5~14 
RANGE OF VMATRIX VALUES 

- - -Rod Type Vmacroporooity Vmic.roporosit:y Vmalrlx 

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 OP'yC FAILURE LEVELS DETERMUmD 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 (oC) (%) 

6155-01-030 Loose particle 4.0 985-1095 63.3 
fuel rod (GF-3, 9.8 975 83.0 
rod IIA) 

6155 02 030 Loose particle 4.0 985-1095 26 
fuel LUU (GF=i, 6.7 1170 78 
rod IIIB) 

6155-00-030 Loose particle 4.0 985 27 
fuel rod (GF-2, 5.0 970 36 
.Lr_u] IIA) 
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Element 

Sr 

y 

Zr 

Mo 

Te 

I 

Xe 

Cs 

Ba 

La 

Ce 

Pr 

Nd 

Sm 

TABLE 5-16 
FISSION PRODUCT DISTRIBUTIONS IN TRISO-COATED uc2 FUEL 

(BATCH 6151-00-010) IRRADIATED IN GF~1 AT 1095°C 
AND TO 4.2 x 1025 n/m2 (E ) 29 fJ)HTGR and 60% FIMA 

Element Concentration at Indicated Location (wt %) 

Outer White Zone in Metallographic 
Kernel Buffer IPyC Cross Section; Located in 

Perimeter Layer ~ayer IPyC Layer on One Side of Kernel 

0.5 - 1 0.2 - 0.4 0.5 

0.2 0.2 

1 0.2 

1 

Traces 

Traces 

0.5 - 1 0.3 

1 - 2 1 - 2 ~1 0.2 

0.5 - 0.8 0.5 (0.5 

(103 ppm 2 

~1 0.2 0.1 >2 

0.4 - 0.1 ~2 

1 0,2 0.1 >2 

' 0.5 - 1 
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T!\BLE 5-17 
OPyC FAILURE IN TRISO-COATED FISSILE FUEL T~STED IN GF-1, GF-2, AND GF-3 VERSLS FRACTION OF ,O?yC LAYERS WITH LOW MICROPOROSITIES 

Irr.3.diat··on Gooditions OI';C Properties 

Particle Fluence OI'yC Lou l'le.sn l·iean Optical l1ean 
!latch CaDsule Ter.1pelfat·.1re . oo?5nfm2) :?ailur~ l'licroporosity(h) llicropcrosi ty -Anisot-ropy, Coat in£ r..ate 
Desienation Te~ts(a) ( OC) •:E > 2Q fJ );lT_G!'!. co (% < critical) (ml/l:c •Oi"J:) r.t.Fo(c) . (um/nin) 

6155-00-010 ? 3 935-10•)0 3.7-9.4 -· ;).9-27.3 30.0 6.-4 1.033 2.3 

6155-00-020 1, 3 1095-10•)0 4.4-9.4 3. 5-2.·) 1.9 7.5 1. 0/.7 2.G 

6155-01-010 ., 3 935-10•)0 3.7-9.4 :)~.3-56.3 (t:l) 9.2 1.025 3.1 ... , 
6155-01-020 1' 3 1095-1000 ~ •. 4-9. ~. :i3.2-53.7 57.3 9.3 1.025 3. L1 

6155-02-010 'l 3 985-1000 3.7-9.4 -~5.G-II.A.3 s.r. 9.4 1.022 3.3 .. , 
I 

6155-02-020 1, 3 1095-1000 ~. -'•-9. 4 : :?.6.7-26.3 :?.6.~ 9. {I 1.0?.1· 3. L1 

(a)Loose particle tests. 

(b)Percent of OPyC layers ui;::h nic.roporJsities less -:han :hat sholln in Fir:;. 5-76. 

(c)~ · f · · 11 " ... -' f 1 · · · (25 · · ) ..;aeon an1stropy actor measurec._ opt1::a y o;m ... e1Derso'.o:- po ar1z1ne rucroscope -un SCJOt s1ze . 

(d)Particles not distinc)::ive enoU[:h to 3.1l011 a detentinat.ion of percent nith intrurlerl Mercury ~9% of OPyC tt:ickness; 
however, sizable fractions of OPyC 1Eyers 3.ppearerl to ~e in -:h~s reeion. 

·-
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V1 
V1 

TABLE 5-18 
SUN1'1ARY OF DEFECTIVE SiC LAYERS IN FISSILE _PARTICLES GF-1, GF-2, AND GF-3 

Radiographic Evaluation After 
Fraction Defective 
SiC Determined by Fraction 

Particle Batch 
Nercury Intrusion at 69 l'~a Fractional Cs-137 Defective 

Sample Data Retrieval Number of Fraction Released After SiC Determined 
DescriptionCa) Number Particles Defective Sic(b) 900 h at 1600oc(c) By Burn-Leach 

Loose particles 6155-0D-030 !300 4.2 X 1o-2 6.5 X 1o-3 7.4 X 1o-4 

Loose particles 6155-01-030 575 ·a .9 X 10-2 1.1 X 10-3 3 X 10-5 

Loose particles 6155-02-030 443 2.3 x 10-2 1.3 X 10-2 8 x 1o-4 

Fuel rod 2082-4, 6155-00-030 8ll (a) 7.4 X 10-2 5.8 X 10-3 Nn(d) 
type a 0 

F'uel rod 2084-2, 6155-01-030 56-!.(a) 6 X 10-2 8.2 X 10-3 ND 
type b· 

Fuel rod 2086-4 6155-02-030 66o)(a) 6.8 x lo-2 3.5 X 10-2 ND 
type b' 

Fuel rod 2117-1 ,' 6155-01-030 29o(a) 11.8 x lu-2 ND 8 X 10-4 
type c 

.. 

(a)Fissile particles were obtained by burning rod and screening out desired size fraction. 
(b)Representative SiC flaws are sho~ in Fig. 5-79. ~-
(c)Refer to Fig. 5-80. 
(d)ND = not determined. 
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TABLE 5-19 
S~RY 0? VISUAL EXA.'iiUATDN FOR ADVANCED FUEL PARTICLES 

:1 
' Visual Examination 
,i 

( . 
GF-1'- 8 -' GF-2(b) GF-3(c) 

Particle PV PV PV 
Parti·:::.le and Concepts No. of FailJre flo. of Failure Ho. of Failure 

Lot No. Kernel Type ':ested Particles (%) Particles (%) Particles 

. - Do~ed l~ernels 

6111-71-E. :CISO-::-:oated 0 202 0 98 0 50 
6111-101-E (~Th/J)02 0.: n:: 303. 0 99 0 51 
6111-111-E 0.:- Al 202 0 95 0 50 
6111-95-E 2 ~i 303 0 97 0 50 
6111-109-E 2 ~1 404 0 92 0 51 

-6111-117-E 0 .:. t.l + 1 Gi 303 0 97 0 50 
6111-99-E 2 ?.1 + 1 Si 303 0 97 0 50 
6111-105-E 2 ~.1 + 2 ~i 303 1.65 98 0 50 
6111-103-E 4 l.l 303 0 189 0 5C 
6111-93-E 4 Si __ 303 17.5 193 33.3 86 
6111-"107-E 2 /..1 + 4 Si 303 25.7 198 65.1 101 
6111-113-t- 4 t..l + 4 :=i 505 57.4 200 2l~ 51 

6171-15-E Tr,I So-co a ted zre c:>atec l~ernel 120 4 .•6 
uc2 

6171-17-E (8Th,U)Oz ZrC c:>ateC: kernel 120 0 
6111-145-E (8Th,.U)02 ZrC T::tiSO 120 0 
6111-147-E uc2 ZrC T:liSO 120 0 

·Dc?ed OPyC la?er 
6171-105-E rnso-coated 1~ wt% ,..~ 

'->- 240 0 12( 
· 6171-107-E (BTh,U)02 

.,c 
'-- ut% S:. 240 0 12( 

6171-115-E 3S ~lt % S:_ 240 0 12( 
6171-117-E 4i.5 ut % Si 240 0.4 12( 
6171-119-E 40.5 ut % Si 240 0 12( . 

(a)2 .5-4 .4 x 1025 n/m2 (E ) 29 fJh-lTGP.: 7.1% FU1A, and 1C•95°C. 
(b)2.2-3.7 x 1025 n/m2 (E > 29 fJ)UTGit= 3.7% FUll\. in (3TI-_,C)02/50 to 60% FillA in UC2, acd 9B5°C. 
(c)s.4-9.8 x ::_o25 n/m2 (E > 29 fJ)rrr.:;R 11.1% Fll-1A, and IOC0°C. 

(%) 

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

0 
0 
0 
0 
0 

GF-1, -2 and -3 

PV 
tlo. of Failure 

Particles (%) 

350 0 
453 0 
347 0 
450 0 
547 0 
450 0 
450 0 
451 1.1 
542 0 
587 20.4 
602 34.4 
756 44.7 

120 4.6 

120 0 
120 0 
120 0 

360 0 
360 0 
360 0 
360 0.3 
360 0 



TABLE 5-20 
GAMMA SPECTROMETRY MEASUREMENTS DEFINING MIGRATION OF 

METALLIC FISSION PRODUCTS IN BISO-COATED DOPED AND 
UNDOPED (8Th, U)0 2 FUEL 

Batch and Mean Content of Buffer and OPyC Layer as a 

Kernel Percent of Lhe Total Quantity 

Composition (a) Pa-233 Ru-103 Zr-95 Cs-137 Cs-134 

6111-71E 0 5.8 1. 9 (b) 5.9 4.7 
(8Th, U)02 
No dopant 

6111-lOlE 0 5.5 1. 9 (b) 6.8 4.9 
(8Th,U)02 
+ 0.5 Si 

6111-lllE 0 1.5 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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CELL4 

CELL 3 

CELL 2 

cr LL 1 

Fig. 5-1. Neutron radiographs of individual cells in capsule GF-2 
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BOTTOM 

CELL4 

CELL 3 

CELL 2 

CELL 1 

Fig. 5-2 . Neutron radiographs of individual cells in capsule GF-3 
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SCREW FOR 
UNLOADING CAPSULE 

STORAGE RING 

r------ LOOSE PARTICLE 
PLANCHETTE BEING 

~ EXTRACTED 

-------PUSHER ARM 
FOR LOADING 
PLANCHETTES 

Jl~~-_L-----OUTER SHEATH 

--------PUSH ROO 

Fig. 5-3. Disassembly apparatus used for capsules GF-1, GF-2, and GF-3 
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Fig. 5-4. Fuel rod compact 1 No. 1 irradiated in GF-1 to 4.7 x 1025 n/m
2 

(E > 29 fJ)HTGR and at 1080°C. This fuel rod is classified as 
type el [TRISO (8Th,U)02/BISO ThOz] and was fabricated by CEA 
with the CERCA process using a synthetic graphite. (Two views 
at 180-deg rotation.) 
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lCM 

Fig. 5-5. Fuel rod compact No. 2 irradiated in GF-1 to 5.5 x 1025 n/m2 

(E > 29 fJ)HTGR and at 1080°C. This ±uel rod is classi±ied as 
type e [TRISO .(8Th,U)02/BISO Th02] and was fabricat ed by CEA 
with the CERCA process using natural graphite. (Top and 
bottom views are end and axial orientations, respectively.) 
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1 CM 

Fig. 5-6. Fuel ruu cumpacl Nu. 3 lnaulated in GF-1 to 6.4 x 1025 n/m
2 

(E > 29 fJ)HTGR and at 1170°C. Fuel rod is classified as 
type a LTRISO 400-~m-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 fJ)HTGR and at 1170°C. This fuel rod is classified as 
Lype a [TRISO 400-~m-diameter (8Th, U)02/H1SO Th02] 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. Fuel rod compact No. 5 irradiated in GF-1 to 6.5 x 1025 n/m2 

(E > 29 fJ)HTGR and at 1170°C. This fuel rod is classified as 
type b [TRISO 500-~m-diameter (8Th,U)02 , 100-~m buffer/BISO 
Th02l and was fabricated by GA. (Two views at 180-deg 
rotation.) 

Fig. 5-9. 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' lTRISd ·500-~m-diameter (8Th,U)o2 , 80-~m buffer/BISO 
Th02] and was fabricated at GA. (Axial view shown.) Note 
localized chipping and f uel particle spalling. 
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Fig. 5-10. 

Fig. 5-11. 

Fuel rod compact No. 1 irradiated in GF-2 to 3.4 x 1025 n/m2 

(E > 29 fJ)HTGR and at 1010°C. This fuel rod is classified 
as type d [BISO 500-~m-diameter (8Th,U)02/BISO Th02] and was 
fabricated at GA. (Two views at 180-deg rotation.) Note 
localized particle debonding in upper right section. 

25 2 Fuel rod compact No. 2 irradiated in GF-2 at 4.1 x 10 n/m 
(E > 29 fJ)HTGR and at 1010°C. This fuel rod is classified as 
type d [BISO 500-~m-diameter (8Th,U)02/BISO Th02] and was fabri­
cated at GA. (Two views at 180-deg rotation.) 

5-66 



Fig. 5-12. Fuel rod compact No. 3 irradiated in GF-2 at 4.9 x 1025 n/m
2 

(E > 29 fJ)HTGR and at 1035°C. This fuel rod is classified 
as type a [TRISO 400-~m-diameter (8Th,U)02/BISO Th02l 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 10
25 

n/m
2 

(E > 29 fJ)HTGR and at 1035°C. This fuel rod is classified 
as type a [TRISO 400-l.lm-diameLeL· (8Tli, U)02/BISO Th02l and was 
fabricated by curing in an Al203 bed at GA. (Two views a.t 
180-deg rotation.) Note extensive chipping and localized 
particle dcbonding in upper section. 
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Fig. 5-14. 

Fig. 5-15. 

Fuel rod compact No. 5 irradiated in GF-2 at 4.8 x 10
25 

n/m
2 

(E > 29 fJ)HTGR and at 1025°C. This fuel rod is classified 
as type c [TRISO 500-~m-diameter (8Th,U)02, 100-~m buffer/ 
TRISO Th02] and was fabricated at GA. (Two views at 180-
deg rotation.) 

25 2 Fuel rod compact No. 6 irradiated in GF-2 at 4.3 x 10 n/m 
(E > 29 fJ)HTGR and at 1025°C. This fuel rod is classified 
as type c [TRISO 500-~m-diameter (8Th,U)02, 100-~m buffer/ 
TRISO Th02J and was fabricated at GA. (Two views at ·tso­
deg ·rotation.) 
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Fig. 5-16. 
25 2 

Fuel rod compact No. 1 irradiated in GF-3 to 6.4 x 10 n/m 
(E > 29 tJ)HTGR and at 1030°C. fhis fuel rod is classified 
as type f' [TRISO (8Th,U)02/BISO Th02] and was fabricated by 
CEA with the CERCA process using synthetic graphite. (Two 
views at 180~deg rotation.) 

5-69 



Fig. 5-17. Fuel rod compact No. 2 irradiated in GF-3 to 7.7 x 1025 n/m2 

(E > 29 fJ)HTGR and at: 1030°C. Thl::; fuel rud is classified as 
type f [TRISO (8Th,U)02/BISO Th02] and was fabricated by CEA 
with the CERCA process using natural graphite. (Two views a t 
180-deg rotation.) 

5-70 



Fig. 5-18. Fuel rod compact No. 3 irradiated in GF-3 to 9.4 x 1025 n/m2 

(E > 29 fJ)HTGR and at 1045°C. This fuel rod is classified 
as type b [TRISO 500-~m-diameter (8Th,U)02, 100-~ buffer/ 
BISO Th02] and was fabricated by GA. (Two views at 180-
deg rotation.) 

5-71 



Fig. 5-19. Fuel rod compact No. 4 irradiated in GF-3 to 9.8 x 10~5 n/m
2 

(E > 29 fJ)HTGR and at 1045°C. This fuel rod is classified 
as type b' [TRISO 500-~m-diameter (8Th,U)02, 80-~m buffer/ 
BISO Th02] ~nd WAR fAhrirAtP.o hy GA. (Top and bottom illus­
trations are end views and axial views, respectively.) The 
fuel rod was ' inadvertently broken during capsule disassembly . 
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Fig. 5-20. Fuel rod compact No. 5 irradiated in GF-3 to 7.2 x 1025 n/m
2 

(E > 29 fJ)HTGR and at 1165°C. This fuel rod is classified 
as type c [TRISO 500-l-lm-diameter (8Th,U)02, 1u0-11m buff er/ 
TRISO Th02l and was fabricated by GA. (Two views at 180-
deg rotation.) 
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Fig. 5-21. "" 2 Fuel rod compact No. 6 irradiated in GF-3 to 6.0 x 10~J n/m 
(E > 29 fJ)HTGR and at ·1 "165°C. This fuel rod is classified 
as type c [TRISO 500-~m-diameter (8Th,U)02, 100-~m buffer/ 
TRISO Th02l and was fabricated by GA. (Two views at 180-
deg rotation.) Note localized chipping and particle 
debonding in upper section. 
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2 CM 

OPYC FAILURE PRESSURE VESSEL 
FAILURE 

Fig. 5-22. TRISO-coated (8Th,U)02 loose particle batch 6155-02-020-1 
irradiated in capsule GF-1 (planchet 13) to 4 x 1025 nfm2 
(E > 29 fJ)HTGR and at a volume average temperature of 
1095°C. This view illust rates 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-eoated loose particle batch 6155-00-010 
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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/m2 (E > 29 fJ)HTGR at 970°C. A 
macroporosity of 25% was measured. 
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Fig. 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 1o25 nfm2 (E > 29 fJ)nTGR at 975°C. A 
macroporosity of 52% was measured. 

• 
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Fig. 5-34. Dj ametral 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 fJ)HTGR at 1170°C. 
A macroporosity of 34% 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 fJ)HTGR at 1170°C. A 
macroporosity of 28% was measured. 
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Fig. 5-36. Diametral photomicrograph 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 112Q°C. A 
macroporosity of 52% was measured. 
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Fig. 5-37. Diametral photomicrograph of a typed fuel rod after 
irradiation in capsule GF-2 (lucation 1-1) to a faGt neutron 
fluence of 3.4 x 1025 n/m2 (E > 29 fJ)HTGR at 960°C. A 
macroporosity of 44% was measured. 
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F·g. 5-38. Diametral photomicrograph of a type e fuel rod after 
irradiation tn capusle GF-1 (location 1-2) at a fast neutron 
fluence of 5.5 x 1025 nfm2 (E > 29 fJ)HTGR at 1080°C. A 
microporosity of 0% was measured. 
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Fig. 5-39. Longitudinal photomicrograph of a type e fuel rod after 
j rradiation in capsule GF-1 (location 1-2) to a fast neutron 
fluence of 5.5 x 1025 n/m2 (E > 29 fJ)HTGR at 1080°C. A 
micropuruslLy of 0% was measured. 

5-92 



lOOO~m 

Fig. 5-40. Longitudinal . photomicrograph of a type f' fuel rod after 
irradiation in capsule GF-3 (location 1-2) to a fast neutron 
flnP.n~P. nf 7.7 x 1025 n/m2 (E > ?9 fJ)HTGR 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 
nfm2 (E > 29 fJ)HTGR at 1170°C. The matrix microporosity 
was not measured; however, it was estimated at ~50%. 

Fig. 5-42. Representative metallographic cross section of matrix and 
shim materia1 in a GA type b' fuel rod. The rod was ~rradiated 
in capsule GF-1 (location 3-6) to a fast fluence of 6.1 x 1025 
n/m2 (E > 29 fJ)HTGR at 1170°C. The matrix porosity was not 
measured; however, it was estimated at ~50%. 
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Fig. 5-43. 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 
nfm2 (E > 29 fJ)HTGR at 1080°C. A matrix microporosity of 
13% was measured. 

Fig. 5-44. Representative metallographic cross section of CERCA artificial 
type matrix in CEA type f' fuel rod. The rod was irradiated 
in capsule GF-3 (location 1-2) to a fast fluence of 7.7 x 1Q25 
n/m2 (E > 29 fJ)HTGR at 975°C. A matrix microporosity of 
37% was measured. 
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Fig. 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 
nfm2 (E > 29 fJ)HTGR and a burnup of 8.5% FIMA at 1U8U°C 
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Fig. 5-46. Representative photomicrograph 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 fJ)HTGR and a burnup of 8.5% FIK~ at 1080°C 

~ 
100 ~-tm 

Fig. 5-47. Representative photomicrographs of TRISO (8Th,U)02 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 
1 o25 n fm2 (F. > zq f.T)uTGR And 8 burnup o f 9. 7% FIMA at 11 70°C 
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Fig. 5-48. Representative photomicrographs of tKlSU (8Th,U)02 particle~ 
(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 fJ)HTGR and a burnup of 9.4% FIMA at 1170°C 
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Fig. 5-49. Representatiye photomicrographs of TRISO (8Th,U)02 particles 
(6155-02-030) from a type b' fuel rod (7161-003-03-5) irradiated 
in ca5sule GF-1 (location 3-6) to a fast fluence of 6.1 
x 102 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)02 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 fJ)HTGR and a burnup of 9.5% 
FIMA at 1170°C 
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Fig. 5-51. Representative photomicrographs of TRISO (8Th,U)02 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 
(E > 29 fJ)HTCR and a burnup of 9.5% FIMA at 975°C 
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Fig. 5- 52. Representative photomicrograph of TRISO (8Th,U)Oz particles 
(MG 178) f~om type f' fuel rod 81/ irradiated in capsule GF-3 
(luc.dLluu 1-2) Lu a fal::l L fluew.:e of 7. 7 x 1Q25 n/m2 
(E > 29 fJ)HTGR and a burnup of 9.5% FIMA at 975°C 
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Fig. 5-53. Representatiye photomicrographs of 'l'lUSO (HTh, U)02 particles 
(6155-01-030) from type b fuel rod (7161-003-02-04) irradiated 
in capsule GF-3 (location 2-3) to a fast fluence of 9.4 
x 102, n/m2 (E > 29 fJ)HTGR and a burnup ot 11.4% FIMA at 975°C 
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Fig. 5-54. Representative photomicrographs of TRISO (8Th,U)02 particles 
(6155-01-030) from type c fuel rod (7161-003-04-4) irradiated 
in ca~sule GF-3 (location 4-6) to a fast fluence of 6.0 
x 1025 n/m2 (E > 29 fJ)HTGR and a burnup of 9.0% FIMA at 11 20°C 
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Fig. 5-55. Representative photomicrograph of TRISO (8Th,U)02 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/m2 (E > 29 fJ)HTGR and a burnup of 9.0% FIMA at 1120°C 

Fig. 5-56. Representative photomicrographs ~f TRISO inert particles 
(6351-01-020) from type L' fuel rod (7161-003-UJ-5) irradiated 
in capsule GF-1 (l ocation 3-6) to a fast fluence of 6.1 x 
1025 n/m2 (E > 29 fJ)HTGR and a burnup of 9.4% FIMA at 1170°C 
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Fig. 5-57. Re]Jn~sentative photomicrograph of unhanded TRISO UC2 p<'lrti r.l es 
(6151-00-010) irradiated in capsule GF-1 (planchet 6} to a 
fast fluence · of 2.7 x 1025 nfm2 (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 UCz 
particles (6151-00-010) irradiated in capsule CF- 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. 5-59. Representative photomicrographs of unhanded TRISO UC2 
particles (6151-00-010) irradiated in capsule GF-1 (planchet 
6) to a fast fluence of 2.7 x 1025 x nfm2 (E > 29 fJ)HTGR 
and a burnup of 50% FIMA at 1095°C: (a) bright field and 
(b) polarized light 
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Fig. 5-60. Representative photomicrographs of nnbonded TRISO UC2 
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. 5-61. Representative photomicrographs of unbonded TRISO UC2 
particles (6 'T51-00-010) laaulated in capsule CF-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. 5-62. Representative photomicrographs of unbonded TRISO UC2 
particles (6151-00-010) irradiated in capsule GF-1 (planchet 
6) to a fast tluence of 2.7 x 1o25 .nfrn2 (E > 29 fJ)HTGR 
and a burnup of 50% FIMA at 1095°C 



Fig. ~-bJ. Representative photomicrograph of unbonded TRISO uc2 parLicles 
(6151-00-010) irradiated in capsule GF-3 (planchet 40, cell 
3) at a fast fluence of 9.2 x 1025 nfm2 (E > 29 fJ)HTGR 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 UCz (6151-00-010) irradiated 
in capsule GF-1 (planchet AO) to a fast fluence of 3.6 x 1025 
n/1n2 (E > fJ)HTGR and a burnup of 55% FIMA at 1095°C. 
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Fig. 5-65. Back-scattering electron image defining U, $i, Cs, Ba, and Pd 
distributions in TRISO-coated UC2 (6151-00-010) irradiated in 
capsule GF-1 (plancheL 40) LO .a fast fluence uf 3.6 x 1025 u/ill2 
(E > 29 fJ)HTGR and a burnup of 55% EIMA at 1095uC. 
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Fig. 5-66. Representative photomicrographs of unhanded TRISO (8Th,U)02 
particles (6155-01-020) irradiated in capsule GF-1 (planchet 
18) to a fast fluence of 3.0 x 1025 nfm2 (E > 29 fJ)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 (6~55-01-020) 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 unhanded TRISO (8Th,U)02 
particle (6155-01-020) irradiated in capsule GF-1 (planchet 
18) to a fast fluence of 3.0 x 1025 nfm2 (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)02 
particles (6445-00-010) irradiated in capsule GF-3 (cell 3) 
to a fast fl~ence of 9.0 x 1025 n/m2 (E > 29 fJ)HTGR and a 
burnup of 11% FIMA at 1000°C 
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Fig. 5-70. Representative photomicrographs of unbonded TRlSU (8Th,U)02 
particles (MG 178) irradiated in capsule GF-3 (cell 3) to a 
fast fluence of 9.2 x 1025 nfm2 (E > 29 fJ)HTCR and a burnup 
of 11% FIMA at 1000°C 
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Fig. 5-71. Representative photomicrographs of unbonded TRISO (8Th,U)Oz 
particles (MG "178) irradiated in capsule GF-3 (cell 3) ' to a 
fast fluence of 9.2 x 1025 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 J) to a 
fast fluence of 9.0 x 1025 nfm2 (E > 29 fJ)HTGR and a burnup 
of 11% FIMA at 1000°C 
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Fig. 5-73. Representative photomicrographs of unbonded TRISO (8Th,U)02 
pA.rt:ir.l P.R (MG 199) irrArl i ::~ted in c .;:~p~;:111 e C:F-3 ( c ell 3) to a 
fast fluence of 9.0 x 1025 n/m2 . (E > 29 fJ)HTGR and a burnup 
of 11% FIMA ·at 1 000°C 
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Fig. 5-75. Contact microradiographs of TRISO-coated fissile fuel 
1mpr~:~guaL~u wlLll Hg d l (·9 "toW~' ThP whi tP n:.e; on in th .... oryr. 
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. 

5-124 



Fig. 5-76. Contact microradiograph of a TRISO-coated fissile particle 
from batch 6155-01-020. The particle w~s subjected to Hg 
intrusion at 69 MPa and shows the minimum degree of acceptable 
Hg intruoion into an OPyC layer (~9% of OPyC thickness). 
Average measured OPyC microporosity fur this batch is 9.3 
ml/kg OPyC. 
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Fig. 5-78. 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. Microradiographs of burned~~ack, 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 show::; complete Hg intrusion 
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Fig. 5-82. Representative photomicrographs of BISO Th02 particles 
(6542-02-036) from type e fuel rod 237 irraaiated in 
ca~5ule ~F-1 (location 1-2) to a fast fluence of 5.5 x 
10 n/m (E > 29 fJ)HTGR and a burnup of 1.7% FIMA at 1080°C 
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Fig. 5-83. Representative photomicrographs of BISO Th02 particles 
(6542-02-036) from type e fuel rod 237 irradiated in ca~­
sule GF-1 (location l-2) to a fast fluence of 5.5 ~ 1o2-
n/m2 (E > 29 fJ)HTGR and a burnup of 1.7% at 1080°C 
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Fig. 5-84. Representative photomicrographs of BISO Th02 particles 
(6542-02-036) from type a fuel rod 7161-003-01-5 irradiated in 
capsule GF-1 (location 2-4) to a fast fluence of 6.7 x 1025 
n/m2 (E > 29 .fJ)HTCR and a burnup of 2.4% FIMA at 1170°C 
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Fig. 5-85. Representative photomicrographs of BISO Th02 particles 
(6542-02-036) from type b' fuel ~od 7161-003-03-5 irradiated in 
capsule GF-1 (location 3-6) to a fasL fluence of 6.1 x 1025 n/m2 
(E > 29 fJ)HTGR and a burnup of 2.2% FIMA at 1170°C 
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Fig. 5-86. Representative photomicrographs of BISO Tho2 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 nfm2 (E > 29 fJ)HTGR 
and a burnup of 2.2% FIMA at 975°C 

5-135 



25;..tm 

Fig. 5-87. Representative photomicrographs of BISO Th02 particles 
(6542-02-036) from type b fuel rod 7161-UUJ-UL-4 irradiated 
in capsule GF-3 (location 2-3) to ·a fast fluence of 9.4 x 1025 

nfm2 (E > 29 ' fJ)HTGR and a burnup of 3.6% FIMA at 975°C 
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Fig. 5-88. ticles d d BISO Th02 par f unbon e 5) . hotomicrograph o le GF-1 (planchet and a Representat1v~)Pirradiated in2~apju2 (E > 29 fJ)HTGR (6542-02-036- f 2.6 x 10 n m 
fluence o oc to a fast % FIMA at 1095 burnup of 1.1 • 
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Fig. 5-89. Representative photomicrograph of unbonded BISO Th02 particles 
(6542-02-036-1) irradiated in capsule GF-1 (planchet 5) to a 
fARt fluence of 2.G x 1025 u/m2 (E > 29 fJ)HTGR and a burnup 
of 1.1% FIMA at 1095°C 
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Fig. 5-90. Representative photomicrographs of unbonded BISO (8Th,U)02 
particles (6111-107E) irradiated in capsule GF-1 to a fast 
fluence of 2.7 x 1025 nfm2 (E > 29 fJ)HTGR and 7.1% FIMA at 
1095°C. These kernels were doped with 2 Al + 4 Si 
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Fig. 5-91. 

AI Si 

Cs Ba 

Back-scattering electron image def ining C, Al, Si, Cs, and Ba 
distributions in BISO-coated (8Th,U)02, batch 611-1.05E 
irradiated in GF-3 to a fast fluence of 9:0 x 1025 n/m2 
(E > 29 fJ)HTGR and 11 % FIMA at 1000°C. Th ese kernels were 
doped with 2 Al + 2 Si. 
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Rb 

Cs 

s 
Fig. 5-92. Back-scattering electron image defining Th, Cs, Rb, and S 

distributions in BISO-coated (8Th,U)02, batch 6445-00-010 
irradiated in capsule GF-1 . (planchet 4) to a fast fluence 
of 2.7 x 1025 nfm2 (E > 29 fJ)HTGR and a burnup of 7.1% FIMA 
at 1095uC. 
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6171-17E 6111-147E 
(a) 

6171-15E 
(b) 

6111-145E 

Fig. 5-93. Representative photomicrographs of unbonded ZrC-TRISO-coated 
(8Th,U)02 particles irradiated in capsule GF-1 at 1095°C and 
53% FIMA: (a) ZrC layer deposited on kernel substrate [exposed 
to 3.5 X 1025 n/m2 (E > 29 fJ)iiTGK], and (b) ZrC in place of SiC 
[exposed to 3.0 x 1025 n/m2 (E > 29 fJ)HTGR] 
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(a) 

(b) 

Fig. 5-94. Representative photomicrographs of unhanded BISO (8Th,U)Oz 
~articles (6171-llSE, 30% Si dopant) irr~diated in capsule 
GF-3 (planchet 60) to a fast fluence of 9.6 x 1025 n/m2 
(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)02 
particles (6171-107E, 25 % 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)02 
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/m2 

(E > 29 fJ)HTGR and a burnup of 5.3% 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 f1uence 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 dens.ity distribution. The predicted 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). In contrast, 

TRISO-coated UC2 particles with a nominal diameter of 635 ~m have an AFS 

value of 265 MPa (38,000 psi) (Ref. 6-1). Also, severely faceted TRISO­

coated UC2 particles with a 635-~m nominal diameter have an AFS value of 92 

MPa (13,200 psi). The predicted 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 considered most applicable to 

the GF-1,.GF-2, and GF-3 fuel particle 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 

6-1 



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 follmving 

factors: 

1. Trradiation per±ormance ot OPyC laye1~. 

2. Manufacturing defects present in the SiC layers. 

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

performance of the OPyC layers is discussed in detail in Section 5.R.2.J. 

Briefly summarized, OPyC failure was discussed in terms of correlations with 

OPyC microporosity arid 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 between OPyC failure and microporosity presented in Fig. 

5-74 indicates that the TRISO-coated fissile particles tested in GF-1, GF-2, 

and GF-3 should have a nominal OPyC failure uf ..... JO%. This is conaiotent 

with the GF-1, GF-2, and GF-3 obs~rvation~ (solid data points in Fig. ':J-74), 

which vary betw2en 1.6% and 61.3% OPyC failure. In addition, the irradi­

~tinn ~AtA on OPyC f~ilure presented in Ref. 6-1 and obtained from GF-1, GF-

2, and GF-3 support the fact that O.PyC failures occu1· eafly in iife at flu­

ence exposures ~£.S x 1025 n/m2 (E > 29 fJ)HTG~· Thi3 io ottributQd to pPAk 

irradiation-induced stresses that develop in the pyrocarbon layer due to 

rapid ~PnRification and strain anisotropy. Reference 6-3 indicates that 

maximum densification occurs in high-density pyrocarbons at a fluence of 

~2.5 x 1025 n/m2 (E > 29 fJ)HTGR 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-J irradiation data on TRISO-coated fis-.. 
sile fuel provided a basis for establishing current OPyC property and pro­

cess specifications," namely; microporosfty )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 lvere 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 defective SiC layers were not detected by 

the·current QC burn-leach technique. Specifically, the level of defective 

SiC layers determined by radiographic evaluation after mercury intrusion at 

69 MPa ranged from 2.3% to 11.8% (Table 5-17). A large fraction of these 
f..... . 

defects were SiC layers with localized microfissures (Fig. 5-79). This type 

of defect would not be readily discernable by the burn-leach technique since 

this method depends on complete burni~g of the IPyC and leaching of the ker-,.., 
nel substrate. Microfissures of the type shown 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 3.5% (Table 5-18). The frac­

tion defective SiC ·layers determined radiographically was greater than that 

determi~ed by Cs-137 release. 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 

plant 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 10-4 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. In 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-manufactured defective SiC layers (6.0% to 

ll.8%). 

Figure 6-2 is a plot of observed fissile particle failures in GF-1, 

GF-2, and GF-3 and SSL-1 irradiation tests determined by fiooion gao relcnoc 

measurements versus calculated failure levels. Calculated failure is 

determined by multiplying irradiation--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 observec;l 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: 

where X 

dT(T)/dx 

T(T) 

t 

KMC(T) 

X =ItKMC(T) dT(T)/dx dT 

o T(T)
2 

total migration distance (m), 

temperature gradient (K/m) across a particle at time T, 

average particle temperature (K) at time T, 

total time (s) ~articleo have been in core, 

kernel migration co.efficient (m2-K/s) as a function of 

temperature. 

(6-1) 

Reference 6-6 defines the variation in kernel migration coefficient 

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

where R 

KM.C 0.62 exp(-3.1l x 105/RT) (carbide fuel), 

KMC 0. 39 ex.p( -2 ~ 96 x 105 /RT) (oxide fuel), 
(6-2) 

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 JJm. This 

level of migration is not detectable with standard metallograhic techniques 

used in the GF-1, GF-2, and GF-3 PIE. Consequently, the observation 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)02 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, p~aseodymium, and europium, l.rere 

confined to the kernel substrat~ and were not detected in the coating 

layers. This is consistent with the thermodynamic stability of rare earth 

metals that tend to !orm complex oxides with the kernel material (Ref. 6-7). 

Tn turn, this reduces the mobility of th~se metallic fission products into 

coating layers. In contrast, ran~ t:!at: Llt fission products diffuse from UC2 

kernels during irradiation (refer to Section 5.8.2.2). In TR!SO-coated UC2 

particles, concentrations of.rare earth metallic fission products build up 

in the IPyC coating on the cooler side of the ftiel particles and can poten­

tially react with the SiC coating at the SiC-IPyC coating interface. The 

kinetics of rare earth - SiC attack in UC2 fuel ar.e 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 UC2 loose particle tests in 

GF-1 and GF-2 in comparison l.rith the empirical data base. No rare earth -

SiC attack was obser-Ved in uc2 fuel tested in GF-1 and GF-2. However, the 

metallographic techniques used have a resolution limit of ~1 JJm of SiC 

attack. A rate of attackof -1.4 x lo-2 JJmfh1/2 is calculated by assuming 1 

JJm of rare earth- SiC attack in UC2 fuel in GF-1 and GF-2. · This rate of 

attack is corisistent with the data base (Fig. 6-3). 
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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 Th02 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% (determined visually) in a "daughter" batch 6542-

02-037. The "daughter" batch was density separated from the high particle 

density fraction of "parent" 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 ~3.4% FIMA, 

~9.6 x 1025 n/m2 (E > 29 fJ)HTGR• 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-85~ R/B measurements. Table 5-11 shows calculated fertile particle 

failure percentages for GA-fabricated rods, ~-1hich ranged from 0. 24% to 

7.38%. It 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 considerable 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 attributed to the low buffer thicknesses (79 and 74 ~m) and OPyC 

thicknesses (74 and 71 ~m). Currently, BISO-coated Th02 has reference buf­

fer and OPyC coating thicknesses of 80 to 110 ~m ·and 70 to 90 ~m, 

respectively (Ref. 6-9). 
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One TRISO-coated batch of Th02 (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 ·2stablish liTGR specification limits, namely, low l)licroporositie!> 

(<13·ml/kg' OPyC) and/or low active coating ga!> LaL1os ((0,25) nre relatPrl to 

OPyC structures developing large crysta~lite anisotropy during irradiation, 

\vhich results in large internal stresses and premature tailure (n:!ft!L to 

Section 5.8.2.3). No pressure 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 

1o25 m/m2 (E > 29 fJ)HTGR followed by a sharp decline and leveling off. 

This behavior is characteristic of fissile failure early in life (refer to 

Section 5.6.1) followed by a decreasing fraction of and leveling off of 

fissions in the fissile fuel t-11 t:h no auuitional fertile partie] e .f;:ti lure. 

6.1.4. Advanced Fuel Particles 

6.1.4.1. Doped Kernels. The experimental results on BISO-coated (8Th,U)02 

kernels withAl and Si dopants are discussed in Section 5.8.4. In general, 

the results indicate that Al and Si remain in the kernel during ll·radiation 

and that: Cs, Ba, and Sr hav.e 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 ratio of ~3. This could be attl'ibuted Lo the thermo­

dynamic stability of feldspar-type structures, :Le., ·M(AlSi3)0s, wher·t! M is 

a group one or two metallic fission product element. However, it should be 

emphasized that the presence of Al and Si dopants in (8Th,U)02 kernels did 

not significantly r.etard the migration of Cs irttc, the coating laycru (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-temperature 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 UC2 or 

(8Th,U)02 fuel kernels; the other two designs utilized ZrC outside of 

porous pyrocarbon coatings but without the conventional inner dense IPyC 

coating on either UC2 or (8Th,U)02 fuel kernels. The particles were irradi­

ated at 1095°C to a fast neutron fluence of S x 1025 n/m2 (E > 29 fJ)HTGR 

and burnups of ~60 and 7.1% FIMA for the UC2 and (8Th,U)02 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)02 particles with Si-doped OPyC layers (19.0 to 47.5 wt% 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/m2 (E > 29 fJ)HTGR· 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 wt % Si in rhe U~yC layer possessed excellent 

retention of metallic fission products. 
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TABLE 6-1 
COMPAPJ\TIVE EVALUATION OF CALCULATED AND OBSERVED IN-PILE PRESSURE VESSEL FAILURE 

EARLY-IN-LIFE FOR TRISO-COATED FISSILE FUEL 

Calculated 
Defective ·Pressure 

Observed 
In-Pile 
Pressure 
Vessel OPyC 

Rod Fissile Failure(a) SiC Layers(b) Vessel Failure(c) Failure(d) 
Capsule Cell Type Batch No. (%) (%) (%) 

GF-1 1 e, e' 6155-01-02•) 61.3 8.9 5.5 
2 a 6155-00-030 2.8-16.7 7.4 0.20-1.23 
3 i b, b' 6144-01-030 and 26.5 .-61.3 6.0-6.8 1. 6-4 .·2 

6155-02-030 

GF-2 l d BISO fissile -- -- --
2 a 6155-00-030 2.8-16.7 7.4 0.20-1.2 
3 c 6155-01-030 61.3 ll.8 7.2 

GF-3 1 f, f' CEA fuel (MG 178) 0.9 ND(c) ND 
"' b, b' 6155-01-03C and 26.5-61.3 6.0-6.8 1.6-4.2 ,(... 

6155-02-030 
4 c 6155-01-030 61.3 11.8 7.2 

(a)netermined visually (refer to Table 5-4). 
(b)netermined by radi~ographic evaluation after mercury intrusion at 69 MPa (refer to 

Table 5-16). 
(c)netermined by multiplying O?yC failure by defective SiC layers. 
(d)Determined from in-pile Kr-85m R/B measurements (refer to Table 5-10); applied to 

early-in-life failure [<2.5 x 1025 n/m2 (E > 29 fJ)HTGR]. 
(e)~m = not determined. 

(%) 

1.5 
0.05 
3.00 

0.07-
0.13 
8.57 

0.02 
5.66 

5.14 



TABLE 6-2 
THERMAL EXPOSURE CONDITIONS FOR IRRADIATED CAPSULES CF-1, CF-2, AND GF-3 

-
Volume Average Thermal Irradiation 

Temperature Gradient Time 
Capcule CE-ll CC) (102 °K/m) (107 s) 

-

CF-1 1 lOBO 13,5 1.85 
- - -·2(::~) 1170 - 1 6.~ ·- ~ - --- .. -

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.i4 
2 975 135 
1 1000 55 
4 1120 85 

(a)Maximum thermal exposure conditions_for ker-nel migration in 
(8Th U)02 and Th02 fuel systems. . 

(b$Maximum thermal exposure conditions for kernel migration tn UC2 
fuel. 
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0.06 
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FISSILE 
BATCH FUEL 

NUMBER ROD 
·(6155·) TYPE CAPSULE 

0 00.{)30 a GF-1 
0 00-030 a GF-2 
0 01.{)30 b GF-1 
~ 01.{)30 c GF-2 

" 01-030 c GF-3 
<> 01.{)30 b GF-3 
t> 02.{)30 b' GF-1 
0 02.{)30 b' GF-3 

OPEN SYMBOLS REFER TO PREDICTED VALUES FROM 
PARTICLE STRESS CODE (TRISO* MONTE) AND CLOSED 
SYMBOLS REFER TO PREDICTED VALUES FROM IN· 
PILE Kr-85m R/B MEASUREMENTS (REFER TO TABLE 5-10) 

•• • 
~ 

I 
I 

I 

#, 
# 

,...,0/ 
~ , , 

2 3 4 5 6 7 8 9 10 

BURN UP(% FIMA) 

I 
I 
I 
I 

I 
I 
I 

I 
I 
I 

<f 
I 
I 

/ 
11 12 

Fig. 6-1. Predicted pressure vessel failure fractions·in TRISO-coated 
fissile fuel tested in capsules GF-1, GF~2, and GF-3 
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Fig. 6-3. Rate of cha~ge of SiC thickness in TRISO-coated UCz 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 HTGR fuel systems. Specifically, the 

capsules provided supporting data in the following areas: 

1. Struct·ural 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)02, UC2, and Th02 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 conclu~ions in each of these areas are highlighted and summarized 

belmV": 

7 .1.. FUEL RODS 

Q 

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 r~d 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 

fJ)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 nfm2 (E > 29 fJ)HTGR and tempera­

tures between 960° and 1170°C, this difference v1as reduced to 27% to 61%. 

Furthermore, postirradia~ion fuel roil thP.r.m<Jl comluotivitic3 ranged f~.:om 427~ 

ro 64% ot the unirradiated ~onductivity. These data indicate that the 

rt:!duction in conducti.vity occurs early in-ife, i.e., at fluences of ~24 x 

1025 n/m2 (E > 29 fJ)HTGR· 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 10L~ nfm2 (E > 29 fJ)HTGR· This behavior is consistent with 

irradiation-induced expansion in the mAtrix phase. In contrast, fuel rou~ 

fabricated with TRISO- and BISO-coated fuel exhibited volumetric contrac­

tions of -6% to -1.25% for fluences between 4.5 and 7.8 x 1025 n/m2 (E > 29 

fJ)HTGR· Also, GF-1, GF-2, and GF-3 fuel rods exhibited strain anisotropy 

that is consistent with the empirical model, chowing th,t~t axial ~.;untracriona 

are less than diametral contractions. 

7.2. TRISO-CUA'l'ED 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 1.6% and 

83.0%. The failure is attriQuted to structures that result in excessive 

strain anisotropy and high irradiation-induced stresses. These structures 

are produced under relatively dilute depositi9n conditions (volume fraction 
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of active coating gases of ~0.1) and are characterized by low micropor­

osities (<10 tnl/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-fabricated 

fissile fuel was between 2.3% and 11.8% as determined 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 

~wide range of defects, i.e., localized microfi~sures 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 1025 n/m2 (E > 29 fJ)HTGR] fissile 

particle failure bet,veen 0.1% and 8.6%. This premature fissile particle 

failure is attributed to high OPyC failure (2.8% to 61.3%) combined with a 

high l~vRl of as-manufactured defective SiC layers (6.0% to 11.8%). 

Pressure vessel failure levels between different TRISO-coated (8Th,U)Oz 

fissile particle types indicated that the 400-lJm-diameter kernel diameter 

was more conservative than the 500-lJm-diameter designs. Specifically, 

early-in-life fissile particle failure in Table 5~10 shows that the 400-

lJm-diametP.r 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-lJm-diameter kernels tested in b, b' , and 

c rods. 
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7.3. THERMOCHEMICAL STABILITY 

No amoeba migration was observed in the (8Th,U)02, UC2, and Th02 fuel 

systems tested in capsules GF-1, GF-2, and GF-1. · Thes·e ree:ulto are 

consistent with current performance models used in HTGR core design. 

No lanthanide fission product - SiC attack was observed in the UC7 

loose particle tuel tests. Also, lanthanide fission products, e.g., ccrinm; 

neodymium, lanthailiJffi• Si'l.IDATiHm, prailrodymium, tt11d eULUIJliJm, were rnnl<liTl_l;ld 

within the (8Th,U)02 kernel structures. These observations are·consistent 

with fuel performance models. 

7.4 •. DEVELOPNENT FUELS 

Aluminum and Si dopants in (8Th,U)02 kernels did not significantly 

retard the migration of cesium into the coating layers. 

ZrC TRISO-coated UC2 and (8Th,U)02 f~el showP.d ennd irradiotion 

stability, and the ZrC layers possessed good resistance to rhemical attock 

by fission products. The fuel was irradiated at l095°C to ~ x 102.1 n/m2 (E 

> 29 fJ)HTGR and burnups of 7.1% for (8Th,U)Oz and ---60% for UCz. 

BISO-coated (8Th,U)02 with Si-d6ped OPyC layers in the ran~e of 1q ~o 

39 wt % exhibited excellent irradiation stability (no pressure vesael 

failure). This fuel Wa$ tested tn pPRlr. ~xpocurc conditiufi.b uf 11. v; J.<'lMA, 

9.4 x 1025 n/m2 (E > 29 fJ)HTGR• and 1000°C. 
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> J. ...... 

. 

Cell 

1 

. 

Date 
Ti.me 

* 11 * 11 I 2/74 * 
* * 161! Ot-CI * 
* * * .. 12 * i2/ 3/74 * 
* * 10H 45MN " 
* * .. 
* 13 * 20/ 3/74 .. 

* * 12H 30~-C~ * 
* .. .. 
* 14 *." 8/ 4/74 .. 

* * 11H 15MN " 
* * .. 
* 15 * 24/ 4/74 • 
• * 11H 45MN * 

* * .. 
* 16 * 16/ 5/74 ~ .. * 15H 45MN.* 

* * • 
* 17 * 27/ 5/74 ~ 

* * 11H OMN * 
* * • 
* 18 .• 10/ 6/74 ~ 

* * 11H OMN * 
* * • 
* 19 * 24/ 6/74 • 
* * 14H 20MN * 
* * • 
• 20 * 22/ 7/74 .. 
* * 10H 20MN * 
• * • 
* 21 • 25/ 7/74 • 

* * 9H 20MN ~ 

• * * 
* 22 • 5/ 9/74 • 
• * 9H 50MN * 
• * • 
* 23 • 25/ 9/74 .. 
• * 10H 4.~MN * 

Fa3t Fluence 

(1025n!m2) 
(E > 29 fJ)HTGR. 

1.9 

2.5 

2.7 

3.0 

3.3 

3.8 

3.9 

4.1 

4.4 

4.7 

4.7 

4.8 

5.2 

TABLE 111. 
FI5SIO:'i GAS RELEASE. RESULTS FOR ISOTOPES OF Kr AND Xe IN CAPSULE GR-1 

Volune R/B 
Average 

Temperature 
("C) Kr85m · Kr87 Kr88 Kr89 Xe133 Xe135m Xe135 Xe137 Xe138 

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 * 
* * "* * * * * * * * 
* * * * * * * * * * 

. 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 * 
* * * * * * * * * * 
* * ·• * * * * * * * 

1050 * 1.71E-04 * 1. 21E-04 * 1. 57E-04 * 2. 16E-05 * 4. 23E-04 * 2. 79E-05 * 2.96E-05 * 6.28E-06 * 1. 36E-05 * 
* * * * * * * * * * 
* * * * * *· * * * * 

1060 * 1.61E-04 * 1. 23E-04 * 1. 21E-05 * 2.36E-05 * 3.31E-04 * 4. 26E-05 * 4.31E-05 * 5.20E-06 * f. 79E-05 * 
* * * * * * * * * * 
* * * * * * * * * * 

1060 * 1. 56E-04 * 1. 59E-04 * 1. 42E-.04 * * 1.27E-03 * * 3.66E-05 * * * 
* * * * * * * * * * 
* " * * * * * * * * 

1060 * 7.99E-05 * 7. !OE-05 * 6.90E-05 * 7.40E-06 * 5.24E-04 * 2.39E-05 * 2.39E-05 * 2.94E-06 * 7.70E-06 * 
* * * * * * * * * * 
* * * * * * * * * * 

1055 * 8.82E-05 * 6.52E-05 * 6.56E-05 * 3.91E-06 * 2.12E-03* 2.21E-05 * 1. 74E-05 * 7. 81 E-07 * 6.99E-06 * 
* * * * * * * * * * 

* • * * * * * ·* * ·• 
1060 ·* 1. 19E-04 * 8.89E-05 * 8."95E-05 * 1.15E-05 * 1. 56E-03 * 3.31E-05 * 2.89E-05 * 3.41E-06 * 9.36E-06 * 

* • * * * * * * * * 

* * * * * * * * * ·• 
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 * 

* * * * * * * * * * 
* * * * * * * * * * 

1080 * 8.~7E-05 • 4.43E-05 * 6.56E-05 * * 1.26E-03 * 7.99E-06 * 2.68E-05 • * 2.87E-06 * 
* * * * * * * * * * 

* * * * * * * • * * 
1080 * 1. 24E-04 * * 9.64E-05 * * 6.88E-03 * * 3. 44E-05 * • * 

• * * * * * • * • • 
* * * * • * • * * * 

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. OBE-06 * 
* " * * * * * * * * 
* • * * * * * • • * 

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 * 
• * * * • • * * * * 



Cell 

'l 

2 

Dcte 
Time 

" * * 
* * * 
* * * 
* 10 * 5{ 2/74 * 
* * 11Hl 15MN * 
* * * 
* 11 * 11/ 2/74 * 
* * 1511 15MN * 
* * * 
* 12 * 11/ 3/74 * 
* * 1511 45MN * 
* 13 ~ 19/ 3/74 * 
* * 15H .. 30MN * 
* •· * 
* 14 • 8/ 4/74 * 
* * 10H OMN * .. * * 
* 15 * 24{ 4/74 * 
* * 10H 25MN * 
* * * * 16 * 16/ 5/74 * 
* * 14H 45MN * 
* * '* 
* 17 * 27/ 5/74 * 
* * 10H OMN * 
* * * * 18 * 10/ 6/74 * 
* * 911 50MN * 
* * * * 19 * 24/ 6/74 * 
* * 10H 30MN * 
* * * * 20 * 16/ i/74 * 
* * 10H 35MN * 
* * * * 21 * 24/ 1/74 * 
* * 9H .WMN * 
* * * * 22 * 5/ 9/74 * 
* * 13H 35MN * 
* * * * 23 * 25/ 9/74 * 
* * 1411 "5NN * 
* * .. 

'rJlum~ 
Fast Fluence 

(1025n/m~) 
Av:!rage 

Temp:!rature 
(E > 29 :fJ)':ITGR ~:;)c: 

2.~ 1" 7( 

2.) 116C 

3.] 1150 

3."5 11150 

4.0 1155 

4 .• 1155 

4.9 

4.~ 1155 

5.4 111i5 

5.~ 1M5 

6.0 11i0 

6.(• 1115 

6.11 1BO 

6.5 11.:10 

TABLE: A1 (Continued) 

R/B 

Kr85m Kr87 Kr88 Kr89 Xe133 :<e135m Xe135 Xe137 Xe138 

J, 

* 
,. • * * * * * * 

* .. .. * * * * * * 
* .. .. * * * * * * * 5.20E-06 • 3.20E-06 " 3.82E-06 * " * 1.5•E-06 * :!.55E-07 * * 8. 88E-07 

* • = * * * * * * 
* • = * * * * * * * 6. 66E-06 • <.73E-(6 = 5.55E-06 * * * 2.1· E-06 * 2. 99E-07 * * 
* • ~ * * * * * * 
* 

,. .. * " * * * * 
* 1. 1 7;;;-05 ,. 3. 96E-C•6 • 9. 79E-06 * * 1. 01 E-04 * 2.9<E-06 :J... 58E-06 * * 
* * • * * * * * * 
* 2. 18E-05 * ~.J9E-Q5 # 2. 04E-05 * 1. 23E-05 * 2.42E-04 * 9.9!E-06 * 7. 78E-06 * 5.29E-06 * 
• * • * 

,. 
* * * * 

* * • * 
,. 

* * * * 
* 1. 96E-05 * ;·. )4E-()5 • 1. 77E-05 * 4.46E-06 * 5. 19E-05 * 7. 6'1iE-06 * 6.67E-06 * 1. 52E-06 * 
* * "' * * * * * * 
* * * * * * 3.72E-05 * <.J2E-05 * 2.92E-05 * * * * 7. 31E-04 * * 1.97E-05 1r 

* 
* * • k: * * * * * * 

* * * * * * * * 

8.92E-07 

1. 32E-06 

4.59E-06 

3.37E-06 

* 4.94E-05 4.:8E-05 •· 4.05E-05 * 9.11E-06 * 1.59E-03 * 1.500-05 * 1.17E-05 * 4.82E-{)6 * 6.06E-06 

* 'fc' * * * * * * 
* * * * * * * * * * ·9.71E-05 * 6.-4E-05 * 6.11E-05 * 7.31E-06 * 3.81,E-03 * 1.93~-05 * 1.38E-05 * 3.76E-06 * 7.13E-06 

* * * * * * * * 
* * * * * * * * * 7.23E-05 * 6.~2£-0~· * 5.69£-05 * 1.63E-05 * 7.64£-04 * 2.48:!:-05 * 1..76£-05 * 8.38£-06 * 8.08£-06 

* * * * * * * * 
* * * * .. * * * * * 8.55E-05 * 7.?4E-0~ * 6.30E-05 * 1.37E-05 * 1.63E-03 * 3.341:-05 * 2.44E-05 * 6.05E-06 * 1.12E-05 

* * * * * * * * * 
* ~ * * * * * * * * 1.93E-{)4 * 1.25E-0~ * 1.46E-04 " * 6.05E-03 * 5.15E:-05 * 5.56E-05 * * 1.88E-05 
* ., * * ... * * * * 
* • * * 1t * * * * 
* 8.13E-05 * 5 73E-05 * 7.04E-05 * * 9.33E-04 * 1.79E-05 * 2.<3E-05 * * 5.20E-06 
* • * • * * * * * • * * * • * * * 1. 74E-04 * 1.43E-04 * 1.'39E-04 • 4.27E-05 * 3.14E-04 * 7.67E-05 * 7. 35E-05 * 1.65E-05 * 2. 70E-05 

* lc * * * * * * * 
* * * * * * * * * * 3. 89E-04 * L5 'iE-04 * 2. 79E-04 * 7. 63E-05 * 5. 63E-03 * 1. 84E-04 * 2. 19E-04 * 1. 4 7E-05 * 4- 96E-05 

* * * * * * * * * 
* * * * * * * 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* .. 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 



TABLE A1 (Continued) 

Fast Fluence 
Vol~.Jme R/B 

(1(•25n/m2) 
Averag-e. 

l I I I Xe 133 I I j Xe137 j 
Date Temperature 

Cell Time (E > 29 fJ)HTGR ("C) Kr85m Kr87 Kr88 Kr89 Xe135m Xe135 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. 4J E-04 * 1. 77E-04 * 3.97E-05 * 5.92E-05 * . * * 14H 15MN * * ·* ·• * * * * * * * 
* * * * * 

.. 
* * * * * * * * 12 * 12/ 3/74 * 3.1 1145 * S. 65E-04 * 3.83E-iJ4· * 4.56E-04 * 2.34E-05 * 6. 46E-03 * 1.56E-04 * 1. 91E-04 * 1. 64E-05 .. 5.09E-05 * 

* * 14H 15MN * * * * ·• * * * * * * 
* * * * * * * * * * * * * 
*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 15KII * * * * * * * .. 

* * * 
* * * * * * * * * * * * * * 14 .• 8/ 4/74 * * 4. 65E-04 * 3. 30E-04 * 3.82E-04 * 

-7.26E-05 * 1.58E-03 * 1; 70E-04. * 1: SJE-04 * 2. 24E-05 *·5.18E-05 * 3.8 1150 
* * 13H SOMN * * * * * * * * * * * 
* * * * * * * * * * * * • 
* 15 * 9/"4/74 * 3.8 1150 * 2.82E-O~ * 1. 33E-03 * 2. 08E-03 * 1. tSE-04 * * 5.88E-04 * 2.73E-04 * 5. 26E-05 * 1 .'59E-04 * 

* ~ 11H OMN * .. * * * * * * * * * 

* * * * * * * * * * * * * 
* 16 * 24/ 4/74 *· 4.0 1155 * 5. 93E-04 * 5.48E-04 * 4.81E-04 * * 7.88E-03 * 3.SOE.:.04 * 3. 07Ei-04 * * 6.94E-05 * 
* * 14H SSM!t ·* * * * * * * * * * * 
* * * *. * * * .. * * * * * 
*17 * 17/ 5/74 * 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 * 
* * 9H 45Mit * .. * * * * * * * * * 
* * * * * ·• * * * * * * * * 18 * 24/ 5/74 * 4.7 1175 * 2.81E-04 * 2. 54E-04 * 2.43E-04 * 3. SSE-OS * 1. 12E-02 * 1. 01 E-04 * 2.88E-05 * 2.20E-05 * 3.16E-05 * 
* * 14H OMN * * * * .. * * * 

.. 
* * 

* .. * * * * * * * * * * * 
* 19 * 10/ 6/74 * 5.1 1175 * 2.95E-04 * * 2.37E-04 * * 2.10E-03 * * 1.28E-04 * * * 
* * 14H 30KII * * * * * * * * * * * * * * * * * * * * * * * * 
*, 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 * 
* * 9H 45MN * * * * * * * * * * * 
* * * * * * * * * * * * * 
* 21 * 16/ 7/74 * 5.8 1160 * 4. 26E-04 * 3. 12E-04 * 3. SOE-04 * * 6.00E-03 * 1.40E-04 * 1. 93E-04 * * 4.66E-05 * 

* * 13H 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-Q4 * * 2.99E-05 * 
* * 10H 35MN * * * * * * * * * * * 
* * * * * * * * * * * * * 
* 23 * ·51 9/74 * 5.9 1150 * 4. lJE-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 * 
* * 15H OMN * * * * * * * * * * * 

* * * * * * * * * * * * * 
* 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 * * ~ * * * * * * * * * 
* * * * * * * * * * * * * 



TAB~E \1 (Continued) 

Fast Fluence 
Volurr.e R/8 

(10
25

r/m
2

) 
Ave::-age 

l J I I I I I J Date Tempe:::ature 
Cell Time (E > 29 fJ)HTGR ('C) Kr85m Kr87 Kr88 Kr89 Xe133 Xe135m >:e135 Xe137 Xe138 

4 * 11 * 6/ 2/74 * 1.6 -100 * 1. 15E-O:! • 7.25E-04* 8.97E-04 * 1. 66E-04. * 1. 07E-02 * 2.43E-04 * 3.89E-04 * 4. 38E-05 * 7. 90E-05 * 
* * 9H OMN * * * *" * * * * * * * 
* • * * * *" • * * * * * * 
* 12 *11/ 2/74 * 1.6 i095 * 6.41E-04 * 2.49E-C4* 3.74E-04 * 3.88E-05 * 3.55E-03 * 1.09E-04 * 2.18E-04 * 2. 15E-05 * 3.05E-05 * 
* *10H OMN * * * * ·* * * * * * * 
* * • * * * * * * * * * * 
* 13 *14/ 3/74 * 2'. 1 1140 * 2. SOE-03 * 1.19E-C13* 1. SOE-03 * 1.47E-04 * 2.66E-02 * E. 39E-04 * 6.02E-04 * 6.87E-05 * 2. 12E-04 * 
• *10H 40MN * * * • * * * * * * * 
* • • * * * * * * * * * * 
* 14 *11/ 4/74 * 2. 5 1' 5 • 1. 37E-031 * 1.01E-03* 1. 10E-03 * 2.94E-04 * 3. 90E-03 * 5.52E-04 * 4. 94E-04 * 1. 03E-04 * 1. 69E-04 * 
* .*14H 45MN * * * * * * * * * * • 
* * • • * * * * .. * * • * 
* 15 *25/ 4/74 • !.7 1'10 * 1. 53E.-03 * 1.24E-Co3* 1.21E-03 * 2. 03E-04 * 1.16E-02 * 6.29E-04 * 5.86E-04 * 3.B8E-05 * 1. 75E-04 * 
* *10H 10MN * * * * * * .. * * * * 
* • * * * * * * ·• * * • * 
* 1.6 *20/ 5/74 * 3.2 li05 * 3. 33E-OJ. * 1. 98E-Co3* 2.69E-03 * 4.74E-04 * 4. 10E-02 * 1.14E-03 * 4.J6E-04 * 2. 60E-04 * 3.97E-04 * 
* *10H OMN * * * * * * * * * * * 
* * * * * * .. * * * * * * 
* 17 *21 I 5/74 * 3.2 1100 * 6. 87E-04 * 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 .. * * * * * * * * * * 
* * * * * * * * * * * * * 
* 18 *11/ 6/74 * 3.5 1:100 • 1.31E-{)3 * 9.62E-C4* 9.~7E-04 * 1.01E-04 * 7. 73E-03 * 2.22E-04 * 8.11E-05 * 1. 93E-05 * 8.16E-05 * 
* * 9H. 50MN * * * * * * * * * * * 
* * * * * * * * * * * * * 
* 19 *25/ S/74 * ~-- 7 1(85 * 2. SOE-03 * 1.95E-C3* 2.87E-03 * 5. 40E-04 * 1. 44E-01 '* 1.37E-03 * 1. DOE-03 * 1. 17E-04 * 4. 30E-04 * 
* *10H JMN * .. * * * * '* * * * * 
* * * * * * * * * * * * * 
* 20 *22/ 7/74 * ~--9 1(40 * 1. 54E-03 * 9. 17E-<:4 * 1.07E-03 * * 2.24E-02 * 2. 79E-04 * 6.37E-04 * * 8.93E-05 * 
* *14H 35MN * * * * .. * • * .. * * 
* * * * * * .. * • * * * * 
* 21 *25/ 1/74 * - 9 1(45 * 1. 72E-OJ * 1.06E-<l3* 1. 29E.-03 • * 1.05E-02 • 4. 42E-04 '* 1. J4E-03 * * 1.32E-04 * 
* *11H IOMN * * * * * * • . * * * * 
* * * * * * * * • * * * * 
* 22 • 6/ -~/74 * 4.0 1(!55 * 2.21E-03 * 1.63E-Cl3* 1.60E-03 * 3.78E-04 * 4.00E-03 • 4.08E-04 * 4.j6E-04 * 1. 65E-04 * 1.91E-04 * 
* * 9H .:OOMN * * * * * * • * * * * 

• * .. * * • * • ·• * * * * 
* 23 *26/ 9/74 * 4.3 1J65 * 9.55E-04 * 8.01E-()4* 7.92E-04 * 1. 94E-04 * 5.34E-03 ·• 4 .·lOE-04 • 3.90E-04 * 1.24E-04 * 1.71E-04 * 

• *11H OMN • * * • * • .. * * * * . • * • * * .. 
* • .. * * * * 

* • * * * * * * .. * * * • 



TABLE A2 
FISSI•JN GAS RELEASE RESULTS FOR ISOTOPES OF Kr AND Xe IN CAPSULE GF-2 

Fast Fluence 
Volume 

R/B 

(I0
25

n/m
2

) 
Average 

Date Temperatu:-e 

I I I I I I I Xel37 l ce:.l Time (E > 29 fJ)HTGR <•c> Kr85m Kr87 Kr88 Kr89 Xe133 Xel35m Xel35 Xel38 

* * "' * • * * * * * * * * 
* * "' * • * * • * * • * • 

I * I * 4/ 1/74 ,. 0.1 1015 * 8.39E-08 * 5. 45E-03 . * 5. 18E-08 * * I. 03E-08 !< 3.54E-08 * 4.80E-09 * * I. 25E-08 * 
·• * 9H 30MN ' * * * * * * * * * * 
* * • * * * * * * * * * * .. .2 '* 14/ 1/74 • 0.3 1020 * 1.16E-07 * 6. 22E-OB * 5. 96E-08 * * 6.71E-08 * 2.50E-08 * 4.26E-09 • * 6. 13E-09 * 
* * 9H 30MN • * * • * *· • • * • • 
* * • * • * * * * * * • * 
* l • 21/ 1/74 • 0.4 <020 ·• 2. 86E-06 * 2. 56E-06 * 2.45E-06 * * 2.83E-06 * 7. 20E-07 * 8. 79E-09 * * 2.79E-07 * 
* * 16H 45MN * * * * * • * * • .. * 
'* * • * * * * * * * * * ;. 

'* 4 .• 4/ 2/74 • 0.7 1030 * 2.02E-06 * I. 74E-06 * 2.06E-06 * * * 1.20E-06 * 1. 37E-07 * * 3.80E-07 * .. * 9H 15MN * * * * * 
.. .. * * * .* 

* * * * * * * * * * ;, * * .. 5 * 18/ 2/74 * 1.0 1030 * 8. 17E-06 * 6:08E-06 * 6.88E-06 * * * 2.68E-06 * 3.16E-07 * * I. 43E-06 * 
* ·• lSH OMN * * * * * * * * * • * 

* .. * * * * * * * * • .. • 
* 6 * 18/ 3/74 * 1.2 1015 * * * * * 1.37E-06 * * * 

.. * 

* * lOH ISMN * * * * * * * * * * * 
* *· * * • * * * * * * .. * .. 7 • 3/ 4/74 * -- -- * 1.61E-06 * 2.45E-06 * I .·60E-06 * * S.43E-07 * 3.81E-05 * 2.S2E-07 * * * 
* * 16H 4SMN * * * * * * * * * * * 
* * * * * * * * * * * * * 
* 8 * '15/ S/74 * 1.4' 990 * 7. 34E-06 * 7.33E-06 * 7.29E-06 * * 2.84E-06 * 5.24E-06 * 3.SIE-07 * * 2.22E-06 * 
* * 9H ISMN * * * * .. * * * * * ;. 
.. * * * * * * * * * * * * 
* 9 * 30/ 5/74 * 1.6 94S * 7. 70E-06 * 5.1SE-06 * 6.29E-06 * • 7. 89E-06 * I. 77E-04 * 9.49E-07 * * * 
* * 16H OMN * * • * * • * * * * * .. * * • * * * * * * * * * 
* 10 * 27/ 6/74 * 1.8 940 * * * * * * * .. • * * .. * ISH 2SMN * * * * * * * * * • * 
·* * * * * .. * * * * * * * 
* II * 17/ 7/74 * '2, 2 94S * 4. 68E-06 * " 4.S8E-06 * * 3.40E-06 * 9.83E-09 * 1.61E-06 * * * 
* .. ISH OMN * * * .. * * • * * 

.. 
* 

* * * * * .. * * * * * • * 
* 12 * 8/ 8/74 * -- - * * .. • * 8.9SE-06 * * * * * 
* * IIH JOMN * * * * * * • * * .. * 
* * * * • * * * * * * * * 
*13 * 26/ 9/74 * 2.S 915 * 3.32E-06 * 2.9SE-06 * 2.34E-06 * * 4.49E-06 * * 4. IOE-07 * * * 

* * l6H SOMN * * * * * * * * * * * .. * * * * * * * * * * * * .. * * * .. ~ * * * I * * * .. 



' TABLE A2 (Continued) 

Fast Fluence 
VolL-rne R/8 

(10
25

n!m2) 
d.verege 

Date Temperatcre 
Cell Time (E > 29 fJ)HTGR (·c::· Kr85m Kr87 Kr88 Kre9 Xe133 Xe135m Xe135 Xe137 Xe138 

2 * * * * * * * * * * * * * 
* I * 4/ ~/74 • 0.1 9Mi * 1.79E-07 * i. 60E-07 * ~.50E-07 * * 1.63E-08 * * 6.:1E-09 * * 2.30E-08 * 
* * lOB JOHN * * * * * * * * * * * .. * * * * * * * * * * .. * .. 2 * f4/ 1/74 * 0.5 9E>O *.2.51E-07 * 1. 46E-07 * I. 78E-07 * * 7.56E-08 * * 3.35E-09 * * I. 74E-08 * 
* * lOR ~OMN * • * * * • * * * * * 
* * * * * * • * * * * * • 
* 3 * 22/ 1/74 * 0.7 9E>.O * 2.94E-07 * 2. 30E-07 * 2. 45E-07 * * I. 23E-07 * * 4.~1E-09 * * 1. 80E-08 * 
* * 11H OMN * * * * * * * * * * * 
* * * * * * * * * * * * * 

* 4 * 4/ '</74 * 1.0 961) * 2.76E-07 * -,. 7"iE-07 * 2. 15E-07 * * 7.97E-08 * * 7 .J8E-09 * * * 
* * 10H 5MN * * * * * * * * * * * 
*· * * * • * * * * * * * * 
* 5 * 25/ </74 * 1.4 965 * • * * * 2.16E-07 * * * * * 
* * 10H ~5MN * * * * * * * * * * * 
* * * * * * * * * * * * * 

0 * 6 * 19/ '3./74 * 1.6 985 * * * * * 1 .14E-05 * * * * * 
* * 11H OMN * * * *. * * * * * * * 
* * * * * * * * * * * * * 
* 7 * 4{ ~/74_ * -- -- * 5.85E-07 " * 4. 79E-07 * * 2.09E-07 * * 1 .J5E-07 * * * 

* * 10H '3.0MN' * * .. 
* * * * * * * * 

* * * • * * * * * * * * * 

* 8 * 30/ ~/74 * 2.:2 911) * 9. 4JE-05 * * .7.63E-05 * * 1. 29E-04 * * 3.BOE-06 * * * 
* * 14H '3.-0MN * * * * * * * * * * * 
* * * * * * * * * * * * * 
* 9 * 27/ 6/74 * 2.7 91i) * 1.11E-05 * I.BE-05 * ·1. 05E-05 * * 2. 77E-05 * * 7. !2E-07 * * * 
* * 14H 35MN * * * * * * * * * * * 

* * * * * * * * * * * * * 
* 10 * 171 ;f74 * 3~0 955 * 1.24E-05 * * 9.36E-06 * * 1.61E-05 •· 4.06E-08 * * * * 

* * 11ll OMN * * * * • * •· * * * * 
* * * * * * • * * * * * * 
* 11 * 8/ 8/74 * - -- * * * * * 1. 04E-05 ·- * -· * * * 
* * IOH 10MN * * * * 'II * * * * * * 

* * * * * * it * * * * * * 

* 12 ~ 26/ 9/74 * 3.4 910 * 6.89E-06 * ~.25E-06o * .5.62E-06 " * 5. 08E-06 * * 4. oj2E-07 * * * 
* * 15H "5MN * * * * " * * * * * * 
* * * * * * " * •· * * * * 
* * * * * * ft * * * *· * * 



> 
I 

:--1 

Cell 

3 

· Date 
'I Time 

* .. "' 
* .. .. .. 1 .. 4/ 1/74 .. 

* * 11H 15HN 

* * "' .. 2 .. 14/ 1/74 .. .. * 9H 30MN * 
• • ;, 

* 3 .. 22/ 1/74 ;, .. *11H45MN " 
* .. ., 
* 4 i. 4/ 2/74 * .. * 10H 45MN * 
* * • 
* 5 .. 18/ 2/74 .. 

* * 16H 15MN * .. .. * .. 6 .. 18/ 3/74 .. .. * 14H 15MN * 
* .. * .. 7 .. 3/ 4/74 * .. * 15H 30MN * 
* * .. 
* 8 * 15/ 5/74 .. 
* * 15H 30MN * 
* .. .. 
* 9 * 29/ 5/74 * 
* * 14H 30MN * 
* * * .. 10 * 18/ 6/74 .. .. * 14H 30MN * .. .. * * 11 * 27/ 6/74 .. 
* * 10H 20MN * .. * .. 
* 12 * 19/ 7/74 * 
* * 9H 15MN * 
* * .. 
* 13 .. 26/ 7/74 .. 

* * 9H 30MN .. 
* .. * 
* 14 .. 12/ 9/74 * 
* * 13H 20MN it .. * .. .. 15 * 20/ 9/74 • .. .. 8H 50MN * .. .. * 

Volume Fast: Fluence 

(1025n/m2) 
Average 

Temperature 
(E > 29 fJ)HTGR (oC) 

0.1 980 

0.4 975 

0.6 970 

0.9 965 

1.1 965 

1.3 975 

-- -

.1.7 980 

1.9 970 

2.2 940 

2.5 935 

2.8 935 

2.9 945 

3.0 955 

.3.0 960 

c. 

TABLE A2 (Continued) 

R/B 

Kr85m Kr87 Kr88 Kr89 Xe133 Xe135m Xe135 Xe137 Xe138 

.. .. * * .. * * * * * * • * ... * * * .. * .. 
* 3. 17E-17 "2.52E-07 * 2.76E-07 * * 3.56E-08 * 1.11E-07 * 1. 16E-08 * * 4.38E-08 * .. 
• • • .. .. .. .. * .. .. 
* 4. 27E-07 * 3.01E-07 .. 3.32E-07 * * 1. 45E-07 • * 1. 42E-08 * * 1. 72E-08 * 
* * .. * * * * .. • • 
* * * * .. .. * * * .. 
* 3. 46E-07 • 2.56£-07 .. 2.74£-07 .. * 1. 89E-07 * * 9.52E-09 * .. 1. 64£-08 • .. * .. .. .. .. " .. .. .. .. • .. .. .. .. .. * .. .. 
* 4.31£-07 .. 2.45£-07 .. 2.94£-07 .. .. 1.23£-07 .. * 1. 22E-08 * * .. 
* .. .. .. .. * * .. * .. .. .. .. • * * * .. * .. 
* 3.391;:-07 * 2. 32E-07 * 2.58£-07 .. * 2.54£-07 * * 1.35£-08 * .. .. .. .. .. .. * * * .. * .. .. .. * * .. * * .. * .. 
* * * * * 8.92£-08 * * .. .. * 
*· * * * .. * * .. .. .. .. .. .. * * * * * * .. 
* 4.35£-08 * 3.83£-08 .. 3.52£-08 * .. 2.03£-08 .. 1.38£-08 .. 3.68£-09 * * 1.19E-08 * 
* * * * * * * * * .. .. * " * .. * * .. * * * 1.08£-05 * 8.62£-06 * 9.23£-06 * * 1. 15E-05 * 3.65£-06 * 8.34£-07 * ·• 2. 06E-06 .. 
* .. * * * .. * * * .. .. * ir * * * * * * * * 1.89£-04 * 1. 57E-04 * 1. 44E-04 * 1.76£-05 .. 2.30E-03 .. 4.40£-05 .. 5.68E-05 .. 1. 65E-05 .. 3.59£-05 * 
* * * .. * * * * * * 
* * * * .. * .. .. .. * * 4. 45E-04 * .3. 31E-04 * 3.21E-04 * 4.48E-05 * 7. 64E-03 * 1. 09E-04 * 1. 22E-04 .. 3.56£-05 * 4.78E-05 * .. * •· .. .. .. .. * .. * .. * • .. .. .. * .. * .. 
* 5.76£-04 * 4. 24E-04 .. 5.09£-04 * 9.64£-05 .. 2.81E-03 .. 1.35£'-04 .. 1. 43E-04 * 6.06£-05 * 6.69£-05 * 
* * * * .. * * * .. * .. * * * * * * * .. .. 
* 3. 97.E-04 * 2.69E-04 .. 3.31E-04 * * 1.79E-03 .. 5.89£-05 .. 1. 37E-04 * * 3. 17E-05 * 
* * * *· .. .. .. * .. * 
* * . * * • • ·• • ·* * 
* 4. 84E-04· * 3. 39E-04 * 3.94E-04 * 1. 30E-05 * 2.62£-03 * 8. 73E-05 * 1. 77E-04 * 6.94E-06 * 5. 04E-05 * 
* * * * * * * * * * 
* * * * * * * * * * 
* 4.33E-04 *· 4. 19E-04 .. 3.73£-04 * 5. 73E-05 * 8. 92E-04 * 1. 44E-04 * 1.42E-04 * 3.96£-05 .. 6. 95E-05 * .. .. * .. .. * * * * * .. * * * * .. .. .. .. .. 
* 2. 70E-04 .. 2:.48£-04 * 2.68£-04 * 9.26E-05 * 8.71£-04 * 9.21£-05 .. 1.10£-04 * 4.47j,;-OS * 5.65E-05 .. 
.. * .. .. * .. .. .. .. .. 
.. .. * .. * * * * * * 



> 
I 

00 

Cell 

4 

Date 
Time. 

* * * • • • 
* 1 * 4/ 11/74 .. 

* * 12H o()MN • 
* * • 
• 2 * 14/ 1/74 * 
* * 14H ::OMN * 
• * * 
* 3 * 22/ 1/74 .. 
* * 14H LOMN * 
* * • 
* 4 * 4/ ~/74 * 
* * 14H ~5MN * 
* * •' * • 5 • 19/ ~/74 * 
* * 9H -i5MN * 
* * * 
* 6 * 19/ 3/74 * 
* * BH -i5MN * 
* * * • 7 * 4/ :./74 * 
* * 14H 35MN * 
* * * 
* 8 * 3l/ 5/74 * 
• * 10H OMN * 
* * * 
* 9 * 28/ 6/74 * 
• • 9H JSMN • 
* • * * 10 * 26/ 7/74 • 

* • 14H 20MN * 
* * * 
* 11 * 27/ 9/74 * 
* * 9H 30MN * 
* * * 

Fast Fluence 
Volurr.e 

(10
25

ntm
2

) 
Average 

Te:nperature 

I (E > 29 f:)HTGR c•c> Kr85m 

* * • * 
0.1 11~0 * • 

* * 
* * 

0.3 1PO * 1. 80E-04 * 
* • 
* * 

0.4 11·)5 • 1. 70E-04 * 
* * 
* * 

()_7 1155 * 2.59E-04 * 
* * 
* * 

1.0 1150 * 3.91E-014 * 
• * 
* * 

1.1 1100 * * 
* * • .. 

-- -- * 1.13e.:.o::' * 
* • 
* * 

1 4 100S * 4.20E-04 * • * 
* .. 

1.8 970 * 9.66E-0• " 

* * • * 
2.1 9~0 * * 

* * 
* . 

2:.3 9!5 * * 
* * 
* * 

TABLE A2 (Continued) 

R/B 

K~87 I Kr88 I Kr89 I Xe133 I Xe135o.J I Xe·135 I Xe137 I Xe138 

* * * * * * * * 
* * * * * * * * 
* * * 1. 24E-05 * * 3.S2E-06 * * * 
* * * * * * * * 
* * * * * * * * 

; .25E-05 * -. 12E-04 * 1. 52E-06 * 6.88E-04 * 1. 35E-Oj * 2. :i6E-05 * * J. 89E-06 * 
* * * * * * * * 
* * * * * * * * 

b.99E-05 * I. 15E-04 * * 8.79E-04 * 1. 23e.-o; • 2. 63E-05 * * 4.23E-06 * 
* * * * * * * * 
* * * * * * * * 

1-49E-04 * 1. 92E-04 * * 9.96E-04 * 7. 21E-05 * 9.'2E-05 * * 1. 40E-05 * 
* * * * * * * * 
* * * * * * * * 

2 .07E-04 * 2.85E-04 * 5.62E-06 * 1. 40E-03 * 7.10E-15 * 1. 13E-04 • 2. 92E-06 * 1.83E-05 * 
* * * * * * * * 
* * * * * * * * 
* * * 2. 72E-03 * • • * * 
* • * * • • * • .. 

* ic * • • * * 
* 8.95E-04 * * * 6. 19E-a6 * 7.52E-04 * * * 
* .. .. * * * * * 
* * * * .. * * * 
* 4. 54E-04 * • * 4.06E-06 * 1.75E-04 * * * 
* * • * • * * * 
* * * • * * * * 
* 8.22E-04 * • 9.01E-04 * 9. 5'21:-(•6 * S.BSE-04 * * * • ,. 

* • • * * * • * • * • • * * 
* * * 6.42E-04 * * * * * 
* * * * * * * * 
* * * * * * * * 
* * 

,. 6.05E-04 * * * * * 
* * * * * * * * 
* * * * * * * * 

.r 



TABLE A3 
FISSION GAS RELEASE RESULTS FOR ISOTOPES OF Kr AND Xe IN CAPSULE GF-3 

Fast Fluence Volume 
R/B 

(10
25

n/m
2

) 
Average 

Date Temperature 

I I I I J I I I Cell Time (E > 29 fJ)HTGR (oC) Kr85m Kr87 Kr88 Kr89 Xe133 Xe13Sm Xe135 Xe137 Xe138 

*· * • * * * * * * * * * * 
* * * * * * * * * * * * * 

I * 1 * 1 I 2/74 .. 0.1 990 * 5.49E-06 * 3.26E-06 * 4.86E-06 * * * 3.27E-06 * 5. 36E-07 * * 1. 19E-06 * 
* * 9H 15MN * * * * * .· * * * * * * 
* * * * * * * * * * * * * 
* 2 * 12/ 2/74 * 0.2 990 * 1. 52E-06 * 1. 31 E-06 * 1. 30E-06 * * 3. 83E-06 . ., 9.801!-07 * 1.46E-07 * * 3. 55E-07 * 
* * 11H 15MN * * * * * * * * * * * 
* * * * 

.. * * * * * * * * 
* } * 18/ 2/74 * 0.3 995 * 1. 44E-06 * 7.33E-07 * 9. 73E-07 * * 3.09E-06 * 1. 06E-06 * 1. 73E-07 * * 3. 42E-07 * 
* * 9H 15MN * * * * * * * * * * * 
* ,;, * * * * * * * * * * * 
* 4 * 4/ 3/74 * 0.5 995 * 4.161!-06 * 1.51E-06 * 1. 66E-06 * * 4.25E-06 * 1.021!-06 * 1. 64E-07 * * 2. 29E-07 * 
* * .10H OMN * * * * * * .. * * * * 
* * * * * * * * * * * * * 
* 5 * 21/ 3/74 * 0.8 995 * 1.48E-06 * 1.35E-06 * 1. 28E-06 * * 1. 39E-06 * 9.2iE-07 * 6.85E-08 * * 3.22E-07 * 
* * 15H OMN * * * * * * * * * * * 
* * * * * * * * * * * * * 
* 6 * 10/ 4/74 * 1.1 965 ·* 1.75E:..o6 • 1. 42E-06 * 1. 49E-06 * * 3. 71E-06 * 1. 22E-06 * 2. 12E-07 * * 4. 72E-07 * 
*· *. IOH 45MN * * * * * * * * * * * 
* * * * * * * * * * * * * 
* 1 * 22/ 4/,74 * 1.3 965 * 1. 34E-06 * 1. 20E-06 * 1. 11E-06 * * 2. 35E-06 * 1.01E-06 * 1. OJE-07 * * 3.06E-07 * 
* * 10H OMN * * * * * * * * * * * 
* * * * * * * * * * * * * 
*. 8 * 13/ 5/74 * 1.~ 970 * 1. 40E-06 * 1. 46E-06 * 1. 10E-06 * * 2. 10E-06 * 1.07E-06 * 1. 63E-07 * * 4. 19E-07 * .• 

* * 11H 15MN * .. * * * * * * * * * 
* * * * * * * * * * * * * 
* 9 * 28/ 5/74 * 1.8 980 * 8.95E-;-07 * 6.59E-07 * 7. 46E-07 * * 2. 73E-06 * * 1. 50E-07 * * * 
* * 9H 50MN * * * * * - * * * * * * 
* * * * * • * * * * * * * 
•· 10 * 17/ 6/74 * 2.0 985 * 9.79E..:07 * 1.03E-06 * 9.43E-07 * * 2.26E-06 * 7 .06E-07 * 1. 05E-07 * * 2. 25E-07 * 
* * 9H 45MN * * * • * * * * * * * 
* * * * * • * * * * * * * 
* 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 * * * * * * * * * * * 
* * * * * * * * * * * * * 
* 12 * 23/ 7/74 * 2.4 965 * 1. 01E-06 * 8. 58E-07 * 8. 89E-07 * * 2.32E-06 * 5.25E-07 * 1. 06E-07 * * 2. 66E-07 * 
* * 9H OMN * * * * * * * * * * * 
* * * * * * * * * * * * * .. 13. * 9/ 9/74 * 2.5 965 * 1. 82E-06 * 1. 69E-06 * 1. 55E-06 * * 2. 06E-06 * 9.69E-()7 * 1. 59E-07 * 4. 49E-07 * 4.25E-07 * 
* * 10H 35MN * * * * * * * •* * * * 
* * * * * * * * * * * * * 
* 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 * .. * 14H 20MN * * * * * * * * * * * 
* * * * * * * * * * * * * 



TABLE A3 (Continued) 

Fast Fluenc.e 
Volume 

(1025~/m2) 
Average R/B 

Date Temperature 

I I I I I XeU5m ·I I I Cell Time (E > 29 :J)HTGR (oc: Kr€5m Kt87 Kr88 Kr89 Xe133 :Xe135 Xe137 Xe138 

* * * * * * * * * * * * * 
* * * * * * * * * * * * * 

2 * 1 * 1/ ~/74 * 0.1 .955 * 1. 35E-01 * m. 13E-07' * 1.14E-07 * * * •* 5 . .;6E-09 * * 3. 27E-08 * 
* * 1011· i5MN * * * * * * * * * * * 
* * * * * * * * * * * * * 
* 2 * 12/ ~/74 * 0.3 95·5 * 3.30E-01 * 2-0;E-07 * 2. 40E-'07 * * 1. 23E-07 * * 6. 98E-09 * * * 
* * 11HSOMN• * * * * * * * * * * 
* * * * * * * * * * * * * 
* 3 * 18/ ~/74 * 0.5 955 * 4.11E-Oi * 2.41E-07 * 3. OOE-07 * * 2.32E-07 * 8.84E~OE * 1. 19E-08 * * 3. llE-08 * 
* * 1011 5MN * * * * * * * * * * * 
* * * * * * * * * * * * * * 4 * 4/ )/74 * 0.8 95·5 * 5.01E-Oi * 3.4iE-07 * 3. 64E-07 * * 1. 09E-07 * * 1 .. 34E-08 * * * 
* * 10H 40MN * * * * * * * * * * * 
* .. * * * * * * * * * * * 
* 5 * 22/ 3/74 * 1.1 96-J * 1.61E-O€• 1.49E-OS· * 1.41E-06 * * 1. 53E-06 * 6.17E-o; • l.IOE-07 * * I. 78E-07 * 
* * 9H 45MN * * * * * 

~ 

* * * * * * 
* * * * * * * * * * * * * 
* 6 * 10/ 4/74 * 1.5 96-5 * l. 91E-0€ * 1.61E-05· * 1. 59E-06 * * 1. 53E-06 * 6. 17E-Oi * 1. IOE-07 * * 1. 78E-07 * 

* * 9H t.5MN * * * * * * * * " * * 
* * * * * * * * * * * * * 
* 7 * 22/ t./74 * 1.8 95·) * 4. 83E-OS * ·i.8iE-05· * 4. 97E-05 * 1.13£-05 * 7. 94E-04 * 1. 92E-O.: * 1. 30E-05 * 7. 23E-06 * 9. 68E-06 * 

* * 11H OMN * * * * * * * * * * * 
* * * * * * * * * * * * * 
* 8 * 13/ 5/74 * 2.1 93·) * 1. 21E-04 * I. 03E-04 * 9. 32E-05 * 1. 42£-05 * 3.53E-04 * 3. 59 E-O.: * 3.31E-05 * 3. 70E-06 * 1. 80E-05 * 
* * lSi! 15MN * * * * * * * * * * * 
* * * * * * * * * * * * * 
* 9 * 28/ 5/74 * 2.3 955 * 1. 91E-04 * * 1. 62E-04 * * 2. lOE-03 * * 6. 68E.:.os • * * 
* * ISH iSMN * * * * * * * * * * * 
* * * * * * * * * * * * * 
*10 * 17/ o/74 • 2 .• 8 98.) * 3. 26E-04 * 2. 75E-04 * 2.47E-04 * 4. 50£-05 * 8.61E-03 * 8.57E-OS * 7. 33E-05 * * 3. 69E-05 * 
* * lOH 35MN * * * * * * * * * * * 
* * * * * * * * * * * * * 
*11 * 251 6/74 * 2::9 97) * 3. 40E-04 * 2.8-3E-04 * 2. 65E-04 * 5. 25E-05 * 5.32E-03 * 9.75E-OS * 9. ~OE-05 * 3. 38E-05 * 4.21E-05 * 
* * 1411 JSMN * * * * * * * * * * * 
* * * * * * * * * * * * * 
•12 * 23/ 7/74 * 1.3 95) * 2.28E-04 .. 1.3•)E-04 * 1. 79E-04 * 4;08E-06 * S.OlE-03 * 3.0BE-OS ·,. 4. 89E-05 * 3. 29E-06 * 1. 66E-05 * 
* * 911 401-!11 * * * * * * * * * * * 
* * * * * * * * * * * * * 
*13 * . 9/ 9/74 * 1.3 97)' * 1. 29E-04 * I.J•)E-04 * 1. llE-04 * 3. 69E-05 * 9.83E-04 * 6. 83E~OS * 5·. 35E-05 * 1. 73E-GS * 2. 13E-05 * 
* * 13H 50MN * * * * * * * * * * * 
* * * * * * * * * * * * * 
*14 * 19/ 9/74 * 1.4 98-5 * 1. 52E-04 * I. 3~E-04· * 1.21E-04 * 2. 75£-05 * 9. 51E-04 * 5. 39E-OS * 4. ~4E-05 * 1. 65E-!l5 * 2.19E-05* 
* * 911 '.OMN * * * * * * * * * * * 
* * * * * * .. * * * * .. • 



> 
I 

-... 

Cell 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

* 
* 

Date · 
Time 

* 
* 

1 * 1/ 2/74 * 
*11H OHN* 
*· * 

2 * 12/ 2/74- ·* 
* 14H 10MNI * 
• * 

3 * 18/ 2/74 * 
* 11H 5HN. * 

* * 
* 4 * 4/ J/74 * 
* .• 14H 15HN * 
* * * 
* 5 * 22/ 3/74 * 
* * 11H 20HN * 
* * * * 6 * 10/ 4/74 * 
* * 15H OHN * 
~ * * 
* 7 * 22/ 4/74 * 
* * 14H 15HN * 
* * * 
* 8 * 14/ 5/74 * 
* * 11H JOHN * 
* * * * 9 * 28/ 5/74 * 
* * 10H JOHN * 
* * .. * 10 * 17/ 6/74 * 
* * 14H JOHN * 
* * * 
* 11 * 26/ 6/74 * 
* * 14H 45HN * 
* * 
* 12 * 2J/ 7/74 * 
* * 14H 15HN * 
* * * 
* 13 * 11/ 9.74 * 
* * 9H 25MN * 
* * * * 14' * 18/ 9/74 * 
* * 14H 50MN * 
* * * 
* •· * 

Fast Fluence 

(1025ntm2) 
(E > 29 fJ)HTGR 

0.1 

O.J 

0.5 

0.8 

1.1 

1.5 

1.7 

2.0 

2.3 

2.8 

2.9 

J.2 

3.3 

3.3 

.• 

TABLE A3 (Continued) 

Vo:.ume 
Average R/8 

Tem~~~~turer--K-r_8_5_m--,r---K-r8-7---,-~--K-r_8_8 __ 11r---Kr_8_9---r-~-X-e_1_3~3--,,--X_e_1_3_5_m __ r-I--X-e-13-5--,-,-X_e_1_3_7 __ 1 1r--X-e-1-38 ______ _ 

10~·0 

10~0 

10/f5 

1040 

1035 

102:5 

100'5 

93() 

985 

985 

970 

970 

985 

990 

* * * * 
* * * * 
* 2.00E-05 * 1.08E-05 * 1.62E-05 * 

* 
* 

* 
* 

* * 

* 
* 
* 
* 
* 

* 
* 
* 
* 
* 

* 
* 

* 
* 

: 2.08~7 : 

* 
* 

* 
* 

* 5.91E-07 * 
* * 

* 5.28E-05 * 
* * * 2.67E-05 * * 7.83E-05 * * * 

* 8.64E-07 * * 
* 

* 
* 

* * *· * * * * * * * 
* * * * * * * * * * * 5.J6E-05 * 2.15E-05 * 3.55E-05 * * 1.49E-04 * 4.26E-06 * 5.94E-06 * * 1.57E-06 * 

* * * * * * * * * * 
* * * * * * * * * * * J.JJE-05 * 1.9JE-05 * 2.51E-05 * 6.54E-07 * 9.57E-05 * J.12E-06 * J.07E-06 * 2.7JE-07 * 1.32E-06 * 
* * * * •· * * * * * 
* * * * * * * * * * * 3.65E-05 * 2.01E-05 * 2.52E-05 * * 1.34E-04 * 3.15E-06 * 4.40E-06 * * 1.47E-06 * 
* * * * * * * * * * 
* * * * * * * * * * 
* 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 * 
* * * * * * * * * * 
* * * * * * * * * * 
* 4.14E-05 * 2.57E-05 '* J.10E-05 * 1.39E-06 * 2.09E-04 * J.68E-06 * 5.24E-06 * 3.09E-07 * 1.50E-06 * 
* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* * 

* 4.06E-05 * 2.26E-05 * 2.J5E-05 * * 1.27E-04 * 4.08E-06 * 6.51E-06 * * 1.6JE-06 * 
* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

•· 
* 

* 
* 

* 4:74E-05 * 2.51E-05 * 4.40E-05 * * 1.J8E-OJ * 5.32E-06 * 8.87E-06 * 1.80E-06 * 2.51E-06 * 
* * * * * * * * * * 

* * * * * * * * * * * 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 * 
* * * * * * * * * * 
* * * * * * * * * * 
* 3.99E-04 * 2.14E~04 * 2.65E-04 * 1.75E-05 * 8.03E-03 * 4.98E-05 * 6.75E-05 * 5.22E-06 * 2.46E-05 * 
* * * * * * * * * * 
* * * * * * * * * * 
* 3.45E-04 * 1.9JE-04 * 2. 74E-04 * 5.65E-06 * 3.14E-03 * 5.09E-05 * 1..17E-04 * 5.66E-06 * 3.14E-05 * 
* * * * * * * * * * 
* * * * * * * * * * * 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 * 
* * 
* * * 3.J9E-04 * 2.85E-04 

* 
* 
* 

* 
* 
* 

* * * 
* * * * i.64E-04 * 4.63E-05 * 
* * * 
* 
* 

* 
* 

* 
* 

* * 
* * 

* 
* 

* 
* 

* 
* 

1.62E-03 * 7.59E-05 * 7.74E-05 * 2.45E-05 * 4.09E-05 * 
* * * * * 
* * * * * 
* * * * 



> 
•• 
N 

Cell 

4 

Date 
r::.me 

* * * 

* * * 

* 1 * 1,' 2/74 * 

* * 11B 50Mll * 
* * * 

* 2 * 12,' 12/74* 

* * 15B 5Mll * 

* * * 

* 3 * 18; 2/74 * 
* * 12B OM!l * 
* * * 
* 4 i. 4,0 3/74° * 
* * 11H 25MI'I * 
* * * 
* 5 * 22i 3/74 * 
*· * 10H 25M!f * 
*· * * 
* 6 * I 01 4/74 * 
* ·• 11E 45Mif * 
* * * 
* 7 * 22/'4/74 * • * 15E 30MN * 
* * * • 8 * 14/ 5/74 * 
* * 14E 45Mif * 
* * * 
* 9 * 281 ·5/74 * 
* ·* 12fi 45M!f •. 

* * * * 10 •· 171 6/74 * 
* * 14E 30Mif * .. 

* * 

* 11 * 261 6/74 * 
* * 9E 45Mif * 

* * 
.. 

* 12 * 23} 7/74 * 
* ·* 11E 20M!f * 
* •· * 
* 13 * 9} 9/74 * 
* * 15E 45M!Io* 

* " "' * 14 * 19/ 9/74 .• 

* * IOE 45Mif * 

* * * 

Fast Fluence 
V·>lurne 

(10~ 5n/:Jh 
Av<!rage 

Temp~rature 

(E > 29 fJ)HTGR ('C) 

0.1 1125 

0.2 1125 

0. 3 1125 

0.5 l125 

0.7 ~125 

1.0 1130 

1.2 1120 

1.4 1115 . 
1.6 1145 

1.8 1155 

1.9 1140 

2.0 1125 

2.1 1125 

2.2 1125 

TABLE A3 (Continued) 

R/B 

Kr85m. I Kr87 I Kr88 I Kr89 I Xe133 I Xe135m I Xe135 I Xe137 I Xe138 

* * * * * * * * * * 
* * * * * * * * * * * 7 o liE-07 * 8.06E-·J7 * 7. 35E-07 * * * * I. 66E-08 * * 7.31E-08 * 

* * * * * * * * * * 

* * * * * * * * * * 
* 1 o OiE-0& * 6. 40E-J7 * 8.03E-07 * * 6 o 02E-0' * 2. 14E-07 * ~. 48E-08 * * 2.69E-08 * 
* * * * * * * * * * 
* * * * * * * * * * 
* 1 o 11 E-0& * 7.26E-J7 * 9.00E-07 * * 7. 18E-0' * * 3.02E-08 * * 4. 39E-08' * 
* * * * * * * * * * 

* * * * * * *· * * * 

* 1.44E-06 * 1. 20E-J6 * 1.22E-06 * * 1.07E-Oii • 2. (]!!E-07 * 6.88E-08 * * 1. 24E-07 * 
* * * * * • * * * * 
* * * * * • * ' * * * * 1 . 98E-<05 * 1.41E-)5 * 1. 62E-:05 * * * 5. 85E-06 * 9.18E-07 * * 4.90E-06 * 
* * * * * • * * * * 

* * * * * * * * * * 
* 3. 25E-<05 * 2o82E-J5 * 2.62E-05 * 9.83E-06 * 4.53E-OS • 9.04E-06 * 9.06E-06 * 2.90E-06 * 5.60E-06 * 
* * * * • * * * * * 
* * * * • • * * * * 
* 2.84E-05 * 2.42E-J5 * 2.65E-05 * 5.37E-06 * 2.28E-0q • 6. 13E-06 * li. 11 E-06 * 2o76E-06 * 3. 71E-06 * 
* * * * • * * * * * 
* * * * • * * * * * 
* 5.52E-05 * 4. 50E-.. )5 * 4.55E-05 * 8.94E-06 * 1. 40E-04 * 1. 56E-05 * 1. 77E-05 * 5o74E-06 * 7.41E-06 * 
* * * * • * * * * * 
* * * * • * * * * * * 2. 79E-04 * 2. 27E-•J4 * 2.23E-04 * 4. 11E-05 * 3. 18E-03 * 6. 9-5E-05 * ?.63E-05 * .. 3.57E-05 * 
* * * * • .. * * * * 
* * * * • * * * * * 
* 7.91:E-04 * 7. 57E-•J4 * 6o59E-04 * 1. 29E-04 • 9.68E-03 * 2.2)E-04 * J.OOE-04 * 7. 61E-05 * 9. 17E-05 * 
* * * * * * * * * * 
* * * * • * * * *· * 
* 8.00E-04 * 4, 99E-o)4 * &.62E-04 * 1. 52E-04 * 9. 94E-O:; * 1. BE-04 * 2o72E-04 * 5. 33E-05 * 5.29E-05 * 
* * * * * * *· * * * 
* * * * * * * * * * 
* 9.87E-04 * 6. 55E-•J4 * 7.87E-04 * * 4. 11E-O:> * l.OH-04 * 3.94E-04 * * * 
* * * * * * * * * * 
* * * * * * * 41 * * * * 6.8SE-04 * 6. 74E-•J4 * 5.56E-04 * 1. 77E-04 * 2. 28E-o:. * 3.01E-04 * ~.71E-04 * 8. 43E-05 * 1. 13E-04 * 

* * * * * * * * * * 

* * * * * * * * * * 
* 7.93E-04 * 6. 77E-•J4 * 5. 64E-04 * 9.06E-05 * 7 .40E-O:o * .3o 05E-04 * 2.77E-04 * 5o 44E-05 * 9.85E-05 * 
* * * * * * * * * * 
* * * * • * * * • * 

= 

.• 




