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FUEL CAPSULE HRB-21 -IA'I?ON EXAMI[NATION DATA REPORT* 

C. k Baldwin, G. L Bell, L C. Emerson, M. L. Grossbeck, R. N. Morris, 
B. F. Myers, N. H. Packan, J. T. Parks, 0. M. Stamfield, 

R. AcharyaT, and E C. Montgomeryt 

SUMMARY 

The HRB-21 irradiation capsule experiment was carried out to provide a 

de:monstration of the performance capability of reference Nuclear Energy Modular High- 
Temperaure Gas-Cooled Reactor (NE-MHTGR) he1 which consisted of uranium oxycarbide 
(LrCO) fissile and Tho, fertile TRISO particles bonded into compacts. The HRB-21 
irradiation test was designed to provide a fuel performance demonstration at the upper 
boundaries of bumup, temperature, and fast neutron fluence. The fuel was exposed to 
accelerated irradiation conditions in the High Flux Isotope Reactor (HFIR) test facilities at 

Oak Ridge National Laboratory (ORNL). The capsule was irradiated at a volume-average 
temperature of 932°C for 105 effective full-paver days from June 20, 1991, to November 21, 
1991. During irradiation, the capsule was purged with a flow of helium and neon gas, and 
the fission gas content of the capsule exhaust gas was monitored to provide a measure of the 
retentive capability of fuel as irradiation proceeded. 

The initial f i i ion gas release (release ratebirth rate, "R/B") from the capsule was 

extremely low (C 5 x lo4 R/B smKr), which was a reflection of the fact that the exposed 
heavy metal contamination of the fuel compacts was less than lo5 fraction of the fuel 

content However, the fuel began to release fission gas when the fast neutron fluence 
exceeded about 0.7 x 1025 nhn2. The Fi ion  gas activity of the purge gas increased rapidly to 
release rates on the order oE lo4 R/B 
were Seen by the instruments continuously monitoring the capsule exhaust. While it is not 
possible to infer a clear one-to-one correspondence between activity spikes and particle 
failure, it was obvious long before the capsule was removed from the reactor that the fuel 

was suffering early failure. 

During this time, numerous activity "spikes" 

*Research sponsored by the Office of Advanced Reactor Programs, Division of 
HTGRs, US. Department of Energy, under contract DE-AC05-840R21400 with Martin 
Marietta Energy Systems, Inc. 

t o n  loan from General Atomics, San Diego, California. 
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The breeding of B33Pa in fertile particles and the longer-than-anticipated delays 
between reactor cycles allowed significant amounts of the "3Pa (27-d half-life) to decay to 

233U which increased the amount of fissile material in the compacts. "his resulted in 
increased power production in the fuel. In addition, the changes in the heat-transfer 
characteristics of the fuel compacts because of radiation-indud pyrocarbon damage made 
heat rejection more difficult. The net result of these two effects made temperature control 
increasingly difficult. After five of the planned six cycles of HFXR irradiation, the peak fuel 
test temperature could not be controlled within the design ff t (< 1250°C), and the 

irradiation phase of the test was terminated. 
The HRB-21 capsule was transferred to the QRNL hot cells in February 1992 and 

detailed examination of fuel started in June 1992. The delay was caused by conflicts with 
other programs and Department of Energy (DOE)-mandated improvements to the facilities 
performing the postirradiation examination (PIE) work. The compacts were relatively weak 
but they were extracted from the graphite holders without significant damage or debonding 
of particles. The 12 compacts in the lower half of the capsule were shipped to General 

Atomics, San Diego, California, where fission gas release from individual compacts was 

determined by activation and heating in "RIGA The TRIGA results paralleled the large 
in-pile releases. 

Ceramography, scanning electron microscopy (§EM), gamma analysis of individual 
particle fission product inventory &radiated Micrasphere Gamma Analyzer (IMGA)], and 
leach-burn-leach procedures were carried out at ORNL on selected fuel compacts to 
characterize fuel condition. Burnup determinations were also made using 
Initial examination showed a large amount of protective pyrocarbon coating (PpYC) and 

outer pyrocarbon coating (OPyC) failure, with failure greatest in the high-fluence compacts. 

The eeramographic examination showed that the failure of the PyC mating layers increased 

rapidly with increasing fast neutron exposure above an exposure of about 0.7 x lp dm2. 

There was nearly 100% failure of the PPyC and OPyc layers in the highest fluence 
compacts. Failure was carrelated with fast neutron fluenee. and compact temperature, 
although there is greater uncertainty in the temperature correlatio because the massive 
pyrocarbon failure probably altered the thermal conductance of the compacts an unkno 
amount. The IMGA and ceramographic results indicated that particles with the lowest 
neutron exposure had no observable irradiation-induced coating failure, but the highest 
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exposure compacts had approximately 6% cracked or porous S i c  coatings. The W G A  
results were essentially confirmed by PIE; the compacts with the highest TRIGA releases 
a h  showed the greatest fuel failure. There was qualitative agreement between the different 
PIE methods, but their sensitivity differed. However, the percent-level failures of the 
highest fluence compacts are clearly and consistently visible. Table S-1 summarizes the 
particle failure (loss of retentive capability) results. 

There was a high fraction (21%) of fertile particles at low exposure in compact le 
wlnich exhibited a long circumferential crack in the Sic. The crack usually entered and 
exited at the same surface so that it did not represent a source of frssion product release. 

Neither fissile nor fertile particles at higher exposure showed Sic circumferential cracks. 
The circumferential cracks in the Sic were most likeiy induced by inward forces on the inner 
pymcarbon coating (IpuC) and Sic  due to the removal of Sic during grinding and polishing. 
Therefore, these crack, in Sic were not included in the fraction failed during irradiation. 

Some buffer coatings developed radial cracks as a result of irradiation-induced 

shrinkage. The cracks often expanded to 20- to 50-pm width under the influence of 
circumferential shrinkage after the initial crack development. Shrinkage of the buffer in the 
radial direction was observed in some cases. The blnffer cracking and swelling of the kernel 
were observed primarily in the UCO fission particles. The fertile, Tho, kernels retained 
their spherical shape, and buffer damage was less than in fissile particles. 

Minor fission product attack of the S ic  was observed at the IPyC-Sic interface of 

several particles examined by ceramography. The attack of the Sic took place at the tip of 

cracks in the IPyC where transport of fwion products to the Sic was enhanced. SEM did 

not detect high localized concentrations of fission products in the Sic, but low levels of 
palladium were detected extending 5 to 10 pm uniformly into the Sic from the inner surface. 
Fission product attack does not appear to have played an important role in the fuel failure, 
at least at the percent-level failure observed. 

The IPyC coating was usually in contact with the Sic. A cracked Sic  was often 
observed when the IPyC layer was cracked. In some cases where the rpyC was cracked 

radially, the nryC debonded from the Sic and curled away from the Sic as a result of 
irradiation-induced shrinkage of the IPyC. Observations were made of Sic tearing and 
fragments of Sic being pulled away as the TpyC coating curfed inward. No evidence showing 
propagation of cracks between Sic and IpyC coating layers was observed, but the frequent 
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Sic failure fraction 

“E;IM4 = Fissions per initial metal atam. Based on calculated burnup values; Irradiated Microsphere Gamma Analyzer 

bLBL = Leach-burn-leach. Based on sum of particle failures measured by 

“Met = Metallography. 

’gas& on sum of particle failures measured by 

(IMGA) determined burnup values are a ~ p r ~ ~ ~ a t e ~ y  15% less. See Table 3.7 in body of text. 

(2) first leach after burn. 
in leach solutions (1) before bum, and 

in leach solutions (I> before burn, and (2) first leach after burn. 



occurrence of both coatings failed in the same particle suggested the failure mechanisms may 
be related. A relatively high incidence of debonding between the PyC and Sic  was present 
in the high-fluence compacts, usually, but not always in conjunction with a radial crack in the 
Ip_lrc. A relatively small number of radial cracks in the S ic  were found, nearly always with a 
radial crack in the IPyC in the Vicinity of (but usually not in line with) the Sic crack Thus, 

the PIE provides some supporting evidence. for a mechanical interaction between coating 
layers contributing to the S i c  failure mechanism. 

The overall view of the fuel exposed to high fast neutron fluence was that of massive 
pyrocarbon failure with Sic  failure at the percent level. It also appears that temperature 
effects, in addition to fluence, may affect fuel failure rates. Some, or all, of the Sic failure 
may have been induced by coating layer interactions; current PIE techniques cannot provide 
the necessary threedimensional picture of the fuel to fully examine this hypothesis. 

The particles contained in the piggybacks fared somewhat better than the particles in 
the compacts. There was far less pyrocarbon damage in the standard particles, and for both 
the standard fissile and standard fertile particles, there was no detectable difference in the 
performance of the TRISO versus the TRISO-P-type coatings. 

Supplemental quality control (QC) inspections/tests were performed on samples of 
archived as-manufactured HRB-21 fissile and fertile fuel particles and compacts to determine 

if the fuel failure in the HRB-21 capsule was the result of an undetected manufacturing 
defect. 

The S ic  defect fraction for the fertile particles as measured by mercury-intrusion 
testing was 8.9 x lo-'. This is about 10 times higher than the defect fraction obtained from 
the burn-leach test but approximately 300 times lower than the fuel particle failure fraction 

estimated for the irradiated HRB-21 capsule. The Sic defect fraction for the compacted 

fmile particles as measured by Cs-release testing was 3.3 x io4. This is about 60 times 

higher than the defect fraction obtained from the burn-leach test but a factor of 60 lower 
than the failure fraction in the irradiated capsule. Overall, there is no reason to believe that 

the fuel began the irradiation with massive Sic  defects, based on the current QC methods. 
The results of the PIE leave many loose ends as is always the case when one can 

onky see one moment in a time history and less than three dimensions in geometry, but 
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subsequent analysis in conjunction with this work leads one to two schools of thought: 

1. No Coating interaction inkrpretatio~~ The fuel failed because the pyroearbon 
(Pq.C/OpYC combination) had poor irradiation stability causing the coating to fail 

at low fluence, and percent-level (undetected) defects existed in the Sic. Only 
major improvements in both coatings will produce the fuel desired by the 
program. 

2. Coating interaction i n k r p r e b h ~  Cracks in the PPyC propagated into the 0 

which caused it to fail; shrinkage and cracking of the IPyC caused high local 

tensile stresses in the Sic  due to the strong bonding between the Sic and the 
IPyC (and loss of the Ow). These high tensile stresses then caused failure of 
the Sic. This condition may have been enhanced by some weak Sic, 

me Fmt item may be considered to be the "pre-mB-21 view" and the second item 

the "post-HRB-21 view" of fuel perfomance modeling. The simple fuel performance models 
of the past have assumed that the Sic mating is the dominant layer, and its failure k due to 
(in the conditions of interest for HRB-21) simple pressure-vessel destruction. The second 

viewpoint has emerged as a more sophisticated view of the particle as a complex structure 
has come into focus. While this PIE cannot conclusively demonstrate that Item 2 is the 

direct cause of the fuel problems, the results of the PIE buttress the argument, and process 
improvements along with the analysis tools developed for that theory will certainly be a step 
in the right direction. 

During the course of this PE, the fuel manufacturer has puaued the second option 

and formulated the following fuel design recommendations: 

1. Eliminate the PPyC layer and return to the five-layer S T U S 0  fuel design. 

Improvement in the compacting process should eliminate the need for this 

protective layer. 
2. Reduce the thickness of the WyC layer. Analysis has shorn that thinner PyC 

imposes lower local stresses on the Sic. 
3. Make more isotropic and denser inner and outer pyroearbons. Reducing 

irradiation-induced dimensional change in the pymcarbons lowers the stress levels 
in the coating layers and thus reduces the failure level. 
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In addition, the optimum coating conditions for the pyrocarbon and Sic layers and 
improved microstructure and Sic defect characterization methods will be examined in the 
light of this work and past irradiation capsules. Finally, the work on capsule HRB-21 has 
identified a set of "lessons learned" that would benefit future programs. 

. 
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SECTION 1 

INTRODUCI'ION 

As the Nuclear Energy Modular High-Temperature Gas-Cooled Reactor (NE- 
MHTGR) reference design evolved during the 198os, the decision was made as part of the 
optimization process to eliminate the reactor containment building. The development of the 
NHTGR concept without a reactor containment building required that the coated fuel 
particle have a higher level of fission product retention than had previously been 
demonstrated in the U.S. program under normal and accident conditions. Confidence that 

such a TRISO fuel could be manufactured was generated by the success of the German 
high-temperature reactor (HTR) program. 

The requirements for the improved fuel were thought to reside in two major areas. 

The first area was the reduction of heavy metal (HM) contamination in the fuel coatings and 
compact; the second area was the reduction of fuel particle damage during the compact 
fabrication process. In addition, improvements were made in the fuel to increase fmion 
product retentivity. The fuel design, specification, and manufacturing processes were 
changed with the intention of improving the particle shape, reducing defective coatings, and 

achieving increased thermal stability of the fuel. 
In order to accomplish the requirements for improved fuel, two design changes were 

made to the fuel particle, which represented a relatively large increment in the evolution of 
the 7'RISO coating. Those changes were (1) an increase in thickness of the inner 
ppocarbon (IPyC) coating from 35 to 50 pm and (2) the application of a lowdensity 

protective pyrocarbon (PPyC) coating onto the outer pyrocarbon coating (OPyC). Coating 
process equipment and operation changes were also made, and they included the use of a 

draft tube in the mater apparatus and the addition of hydrogen to the coating gas when 
depositing hydrocarbons. This fuel was produced by General Atomics (GA) in their 
San Diego facility. 

The specification of increased nryC thickness was accompanied by increases in 
allowable density and anisotropy of the PyC. These changes were made in response to 
evidence that the frequency of Sic defects in TRISO-coated particles detected by the burn- 
leach method could be reduced by these WyC specification changes. The reduction in S i c  
defects was thought to be related to decreased IPyC permeability for the chlorine which was 
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produced during subsequent Sic  coating deposition. It w postulated that a reaction 
between the chlorine and kernel would produce gas us reaction products which were 

thought to disrupt the structure of the depositing Sic coating. Therefore, changes which 

could reduce the permeability of the P y C  were made. To achieve the reduced permeability, 
it was necessary to allow a higher IPyC anisotropy which was known to lead to greater 

dimensional changes of the layer under irradiation. The redu 

thought to be acceptable because the PyC was expected to have no important effect on the 
overall integrity of the TRXSO fuel particle after the coating process was complete. After 
the irradiation of the fuel, more detailed structural analysis revealed that the assumption of 
insignificant structure impact by the rpyC layer may have been optimistic. 

stability of the IPyC was 

The PPyC layer was added to the SO particle design when other methods for 

preventing particle damage during compact fabrication were unsuccessful. The PPyC 
provided a relatively soft, sacrificial outer coating which prevented damage to the retentive 
OPyC and Sic coatings during compact fabrication. The Iow-density PFyC was expected to 

shrink and fail under irradiation conditions, but again it was assumed that its presence would 

not alter the overall structural behavior of the " I U S 0  particle under irradiation conditions. 
It was thought that the OPyC would dominate the behavior of the outer carbon layers under 
irradiation, and the interaction between outer carbon layers would 

With the thickened IPyC and the addition of the PPyC mating layer, the goal of 
< 5 x lo5 fraction Sic defects and < 1.0 x lo-' fraction of HM contaminatian in fuel 

compacts was achieved. The KRB-21 fuel had the lowest Sic defect fraction and 3-TM 

contamination of high-temperature gas-woled reactor (HTGR) coated-particle fuel 

manufactured in the United States until that time. The unknown 
preirradiation performance was increased structuralldimensicsnal 
which ultimately led to poor fuel performance. 

ce of the improv 
ability under irradiation 

The HRB-21 capsule was an irradiation test desi ed to provide the first 
demonstration that the fuel product improvements discussed above would result in the 
required level of fission product retention under normal service conditions. This experiment 
is also part of a cooperative effort between the U S  Departmcnt of Energy (DOE) and the 
Japan Atomic Energy Research Institute (JAERI). The participants are Oak Ridge National 
Laboratory (ORNL), GA, and the JAERT Tokai Research Establishment. Capsule RRB-21 
contained the U.S. MHTGR fuel specimens, and a companion capsule, WRB-22, contains 
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the JAERI fuel. The JAERI fuel is of a somewhat different design than the U.S. fuel, both 
in particle design and compact fabrication. At the time of the postirradiation examination 
(PaE) of HRB-21, the irradiation of the KRB-22 capsule had not yet been cam4 out, but 
plans for irradiation were in place. The irradiation of the NRB-22 capsule was completed in 
the summer of 1994, and its performance was far superior to that of WRB-21, with only 

4 particle failures out of a total of 32,400 particles. 
The HRB-21 capsule internal test assembly consisted of eight graphite fuel holders, 

each containing three prototypical fuei compacts, plus special packages of neutron fluence 
molnitors and unbonded fuel and control material particles. The fuel and capsule were 
fabricated in 1987 (ref. 1-1) with the expectation that the effect of the fuel design changes 
would be demonstrated in 1988 during irradiation in the High Flux Isotope Reactor (HF'IR) 
at ORNL. An unexpected shutdown of HFIR for safety-related reviews resulted in more 

than a 3-year delay before restart of HFiR and irradiation of the HRB-21 capsule. 
The irradiation of HRB-21 took place from June 20 to November 21, 1991. The test 

was originally scheduled to be irradiated for six reactor cycles in the modified removable 

beryllium (RB*) position of the €€FIR- However, because of difficulty in maintaining test 
temperature control, the test was terminated after five reactor cycles, obtaining a p i c  
fluence of 3.5 x Ids n/m2 and a peak fissile fuel burnup of 22% FIMA (fissions per initial 
metal atom). The fertile particles achieved a peak burnup of 22%. The test average 

temiperature was about 932"C, but the maximum temperature was about 1300°C by the end 

of the fifth cycle of irradiation. The operational phase of the HRB-21 test has been 

reported 
The initial fission-gas release from the capsule was extremely low [ 5 x IO4 release 

ratebirth rate (R/B) for Krgsm], which was a reflection of the low, exposed HM 
contamination of the fuel compacts. This initial, excellent performance was followed by 
rapidly increasing R/B levels when the fast neutron fluence e x d e d  about 0.7 x IO3 n/m2; 
ultimately, release rates of the order of lo4 R/B for ern were reached. 

Temperature control of the capsule was lost because of the additional heat produced 
by fissions in the bred Urn. The breeding of UB3 had been accounted for in the initial heat- 
transfer calculations, but the reactor operation had been assumed to be almost continuous 
with only brief shutdowns for refueling. Actual reactor operation included longer refueling 
times which allowed more Urn to accumulate in the fuel from the decay of PaB3 (half-life of 
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27 d) than planned. Also, the thermal conductivity of the compacts may have changed to a 
greater degree than expected during the irradiation [changes in compact thermal conductivity 
would not have affected thermocouple (TC) readings]. The net result was a greater fission 
rate than expected in the later cycles and the final loss of temperature control. 

After irradiation was completed, PIE of the fuel was carried out in the Building 3525 
hot cells at ORNL. A considerable delay (5 months) was incurred between the end of 

irradiation and the beginning of the P E  work This delay occurred because of conflicts 
other programs and DOE-mandated improvements to the building where PIE work is done, 

The irradiated fuel compacts were relatively weak, but they were extracted from the graphite 

holders without significant damage or debonding of the particles. 
The overall picture of the PIE was that considerable he1 failure took place. In the 

highest fluence compacts, there was almost 100% failure of the PPyC and the QPyC, in 
addition to an Sic failure rate of approximately 6%. The failure of the PPyC and OPyC 

layers was a function of fast neutron fluence and, to at least some extent, temperature. The 
effect of temperature is difficult to determine because of the uncertainties in the fuel 
thermal conductivity due to the massive pyrocarban failure. The PyC coating was usually 

observed to be in contact with the Sic layer. A cracked Sic layer was often associated with 

a cracked IPyC layer. No evidence showing crack propagation be 

layer was noted, but the frequent occurrence of both coating fail 

suggested a relationship between the two failure mechanisms. 

the Sic and IPyC 
the same particle 

Supplemental quality mntrol (QC) inspections/tests were performed on samples of 

archived as-manufactured HRB-21 fssile and fertile fuel particles and compacts to improve 
the characterization of the as-manufactured fuel in support of the evaluation of the causes 
of the fuel failure in the HRB-21 cap~ule."~ 

Approximately 2.2% of the fertile particles and 0.04% of the f M e  particles 

examined were found to have one or more "gold spats" (the o tical m a n i f ~ t a t i ~ n  of Sic 
soot inclusions). The Sic defect fraction for the fertile particles as measured by mercury- 
intrusion testing is 8.9 x IO-'. This is about 10 times higher than the defect fraction obtained 

from the bum-leach test but approximately 300 times lower than the fuel particle failure 

fraction estimated for the irradiated WRB-21 capsule. The Sic defect fraction €or the 
compacted fmile particles as measured by Cs-release testing is 3.3 x lo4. This is about 
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60 times higher than the defect fraction obtained from the bum-leach test but a factor of 

60 lower than the failure fraction in the irradiated capsule. 
Overall, there is no reison to believe that the fuel began the irradiation with massive 

Sic defects, based on the current QC methods. 

1.1 REFERENCES 

1-1. Camule HRB-21 Fre-Irradiation Report, DOE-HTGR-88357, Rev. C, 
Martin Marietta Energy System, Inc., Oak Ridge Natl. Lab., April 1991. 

G. L. Bell et al., HRB-21 Irradiation Phase Test Report, DOE-HTGR-90322, Rev. 0, 

Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab., January 1994. 
1-2. 

1-3. Testinp of Archived HRB-21 Capsule Fuel, DOE-HTGR-88554, Rev. N/C, 
Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab., November 1993. 

1-5 DOE-HTGR- 100229 





SECIION 2 

2 1  OBTEcIlVEs 

The objectives of capsule HRB-21 (ref. 2-1) are listed below in order of priority to 

the MHTGR Program: 
0 Provide the first in-reactor test of US. fuel meeting MHTGR fuel quality 

specifications, and provide a portion of the data necessary to validate the U.S. 
reference fuel performance models under normal operating conditions 
Provide a portion of the samples needed for a series of conduction cooldown 

simulation tests designed to provide data in support of update, as necessary, and 
provide data in support of the validation of the U.S. reference fuel performance 
model under Licensing Basis Events (LBE) conditions 
Provide in-reactor coating failure data for confirmation or revision of the defective 

particle performance models 

Provide irradiated, unbonded fuel particles of h4HTGR reference quality for 

(1) direct comparison to irradiated defective particles performance and 

(2) selected postirradiation investigations of their structure and performance 
0 Provide data on partition coefficients and sorptivity isotherms of Cs, Sr, I, and Ag 

on MHTGR core materials 
Provide data on the irradiation performance of potential control material 
consisting of both pyrolytic carbon (PyC)-coated and PyCBiC-coated particles 

containing boron carbide (B4C) 
Because of the poor in-pile fuel performance and abbreviated PIE, the first five of 

these objectives were, for all practical purposes, not met. Information on the last item may 
be obtained in the future, but no schedule has been set. It is not likely that the program 
will use this fuel design again, so the information gained from this test is of little use for fuel 
performance validation. The most likely outcome of this test is to influence fuel design and 
manufacturing. This test will add to the pyrocarbon database and may provide data on 

coated B4C performance. 

2-1 DOE-HTGR-100229 



22 DEscRlpTION OF FUEL SPECIMENS 

Zow-defect fuels are required for the GR to meet the low f”ksion product 
release limits for this reactor design. Exposed HM contamination levels in fuel cumpacts 
(uranium and thorium exposed to coolant) must be < 5 x l o5  fraction, and the defective Sic 
coating fraction (fraction of uranium or thorium particles with defective Sic layer hut intact 
OFyC and IPyC) must be 

specifications for the TRISO-coated uranium oxycarbide (UCO) [19.7% enrich 

fuel particle batches were defined in a specific document for the WRB-21 
detailed discussion of all properties is provid 

5 x lom5 fraction in the heat-treated fuel compacts. The 

A more 
in ret%. 2-3 through 2-5. 

MHTGR fuel is formed by binding the fuel particles together with a suitable matrix 
material and molding this combination into a rod shape which is call 

compacts are then placed into graphite fuel blocks, or in the case of the WRB-21 
experiment, into graphite fuel bodies, It is important to keep clear the  tin^^^^^ between 
the fuel particles, the fuel compacts, and the 

a “mompact.” The 

Twenty-four fuel compacts were irradiated in capsule HRB-21 in eight H-451 

graphite fuel bodies containing three compacts each. Four ~ ~ ~ ~ e / f e r t ~ ~ e  particle loadings 

were specified by ORNL pers~nnel .~’~ These loadings and the four graphite fuel 

body/containment gaps were designed to flatten the temperature profile along the length of 
the capsule while it is irradiated in the HFIR REP Facility. The graphite 
largest body/containment gap and the compacts containing the higher uranium loadings were 
placed on the ends of the capsule to campensate for t e lower thermal neutron Rux at the 
capsule ends. The graphite bodies with the smaller gaps and lower uranium loadings were 
placed in the axial center of the capsule where the thermal neutron flux was greatest. This 

resulted in compacts with fissile particle loadings ranging from 7.7 to 16 val %, fertile 
particle loadings of 35.1 to 37.6 vol %, and shim particle loadi gs of 7.4 to 122 vol %. n e  

shim particles used were from Fort St, Vrain Segment 10 production and were made of 

unimpregnated H-451 graphite. No unfueled TaISO particles werc used in the compacts. 
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Details on the various attributes for the fissile and fertile kernel batches used in fabrication 
of the compacts for HRB-21 are shown in Tables 2.1 and 2.2. Selected particle properties . 
are shown in Tables 2.3 through 2.5. Refer to refs. 2-2 through 2-5 for more detail. 

L2.22 COmpactFabrication 

The compacts were fabricated according to the specified weights and types of fuel 

and other materials as well as all pertinent process conditions. The design loading weights 
of the driver fissile, fertile, and shim particles were measured on an analytical balance, and 
the particles were placed in separate, labeled vials. The three particle charges from the vials 
for each compact were blended with pulses of N2 in a single-hole blender to achieve a 

uniform mixture. The mixed particles were then loaded into each of the cavities of the 

developmental, four-hole injection molding press. In order to minimize particle breakage, a 
gap of approximately 1 mm was left at the top of the particle bed, and no particle bed 

packing force was applied to the particles by the cavity pistons prior to injection of the hot 
matrix.. During matrix injection, a 1-mm-thick zone of pure mat& called an end cap, was 
fonmed at the injection end of the compact as a result of the gap left during particle loading. 

The four cornpacts were cooled after injection and then ejected from the mold. 
The green compacts were carbonized in alumina powder in nitrogen. After cooldown, the 
alumina was removed from the crucibles and brushed from the carbonized compacts. Final 

fuing in an argon atmosphere was accomplished with the compacts freestanding in the 
crucibles without alumina packing. One-hundred-and s i x t y  compacts of each blend made 

were fired in order to provide enough samples for QC evaluation, capsule and backup 
compacts, and historical samples. 

The compacts were characterized to evaluate their conformance to the design 
specifications. The various tests and measurements were done to verify the even distribution 
of fuel, the total HM loading, the amount of HM outside particle coatings, and the 

properties and preinadiation condition of the compacts themselves. Properties measured on 
the actual capsule compacts were weight, dimensions, surface condition, overall fuel 

homogeneity, and fission gas release by "RIGA activation. AU other properties and 
measurements were made on companion compacts. Since some of these tests are necessarily 
destructive ones, properties thus determined are assumed to be representative of all 
compacts in the fabrication lot since they were all fabricated at essentially the same time 
under the same conditions. The fuel loadings for the compacts are given in Table 2.6. 
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Table 21. 
PROPER%ES OF UCO KERNEL, 

~ 

10.65 

351, SD" = 97Q 

Diameter greater than 400 pm 

weight % u 
< 0.1% s 1. 

2 87.0 

carbon/uranium (atomic ratio) 

Oxygenhraniiun (atomic ratio) 

~mpurities, ppmb 

5 0.4 

L 1.6 1.65 

Ni 5 100 1( lo" 

d 1" 

9-85 d 

Uranium mmpition, wt % 

d 0.151 

d 0.117 

072 I "  
%D = Standard deviation- 
pprn = Parts per million. 

%himurn detection 
b 

dNot specified 
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Table 2 2  

PROPERTIES OF Tho, KERNEJL BATCH 8778-54 

Fe 
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Table 26. 
MEASURED (ACITJAL) HRB-21 FtJEL LOADINGS PER GRAPwlTE BODY 

(3 cohapAcIs PER GRAPHITE BODY) 

"Based on 4.06 x 1@' g 
'Bocty No. 9 replaced body No. 1 which was not used. 

per particle and 5.61 x lo4 g 2% per particle- 

2.2.23 Supplemental Particle and compact Quality contrd 

Supplemental QC inspections/tests were performed on samples of archived 

as-manufactured HRB-21 fissile and fertile fuel particles and compacts to improve the 

characterization of the as-manufactured fuel in support of the evaluation of the causes of 
the fuel failure in the HRB-21 capsule (see ref. 1-3, Sect. 1.1)- 

Approximately 2.2% of the fertile particles and 0.04% of the fissile particles 
examined were found to have one or more "gold spots" (the optical manifestation of Sic 
soot inclusions). The S ic  defect fraction for the fertile particles as measured by mercury- 

intrusion testing is 8.9 x lo5. This is about 10 times higher than the defect fraction obtained 
b m  the burn-leach test but approximately 300 timef; lower than the fuel particle failure 
fraction estimated for the irradiated HRB-21 capsule. The Sic defect fraction for the 
compacted fissile particles as measured by Cs-release testing is 3.3 x 10". This is about 

60 times higher than the defect fraction obtained from the burn-leach test but a factor of 
60 lower than the failure fraction in the irradiated capsule. These tests suggest that the 
burn-leach test may not find all defects in the Sic, but there is no reason to believe that the 
fuel began the irradiation with massive Sic defects, based on the current QC methods. Xn 
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addition, the microstructural examination of the particles revealed no structural defects other 
than the gold spots and little evidence of metallic impurities within the coating layers. 

The HRB-21 fuel was also compared to the German NHTGR Program groof-test 
particles. Both particle populations are characterized by columnar grains, but the average 

grain length is smaller in the German particles (2 to 5 pm) than in the HRB-21 particles 
(8 to 12 pm). The German Sic coatings also have more porosity than the Sic coatings in 

either the HRB-21 fertile or fmile particles, One coating difference was that the Sic 
coating penetrates in the lqrC layer in the German particles but not in the HRB-21 
particles. The Sic defect fraction measured by mercury-intrusion testing is substantially 
higher for the German particles than for the HRB-21 fertile or fissile particles. However, 
the Sic defect fraction measured by Cs-release testing is lower for the German particles than 
for the compacted or loose HRB-21 fissile particles- 

While the testing performed on samples of archived, as-manufactured HRB-21 fissile 
and fertile fuel particles and compacts provided additional information OD the consistency of 

QC methods and fuel microstructure, no indication of massively defective fuel was found. 

231 Descn’ution of Encapsulated PieMack SDecim ens 

Each of the HRB-21 capsule graphite bodies included three 2.38-mm (O.CB4-in.) 
diam holes for encapsulated specimens (“piggybacks”). The piggyback samples were sealed 
within niobium tubes up to 52 mm (2.00 in.) long by 2.21 mm ( .087 in.) diam and placed in 
specimen holes in the graphite fuel bodies. The general loading arrangement for these 

specimens is shown in Table 2.7. Samples of unbonded fiile and fertile particles from the 

same particle batches that were used in the fuel compacts were included to compare with 

the bufferless defective particle performance. Pi 
designed to determine the partition coefficients of several fssion products on core materials. 
Coated B,C samples were included as a first irradiation performance t a t  of mated 
control materials. Dosimetry and flux monitors were included in each graphite fuel 
piggyback experiments but were located in three separate flux monitor holes in eac 
The various sample types are described in more detail below. For greater detail, see ref. 2-3. 

2 3 - 1  Standard Fuel Particles 

Samples of unbonded standard fissile and fertile TRISO fuel. particles from the sa 
batches used in the compacts were placed in hole A within graphite bodies 2 and 7 ( s e e  
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Table 27. 
-21 E N C m ' I E D  SPECIMENTESTMATRIX 

C 

s = Sorptivity specimem; 
D (U) = F e  defecti9.e (missing buffer) partkks (batch 8876!X). 
D (T%) = Fertk, defective (missing buffer) partick (batch 8876100), 
Standard 0 = Fssile, n o u d e f d  partick (batch 887670)- 
Standard ('33) = Fertile, nondef& particles (batch 8878-58). 
TRISO refers to coating Without protective mat @a&& 8876-70 and 8876-58). 
TRfso-P refers to mating with protective coat (batches 8876-70.0 and 8876-584). 

Table 2.7) and TRISO particles without the protective coat (PPyC) in bodies 3 and 6. 
These latter particles (GA coating batches 8876-70 and 8876-58) were identical to the 
substrate of the reference TRISO batches of fissile and fertile particles since the protective 
coat (PPyC) was added to only a portion of these coating batches to produce the reference 

fuel. The purpose of these samples was to compare the irradiation performance of the 
TRISO particles with and without the PPyC coating. The unbonded standard particles were 

aim included for selected postirradiation analyses and investigations regarding materials 
performance and fission product transport. 
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223.2 DefectiveFuelPartiele 

Particles with missing buffer layers are predicted to fail and be the most significant 
contributors to fmion product release during LBEs involving conduction cooldown or water 
ingress in the MHTGR. Data are needed for potential revision of the bufferless particle failure 

model to reduce the uncertainty associated with the present eonrelation. 
TRISO-coated UCO and Tho, particles with missing buffer coatings were prepared in 

a standard batch load by adding 10% of the kernels to the batches after the buffer and 
seal coating layers had been deposited on 90% of the kernels. "Fhe IpyC, Sic, and Opy6 
coating layers were deposited on the full coated-particle batches aftcr the addition of the 
bare kernels at the end of the seal mating stage. Separation of the fraction of the batch 
with the missing buffer coatings was conducted by screening the materials through the 
appropriate screen sizes to isolate these missing buffer-coated particles from the remainder 
of the batches. 

An array of in-reactor sorptivity experiments was included to allow determination of 
the partition coefficients of several selected fission products on @ore materials as a function 

of temperature, fast neutron fluence, fission product concentration, material, and extent of 
material oxidation., The results of previous irradiation tests are reported in ref. 2-6. The 
method consists of encapsulating several solid materials in a small, niobium tube, along with 
a known quantity of a fission product. Consequently, the contained system consists of a 

gaseous phase and several solid phases. A redistribution of f i i o n  products occurs with 

increasing irradiation damage and approaches a thermodynamic equilibrium. The gas phase 

concentration i s  sufficiently small, so that upon cooling from the relatively high temperature 

of the experiment, the gaswus fwion products condensing on the solid phase do not 

appreciably alter the distribution established at the higher temperatures, 
A summary description of the experiments k given in Table 2.8. There were 

44 samples for the HRB-21 sorptivity experiments. Twenty-eight of these were put into the 
reactor, and 16 were to be heated in laboratory experiments at ORNL. In Table 2.8, the 
graphite body position, fast neutron fluence, and bole location of each experiment are given. 
The experiments are further identified by the materials and by the f i i s n  product elements 
involved. "he materials are represented by the letters " G  far graphite, "M" for matrix, "P" 
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Hale B 

N o m  

G = graphite cylinder, M = matrix qhder ,  P = standard iuert particle, S = OPyC 
denudedinert partick, 
bumof€), X(i) = fission product X at concentration level i, EOL = end of Me, and 
NA = not applicable. 

= graphite bouowcylinder, Go = axidizedgrapbite (1 wt % 

for inert particle, "S" for OPyC denuded particle, and "Go" for oxidized graphite. Fission 
product elements listed have associated numbers (in parentheses) to indicate the 
concentrations, either at a value of one or two. See ref. 2-3 for details. The sorptivity 
specimens were fabricated at ORNL using materials supplied by GA 
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223-4 Coated B4C Sptximem 

The coated B,C particles consisted of two types. One batch of partic1 
coatd,  and the other had a PyC/SiC coating. "he particles were placed within 5.1-~MII 
(0.200-in.) outside diameter (OD) POCO graphite crucibles with a length of 

(1.10 in.). Each graphite crucible was loaded with approximately 5 

particle type as shown in Table 2.9. Six of the B,C crucibles 

insulator of the HRB-21 capsule. This insulator was located just above graphite body 

position 1 and is in a position approximately 

particles of each B4C 
re located in the upper 

m above the HFJX horizontal midplane. 

Table 29. 
COATED B4C PARTICLE PXGGYB SPJ3cDdENS 

Boron carbide (B4C) is expected to be used as the neutron poison 
assemblies of the MHTGR. Exposure to moisture in the reactor muld result in the loss of 

boron Erom the burnable poison compacts or the reseme shutdown pellets in the MWTGR 
and could present serious fission control problem for the reactor system. Test samples with 

protective coatings were included in the HRB-21 capsule to demonstrate that this mating 
would remain intact during irradiation. PyC and Sic coatings were deposited on crushed 
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B,C granules in the 240-rnm mater. The coating properties for the two B,C-coated particle 
batches produced €or use in the capsule are presented in Table 2.10. 

Microscopic examination of the coated B4C particles indicated that the PyC and Sic 
coating microstructures were of high qualify and similar in appearance to those coatings 

deposited on nuclear fuel particles. 

I9.c 22.7 1-87 I I 

Table 210- 

CQATING PROPEIZ'IES OF TWE B,C PAR?XLES 

2.235 Whetq and Flux Monitors 

Appropriate dosimetry obtained from Argonne National Laboratory was placed in 
each graphite body of WRB-21. It is of the same type of dosimetry used in the ORNL 
Magnetic Fusion Energy Program's irradiation capsules. The dosimeter material was such 
that the total fluence, thermal fluence, and fast neutron fluence could be determined by 
postirradiation analysis of the dosimetry. 

23 CAPSULEDESIGN 

The HR3-21 irradiation capsule was the first of a new, larger diameter capsule design 
to k irradiated in one of three new positions in the RB reflector in the HFIR. These 
reflector positions permitted purged graphite fuel bodies to contain three fulldiameter fuel 
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compact stacks (rather than one, as in HRB-1 through -18) In graphite bodies that were 
38.1 mm (1.5 in.) in diameter rather than 23.9 mm (0.94 in.) as in previous WFIR capsules. 
The eight graphite fuel bodies each contained three piggyback holes in which mated fuel 

particles or sorptivity experiments in sealed niobium containers were irradiated. Each fuel 
body was also designed to contain TCs and dosimetry samples. Tlhe test operating 
procedures are given in ref. 2-7. 

The HRB-21 irradiation capsule consisted of a doubleantained, single-purged cell 
with fuel compacts contained in H-451 graphite bodies (see Figure 2.1). The fuel compacts, 

FL 

OFWLDWG 88-11041 

VERTICAL & 
OF REACTOR 

ALUMINA 
CENTERING PIN 

SWEEP GAS IN 

.UX MONITOR 

Figure 21. 

SCHEMATIC HORIZONTAL CROSS SECITON OF CApS?JLE WRB-21 SHOWING 
THE ARRANGEMENT OF TflE FUEL, COMPACTS, ENCAPSULATED 

PIGGYBACK SPECIMENS, FLUX MONITORS, AND 
mRMocouP~. 
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three per graphite body, were composed of the TRISO-coated UCO and Tho, particles with 
protective coatings embedded in graphite matrix material. The eight graphite bodies were 
contained within two Inconel 718 containment tubes designed to independently withstand 
6.9 MPa (lo00 psi) internal or external pressure. During HFIR operation, pure helium at 
5.5 MPa (so0 psi) was contained between the primary and secondary Inconel containments. 
A gas mixture of helium (He) and neon (Ne) flowed between the primary Inconel 
containment and the graphite M y  surface. By varying this gas mixture within the primary 
containment, the radial conductance of heat to the surrounding HFIR cooling water system 

was controlled, and the operating temperature of the fuel compacts was regulated. The 
entire capsule was fitted within an outer aluminum liner designed to protect the HF'IR 
beryllium reflector. 

The use of the stronger Inconel 718, in place of the stainless steel 304 primary 
containment used in earlier HRB capsules, allowed thinner containment walls and larger 
graphite fuel bodies so that irradiation of a larger number of particles was possible. This was 
apecialIy important because large sample sizes were needed to validate the very low failure 
fraction expectations for the MHTGR candidate fuel of HRB-21. 

232 Desien 

2321  Irradiation Temperature 

Capsule HRB-21 was designed to have a target fuel compact centerline mean 
temperature of 975°C. The design of the capsule took place when the expected operational 
power of HFIR was 100 MW. Before the capsule was irradiated, the operational power of 
HFIR had been downgraded to 85 MW. The reduced power level resulted in no 

operational problems or difficulties in meeting the target temperatures. The graphite body 
radial gaps and fuel compact loadings were specified to maintain the 975°C target 
temperature as uniformly as possible over the length of the capsule. Fuel compact 

temperatures were inferred from knowledge of the power, graphite TC temperature data, 
and the preirradiation design thermal analysis. In-reactor temperature control was 

maintained by adjusting the Ne and He concentrations in the sweep gas. After irradiation 
and completion of the fueugraphite metrology, a detailed thermal analysis was performed to 

obtain in-reactor fuel compact temperatures. 
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No TCs were placed within the fuel compacts. The fuel operating te 

uncertainty during irradiation was estimated to be as much as f1125"C. The average value 
for the graphite operating temperature was expected to be approximately 650°C. Details of 
the capsule history are described in Sect, 3. 

The HRB-21 fissile and fertile particle fuel burnup estimates were made at O W  
using the CACA-II fuel depletion code24 for a six-cycle irradiation in the wI;IR RB* 
Facility. The maximum, expected end-of-life (EOL) burnup near the M[FIR midplane 
(positions 4 and 5 )  was predicted to be 24.4% FLMA for the fissile fuel and 2.7% for the 
fertile fuel. The minimum expected EOL burnup at graphite M y  positions 1 and 8 was 

15.5% FIMA for fissile particles and 0.7% FlMA for fertile particles. Calculations of 

burnup based on dosimetry data and unbonded particle analysis were perform 
HRB-21 PIES and are reported in Sect. 3.4. 

The expected HRB-21 fast fluence exposure valua were calculated utilizing 

dosimetry data acquired preViou~ly?-~ Due to the modifications to the RB reflector 
(designated the RB* positions) the fluence predictions are 
in error by approximately 10%. Dosimetry located within t 

provided measured flux and energy spectrum values. 

precisely and may be 

graphite bodies 

233 Desim Tbermal Aualvsis 

The HRB-21 design thermal analysis was performed at QRNL with the H[EATING7 
(ref. 2-10) code utilizing a three-dimensional (3-D) model in cylindrical coordinates. The 

model consisted of a graphite holder with insulated boundary conditions on the top, bottom, 

and planes of symmetry. The model is rather involved, and the reader is referred to the 

references at the end of this chapter for the history of the design and the details. 
All of the TCs in HRB-21 were placed within the graphite bodies. A total of 

24 junctions were used to monitor the graphite temperatures in four separate thermocouple 
array assemblies. 
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23.4 

The calculated design HRB-21 fuel loadings per graphite fuel body are shown in 
Table 2.11. Note that graphite body 1 was replaced with graphite body 9 prior to irradiation. 
Unfortunately, the program did not rename this graphite body but did rename the compacts 

it contains. This can lead to some confusion. The compacts in graphite M y  9 are 14 lB, 
and 1C. For all purposes except QC paperwork, one may regard the graphite fuel body 
numbers 1 and 9 as the same. 

Tabk 2.11 
CALctTLATED HRB-21 FUET, LOADINGS PER GRAPHlTE BODY 

(3 COMPACIS QER GRAPHTIE BODY) 

Note that graphite body 1 was replaced by 5phite  body 9 prior to irradiation. The 
cornpads were not renumbered, 50 graphite body 9 mntains compacts lA, lB, and 1C. 
Tbc: nuclear and thermal environment zemained unchangd 

24 IRRADIATIONFACIIXN 

HFIR is a beryllium-reflected, light-water-cooled and moderated flux-trap-type 

reactor which uses highly enriched ='U (HEU) as the fueL HFIR is a versatile isotope 
production and test reactor with the capability and facilities for performing a wide variety of 
irradiation experiments. HER is a pressurized light-water-cooled and moderated thermal 
nuclear reactor designed to operate at 100-MW(t) steady-state power. Current operation is 
limited to 85 MW(t) to extend the reactor vessel senrice life. 
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HFIR was designed and built in the early 1960s. Initial criticality and commencement 
of low-power physics testing began in early 1%5. Full power was first achieved on 
September 9, 1%. HFIR is unique in the sense that it provides the highest neutron fluxes 
available in any of the world's reactors, and neutron currents from the four horizonal beam 
tubes are among the highest available. A brief summary of the primary characteristics is as 
follows: 

C H A R A ~ R I s n C s  OF S'KE rnR 
Design power.. .....-...... 100 MW(t) 
Current operation ... ...-.. 85 M W(t) 

NOTE: Current operation limited to 8.7 MW to extend reactor vessel lqe. 

Coolant/moderator ....,.,.. Pressurized light water 

Reflector ...., ._I.. - _..__. Beryllium 

Typical neutron fluxes (unperturbed): 

Reactor area 

"To convert to equivalent graphite damage flux for €€TGR, multiply by 0.93 
(refs. 2-11 and 2-12). 

A fuel cycle for KFLR normally consists of full-power operation for a period of from 

21 to 23 d (depending on the experiment and radioisatope load in the reactor) followed by 
an end-of-cycle (EQC) shutdown €or refueling and changeout of targets and tests. This 
corresponds to - 1800 to 2 MWd per cycle at 85-MW thermal power. 

HFIR cycles 298 through 302 irradiated the IKRB-21 test in position R 
reactor data were monitored and informally review 
were collected as part of the data validation process. The data exhibited no unusual or 
inexplicable characteristics. 

by the principal investigator as they 
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2 4 2  Materials Irradiation Facilit~r 

Instrument and control functions €or each experiment are provided by the Material 
Irradiation Facility (MIF). Each MIF consists of an integrated set of instruments, recorders, 
and controllers, plus associated piping, wiring, and power supplies, and an automated data 
acquisition system (DAS). 

The system is designed to be connected directly with an in-pile experiment assembly 
to provide test monitoring, gas flow and temperature control, and data collection. The test 

can be located in any HFIR irradiation position. The MIF also serves as the data interface 

between the test specimens, the reactor control room, and the test sponsor. Instruments 
which are key to proper test control provide a local MIF panel alarm and a remote common 
alarm in the reactor control room. The reactor control system is designed to permit selected 
direct inputs from the MIF to the reactor control system and to provide automatic power 
reduction, if required. 

Currently, there are five operational MIFs in the HFIR Facility Experiment Control 
Room (ECR). Capsule HRB-21 utilized MIF 2 Most of the experiments which utilize the 

MIFs have similar control and monitoring needs. The equipment common to the operation 
of five similar facilities, i.e., electrical power source, gas bottle stations, molecular sieve and 

titanium sponge gas-cleanup systems, sweep gas sampling system, etc,, is installed in the 
HFD€ ECR. 

243 -21 Monitorine of Opera tion 

Operating temperatures in HRB-21 were measured by 24 TCs incorporated into 
4 discrete thermocouple central array tubes (TCATs). The locations of the TCATs and the 

individual TC junctions are discussed in Sect. 3.5. 
The gas pressure between the primary and secondary containment vessels (nominally 

8oc, pig)  was monitored continuously by three strain-gage-type pressure transducers. The 
outputs of these transducers were connected to an automated power reduction system such 

that a loss of pressure, through a leak in either the primary or secondary containments, 
would reduce the reactor power to 10% of full power. 

The He and Ne sweep gas (secondary gas system) flows were measured by three mass 
flowmeters, two on the inlet side measuring the individual gas flows and one on the outlet 
side measuring the combined flows. The pressure of the sweep gas system was also 
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monitored through the use of two pressure transducers, one on the inlet and one on the 
outlet lines. 

In addition to flow and pressure, the sweep gas outlet lines were monitored for 
radioactivity through the use of two ionization chambers. A b u t  15 ft of the 0.125-in. offgas 
outlet-line tubing was coiled around the monitors., This system was sensitive enough to 

discern single particle failures through the burst of activity released by such failures. Tbe 

output of the monitors was continuously recorded on strip-chart recorders, and the analysis 
of these data is discussed in Sect. 4.4 of this report. 

24.4 Data Acuuisition 

TC! outputs, primary and secondary gas pressures, and sweep gas flow rates were 

recorded every 6 s on a hard disk using Kayeview software an a personal computer 
connected to a Kaye Digi-4 combination strip-chart recorder and DAS. During steady-state 

operation, these data were printed at 5-min intervals. All of the hard-disk data were 
transferred to 5.25-in. Bernoulli disks for storage. The data were managed and evaluated in 
amrdance with the "Fuel Material Testing Group Data Management Guideline" as outlined 
in the operating guideline, Fuel Materials Testing Grour, Mission Statement and 
Reswnsibilitv Matrix (document MET-NFM-GP-001). 

2-1. HRB-21 Test Specification, DOE-WTeR-88331, Rev. NE, General Atomics, 
Sari Diego, Calif., September 1989. 

2-2. T. F. Hefferman, Fuel Product Specification for Irradiation Capsule HRB- 21, 
DOE-HTGR-88539, General Atomics, San Diego, Calif., April 1991. 

2-3. T. I?. Heffernan, Capsule HRS-21 Preirradiation ReDort, D E-I3TGR-88357, Rev. C, 
General Atomics, San Diego, Calif., April 1991. 

2-4. Fuel Product Specification for MHTGR, DQE-ETTGR- 
Atomics, San Diego, Calif., June 1989. 

1, Rev. I?, General 

2-5. D. T. Goodin, M. J. Kania, and B. W. Patton, ExDePimental Plan for Irradiation 
Fmeriment HRB-21, DOE-WTGR-87091, General Atomics, San Diego, Calif., April 
1989. 

2-6. B. IF. Myers, Fission Product Tranmort in Reactor Fmeriments, 1CSTGR-085-115, 
908309, Rev. 0, Martin Marietta Energy Systems, Inc., Oak Ridge Natl, Lab., 
September 1985. 
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2-7. N. H. Packan e t  al., Operatine Plan for Capsule HRB-21 Irradiation, 
DOEcHTGR-88370, Martin Marietta Energy Systems, Inc., Oak Ridge 
Natl. Lab., December 1989. 

2-8. E. J. Allen, CACA 11: Revised Version of CACA-I Heavv I s o t o w  and Fission 
Product Concentration Calculational code for Experimental Irradiation Camules, 
ORNWLU 5266, Union Carbide Corp. Nuclear Div., Oak Ridge Natl. Lab., February 
1976. 

2-9. Gas-Cooled Reactor Programs, Hbh-Temperature Gas-Cooled Reactor 
Technolow Develournent Program. - Annual Progress Retmrt for Period Ending 
December 31, 1981, ORNL5871, Union Carbide Corp. Nuclear Div., Oak Ridge 
Natl. Lab., June 1982. 

2-10. D. C. Elrod et. aL, HeatinP 6 Multidimensional Heat Conduction Analvsis with the 
Finite-Difference Formulation, ORNL Radiation Shielding Information Center 
Documentation for RSIC Code Package PSR-199, Feb. 1, 1985. 

2-11. H. T. Kerr et al., Lattice Displacement Calculations and Comuilations for 
Different Irradiation Facilities, O€UWT'M-5269, Union Carbide Corp. Nuclear Div., 
Oak Ridge Natl. Lab., 1976. 

2-12 B, E Myers, Compilation of Data on Reactor ExDeriment for Use in Fission 
Product Transport Calculations, WBK-fs-05184, Kernforschungsanlage, 
Jiilich Gmbh, Germany, 1984. 
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S m O N  3 

CAPSULE OPERATION AND EVALUATION 

A detailed description of the operation of the capsule, the thermal analysis 

methodology used, and the results can be found in the HRB-21 Irradiation Phase 
After the irradiation phase report was published, important features, such as a detailed 

representation of the change in the graphite dimensions as a function of fast neutron 

fluenix, were incorporated into the computer model, and the thermal analysis was repeated. 
These improvements did not change the average fuel operating temperatures significantly. 
The following sections are devoted to a brief discussion of the methodology, followed by a 
discussion of the final thermal analysis results and recommendations for improving the 
capsule design fkom a thermal performance viewpoint. 

3.1 OPERATINGHISKlRY 

The HRB-21 was irradiated in HFIR for a total of five reactor cycles. The 
irradiation was performed in the RB Facility. The capsule was in the reactor during cycles 
295, through 303, accumulating a total of 105 effective reactor full-power [85 MW(t)] days of 

operation. 
The test was originally scheduled to be irradiated for six reactor cycles in the 

modified RB* position of the HFIR. However, because of difficulty in maintaining test 
temperature control, the test was terminated after F ie  reactor cycles, obtaining a peak 

fluence of - 3.5 x ld5 n/m2 and a peak fuel fuile burnup of - 22% mMk Both cycles 

4 and 5 were run at 100% helium sweep gas. 

3.1.1 Opera tincr Temperatures 

The HRB-21 capsule did not have TCs in direct contact with the fuel compacts 
because of the high temperature of operation. The irradiation capsule consisted of eight 
graphite fuel bodies, each containing three fuel compacts. TCs were installed in the graphite 
fuel body at positions corresponding to the axial midplane of the fuel compact. The 
temperature of the fuel compacts was calculated based on the measurements of the graphite 
fuel body temperatures, the thermal properties of the graphite, and the thermal properties 
of the fuel compacts. 
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The calculated fuel temperatures are a function of several variables, including the 
measured graphite body temperature, the thermal conductivities of the graphite 
the fuel compact, the gas gap between the fuel compact and the graphite 
between the graphite fuel body and the Inconel pressure vessel, and the gas composition in 
the gaps. Irradiation, Le., fast neutron damage, causes shrinkage of both the graphite body 
and the fuel compact. The fast neutron damage is a function ol time and fhx. The 

calculations to obtain an estimate of the fuel compact average temperature take into account 
the time variations of these variables. The fundamental materials property data were 
obtained from the fuel and graphite design data manuals?J3” The method lased in the 

analysis to predict the operating temperature history of the fuel compacts is as follows. 
The thermal analysis was performed using a 3-D, thermal-analysis d e  EATING 

7.0 (ref. 3-4). This computer code can be used to compute the temperature profiles in the 
fuel and the graphite body for a given time during the irradiation, given the current values of 
the parameters. It is not capable of following t ~ ~ e - d ~ p e n d ~ ~ t  variables, such as thermal 
conductivity, fuel-compact gaps, etc., throughout the irradiation phase. It was us 

compute the temperature field in the fuel cumpacts and the graphite fuel 

set of parameters. 

for a given 

This set of parameters is: 

Ipv = the power generation rate in the compact, 
Kg = the thermal conductivity of graphite, 
Kf = the thermal conductivity of the fuel, 

f_g = radial gas gap between the fuel an 
g-inc = radial gap between the primary containment and the graphite fuel body, and 
%He = percentage of helium in the sweep gas (in the gas gaps), 

During the irradiation, all of these parameters change as a function of time 

of fuel burnup, irradiation-induced thennal-conductivity change, and irradiation-ind 
dimensional change of the graphite fuel M y  and the fuel compacts, The irradiation- 
induced dimensional change is caused by fast neutron damage. The thermal conductivities of 
the fuel compacts and the graphite fuel bodies are also functions of the fast fluence and 
temperature- Fortunately, these changes occur on a time scale that i s  s1ow co 
thermal equilibrium time of the capsule. This fact allows one to take a thermostatic 
approach to long-term temperature computation. A new, simplified computer code named 
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HRBAvExf, where x denotes a pair of compacts in a given axial location in the irradiation 
capsule, was developed and used to account for the long time dependence of the variables. 
The collection of eight programs, HRBAVE1.f through HRBAvEs.f, is referred to as 
MAPPING because these programs map the average TC temperature to the volume-average 

fuel temperature. The MAPPING code was extensively used to compute the time history of 
the fuel compact temperatures predicted in this report. 

The fast neutron flux used in the calculation of material properties is given by the 

expression: 

5 

where z is the distance in inches from the top of the 50.8-cm-long core; a = 0.85*0.93 for 
REI position; and a, = 1.551390 x lo", a, = 0.357201 x lo'', a2 = 3.22098 x 

a3 = -4.8%80 x a, = 1.06604 x 10l4, and as = 6.60525 x 10". 
The coefficients, a,, were developed to describe the fast flux for the old HF?R 

operating power of 100 MW. The 0.85 factor is an approximation to adjust for the current 

operating level of 85 MW (ref. 3-51, and the 0.93 factor is an adjustment to model the 

HTGR flux 
To follow the slowly changing physical environment during irradiation, a set of 

BATING 7.0 runs was made wherein one of the above parameters was varied over its 

expected range while holding all other parameters constant. The fuel compact average 
temperature predictions from these runs were then used to define a set of scaling equations 

for each of the parameters. These scaling equations were incorporated into the 

HRBAW3.f code such that, by providing the graphite temperatures as a function of time 

and the known reactor operating conditions as input, an estimate of the average temperature 
of the fuel compacts could be computed. 

The measured TC temperatures (graphite body) as a function of time are shown in 
Figures 3.l(a)-(h) for the HRB-21 capsule. The plot includes temperature measured by the 
centerline TC and an average of the two outboard TO. There was a significant difference 
between temperatures measured by the two outboard TCs. The probable causes for such 
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Figure 3.l(u). 

MEASURED TEMPERATURES IN "HE GRAPHITE ITEL 
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Figure 3.l(b). 
MEASURED TEMPERATURES IN THE G W H I T E  FUEL 

BODY IN POSlTION 2 OF CAPSULE. 
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Figure 3.31 (c) . 
MEASURED TEMPERATURES IN THE GRAPHIIE FUEL 

BODY IN POSITION 3 OF CAPSULE. 
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Figure 3.P(d). 
MEASURED TEMPERATURES IN THE GRAPHITE FUEL BODY IN 

POSITION 4 OF CAPSULE. (NOTE: NO CENTERLINE 
THERMOCOUPLE IN THIS POSITION). 

3-5 D OE-HTGR-100229 



1100 

40 60 80 100 120 0 20 
EfTective Full Power Days 

Figure 3.1 (e). 

BODY IN POSXTION 5 OF CAPSULE. 
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Figure 3 - 1 0 .  
MEASURED TEMPERATUIZES OF THE GRAPHITE FUEL 

BODY IN POSITION 6 OF CAPSUI-,E. 
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Figure 3.P(g). 
MEASURED TEMPERATURES OF THE GRAPHITE FUEL 

BODY IN POSITION 7 OF CAPSULE. 
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Figure 3.lrh). 

MEASURED TEMPERATURES OF THE GRAPHITE FUEL 
BODY IN POSITION 8 OF CAPSULE. 
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behavior are discuss 

body position. 

in a later seetion. There was no centerline TC in the No. 4 graphite 

The fuel compact operating temperatures (volume average and local maximum) 
computed by the MAPPING code are shown in Figures 32(a)-(h) and 3.3(a)-(d). The plots 

show the temperatures as a function of (1) effective full-power days (EFPDs) of operation 
of the HFIR (see Figure 32), (2) helium concentration [see Figure 32(i)], and (3) bumup 
(see Figure 3.3). The fuel particle burnup (FUIA) was calculated using the C'4CA-2 
computer program?" Figures 3.4(u)-(d) show fuel (fissile particle) power density as a 
function of EFPDs of operation of the HFIR. The fast fluence 

lZq. (3-1) and is shown as a function of EFPDs in Figure 3.5. 

calculated using 

Fuel compact power density as a function of time may be calculated using CACA-2 
or the MAPPING code. CACA-2 calculates fssion power as a function of time. By adding 
the gamma heating contribution to the fwion power calculat by CACA-2, the total power 

of the compacts can be computed. The MAPPING d e  also calculates the total compact 
power from measured temperatures, known initial geometry of the capsule, and inferred 
geometry changes during irradiation. The MAPPING power predictions include both fission 

power and gamma heating in the compacts. The predictions from these two eodes are 

compared in Figures 3.6(u)-(d). This comparison shows that the MAPPING 
predictions are reasonably close to the CACA-2 predictions. Since the MAPPING code 

power predictions are the only ones used to predict the fuel. operating temperatures, this 

favorable comparison increases the confidence in the thermal analysis predictions. See 
Table 2.11 for the mapping between capsule positions and graphite bodies. Remember that 
graphite body 1 was replacmi by graphite body 9 prior to irradiation. 

Plots of measured temperatures and predicted compact volume averages provide a 

visual understanding of the thermal performance- For an understanding of the fuel 
performance in terms of fission gas release, etc., a better way to display temperature data 
may be in the form of tables. Table 3.1 presents the time-integra fuel temperature for 
each HFIR cycle. This table provides best estimates of volume average temperature for 
each compact and for each reactor cycle. 

3.12 m a c k  SDecime~ Temneratures 

Independent analysis of the piggyback fuel particles in the HRB-21 capsule was not 
performed, but a detailed analysis of the piggyback fuel particles from the New Production 
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Figure 3.2(u). 

TEMPERATURES (BY MAPPING CODE) AS A FUNCTION 
OF EFFECIWE F'UILPOWR DAYS OF REACTOR 

OPERATION FOR POSITION 1 (FUEL BODY 9). 
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Figure 3.2(6). 
PREDICTED VOLUME-AVERAGED A.ND MAMMUM FUEL 
TEMFERATURES (BY MAPPING CODE) AS A FUNCTION 

OF EFFECTIVE EULLPOWER DAYS OF REACTOR 
OPERATION FOR POSITiON 2 (FUEL BODY 2). 
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Figure 3.2(c). 
PREDICTED VOLUME-AVERAGED AND ldAXMUM FWEL 
TEMPERATURES [BY MABPING CODE] AS A FUNCTION 
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Figure 3.2(d). 

TEMPERATURES (BY MAPPING CODE) AS A FUNCTION 
OF EFFECPIVE FULLPOWER DAYS OF REACTOR 

PREDICTED VOLUME-AVEXAGED AND MAXTMUM FLJEL 

OPERATION FOR POSITION 4 LBODY 4)- 
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Figure 3.2(e). 
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Figure 3.2fl. 

TEMPERATURES PY MAPPING CODE] AS A FUNCTION 
OF EFTECTTVE FtJLLcPOWR DAYS OF REACTOR 

OPERATION FOR POSITION 6 (F'UEL BODY 6). 
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Figure 3.2(h), 

PREDICTED VOLUME-AVERAGED AND AUXJMUM FUEL 
TEMPERATURES [BY MAPPING CODE] AS A FeTNCX?ON 

OF EmCT'IVE FukGPOWER DAYS OF REACTOR 
OPERATION FOR POSITION 8 (FUEL BODY 8). 
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Figure 3.2(i). 

CAPSULE AVERAGE FUEL TEMPERATURE AND HELIUM 
CONCENTR.ATION IN PURGE GAS. 
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Figure 33(b). 

AS A FUNCTION OF FISSILE PARTICLE BURNUP 
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Figure 3.3(c). 

AS A FUNCTION OF I;I[SSLLE PARTICLE BIJRNUP 
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BODIES 3 AND 6. 
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Figure 3.4(a). 
PREDICTED POWER DENSITY OF F'UEL BODIES 9 

AND 8 (ZONE 1). 
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Figure 3.4(b). 

PREDICTED POWER DENSITY OF FUEL BQDES 2 
AND 7 (ZONE 2). 
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Figure 3.4(c). 
PREDICI'ED POWER DENSITY OF FUEL BODIES 3 

AND 6 (ZONE 3)- 
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Figure 3.4(4. 
PREDICTED POWER DENSITY OF ]FUEL BODIES 4 

AND 5 (ZONE 4). 

ORNLD WG 95-57% 
3.5 7 

h Compacts 2 & 7 

ln 
N 
0 
< 2 - -  

0 20 40 60 80 100 120 
Effective full power days 

Figure 3.5. 
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Figure 3.6(a). 
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Figure 3.6(b). 

COMPARISON OF COMPACT POWERS PREDICTED BY 
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CACA-2 AND MAPPING CODES FOR G W H I T E  
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Figure 3.6(c). 
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Figure 3.6(d). 

COMPARISON OF COMPACT POWERS PREDICTED BY 

BODIES 4 AND 5. 
CACA-2 AND MAPPING CODES FOR GRAPHITE 
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Compact 
average 

821 I 949 I 879 

I I 

1046 I 1037 I 948 1 984 I 831 
1074 I 1058 I 948 1 958 I 786 

I I I I 

Reactor (NPR-1) capsule using HEATING 7.0 d e  has been performed, and the results 

were reported in ref. 3-7. Results of the NPR capsule piggyback particle analysis are 
applicable to the HRB-21 capsule. 

The piggyback capsule runs essentially at the temperature of the graphite fuel body 
in which it is contained. The surface of the fuel particle inside the piggyback capsulc i s  

estimated to run approximately W C  higher than the graphite fuel body. Based on this 
conclusion from the NPR-1 capsule analysis, the HRB-21 pi 
temperature estimate was performed and i s  shown in Table 3.2 below. Note that these 

temperature estimates are for the axial center of each graphite fuel dy at or near the 

outboard TC positions. The HRB-21 design with eight individual graphite bodies resulted in 
significant axial temperature gradients at the end of each compact and fuel 
piggyback particles are located at or near the axial center, the temperatures listed in 

Table 3.2 are reasonable- 

ack particle surface 

3.13 Fuel Temperature Uncertainty 

Because of the lack of time and inadvertent loss of CB puter resources, a separate 
fuel temperature uncertainty analysis was not performed for the HRB-21 capsule irradiation, 
but the uncertaimty analysis performed for the NFX-1 capsule is essentially applicable to 

capsule HRB-21. Reference 3-7 discusses the methodology and results obtained for the 
NPR-1 capsule. 
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. .  

I average I 1 1 I I I I I I I 
"Reported temperatures include 4O'C added to themocouple temperature to 

estimate piggyback particle surface temperature. 

The predictions of the cumulative uncertainty of the average fuel temperature during 

the irradiation of NPR-1 capsule in the RB position using the Monte-Carlo technique is 

given in Table 3.3. The same uncertainty is assumed to exkt €or the HRB-21 irradiation 
based on the similarities in power densities, capsule dimensions, and irradiation locations. 

Table 33. 
UNCERTAJNTY PREDICTIONS MIR HRB-21 DllJ REMOVABLE 

B E R Y " M  POSITION 

3.1.4 Lessons Learned 

The following salient p i n t s  quantify the lessons learned from the thermal 
performance analysis of the HRB-21 irradiation capsule. 

1. Individual graphite fuel bodies add to the temperature uncertainty. Graphite has 
a high thermal conductivity, and this design results in establishing large axial 
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temperature gradients at the ends of each fuel compact. Heat is transported both 
axially from the ends of the compact and radially across the ends of the graphite 
fuel body. The NPR type of desi 
far superior. 

with compacts stacked on top of each other i s  

2. Centrally locating eight individual graphite bodies inside the pressure vessel is a 
formidable task, since the holes for the TCATs do not match properly between 

the different graphite bodies. As a matter of fact, the normal assembly p 
had to be modified for this capsule. The alumina spacers on each graphite fuel 

body are of little use since the thermal expansio of the Inane1 pressure vessel 
exceeds that of the graphite body under: irradiation conditions. 

3. The uranium loading of the compacts was too high, resulting in an extremely small 
and the pressure vessel. In an effort to initial gap hetween the graphite he1 

maximize the statistical value of the experiment, the uranium loading w 

high (number of fuel particles was increased). This resulted in 

control during the latter half of the irradiation. Small gaps for temperature 
control are technically feasible, but the change in the gap due to thermal 
expansion and irradiation-induced shrinkage is almost as large as the initial gap. 

When the change in the gap is comparable to the gap itself, uncertainties in the 
material properties can strongly influence temperature control because the net 

gap (and its temperature drop) now has a larger relative 

recommended minimum initial as-built radial gap of 0.01 
to change to about 0.012 in. at the en of irradiation. This will result in a smaller 

effect on the operating temperature. 
4. The mechanical desiga of the capsule was not ideally suited to centrally locate the 

graphite fuel bodies. Using a single or at most two aphite bodies can assist in 

the centering of the fuel bodies, which in turn reduces the nonuniform@ of the 

radial or &a1 temperature distrhtion. 
5. Since the thermal conductivity and the irradiation-induced dimensio 

the fuel compacts are functions of partide loading and shim volume fraction, it is 
advisable to use identical compacts at all locations in the capsule. This reduces 
the uncertainties. 
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Clearly, any experiment is a balance between operational ease and data uncertainty. 
In future experiments, it is recommended that these operation issues receive greater 
attention in favor of reduced data uncertainty. 

3 2  mssIoNGASRELEASE 

To obtain a measure of the irradiation performance of the fuel compacts in 
experiment HRB-21, three methods of monitoring fission gas release were employed. The 
results were used to estimate the fraction of coated fuel particles embedded in compacts 

which failed to retain fission gases under the irradiation conditions. The coatings of the 
releasing particles had to have a connected pore system through which the fission gases 

released from the kernels could escape from the particles. Contributing to this pore system 
presumably were cracks developing under the effects of irradiation, gas pressure buildup, 
chemical interactions, the permeabilities of the coatings as manufactured, and through 
changes during service. The measurement of fission-gas release provides an indicator of fuel 
particle performance by detecting when the last fission-gas barrier fails, but no information is 
provided to determine the sequence of events leading to failure of the particle to retain 
fission gases. Even with this limitation, the measurement of fission gas release provides the 

most sensitive method for detecting when particles lose the ability to retain gases. 

3 2 1  Metbods of MonitOrine F d a  Gas Release 

The three methods of monitoring fission-gas release involved: (1) the measurement 
of fwion-gas content in a Series of samples of the capsule sweep gas during irradiation in 
HFIR, (2) monitoring of the ionization chamber signal resulting from radiodecay of ftssion 
products in the HFIR emuent sweep gas, and (3) determination of the ratio of released 
fission gas to that from a sample of uranium stearate in TRJGA experiments on compacts 
before or after irradiation in HFIR. 

321.1 Gas Release in High Flux Isotope Reactor Ekpximents 

Throughout the irradiation of capsule HRB-21, the sweep gas was constantly 
monitored for signs of particle damage, and periodic samples were taken to establish an R/B 
history- 
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321.1-1 Grab Samples 

In the first  neth hod:^*^ a small volume of the effluent sweep gas was taken 

periodically and the number density of atoms of each isotope etemined. The release rate, 
R, was calculated as: 

where 

Ri = release rate (atom/§) for isotope i, 
Ni = number density of atoms (atom/cm3) for isotope i, 
f, = flow rate (cm3/s). 

Equation (3-2) applies to the rate at which fission gas is released into, and collected 
by, the sweep gas. The release rate from the individual SQU~WS in the compact could be 

higher, especially for the short-lived species, The number ensity of atoms was determined 
by measuring the fission gas inventory collected in the serum bottle using a gamma 
spectrometer fitted with a high-efficiency germanium detector. The efficiency of the gamma 

spectrometer at various photon energies was measured using a simulated gas source 
containing hown amounts of radioactive isotopes placed inside a serum bottle. 

The flow rate through the capsule was determined by a mass flowmeter in the exit 

tubing of the capsule and by flowmeters measuring the inlet flows of helium and neon. The 
exit flowmeter reading was used for the calculations and generally was within &IO% of the 

combined inlet flows. 
In order to account for decay during the transit of the gas from the outlet of the 

capsule to the gas sampling station, gamma counting data were back-corrected to an 

effective sampling time. This time was calculated using the measur 
slug flow in the tubing: 

flow rate and assuming 
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where 

sample timee, = the time the sample exited the capsule (h), 
Clock time = actual time the sample was obtained (h), 
V = volume of tubing between the capsule and the sampling 

station (cm3), 
f, = now rate (cm3/min). 

In many cases, the time between obtaining the grab sample and the gamma analysis 
was sufficiently long that ?Kr (with a 3.18-min half-life) had decayed so that its 
concentration was below the detectable limit of the spectrometer. In these instances, the 

initial '?Kr in the grab sample was estimated from the concentration of its daughter, '%b, 
using the growth and decay equation: 

where 

N, = the number density of ?Kr (atoms/cm3) at the capsule sample time, 
N, = the number density of '?Rb (atoms/cm3) at the start of gamma counting, 

Xi = the decay constant for nuclide i (Us), 
t = delay time between sampling and gamma counting (s). 

The release rate, R, was normalized to the birth rate, B, to obtain the release rate-to- 
birth rate ratio, RJB,. The birth rate, Bi, of fission gas nuclides which are produced by decay 
of precursor nuclides with much shorter half-lives than the fission gas (85mKr, 87Kr, =Kr, @Kr, 
andl "Xe) was determined from: 

= x, fJj N, v, I 

where 

Bi = birth rate of isotope i (atods), 
+ = neutron flux (n/m2-s), 

3 -25 
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aj = fission cross section for neutron capture of U or Pu isotopes (m2>, 
Nj = number of atoms of 235U, ? P u ,  and "'Pu (dimensionless), 
Yi = cumulative fission yield of kotope i. 

The birth rate for fission gases that have a precursor nuclide with a similar or longer 
half-life than the gas depends on the decay rate of the precursor. Thus, for 133Xe, 135mXe, 
and 135Xe, the birth rate was calculated via : 

where 

Ni-l = number of atoms of the precursor nuclide in the capsule, 

Xi-l = decay constant of the precursor nuclide 
fi = branching ratio (fraction of precursor disintegrations that yield the fission gas), 

DY, = direct fssion yield of the fission gas i. 

The remaining symbols have been defined in the preceding equations. 
The number of atoms of the precursor nuclide in Eq. (3-5) and the fission-generated 

birth rates were computed using the CACA-2 code. This code uses the capsule fissile and 
fertile particle loadings, the HFIR cross sections, and the actual irradiation hitary to 

compute the time-dependent, fission product production rate. 
The €UB values thus determined, (Ri/BJapsulGn represent the average pI/B ratio at 

time, t, in an irradiation capsule throughout which the temperature, burnup, fission rate 

density, and fast fluence vaned. Normally, R/B represents the steady state, fractio 

gas release and therefore would apply to constant values of R/B. To encompass the 

variation in the deduced R/s, the assumption is normally made that the release is always 
close to the steady state and that recovery of R/s from a perturbatio in the steady state, or 
a change in gas release, is sufficiently rapid. 
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To determine the fraction of particles with a connected pore system, i.e., the fraction 
of particles "failed," using the measured values of (Ri/BJapwLr the following relation is 
required: 

n 

k= 1 

where 

fck = the fraction of particles "failed," 
(R/F3)partie,ck = the R/B for an individual failed particle. 

This equation is an approximation which neglects the fmion gas released from HM 
contamination in the fuel compact. The large increase in R/B when particles began to fail 
shows that the release from failed particles was more important than the release from 
contamination. 

In lieu of measurements of (Ri/Bi)particle;k, it is necessary to calculate this quantity at 
selected times in determining the fractional particle failure. To do so requires a model for 
release from failed particles and a correlation between the occurrence, or at least the 
beginning, of failure and the reactor parameters. 

A complication in the above approach to determining the fraction of particles "failed" 

is the release of stored fission gas from bubbles. This type of release may occur when 
particle coatings fail and from failed particles following increases in temperature or addition 
of oxidants to the system. The release is greater than normal and is transient. As a 

consequence, the release declines with time after the onset, and the number of contniuting 
faded particles is difficult to assess. 

In the process of the coatings of a particle becoming permeable to gases, developing 
complete radial cracks, or fragmenting, a connected pore system can be established provided 
all coatings undergo one or more of these changes; then fwion gas released from the kernel 
can escape from the particle. The gas release is clearly not an indicator of the sequence in 
which the coatings undergo these changes. 
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321.12 Transient F;lssion-Gas Release 

Transient fission-gas release is monitored by the res me of an ionization chamber 

to the pulses of radioactivity in the effluent gas flowing through a tube helically wound 
around the wall of an ionization chambec The ionization chamber signals are difficult to 
interpret for normally configured fuel particles when the gas composition and temperature in 
the capsule change during the irradiation. When temperatures above those reached with He 
as the sweep gas are desired, neon is added to the sweep gas to reduce the thermal 

conductivity. The consequences of this addition are: (1) the ionization chamber signal is 

increased as a result of the decay following the excitation of neon to zNe (the latter decays 
by emitting a photon at 440 keV and an electron at 4.38 MeV), and (2) the increased 
temperature following neon addition may indum the release of stored fission gas. The 

possibility arises that particles having exposed kernels could emit fission gas transiently in 
response to the increase in temperature. Thus, two or more transients could represent 
pulsed fission-gas release from a single particle. 

3 2 1 3  Gas Release in "RIGA EXperixuennbs 

3 2 1 1 1  callbration Meth 

Twelve fuel compacts were irradiated in the TRIGA Mark 1 reactor at a temperature 

of 11OO"C, and the released fission gases were cx~llected in a cooled charcoal trap and 

gamma 
calibration factor representing a known fractional release of h i o n  gases generat 
procedure was repeated but at room temperature with uranyl stearate (shown to be almost 

100% releasing). The irradiations were conducted €or 30 min, and gas was coXlected for an 
additional 15 min. 

Four of the compacts were also tested at 900°C. To provide a 

The measurement of the fksion gas releas from the compact is reported in the 

gamma spectrum analyses as "activity" of the compact accordin to the relation: 
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where 

. . .. 

C = counts (dimensionless), 
t, = live counting time (s), 
b = branching ratio (fraction of the gammas that result in the measured gamma 

peak), 
a = a constant = 3.7E+04 d/(s-pCi), 
d = disintegration (dimensionless), 
A' = "activity" (pCi). 

The term to account for radiodecay during collecting fission gas in the trap is not 
explicitly included since the same factor occurs in the calibration factor which is a divisor to 

A'. A companion measurement under the same conditions but without a compact was made 
to evaluate the background contribution to A'; this contribution was then subtracted from 

A' .: 

where AA' is the true sample "activity" for compact or stearate. 
If the detector efficiency is know, then A A  can be converted to a "pure" number of 

pCi, thus: 

A = - ,  AA' 
e 

where 

A = activity (pCi), 
e = detector efliciency representing the ratio of the number of counts to the 

number of disintegrations (dimensionless). 

The R/B from measurements with the compact and the uranyl stearate can be 
determined using a version of A A  in which the common factors b and OE are omitted and by 

3-29 DOE-HTGR- 100229 



correcting for the differences in the quantities of fissionable isotopes in the compact and 
uranyl stearate, provided the counting geometry is the same for compact and stearate. Thus: 

The compacts contain not only z 3 5 ~  but a 2 3 ~ ~  and "'Pu; the equivalent '% 
content of the compacts is obtained as: 

where 

mi = mass of fissionable isotope i, 
ai = cross section for fissionable isotope i, 
u = cross section for 2 3 s ~ ,  

Yi = fmion yield for fi ionable isotope i, 
Y = fmion yield for 235U. 

The R/B derived with the calibration method requires a correction for steady state. 
There are three considerations: (1) a model of fiion-gas release must be adopted from 

which the ratio of R/B, at times large mmpa 
determined; and (2) for the TRIGA data, the release at the end of 30 rnin of irradiation 

must be derived from the measured release after 30 min of irradiation and 15 Pnin of 

postirradiation collection. 

3212.2 Absolute Metbod 

The TRIGA data can also be used ta calculate the 
measurements. Thus, the release rate, R, can be calculated as follows: 

relying on relative 

DOE-HTGR- 100229 3-30 



where 
R, = release rate of isotope i (atods), 
Ci = counts for isotope i (dimensionless), 
t, = counting time (s), 

e = detector efficiency representing the ratio of the number of counts 

to the number of disintegrations (dimensionless), 

b = branching ratio (dimensionless), 
1 = radiodecay constant (Us), 

t = collection time (s), 
fi = ((l-e-'~/At} = fractional reduction in counts from radiodecay 

during collection of isotope i. 

The birth rate is given by Eqs. (3-5) and (3-6) above. 
If the absolute method is applied to the results of the standard TRIGA method @e., 

fission gas collection during 30 min of irradiation and 15 min of postirradiation conditions), 

then steady state considerations (1) and (2) presented above apply. 

3 2 2  Results of Monitorinp Fsim-Gas Release 

3 2 2 1  Gas Release in High Flux Isow R-r E;rqperiments 

3221.1 Release Rate/J3irth Rate Measurements 

Measurements of the fmion-gas release rates were carried out using the grab sample 

technique for sampling the sweep gas after exiting from the fuel capsule. The gas samples 

were collected in serum bottles at the HER. They were then transported to the Irradiated 
Fuels Examination Laboratory (IFEL) where they were analyzed for Fksion gas inventory. 
Because of the distance between IFEL and m R ,  the delay before analysis was at least 
15 min, and the short half-life fmion gases could not be measured. The reactor startup 
sequence was modified for this test to minimize the probability of particle failures due to 

rapid increases in power generated per particle. Hold t h e s  of 10 to 15 min were instituted 
at reactor power levels of 10,30, 50,70, and 90% of full power (85 Mw). The sweep gas 
was sampled for R/B measurements at each of the hold points, and two samples were taken 

when full power was achieved. Following each startup, two samples per day were taken for 
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the first 5 d of operation. Then, for the remainder of eac 

taken generally 3 d per week. 

samples per day were 

The gas sampling system in the MU! at the includes a holdup tank which 

reduces the activity of the gas flowing into the off-gas system. This plumbing was modifid 

for this test to include a line (which contains a volume of about 17 em') bypassing the tank 
so that short-lived fission gas could be measured either after passing through the tank or 
without decay in the tank. Except when obtaining a fission gas sample, this bypass line was 

closed by a valve. During sampling, both the bypass line and the inlet valve to the tank were 
open. With this valve alignment, gas could have been withdrawn from the tank into the 
evacuated grab sample bottle. In order to equilibrate the gas in the bypass line with the 

capsule sweep gas, the grab sample was evacuated and then backfilled with the sweep gas 
passing through the bypass line. The bottle was then re-cvacuated, and a second sample of 

sweep gas was obtained. This procedure resulted in two additional experimental problems. 
First, with large sample bottles, the initial backfilling resulted in a rapid flow increase: in the 
capsule. Second, with small bottles, the volume of the bottle was not adequate to 

completely exchange the gas in the bypass line. Thus, it was impossible to apply an accurate 
correction to amount for decay in the lines from the capsule to the sampling station. Hence, 

the most accurate release data are for the isotopes with the half-lives greater than 1 h 

%r, 87Kr3 '33Xe, and 13'Xe). 
The initial results, as reported in the irradiation phase reppt,3-1' have been updated 

to reflect small changes in the capsule sweep-gas flow rates and refinements in the CACA-2 
code calculation of the h i o n  gas birth rate. In addition, the release of '?ECr has been 
calculated based on the amount of 'Qb using Eq. (3-4). The calculated R/B values, some 
estimated fuel conditions at the time the samples were obtained, and the measured specific 
activity in the sweep gas are reported in Appendix k The 
('33Xe,"Xe, 85mKr, and "Kr) is plotted as a function of the EFPDs in Figure 3.7. Initial 
R/B ratios were very low ( - lo4) supporting the low HM contamination re 
fuel as well as the low measured preirradiation fission gas releases12 values and pre- 
d i c t i o n ~ ~ ' ~  for the test. For example, the R/B for one isoto 

for selected isotopes 

of interest, 8 5 m ~ ,  was: 

e lo4 to preirradiation measurement 
e or lo6 pretest predictions based on the GA defective Sic model and HM 

contamination model, respectively 
e lo4 increasing to 10"" during the test 
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Figure 3.7. 
RELEASE RATEBIRTH RATE OF SELECTED FISSION GASES AS A 

F"NCTION OF EFF?XIWE EULCPOWER DAYS DURING 
THE HRB-21 IRRADIATION. 

As shown in Figure 3.7, the R/B remained low during the first cycle but increased 

rapidly in the second cycle and continued to increase for the remainder of the irradiation. 
As discussed in Sect. 3.2.1, R/B is generally reported after reaching a steady-state value. The 
approach to steady state is seen in the data shown in Figure 3.7 after the restarts at 20, 40, 
60, and 80 EFPDs. The approach to steady state results from a release mechanism in which 
a diffusional process is the controlling step. Provided that the release rate from the source 
is small when compared to the radiodecay constant, the concentration of fission gas in the 
source reaches a steady-state value when the production rate is balanced by the decay rate. 

The approach to steady state is given by: 

(3-14) 
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where the terms have been defined in the previous equations. During HFIR shutdowns for 

refueling, which usually takes 6 to 10 d, '"Xe accumulates in the HRB-21 fuel compact 

because of 1331 decay. The accumulated '33Xe is released upon 
associated increase in temperature. This is seen clearly in Figure 3.7 after each € F I R  
restart. The rapid decline in the '33Xe R/B immediately after startup is caused when the 
stored 133Xe is released and is removed from the 

startup because of the 

p u l e  by the sweep gas. 
The R/B of X35mXe is about a factor of 1.5 greater than the for the ' % ~ e .  since 

tively), the difference both of these isotopes have similar half-lives (15.3 and 14.2 min, 
in FUB is not a half-life effect. Most likely, the difference is due to the mobility of the 
iodine precursor. 135mXe is formed in greater than 99% yield by decay of l3'Y, whereas only 
26% of the '%Xe is formed by decay of '%I (ref. 3-14). Furthermore, 135m1 has a 6.541 half- 

life and '%I has only a 6.5s  half-life. The longer half-life of 13'mI results in transport of 13'Y 

to locations in which the daughter 135mXe has an accessible path to the void space in the 

capsule. The temperature in the capsule has an effect on this ratio. '35mXe was not 
detected during the first two irradiation cycles of the NPR-2 capsule, even though '%Xe was 

found in almost every grab sample. In the NPR-1 t a t  and in this HRB-21 test, both 
isotopes were found in almost every sample, which may be due to the higher temperatures in 
these tests. 

The ssmKr R/B is plotted in Figure 3.8 as a function of the EFPDs with an overplot 
of the estimated volume-averaged fuel temperature for the compacts in HER region 4. 
Region 4 temperatures were plotted because the mompacts in this region e ~ ~ r i e ~ c ~ ~  the 
most fast neutron fluence. The large temperature decreases are caused by reactor 
shutdowns, during which the temperature of the compacts decreases to less than 100°C. The 
smaller temperature changes are caused when neon is a d d d  or removed from the capsule 
sweep gas. An analysis of the effects that temperature had on the ri/s measured in HRB-21 
is complicated by the fact that both the axial and the radial temperature profiles varied 
widely during the test. 

85mKi and '33Xe release during the first cycle is shown along with the esti 
region 4 temperature in Figure 3.9. In order to increase the temperature in the capsule, 
neon is added to the capsule sweep gas. During the first irradiation cycle, when neon was 
added, the R/Bs of gsmKr and '33Xe increased, and when it was removed at the end of the 
cycle, the R/Bs decreased to values which were about the same as the values at the start of 
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Figure 3.8. 

REGION 4 AVERAGE COMPACT TEMPERATURE AS A FUNCTION 
OF EFF'ECIIVE FULLPOWER DAYS. 

RELEASE RATEE3IRTH RATE AND HIGH FLUX ISOTOPE REACTOR 

irradiation. Furthermore, the changes in the release of '33Xe corresponded with changes in 
the: release of ssmKr. For this cycle, the release of Kr fission gas is estimated well using the 
GA model for release from fuel particles with exposed kernels. In this model,*3 the 
fractional steady-state release of fission gas from fuel particles with exposed, unhydrolyzed 
kernels is given by l3q. (3-15). 

The terms of Eq. (3-15) are defined as follows: 

3-35 

(3-16) 
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Figure 3.9. 

TEMPERATURE DURING THE FIRST CYCLE 
OF IRRADIATION. 

RELEASE RATEVBIRTH RATE AND REGION 4 CO 

where 

E,, = exposed kernel fraction in each HFIR region, 
Q = activation energy for fission gas release (J/mol), 
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R = gas constant (8314 J/mol-K), 
= release fiaction at 1373 K, 

(F4B), = cunte-fitting parameter, 
a, T, = constants. 

In order to rigorously apply these equations to a capsule irradiation, the axial and 

radial temperature distributions and the fission gas production rate distributions are needed. 

To simplify this calculation, we have weighted the estimated fuel temperature in each WFIR 
region based on the f s i o n  rate in that zone. The predicted 85”Kr values agree well with the 

measured R/B values (see Figure 3.10) by using the measured compact U contamination as 
the exposed kernel fraction. The ‘33Xe is overestimated by about a factor of five. A similar 
calculation using the GA model for release from U contamination predicts that the R/B 
during cycle 1 should be about lo6. 
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Figure 3.10. 

THE FIRST CYCLE COMPARED TO THE RELEASE RATE/BIRTH 
RATE PREDICTED USING THE EXPOSED KERNEL MODEL. 

MEASURED RELEASE RATE/BIRTH RATE IN HRB-21 CAPSULE DURING 
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The models predict that the R/B of 133Xe should be about twice as large as the R/s 
of 8SmK..r. The higher release of 133Xe was seen in the earlier WRB capsules and is a 
consequence of the longer half-life of "'Xe. As shown in Figure 3-9, the R/s of '33Xe is 

lower than that of 
during the NPR-1 and -2 irradiati0ns.3'~ 

which the fuel compacts were manufactured with an extremely low WM contamination 
fraction. This is evident from the initial WEI values which were around lo4 for the latter 
capsules and 10" for the earlier WRB tests. 

during the first irradiation cycle. This behavior was also observed 

-21 and NF'R-lD were the first irradiations in 

In the second irradiation cycle, the characteristics s f  the fmion-gas release were 
different than during the first cycle. At the start of the second cycle (see Figure 3-11), when 
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the capsule was being swept with He, the R/B values were somewhat lower than the values 
obtained at the end of the first cycle. This was caused by a difference in the axial power 
profiie in the capsule at the end of one cycle and the beginning of the subsequent cycle. 
Due to the control rod positions, more power is generated in the center compacts at the 

beginning of an HFIR cycle than is produced in the end compacts. This causes an axial 
temperature gradient which peaks in the compacts near the axial centerplane of the core. 
As the irradiation cycle progresses, the relative power in the end compacts increases 
resulting in an increase in temperature. 

Wen Ne was added after 21 EFPDs in cycle 2, the R/B increased, as it did in 
cycle 1, but by about a factor of 100. Unlike cycle 1, the removal of Ne from the He sweep 
gas did not result in the R/€3 decreasing to the level before the Ne addition. Instead, the 
R/B for SSmKr remained a factor of 50 greater than when 100% He was previously used as 
the sweep gas. Similar behavior was observed for the release of 133Xe. The addition of Ne 

after 31 EFPDs of irradiation also caused a similar release pattern. This suggests that when 
the fuel temperatures were increased by the addition of Ne, the coatings on some of the 
particles failed. 

The R/l3 is plotted as a function of the HTGR fast fluence (E > 29 ET, M.18 MeV) 
in Figure 3.12. The particles began to fail after 0.7 x 1025 n/m2 based on the exposure of the 
cornpacts in capsule position 4 (graphite bodies 4 and 5). There was about a 30% fast 

fluence change radially across the HRB-21 capsule and an axial gradient of about a factor 
of two. If we assume that the initial failure O C C U K ~ ~  in the capsule position 4 compact 

nearest to the HFIR core (because of the higher fluence), then the fluence at  the time 
failure initiated could have been as high at 0.8 x 1025 n/m2. Figure 3.11 indicates that the 

temperature in the fuel may have played a role in causing failure of the particles. 
Alternately, it may have been the insult that finally broke already fatally damaged particles. 
Since the temperatures and fluences at this point in the irradiation were within the range of 
known HTGR fuel capabilities, one would not expect a sudden increase in fuel failure with 
this magnitude of temperature increase. After the initial failure was detected by the 
ionization chamber response, the temperature in the capsule was reduced by removing the 
neon from the sweep gas. The R/B decreased because of the lower temperature and, for 
the next 10 d, remained fairly constant showing that the particle failure rate decreased even 

though the fluence increased from 0.7 to almost 1. When neon was again added to the 
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sweep gas and the fuel temperature increased, the R/B increased rapidly by about a factor of 
ten and remained close to that level even when the capsule w 

the neon flow was shut off at 35 EFPDs. 
- 1 4  by a h u t  70°C when 

Insight into the release mechanism of fission gases may often be obtained by the 
dependence of R/B on the decay constant. If 

R 1 "  
B - m! <,I Y 

then 

(3-19) 
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and n can be obtained from the value of -~n(R/B)/ainA. Shown in Figure 3.13 are the 

n-values calculated using the WB for *'%r, 87Kr, and 

the @"Kr R/B values. The normal range of the n-value when the capsule was under steady- 
state conditions for the Kr isotopes was 0.28 to 0.5. The values below 0.2 were usually 
caused when the data were obtained before the capsule had reached steady state after a 
reactor startup. Particle failure increased the n-value to as high as one. This was caused by 
an increase in the release rate of the long-lived isotopes and is an indication that fission gas 
which had been stored was being released. 

Also plotted on the figure are 
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- -  

To determine the fraction of particles with a connected pore system, the release born 
a single particle under identical irradiation conditions must be known. The latter quantity 
ha9 not been measured; measurement would have required a capsule design in which the 

fission-gas release from small isolated groups of laser-failed particles homogeneously 
distributed could have been measured independently of the gas release from fuel compacts. 
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A crude estimate of the number of failed particles may be obtained from reported data on 
the release from failed particles irradiated in TRXGA tests. 

The release from laser-failed UCO particles has been measured in 
experiments after irradiation in HFIR capsules.*1s Particles with an initial enrichment of 

about 20% 235U irradiated to 18.5% FIMA have an 
in the GA TRIGA reactor. However, the bumup influences the FUB, and particles 

irradiated to 24% FulA have a TRIGA R/B of approximately 0.8%. 

R/B at 850°C of 0.3% as measured 

Twice, during cycle 2, the was measured before and after a single particle failure. 
One failure (spike 43 in Appendix 3) occurred after 21.446 EFPX)S and was s a n d ~ ~ h ~  
between R/B samples 42 and 43. The other failure, spike 44, o@cwecl at 25.809 EFPBS 
between R/B samples 46 and 47. Both of these failures happened when the sweep gas was 

100% He, and the temperature in the capsule was not changing. Examination of the data in 
Appendix B shows that the two ion chamber spikes which resulted from these failures were 

similar in magnitude. Furthermore, there was no ion chamber activity during the 4.5 d 
betweem the spikes. It is possible that each ian chamber spike was the result of multiple 
failures. However, the low probability that several failures occurred simultaneously, when no 
failures were observed for several days between the spikes, suggests that these ion chamber 
peaks represented a single failure. The increase in 8smKr 
2.6 x lo-' and 1.7 x respectively. These data allow one to get an estimate of the release 
of a failed particle. Since the birth rate is the same just before and just after the failure, the 

increase in the R/l3 is due only to the increase in the release rate for a given population 

(fissile or fertile): 

due to the particle failure was 

where l$, is the release from the failed particle, Bp is the birth rate for a particle (failed or 

not, ignoring fwion gradients), and I+, is the total number of particles, This equation can be 
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rearranged to give an estimate for the failed particle release rate: 

(3-21) 

If we assume that these early failures occuned in fissile particles, then using 
I+, = 4.25 x 104 and the average of the R/B increases, 2.15 x 

wJfriled is approximately 0.009 for the early failures in HRB-21. This value is close to the 
value obtained in the early TRIGA tests. 

one estimates that the 

32212 Transient Fission-Gas Release 

Transient fission-gas release is monitored by the response of a radiation detector to 
p u k  of radioactivity in the capsule effluent gas. The radiation level of the sweep-gas 
exiting the capsule was continuously monitored by two independent ionization chambers (IC) 
connected to strip-chart recorders. The chart records for the ICs were examined, and a 
compilation of the pulse heights, time of occurrence, and the full width of the spikes at half- 
maximum is given in Appendix B. Transient spikes are characterized by a very rapid 
increase in radiation level of only 1 to 2 min duration at half-height, followed by slower 
return to a level somewhat higher than before the spike (see the irradiation phase test 
report3-*' for examples of transient pluses). 

Small, transient fission-gas release spikes were f i t  detected in the initial irradiation 

A. The cycle. Except for one spike, the magnitude of these spikes was less than 1.5 x 

one larger spike was c a d  by an increase in the neon concentration. Almost all of these 
small spikes are attributed to fission gas sampling. They occur when the flow rate from the 
capsule increases as the evacuated grab sample bottle is bacMllled with the sweep gas. The 
first spikes that appear to be caused by particle failure occurred at the start of cycle 2 just 

after 20 EFPDs. Figure 3.14 shows the heights of tbe transient fission gas spikes detected 
by the sweep gas monitor. Overlayed on the figure is the WB for 8smKr. Rapid increases in 
RIB coincided with a high activity of transient gas release. The onset of the transient spikes 
corresponded to a burnup in the capsuie position 4 (graphite bodies 4 and 5) compacts of 
a b u t  8.6% FIMA and a fluence of 0.7 x ldt5 N/m2. 
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Details of transient gas release are seen in Figure 3.15, which shows the cumulative 
number of spikes that occurred during the second irradiation cycle and the estimated 
average compact temperature in the HFIR region 4 compacts at the time of the spike. At 
the beginning of the cycle, neon was added and the temperature increased to 
1OOO"C. A series of spikes were observed as the neon concentration was being increased. 
Because of the spike activity, the neon was then removed from the sweep gas, the 
temperatures decreased, and the spike activity ceased. For the next 10 d, only 3 failures 
were recorded even though the fluence increased by 0.3 x lp N/em2. When the 
temperature was again increased, the transient spike activity resumed. Furthermare, the 
transient spike activity ceased for 2 d when the neon was inadvertently shut off by a reactor 
safety system. Thus, temperature (or the presence of neon) was one sf the important 
factors causing particle failure, 
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There were a b u t  730 spikes which were attributed to gas released from particles 

during the irradiation. However, one must be cautious when assessing the total number of 

particle failures based on the number of these transient gas release spikes. Transient fission- 
gas release occurs (1) when the kernels of intact particles are exposed, (2) when exposed 

kernels are subjected to rapid increases in temperature, and (3) when oxidants or other 

chemical species that readily diffuse in the fuel kernels are added to the particle system. 

Thus, it is possible that one particle Failure could result in several spikes during the 
irraldiation. The magnitude of the transient release cawed by each of these mechanism has 
not been quantified for the range of irradiation conditions in HRB-21. The largest spikes 
may be c a d  by rupture of the Sic in particles with the PyC layers already failed or may 
be the result of gas released as several particles fail almost simultaneously. Small spikes may 
be (due to (1) failure of coatings other than the Sic and (2) fission gas bubbles being vented 
to open porosity in particles with failed coatings due to changes in fuel temperatures. 
Furthermore, the size of the spike caused when an Sic coating fails on a specific particle will 
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probably be a function of that particular particle's f s ion  rate., the gas inventory which is 
stored in its open porosity, and its temperature. These attributes would depend on the type 
of particle (fissile or fertile), the location in the compact, and the location of the compact in 
the capsule. 

In addition, during the last week of operation, the full-scale sensitivity of the IC was 
- changed to 3OOO p k  Since peaks smaller than about 1 were not counted, some 
spikes with magnitudes of up to 20 PA would not be included in the total. 

Transient fission-gas release was also obsewd 7 to 8 min after the reactor was shut 

d o m .  In this case, the pulse height was larger t an the spikes obtained at full 
the full width at half maximum (FWHM) was at least 3 min. Fission-gas release at shutdown 

of UO, fuel elements which had operated at 1400°C is known to occur. This gas is believed 
to have been stored in the center of the element after migrating up the thermal 
Because the hot center portion is plastic and uncracked, the gas collected in this region i s  

sealed off from the pore volume that intersects the free surface. When the reactor is shut 

down, the rapid coaling results in cracks which open to the 
Metallographic PIE of fuel particles shows that the fuel kernel has 

example, see Figure 4.72 in Sect. 4.6.2.3.2. These spaces probably were formed by the 

accumulation of fission gas. Thus, it seems plausible that the transient gas release observed 
at reactor shutdown is caused by release from fmion gas bubbles in failed particles in a 

manner similar to that explained above. 

any void spaces; for 

3.2.2.2 TRIGA Release Rate/Birth Rate Measurements 

After the irradiation, fuel compacts were removed from the capsule and trans 

to GA for measurements of the RIB of individual compacts, The R./B of cornpacts irradiated 

in each HFIR region was measured in a 'RUGA King Furnace'-17 at 

the procedure described in Sect. 3.2.1.2. The results for several fission gases are reproduced 
in Appendix C (ref. 3-10). 

The TRIGA-measured R/8 values were found to depend on the location at which 
the cumpacts were irradiated in HFIR. The compacts irradiated in the end lacations of the 
HFIR core had an average 8SmKr R/B at 1100°C of 1.4 x 104 Th 

irradiated in the center of the WFIR core was 4.1 x lo4. The co 
can be estimated after weighting the TRIGA data for the fraction of h i o n  gas produced in 
each HFXR region at the end of the HFIR irradiation. CACA2 predicts that these fractional 
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birlh rates for 85mKr are 0.22, 0.25, 0.26, and 0.27 for HFIR regions 1, 2, 3, and 4. Using the 
average steady-state TRIGA gsmKr WB values at 11WC given in Appendix C, one calculates 
that the capsule R/B would be 2.0 x lo4. The measured capsule WB averaged over the last 
7 d of irradiation was 2.1 i 0.1 x lo4. 

Richards>'' at GA has analyzed the TRIGA data and computed the fraction of 
exposed kernels using 

where 

FEKb = b i l e  fuel exposed kernel fraction, 

FEiW = fertile fuel exposed kernel fraction, 
pr, = fractional birth rate in fmile fuel, 
(RE$)%, = R/l3 fox a fissile exposed kernel = O.oOp1, 

(RE$),, = R/B for a fertile exposed kernel = 0.0567. 

Since the metallographic examinations showed that the amount of fissile particle 
failure was about the same as fertile failure, Fqh = FEIcfr The R/B value for exposed fmile 
kernels was not measured but was estimated based on the U.S. fmion-gas release models. 

The R/B value for the exposed fertile kernel was based on the average of three laser-failed 

THO, particles with burnups ranging from 1.2 to 6% FIMA The TRIGA R/s values are 
the result of a 30-min irradiation and are not corrected to steady-state conditions as are the 
data given in Appendix C. The results of Richards' calculations are shown in Table 3.4. 

This gives a total of about 2100 failed particles for one-half of the capsule compacts. 
Thus, the total number of failed particfes is about 4200 based on the "RIGA data. 

33 HRB-21 ~ O N D o S f M E z a Y  

33-1 General 

The key parameters of interest in the experiment are all directly related to the 
nuclear reaction rates in the specimens and holders. Design analyses performed in support 
of the test are made based on assumed nuclear reaction rates, previous empirical data, 
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and/or detailed nuclear (neutronics) calculations. However, to verify assumptions about 

nuclear reaction rates for a particular test, neutron dosimetry should be an integral part of 
the test design, placed as close to the test articles as practical. This is especially important in 

providing the final estimates of fast neutron fluence on grap te specimens. Other test 
objectives, such as fuel bumup and integrated fission density, can be directly inferred in 
several ways, but there is no other direct measurement of accumulated neutron fluence 
above specific neutron energies than in analyzing selected flux wires. 

Each nuclear reaction is strongly dependent on the neutron energy spectrum; 

therefore, dosimetry materials are selected on the basis of known reaction encrgy thresholds, 
as well as other factors such as the decay rate and burnup rate of the primary daughter 
products of the nuclear reaction of interest, Le., the one related to the particular energy 
threshold. Other factors taken into account are the estimated neutron and gamma fluxes; 
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irradiation environment (temperature, chemistry, etc.); irradiation time; and potential 
postirradiation handling and analysis problems. 

33.2 HRB-21Dosimetrv Descn'PtiOn 

The neutron dosimetry packages (flux monitors) for the HRB-21 test were 
strategically located in the graphite body, adjacent to the fuel compacts. Each of the eight 
graphite bodies contained three separate monitor packages (A, 13, and C) located 120" apart 
auimuthally, near the outside edge of the graphite, as shown in Figure 3.16. The dosimetry 
materials selected for the HRB-21 test are shown in Table 3.5 along with some of the 
important nuclear reactions. The actual analysis included other nuclear reactions as well. 
The monitor packages were positioned approximately in the midplane of each graphite body. 
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Table 35 
USED IN 21 

3 3 3  Analysiis Results and Conclusions 

Two entire sets of monitors, A and B, were sent to Pacific Northwest Labs (PNL) for 

counting and analysis. Set C was kept at ORNI, in case problems develo 
shipping or handling at PNL. The results of the PNL analysis of Sets A and B are reported 
in ref. 3-19. "be primary PNL results of interest are shown in Figures 3.17 through 3.2 
Considerable difficultly occurred with the analysk because s f  severe degradation of the 

Mn/Cu wires due to the high operating temperature. The de 

transfer of material from the MdCu wires to other wires in t 
etching of the wires was necessary to remove this transferred material. In addition, three 

nuclear reactions could not be used because of burnup effects that could not be unfolded. 
They were the 58Ni(n,p)58Co reaction because of the high thermal burnup effect due to %Co, 
the 60Ni(n,p)soCo reaction because the previous reaction generates: 59Co from sgCo which 

then generates 6oCo, and the 63Cu(n,a)60Co reaction because of cobalt impuities in the 
Mn/Cu alloy. Overall, a parabolic curve fit the axial profile of the flux within an error of 
about lo%, although the scatter in a couple of the isotopes was considerably greater. The 
overall counting error of the isotopes was a b u t  2%, but the problem with the Mn/Cu 
material probably increased this uncertainty several times. 

ation resulted in the 

simetry capsule. Chemical 

Detailed comparison of the PNL results with BRNL assumptions indicates 
reasonable agreement on the neutron energy spectrum, as indicated in Figure 3.21 using 
1985 DORT calculations and in Figure 3.22 using 1993 DORT calculations?-m '€%e overall 
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agreement is within 1296, the thermal flux within 13%, and the fast flux within 23%, 

Because of the problems associated with the dosimetry, this result and its uncertainties are 

the effective end limit of thc analysis. Overall, the dosimetry produced no surprises about 
the neutron flux and confirmed earlier estimates. 

An attempt was made to infer thermal information from the degradation of the 

W C u  wires, but no useful information was obtained. The mass transfer could have 
occurred over a rather broad temperature range by vapor phase and diffusive mechanisms at 
the capsule operating temperature. Modelling of this effect would have 
consuming, and the lack of good data OQ the quantity and history of the mass transfer made 
this task of marginal value. 

The burnup determination is extremely important for the following reasons: 

1. The burnup measurement provides an estimate of the fission product inventory at 
the end of the test, which can be decay-corrected to the date of burnup 
measurement to compare the measured inventory with the predicted inventory to 
identifj any missing isotopes, such as 137Cs, indicating particle failure. 
The burnup measurement is a direct indicator of the total 23sU depletion (fksion 
plus capture), which implies an average fission rate. The average fission rate can 

then be compared to the total heat rate assumed in the th 
plus gamma), in order to reduce the overall uncertainties in the fuel compact 

temperature calculations. 
The endpoint burnup measurement reduces the uncertainties in the estimated 
stresses due to the assumed fission gas pressure buildup. 

2. 

a1 analysis (fission 

3. 

Determination of the burnup of NHTGR fissile and fertile particles by radiochemical 
methods is an expensive and laborious process that creates a significant amount of hazardous 
waste if more than a few particles are to be analyzed. One way of avoiding the 
radiochemical method is by estimating the inventory of several gamma-emitting fission 
products in the particle based on gamma spectroscopy. Once the inventory of several key 
isotopes is known, the burnup can be determined by making we of the radionuclide's decay 
constant and fmion yield. Since the measurement of the particle's inventory is already part 
of the PIE program, this method makes economical use of the collected data. 
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Determination of a particle's inventory of several gamma-emitting fission products 
has been accomplished by using the Irradiated-Microscope Gamma Analyzer (IMGA) device. 
Typically, a particle's inventory of "Zr, lmRu, '06Ru, lnCs , *'* Ce, and *%k was determined 
in several minutes using this device The averaging of a large number of particle 
measurements provided a good mean value for the b m u p  calculation. One advantage of 
this method is that the geometry is well known, and system caliiration is easy. Also, no 
mechanical grinding or chemical dissolution of the particle is required, eliminating additional 
sources of uncertainty. The method works with both fertile and fissile particles. 

A single-group neutronics model was used to determine a set of equations that 
relrates the end-of-irradiation radionuclide inventory to the number of fmions that have 
taken place during the course of the irradiation.*2' The fmion rate is then modelled by a 
set of test functions with adjustable parameters. A least-squares minimization technique is 
then used to find the best values for the parameters in the fission rate that leads to the least 

error between the IMGA-measured particle inventory and the inventory calculated by the 

single-group model using the estimated fission rate. Typically, the errors between the 
model-calculated and the IMGA-measured values for the radionuclides are less than a few 

percent. A major strength of this technique is that it makes use of all the collected 
data-both the radionuclide inventory and its standard deviation. This fact reduces the error 
introduced by the measurement of any one radionuclide and can also point out possible 
losses of radionuclides. The bumup is estimated by integrating the fission rate for the fissile 

isotlope of interest. Finally, the standard deviation of the burnup is estimated. The 
technique can a b  determine the burnup as a function of time during the irradiation, subject 

to the limitations of the model. 
The estimated burnups for the UCO particles as determined by CACA2 calculations 

for the actual reactor operation and the results of the HRB-21 burnup estimate based on 
IMGA measurements are shown in Table 3.6. Note that the piggybacks have considerable 

variation in their burnup. The positional averages of the measurements and the calculations 
are shown in Table 3.7 using both piggyback and compact data. Note than the greatest error 
is in the middle region and that the calculations overestimated the burnup by roughly 20%. 
Only small sample sizes were available for piggyback analysis, so considerable variation in 
burnup could be possible for the piggybacks. The overall burnup agreement between IMGA 
and calculations for all measurements is within 18%. The agreement based on compacts 
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Table 3.6, 

MEASURED VERSUS CALCULATED BURNUP FOR THE UCQ PARTICLES 

Percent difference 
( IMGA-Cal)DMGAa 

"IMGA = Irradiated-Microsphere Gamma Analyzer. 
= Fissions per initial metal atom. 

only is better at 15% (bottom half of Table 3.6). The compact data consisted of 
considerably more particles than the piggyback data. The CACA.2 overestimation of the 
burnup may be due to a slightly lower actual thermal flux (see Sect. 33)  and the USR of cross 
sections that are slightly too large for the actual neutron spectrum seen by the capsule. 

Also, the model used in determining the burnup assumes a time-invariant neutron spectrum. 
ined by CACM calculations The estimated bumups for the Tho, particles as dete 

for the actual reactor operation and IMGA measuremen& ace shown in Table 3.8. There 
were not enough data to do a positional average. The overall agreement is within 12%. 
Note that the TMGA measurements are generally slightly low. Also, note that the new 

calculated burnups are slightly greater than the original calculations; the new calculations 
take into account the fact that the total time in the reactor (additional downtime) was longer 
than expected, thus more 233Pa decayed to 'L33v. 
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Table 3.7, 
POSITIONAL AVERAGE B U R N "  VERSUS CALCULATED 

BURNUP FOR THE UCO PARTICLES 

(JMGA-Cal)/IMGA" 

11 Average difference I -18.37 

"MGA = Inadiated-Micrcsphere Gamma Analyzer. 
bFIMA = Fissions per initial metal atom. 
"Calculated using only data from body 3. 

Table 3.8. 
MEASURED VERSUS CALCULATED BURNUP 

FOR THE Tho, PARTICLES 

(IMGA-Cal)/TMGA" 

"IMGA = Irradiated-Microsphere Gamma Analyzer. 
= Fissions per initial metal atom. 
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3.4.1 Recommended Neutronic Values 

Overall, the agreement is reasonably between the various meth 
burnup data (largest sample), the compact examhation, agree with the calculations within 
15%; the neutronics data from Sect. 3.3 agree with overall neutron spectrum calculatio 
within 12% and within 23% for the fast flux. Given the diflFieulties that were encountered 
during PIE, these results are very favorable. For the p 

burnup with an uncertainty of *15% may be used as the burnup value, and t 
fluence with an uncertainty of *23% may be 
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not intended to be a data reference. Total flux (10'' neutrons/em2s): 
MHTGR = 1.98, DORT = 23.7. 
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SEclIlON 4 

4.1 CAPSUDXSASSEUBLY 

Disassembly and associated tasks on capsule HRB-21 were carried out in accordance 
with procedure MET-FME-ESP-11, Rev. 0, "HRB-21 Capsule Disassembly, Visual 
Examination, and Component 

4.1.1 Shipping 

The HRB-21 experiment was the first fuel experiment to be irradiated with a rigid 

tubular extension to the pressure-vessel head. This 12-ft-long rigid assembly required that 
both the transfer cask and the procedures for loading in the HF'IR p0014-2 and unloading 
into the hot cells'" be modified. In the KFLR p l ,  the experiment leads were cut above 
the junction box and crimped:4 The crimped leads were kept above water level to ensure 
that the experiment remained dry. In the charging area of the hot cells, the junction box 

was removed by cutting through the containment sleeve, including the TC leads and gas 
tubes, with a hacksaw. The cask was then placed against the cell loading port, the lower 

part of the assembly was pushed into the cell, and the bottom 36 in. of the assembly 
containing the capsule portion were cut off with a hydraulic shear. The remaining 
containment sleeve was cut into several pieces so that it could be pushed into the cell as 
well. 

4.12 V ~ u d  Examination of Camule 

The capsule was examined visually through the cell window and with the Kollmorgen 
periscope?-' The capsule appeared to be in good condition with no obvious deformation or 
damage. There was a white film, or scale, on the bottom 24 in. of the capsule. Following 
the visual examination, the capsule was placed in a rotating chuck in the milling machine, 
and a circumferential cut ("trim cut") was made with an end mill at 24 in. from the bottom to 
remove the extraneous containment sleeve (see Figure 4.1). The first attempts at cutting 
with a high-speed steel cutter were unsuccessful because of end mill slippage in the collet 
and very fast tool wear. A solid Carbalioy end mill was then used which cut through the 
sleeve with little difficulty. The gas tube and TC leads were cut with a hacksaw. 
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I 

I -+ 0.75 + 
Ref. I 

Trim Cut 1st CUT 

I (FROM Ref.) 

I 

Figure 4.1. 
POSITION OF HRB-21 CAPSULE DISASSERIBLY CUTS. 

4.13 Gamma Scannhp - of Camule 

The intact capsule was placed in a 2-in.-diarn by 24.5-h-long aluminu 
gamma scanning to ensure that all components were in place. Axn O-ring centered the 

capsule at the bottom of the tube while three clips, labelled A, B, and C, were used to shim 

the top of the tube and mark the location of the fuel columns, Gamma scanning was 
accomplished according to the generic gamma scanning p roced~re ;~ '~  the output is an analog 
trace on a chart recorder of integrated gamma intensity. Thc region of interest (ROI) was 
set at 550 to 800 keV (in ordcr to exclude most gammas from the Inconel cladding 
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activation), and longitudinal scans were made with a 0.062-in.-diam collimator. Scans were 
made at both 0 and 90" and aka at 60, 180, and 300" to align with fuel columns A, B, and 
C, respectively. These scans showed that the graphite fuel bodies were in the expected 
position except that the separation between the fuel compacts of bodies 9 [which replaced 

No. 1 during assembly] and 2 was about 0.2 in. more than expected (see Sect. 4.1.5 below). 
One scan also gave indication of a fracture in fuel compact 7E3 (later confirmed in the 
unloading). The chart record for fuel column "B" shown in Figure 4.2 gives subtle evidence 
for both of the above observations. The small asymmetry about the centerline is not 

representative of any reactor flux asymmetry; small, unwoidable misalignments between the 
compact column and the scanning apparatus can introduce such minor discrepancies. The 
scans corresponding to the other fuel compacts did not reveal any evidence of compact 

irregularities. 

4.1.4 Cutting Throueb Containment Tubes 

The capsule was placed in the rotating chuck on the milling machine for cutting 
through the containment tubes. A slot was milled through both containments at the 0" 
location as a reference for orientation of the containment tubes. The first circumferential 

cut ("1st cut" in Figure 4.1) was made 0.5 in. down from the top face of the upper 
containment head using a 0.375-in. carbide end mill bit. The secondary (outer} containment 

was cut without incident and the upper section removed. As the cut through the primary 

containment neared completion, the tool grabbed and mcked the upper section of the 
primary containment. A gap of about 0.125 in. opened at the 180" position. A 0.125-in. 

end mill was installed and used to remove the burr at the 0" location on the primary 
containment. Figure 43 depicts the capsule in the milling machine after these operations. 

At this point, the assembly was moved to the pushout furture, and the upper pressure 
head with the TCATs was removed easily by pulling on the pressure head. The TCATs 
appeared to be in good condition. The upper insulator was visible, at this time, flush with 

the trim cut and caught by a burr. The B,C holders were protruding slightly from the upper 
insillator so an attempt was made to extract them with tweezers. Numbers 1, 4, and 6 came 
out easily. The others were pushed back down into the upper insulator for later removal. 
The inside diameter (ID} of the primary tube cut was partially deburred. The capsule was 
turned around in the rotary chuck for the ("2nd cut") circumferential cut at the bottom. 
This cut was made with a 0.25-in. carbide end mill. The fmt pass completely removed the 
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Figure 4.3. 
CAPSULE HRB-21 IN MILLING MACHINE, 

AFTER COMPLETION OF UPPER 
cIRcuMFEmm CUT. 

lower end of the secondary tube. The second pass completely removed the lower end of the 
primary tube. The cut looked wry smooth. The lower insulator also appeared to be in 
good condition. The upper end of the primary tube was then deburred with the mill turned 
to horizontal position. 

4.15 Removal of Graphite Bodies 

The capsule was transfened to the pushout fixture (shown in Figure 4.4) for removal 

of the insulators and graphite bodies. The upper insulator came out easily. The bodies 
could not be pushed out by push rod and manipulator alone. They had to be pushed fully 
out with the screw mechanism; however, very little force, < 1 ibf, was required. The screw 
turned just as easily as it did under no load. The fixture worked well with all eight fuel 
bodies (numbered 9, 2, 3, 4, 5, 6, 7, and 8, respectively) emerging without incident onto the 
receiving tray. Upon emergence, body 9 was found to be oriented inverted (with its compact 
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Figure 4.4. 
PUSHOUT FDZTURE, INCLUDING (DETACHED) 

RECENTNG TRAY IN FOREGROUND AETD 
INSTALLED FORCE GAGE, 

access plugs facing upward in the capsule) relative to all the other graphite bodies. This 

explained the excess compact axial spacing (betwen Iocations 9 and 2) detected in the 

gamma scans. 

4.1-6 Removal of Boron Carbide Specimens 

The upper insulator prior to removal of the final three B,C holders is shown in 

Figure 4.5 (Photo R80192). The six holders (graphite tubes containing coated B,C particles) 

are shown in Figure 4.6 (Photo R80248). All appeared to be in good condition except that 
some graphite stuck to them. The B,C holders and the two fluence monitor packages 
located in the upper insulator were stored in marked, small screw-top aluminum containers. 
The insulator was broken in the process of removing the final three holders and the &wo 

fluence monitor packages. 

4-1-7 

Following visual examination and gamma scanning of the graphite bodies (see below), 

removal of the fuel compacts was initiated. A fxture was made to align a screwdriver blade 
above any screw slot so that the blade could be turned with the in-cell manipulator with no 
downward or misalignment force on the graphite cap. This system worked well9 and most of 
the screws were removed easily. The small screws (Item 4 in Figure 4.7) in the pushout 
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Figure 4.6. 
BORON CARBIDE SPECIMEN HOLDERS FROM 

CAPSULE HRB-21. 
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Figure 4.7. 
SCHEUATlC VIEW OF THE MkTOR G W m  BODY 

COMIPONENTS. SEE TEXT FOR REFERENCES 
TO NUMBERED ITEMS. 

holes in the center of the glued-in plugs (Item 5) in the top of the holder were removed 
first. Then the body was inverted, and the large screw-in plugs (Item 8)  were removed. No 
problems were encountered in any of these screws for the eight bodies with the exception of 

the small screw for the push-rod hole in compact 5B which broke and was drilled out. 
Compacts were removed in accordance with Sect. 165 of procedure A4ET-FME- 

ESP-11, Rev. 0, which specifies no more than 25 ibf pushout form to be employed. To 
control this process, a Dillon universal force gauge (0- to 10IB-lb capacity, calibrated by the 
manufacturer to a tolerance of *1%) was acquired and installed in the bad-applybg section 
of the screw-drhen pushout f"lxture. 

In general, the first attempt to remove: a compact was to allow it to slide out by 
gravky or to push it out with only very light "hand force" using the pushout rad through the 
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top end pushout hole, against the pushout disk inside. Initial pushing was in the horizontal 

position and subsequently, if necessary, in the vertical position (holding the compact down 

with the push rod and pulling up With the body). I€ the compact did not move, the effort 
was switched to other fuel compacts, saving the ones which needed the force of a screw- 
driven jig for later. The compacts needing the screwdriven jig required no more than 4 lbf 

to drive them out. 
The first fuel compact to be removed was 9 k  This compact pushed out easily with 

only light hand pressure on the pushout rod (less than 1 lbf). After the compact was about 
three-fourths out, the push rod required repositioning and the thin pushout disk (Item 6 in 

Figure 4.7) evidently cocked and jammed within the bore of the graphite body. The 
compact was gently grasped and removed with rubber-tipped t w e e ~ r s .  The photograph of 

9A in the receiver tray (see Figure 4.8) shows the compact to be intact and in good 
condition. However, upon attempting to rotate the compact in the tray with the tweezers, it 
broke, as shown in Figure 4.9, indicating the very delicate condition of the as-irradiated 
compacts. 

The condition of the compacts as they were xemoved and some comments are in 
Table 4.1. Of the 24 compacts, 16 appeared to be in good condition with no obvious cracks 
visible with casual inspection, 5 compacts had obvious cracks, and 3 were broken into two 

pieces with some debris. All fuel compacts were stored in marked, medium-size screw-top 

aluminum containers. 

The piggyback specimens (Item 9 in Figure 4.7) were removed by first removing the 

screw plug retaining them in the blind hole and attempting to pour them out. If this did not 
work, a 0.125-in. hole was drilled from the bottom to just touch the tip of the v-bottom of 
the piggyback hole. A 0.125-in. plug cutter was then used to ream open the piggyback cavity 
without hitting the specimens. A 0.062-in. metal rod was then used to push the specimens 

out. AU the small screws were removed with no trouble. Nineteen of the 24 specimen holes 
did not have to be drilled out. The piggyback specimens either came out easily or came out 

with slight tapping of the body. Five of the holes had to be drilled from the back and the 

specimens pusbed out. Only the bottom two specimens in graphite body 5, hole B, required 
significant force to be removed (they required 30 lbf). Specimen 531 was dented slightly on 
the bottom by the pushing. A large mushroom-shaped weld on one end of 532 was 
apparently the cause of the sticking. None of the other piggyback specimens appeared to be 
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Figure 4.8. 
FUEL COMPACT 9 4  SIDE VIEW. 

Figure 4.9. 
FUEL COMPACT 9A MTER BWEAXING. 
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TABLE 4.1- 
HRB-21 CDMPACX FLEMOVAL" 

hand pushout, hand pushout, 
intact, broken 
broke during handling 

I 

hand pour out, intact, 
crack near bottom end intact 

hand pushout, 

I 

hand pushout, 
intact 

hand pushout, 
intact 

screw pushout, screw pushout, 
3.5 lbf, intact 4 Ibf, intact, 

3 loose particles 

screw pushout, 
2 lbf, intact, crack near 
top end, broke later 

hand pushout, hand pushout, 
intact intact 

broke top screw, drilled 
out, screw pushout, 
1 Ibf, intact, broke later 

hand pushout, hand pushout, 
intact, broke later broken, 2 piece -+ 

debris 

hand pour out, 
intact with edge nick, 
loose particle 

hand pour out, 
intact, nick at top edge 

compact C 

hand pushout, 
broken, bottom end 
came out easily, top 
harder to push 

hand pushout, 
intact, crack near 
bottom end 

hand pushout, 
intact, crack near 
bottom end 

screw pushout, 
2 lbf, intact 

screw pushout, 
2 lbf, intact, crack near 
top end 

hand pushout, 
intact, brake during 
photography 

hand pushout, 
intact, broke later 

hand pour out, 
intact, nick at top edge 

"All compacts except those in body 9 were loaded with the end cap 'down" relative to 
the High Flux Isotope Reactor (HFIR) core. In body 9, the compact end caps were 
observed to be "up' relative to the HFIR core. 
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hamed by the removal process. All piggyback specimens were stored in marked, small 

screw-top aluminum containers. 
The fluence monitor capsules were removed by first removing the small retaining 

screw from the blind hole and attempting to p u r  or tap the capsules out. All the screws 
were removed with no trouble; however, only 4 of the 24 fluence monitor capsules were 
removed by pouring or tapping. The remaining 20 had to be drilled from the 
and the capsules pushed out. None of the capsules was apparently harmed in the removal 

p~ocesS. 

4 2  COMPONENTEXAA4CNATION 

The graphite fuel bodies appeared to be in very good conditkm-essentially the same 
as when they were loaded into the experiment. Some scratches were evident and also some 
small cracks and grain separations. Typical photographs of the fuel bodies are in 

Figures 4.10 through 4.19. The faint lines across the glued-in plugs in Figure 4.16 are from 
the slot in the adjacent screw plug above that body in the experiment, 

4.2.2 Gamma Scanning of Graphite Bodies 

An aluminum holder was fabricated far gamma scanning the graphite fuel bodies. 
The holder could be rotated so that individual fuel compacts were placed in front of the 

collimator. The 0.062-in.-diam collimator was used, and longitudinal scans were made in a 
manner to view each fuel compact individually. Two separate scans were made for each 
compact with the ROI set for 720.5 to 761 keV (to detect 95Zr) and 308.1 to 315.1 KeV (to 
detect 233Pa). These data are used later in the analysis of the experiment to correlate 
bumup, fission power, etc., for the various fuel compact positions. These scam corroborated 
the observation from the overall capsule scans that fuel compact 7B was cracked. (see 

Figure 4.20). In addition, the scam of fuel compacts 9B and 
compacts. 

indicated C K ~ ~ G ~ C S  in these 

4 2 3  V i d  Examination of Fuel Compacts 

The general condition of the fuel cornpacts as they were removed from the fuel. 
bodies was given in Table 4.1. Three of the compacts were broken in two or more pieces 
with some debris of loose. particles and graphite. Five of the compacts had obvious cracks. 
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Figure 4.11. 
GRAPHITE FUEL BODY 9, 'TOP VIEW." THIS FUEL 

BODY HAD BEEN INSTALLED TNVERTED. 
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Figure 4.12. 
GRMHIE FUEL BODY 3, smE ~ E W .  

Figure 4.13. 
GRAPHITE FUEL BODY 4, SIDE WEW. 
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Figure 4.15. 
GRAPHITE FUEL BODY 4, BOTTOM VIEW. 
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Epre 4.16. 
GRAPHITE FWEL BODY 6, TOP VIEW. 

Figure 4.17. 
GRAPHITE FUEL BODY 9, TOP VIEW. 
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Figure 4.18. 
GR FUEL BODY 6, 

Figure 4.19. 
GRAPHITE FUEL BODY 7, TOP VIEW- 
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Compact 7B 

Compact 7C 

Figure 4.20. 
GAMMA SCANS (BEFORE UNLOADING) OF 

GRAPHITE BODY 7, SHOWING INTAC-T 
COMPACT 7C AND BROKEN 

COMPACT 7B. 
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The remaining 16 compacts are noted as intact and appeared to be in good condition. The 
compacts were obviously very delicate since six or more broke in handling. The graphite 
matrix at the exterior of all compacts showed many small cracks. No obviously broken 
kernels were observed in the external examination. Some particles appeared to have breaks 

in the outer lowdensity PPyC coating and/or the OpyC coating. Figures 4.21 through 4.30 
illustrate typical compact appearance. Enlarged macrophotographs of the fracture surfaces 

of compact 9B (already broken before unloading) and 6C (broken during subsequent 
handling) are given in Figures 431 and 4.32, respectively. 

4 3  DIMENSIONAL CHANGE ANALYSIS 

43.1 Metrolow of Fuel Commcts 

The compacts were measured for diameter and length according to procedure 
MET-FME-SOP-09, Rev. 1, "Determination of Diameters and Lengths of Cylindrical Objects 

Using Comparator Stand, Dial Gage and V-BIock.*" Diameters were measured at the top, 
middle, and bottom {end cap end) at two orientations. The end cap was actually the "top" 
for the compacts in fuel body 9 because it had been installed upside down during assembly. 
For consistency, the end cap was used as the "bottom" in all cases. The lengths were 

measured at three orientations (rotated 120" between them). Reference was made to 
certified standard cylinders before and after taking measurements of each compact. Due to 
the cracks and friable nature of the compacts, some locations could not be accurately 

measured. Obviously, the broken compacts could not be measured for length. The results 
of the dimensional measurements are in Tables 4-2 and 4.3, including calculated changes 
from the preirradiation meas~rernents.~-~ The compacts in the higher fluence, higher burnup 

central portion of the test exhibited small (-0 to 0.5%) diametral and length increases while 

the compacts near the ends of the capsule generally showed shrinkage (1 to 2%). 
The fuel compact irradiation-induced dimensional change in design of the capsule 

was calculated to be a net shrinkage. The expaasion o k m e d  at peak exposure was 

probably the result of the pyrocarbon damage and spalling. 

4 3 2  Metrology of GraDhite Bodies 

The dimensions of the graphite fuel bodies are needed for calculating the gas gaps 
for the postirradiation thermal analysis. The diameters and lengths were measured for this 
purpose using the same procedure as described for compacts above. Fuel compact bore hole 
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Figure 4.21. 
WEE COMPACT BB AS REMOVED, LYING IN TRAY. 

Figure 4.22. 
FUEL COMPACT 9C IN G W H m  BODY. 
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Figure 423. 

Figure 4.24. 
FUEL COMPACT 7A. 
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Figure 4.26. 
FUEL COMPACT 2k 
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Figure 4.28. 
FUEL COMPACT 4A. 
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Figure 1.29. 
FUEL COMPACT 4B. 
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Figure 4.38. 
EUEL COMPACT 5A 
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Figure 4.32" 

Figure 4.32 
FRACTZrZiE SURFACE OF COMPACT 6C 

(UF'PER SEGMENT). 
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Table 4 2  
DIMENSIONAL (DIAbWEB.) CHANGES OF COh4PACT 

top I 0.4904 1 0.4875 I 0.63 I 1.27 

top I 0.4898 I 0.4867 I 0.43 I 0.45 
middle I 0.4909 1 0.48% I 0.26 I 
bottom I 0.4862 1 0.4887 I -0.5 1 I 

top 1 0.4913 1 0.4899 I 0.28 I 0.05 

middle I 0.4904 I 0.4915 1 -0.18 I 
bottom 1 0.4874 I 0.4877 I 4.06 I 

middle 0.4909 0.4917 -0.16 
bottom 0.4846 0.4903 -1.18 
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0.48819 I 0.48520 1 0.41 I 

0.488% I 0.48530 I 0.75 I 

0.488% I 0.48530 1 0.75 1 

0.488% I 0.48530 I 0.75 I 



Table 4 2  
(CONT5WEi.D) 
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(CO-D) 

“Body 9 replaced body 1. 
%e averages are based on only two measurements, i s . ,  the measurements at the end 

cap position were ignored in the average computation for obvious reasons. A positive value for the 
percentage of dimensional change indicates shrinkage. 
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Table 43. 
DIMENSIONAL (LENGTH) CHANGES OF FUEL coMpAcrs 

[Positive values indicate shrinkage] 

12.5 19378 I 1.!?2633 1 059 
8-C 1 1.9354 1.9l33 1.14 1.9354 f 1.92395 1 0.59 

I 
&B ] 1.9378 1.9117 135 

"Body 9 replaced body 1. 
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IDS were measured using a Dorsey BG-2 precision gage in accordance with Sect, 5.2 (for ID 
measurements) of procedure MET-FME-SOP-04, Rev. 1 (ref. 4-8). Multiple readings were 
made of the ID of each fuel compact hole (A, B, and C) of each graphite body at three axial 
locations: the mid-length and at a distance 0.125 in. in from each end (to avoid the end cap 
threaded region). Comparison was made with a class "x" precision ring gage, 0. 
before and after each series of hole measurements. 

The graphite body external dimensions are in Tables 4.4 and 4.5. It can be seen Itiom 

the data that the bodies have contracted in diameter and len 
about 0.06% (those on the ends of the capsule) to 0.3% (those in the middle), The graphite 
fuel hole body diameters, given in Table 4.6, are all less (0.55 to 0.85%) than initially, with 

the greatest shrinkage in the center of the test. 

by amounts ranging from 

The tables also include the calculated dimensional changes. These calculations were 
made by the MAPPING code discussed in Sect, 3. A comparison of the calculated change 

and the measured change is shown in Figures 4.33(a)-(c). 
The design data on the dimensional change of the compacts show that during the 

irradiation only shrinkage is expected, Figure 4.33(a) shows significant expansion s f  the 
compact in position 5 of the capsule; and minor expansion in positions 4 and 6. 'The physical 
appearance of these compacts after irradiation indicates that the expansion probably resulted 

from debonding of the shim and fuel particles. 
The graphite fuel bodies were predicted to shrink during the irradiation as s h o w  in 

Figures 4.33(b) and (c). The measured shrinkage of the outside surface of the graphite fuel 
body is consistently less than the predicted shrinkage. The fuel. bodies subjected to higher 
fast fluence displayed greater shrinkage as compared to the fuel 

fluenoe. Temperature does not appear to have as much impact on the shrinkage as 

predicted by the correlations in the graphite desi 

ies with lower fast 

The measured shrinkage of the fuel holes in the graphite bodies was consistently 
higher than the expected shrinkage. This behavior was op 
outside dimension of the graphite fuel body. The shrinkage of these holes was around 0.6% 
and was independent of the location in the capsule (fast RWRW). It may be surmised that 
the process of inserting and removing the compacts from the holes may have degraded the 
geometry of the holes to display this behavior. 

site to that observed for the 

DOE-HTGR-100225 4-30 



Table 4.4. 
DIMENSIONAL (DlAMEXEX) CHANGES OF GRAPHITE BODIES 

positive values indicate shrinkage] 

bottom I 1.5035 

Measured 

D (in.) 
I 

1.4398 0.273 
1.5000 

1.4395 

1.4977 1 0.087 

1.4983 j :L I 

1.4966 
1.4%7 0.053 
1.4943 0.214 

Calculated 

D,(in.) D, (in.) (%) 
0.060 1 1.4976 1.4964 0.082 

I 

0.116 1 1.4997 1.4944 1 0.353 

I I 1 

0.268 I 15037 I 1.4950 I 0.581 

I I I 

0.297 1 1.5047 1 1.4941 1 0.705 

I I 

0.299 I 1.5047 I 1.4939 1 0.715 

I I I 

0.242 1 15037 I 1.4947 I 0.597 

I I I 
f I 1 1 

0.071 1 1.4997 I 1.4942 1 0.369 I 

I 
0.109 1.4976 1 1.4962 0.092 
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Table; 45. 
DIMENSIONAL (LENGTH) BODIES 

[Positive values indicate shrinkage] 

“Postirradiation length changes were derived from calculated diameter changes. 

Table 4.6. 
IETER CHANGES OF GRAPHJTE BODY FUEL, HQ Du\h 

calculated I Measured 
Average 

(%I 
0.4968 I 0.4940 I 0.564 0.604 0.4%75 I 0.4%5 I 0.05 
0.4968 0.4935 0.664 
0.4968 0.4939 0.584 I I bottom 
0.4968 I 0.4940 I 0.564 0.604 0.4%75 I 0.4965 I 0.05 

0.604 0.05 

I I 

0.4%75 I 0.4950 I 0.35 0.65 1 

I 1 bottom 0.4968 I 0.4935 I 0.664 

0.664 
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Table 4-6. 
(CONTINUED) 

I I I bottom I 0.4!368 I 0.4933 1 0.705 I I 
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ORNL-DWG 95-5821 
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-1 .oo 
1 2 3 4 5 6 7 8 

Compacts 

Figure 4.33(a). 

COMPARISION OF MEASURED AND CALCULATED DIAMETER 
CHANGES OF EUEL COMPACTS. 

0R.NL-DWG95-5822 
0.800 

0.600 

c 
W 

1 2 3 4 5 6 7 8 

Position of graphite fuel bodies 

Figure 4.33(b). 
COMPARISON OF MEASURED AND CALCULATED DIAMETER 

CHANGES IN THE GRAPHITE FUEL BODIES 
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Figure 4.33(c). 
COMPAFUSION OF A4EASUED AND CALCULATED DlAMETER 

CHANGES IN THE GRAPHITE FUEL BODY HOLES. 

433 Measurement of Pushout Forces for Graphite - Bodv a d  PlMB 

A unique task included in the disassembly of capsule HRB-21 was the measurement 
of the bonding strength of the upper fuel closure plugs (part 5 in Figure 4.7) which were 
cemented into the graphite bodies at the time of fabrkatisn. Knowledge of  the bond 
strength was needed to assist in the design of equipment to handle irradiated full-size fuel 
elements where retention of the plug was requir . The removal force was 

within a range of 22 to 445 N (5 to 100 Ibf). The same pusbout fixture with installed Dillon 
force gage already used for fuel compact removal (see Sect. 4.1.7) was wed to carry out the 
closure plug removal. The push rod bearing on the closure plugs was about 0.41 in. diam. 
The closure plugs were examined after removal: those for holes 3A and 3B had a notable 
amount of "loose" (black) powder around the top periphery, while plug 7A retained a small 
chip from the top surface of GB-7. The measured pushout forces are given in Table 4.7. 

All graphite body parts (screw plugs, push disks, cemented top plugs, etc.) were 
stored in marked, small aluminum containers, one for each fuel hole; the emptied graphite 
bodies themselves are in marked, large aluminum containers. 
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Table 4.7. 

PUSH-OUT FORCES FOR -IN PLUGS 

"Reading may be flawed since the plug was seen to slip down slightly while drilling 
out the center screw to permit compact removal. 

4.4 PIGGYBACK SPECIMEN CApsuL;IEs 

4-4.1. C k m m  - e SDecimen Causdes 

Sixteen piggyback capsules were opened in the HRB-21 PIE (see Table 4.8). The 

first four capsules opened were the piggyback capsules located in piggyback hole "A," the two 
in graphite bodies 2 and 3 containing standard fissile (FUCO) particles and the two in graphite 
bodies 6 and 7 containing fertile (ThOJ particles. The final twelve were the bufferless fssile 
and fertile particles in piggyback holes "B" and "C." As shown in Figure 4.34, each capsule 

was a sealed 50.8-mm-long Nb tube containing two POCO graphite holders with individual 

holes for 16 particles per holder. Each holder was covered with a thin, narrow full-length 
strip of Grafoil aligned with the flat tops of the holders to prevent the particles from 
contacting the outer Nb tube. 

Opening of an I% capsule commenced with the cutoff of each end using a slow- 

speed hornet saw fitted with a 0.375-mm-thick diamond abrasive blade. The ends were 
deburred using a small drill bit, and the capsule body was inserted into a special pushout 
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HRB21 ENCAPSULATED SP TEST 

I S 

Fuel compact hole 

"S = Sorptivity specimen. 
'Def(U) = Bufferless fissile particle (UCO). 
Std(U) = Standard fissile particle (UCO). 
dDef(Th) = Bufferless fertile particle (Tho,). 
Std(Th) = Standard fertile particle (Tho,). 

holder designed to retain the outer tubing s 

into a separate collector well. Surprisingly, for the first four piggback capsules containing 

the standard particles, application of up to the Glb preassigned maximum force (measured 

with the large pushout facility Dillon force gage; sw Figure 4.4) failed to move any of the 
capsule contents. 

ent but allow the grap ite boat to emerge 

In order to retrieve the graphite containers from these capsules, it was necessary to 

machine full-length slits just through the 0.25-mn wall. Custom holders were made that 
clamped the capsule between jaws having shallow v-grooves with. only the tubing thickness 
protruding above the jaws. The holder was then mounted and carefully aligned on a milling 
machine to allow making the full-length slots. Making a single slot proved insufficient to 

permit pushout of a ~ y  piggyback contents. It was necessary to make two opposing slots, and 
adequate clamping of the capsule for the second slot was difficult. For the case of piggyback 
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ORNL-DWG 88-11591 
16 HOLES 4.02 diam 

I 

MATERIAL: POCO AXF-50-4 GRAPHITE 
NOTE: EACH SEALED Nb TUBE SAMPLE CONTAlNS 

TWO GRAPHITE LOOSE-PARTICLE HOLDERS, SHOWN ABOVE. 

NTACT PARflCLE 
WELDING PLUG WELDING PLUG 

I -  50.8- L2.21 diom 

Figure 4.34. 

DIMENSIONS ARE IN MILLIMETERS. 
PIGGYBACK SPECIMEN HOLDER USED IN HRB-21. Au 

capsule 6A, a protruding section of tubing or Grafoil apparently was caught by the cutter 
and pulled out one of the graphite containers resulting in loss of some particles. 

Final disassembly after slitting was still not straightforward. The containment tube 

segments had to be peeled off the graphite holders (see Figure 4-35), because bonding 
(perhaps niobiumcarbide formation) had evidently occurred during the irradiatiodthennal 

exposure. The first peel-open was carried out in a white photographic tray for visibility and 
containment, but the freed fuel particles acquired static charges and attached to the tray 
wall, or in some cases, became imbedded into the soft plastic tray. Subsequent openings 
were conducted in a stainless steel tray. 
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Figure 4.35. 

ADHERMG FRAGMENTS OF GRAPHXTE, 
PARTICLE HOLDERS FOR 
PIGGYBACK CAPSULE 2A 

(ABOVE) AM) 3A 
(BELOW). 

PEELED-BACK NIOIBIUM GBNTATNMENT WITH 
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The graphite containers in the last twelve capsules containing the bufferless particles 
were easy to retrieve using the special pushout holder. These 12 capsules were opened 

folllowing a special proceduredg in which the end cuts were made further from the end than 
in the initial 4 capsules opened. In these cases, the initial cut-off resulted in cutting through 
the end of the graphite crucibles. Because the location of the crucibles inside the N b  tube 

wa9 not fixed or known, occasionally, the initial cut was sufficiently far from the end that it 
passed through the first particle hole, and the end particle was lost. 

4.42 Visual Examination of Piggyback Samples 

A photo-visual examination of the particles from HRB-21 piggyback containers was 
performed prior to IMGA examination of the particles. Photographs of the unbonded 
standard fissile particles are shown in Figure 4.36, and standard fertile particles are shown in 
Figure 4.37. During the visual examination, it was found that one particle in the PB-2A 
batch was stuck in the graphite holder. Close examination revealed that the particle was 
being held in place by the crushed side of the graphite holder. A particle in the PB3A 
batch was found to be a Tho, particle indicating some crossantamination from either the 
PB-6A or -7A batch. Finally, one particle in the PB-7A batch was found to have a section 
of its outer PPyC coating missing. All other standard fissile particles appeared to be intact 
and showed no signs of cracking in the OPyC layer as was observed in particles 

dmnsolidated from compacts. 
The visual examination of the bufferless particles revealed that many of the fmile 

particles had broken during the irradiation. Table 4.9 shows the number of intact bufferless 

particles retrieved and the calculated failure fraction. All of the bufferless fertile particles 
remained intact during the irradiation. About half of the bufferless fissile particles in the 
piggyback samples in graphite bodies 2, 3, and 4 failed during the irradiation. In graphite 

body 1, which had the lowest fast fluence, all of the dissile particles remained intact. The 
pre-irradiation  prediction^^-'^ indicated that the failure fraction for the bufferless fissile 

particles in bodies 1, 2, 3, and 4 would be about 5, 50, 100, and 100%, respectively. The 
predicted fertile failure was less than 2% for all locations. 

As an example of the debris from the broken bufferless particles, representative 
photographs of PB3C and PB-4C are shown in Figure 4.38. Several intact particles, many 
particle fragments, and a few rectangular pieces of the Grafoil crucible covering can be seen. 

Usually, the size of the particle fragments was about one-eighth to one-quarter of the 
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Figure 4.37. 
PHOTOGRAPHS OF THE STANDARD PIGGMBACK FERTILE 

PARTICLES AFTER IRRADIATION. 
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Table 4.9. 

NUMBER OF INTACT BUFFEWXS PIGGYBACK cEEsxNKR&21 

32 particles in each container. 

particle. T'he inner edge of the IPyC was covered with a shiny coating which probably was a 

remnant of the kernel, since the IPyC was deposited directly onto the kernel in these 

particles. No spherical, intact kernels were observed. 

Although none of the bufferless fertile particles appeared broken, the contents of 
PB-6C included three small spheres which were about 0.2 mrn in diameter. No analysis of 
these spheres was conducted. 

The surface of the holes in the graphite crucibles which bad held the bufferless 

particles was also visually examined. All of the holes which had contained the fertile 
particles were smooth and clean from deposits. The holes which had eontain 
particles that had fragmented during the irradiation had deposits adhering to the hole walk; 
holes which had contained fiiile particles that remained intact were dean. Fra 
coatings were seen stuck to these deposits. The deposits bad a metallic luster, ranged in 

size, and were deposited sporadically over most of the inner surface, No analysis of the 
deposits was attempted. 
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The IMGA system i s  a unique research tool located in the IFEL at ORNL."11p4-x2 

The primary function of the IMGA system is to accurately measure radioisotopic inventories 
of individual coated fuel particles used in MHTGR applications. This is accomplished by 
detecting the gamma radiation given off by the fuel particles as various fission products 
decay. The system consists of three major components: (1) a high-resolution gamma-ray 
spectrometer, (2) a computer-based multichannel analyzer, and (3) an automated particle- 
handling system. These three components have been integrated into a sophisticated system 

capable of automatic operation. 

The automated particle handler shown in Figure 4.39 is the unique component in the 
IMGA system. It is composed of a singularizer, a sample changer, and a sample collector 

Figure 4.39. 

AUTOMATED PARTICLE HANDLER. 
IRRADIATED-MICROSPHERE GAMMA ANALYZER 
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which are all synchronized and controlled by the computer. The singularizer isolates an 
individual microsphere from a given sample and transfers it to the sample changer, The 
sample changer moves the microsphere Erom the loading position below the singularizer to 
the counting position in front of the spectrometer. After the microsphere is counted, the 
sample changer moves the particle to the unloading position above the sample collector 
which contains 20 bin locations. Bin-selection criteria are b d  on the measured photopeak 
intensities, so it is possible to physically separate particles as a function of their ability to 
retain key radioisotopes. As part of the examination process, the measured photopeak 
intensities for each particle are recorded in a disk file for later off-line detailed evaluation. 

Fuel particles irradiated in the HRB-21 experiment capsule and subsequently 

examined by the IMGA system fail into two main categories, those deconsolidated from fuel 
compacts and a small number of special unbonded particles contained in piggyback 
containers. The following sections present the results of the IMGA examination and 

analysis of these particles and discuss the performance of the fuel based on the 
measurements. 

45.1 Fuel Comuact Deconsolidation 

To obtain unbonded particles for UlGA examination, it was necessary to decompose 
the irradiated compacts into their constituent fuel particles and graphite shim material. One 
method of performing this task was to electrolytically decornolidate the compacts in a nitric 
acid solution. This process was cam& out for HRB-21 compacts 5C, 6B, 7 4  and 8A 
following standard operating procedure MET-ME-SOP-18, Rev. 0. Briefly, a compact is 
loaded into the deconsolidation apparatus as shown in Figure 4.40. Next, a current is 
applied across the compact with the compact acting as the anode and the wire-mesh basket 
acting as the cathode. Anodic oxidation of the compact occurs causing the carbonaceous 

matrix material holding the compact together to disintegrate into a fine powder releasing the 

particles and graphite shim material. As the particles fall away from the compact, the circuit 
is broken thus halting further oxidation of the 0q.C layer of the particle. The particles and 
matrix debris are collected in a wire-mesh basket below the deconsolidation tube and are 
later retrieved and washed. The mixture is then dried and poured through a series of sieves 

to grade the material by size. The material from the intermediate sieve is processed one 
step further to separate the round, unbonded particles from the randomly shaped pieces of 
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Figure 4.40, 
FUEL COMPACT DECONSQLIDATIQN APPARATUS. 
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graphite shim material. Shape separation is accomplished with a vibrating table assembly 
that produces particle and non-particle fractions. 

The procedure used to deconsolidate the HRB-21 compacts called €or the entire 

compact to be submerged in the electrolyte when the current was first applied. This caused 
the compacts to break up too quickly resulting in a mixture of unbonded fuel particles, 
graphite debris, and sections of intact compact material. After recovering as many clean 
particles as possible from the initial deconsolidations, the undeconsolidated portions of 
compacts SC and 8A were returned to the deconsolidation apparatus. A second attempt was 
made to deconsolidate the material from each compact; however, in both cases, the repeat 
attempt proved to be largely ineffective. Work to retrieve additional particles from compact 
8A halted at this stage. For compact SC, a burn step was incorporated to remove all 

exposed graphite from the remaining material and thus free the remaining particles. The 
material was burned in air at 750°C for a total of 53.5 h according to Step 6 of procedure 
MET-FM3-SOP-27, Rev. 0. Due, in part, to the experience obtained with compact 5C, a 
decision was made to burn all the material from compacts 6B and 7A prior to examination. 
Chmpact 6B was burned in air at 750°C for a total of 58.7 h, and compact 7A was burned in 

air at 750°C for a total of 48 h. Processing flow charts for each of the deconsolidated 
compacts are shown in Figures 4.41 through 4.44. 

It is recommended that, in future compact deconsolidations, the compact be 

immersed slowly in the electrolyte so that deconsoiidation occurs in a limited region where 

the compact contacts the surface of the electrolyte. This should mitigate the problem of 

premature breakup of the compact before the matrix graphite has sufficient time to 
disintegrate. After normal processing to recover all clean intact particles, any remaining 
material should be burned to recover Sic coating fragments and any particles not completely 
free of matrix graphite. The unbonded particles and Sic  coating fragments should then be 
randomly split as desired to obtain samples €or IMGA examination. Xdealiy, IMGA 
examination of particles should not begin until all particles from a given compact are 

available for sampling. In addition, the electrolyte fkom the deconsolidation step should be 

analyzed to determine the absolute inventories of both HMs and gamma-emitting isotopes. 

45.1-1 V i i d  Exam of Partides and Debris 

Figure 4.45 illustrates samples of the material obtained from the electrolytic 
decmsolidation of compact 5C. In the figure, photograph (a) shows large graphite shim 
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Figure 4.41. 
PROCESSING SEQUENCE FOR COMPACT SC. 
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Figure 4.42. 
PROCESSING SEQUENCE FOR 

COMPACT 6B. 
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PROCESSING SEQUENCE FOR 

COMPACT 7’A 

4-52 



ORNLDWG 95-5828 

ELErnOLYTIC 
DECON53UDATJON 

ULTRASONIC CLEANING 
FURNACE DRYING 

t 
M E  SEPARATION 

[.i? MC.4 W I N A T I O N  

I 

Figure 4.44. 
PROCESSING SEQUENCE FOR COWACT SA 
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material and undeconsolidated portions of the compact, photograph (6) shows a sample of 
unbnded fuel particles, and photograph (c) shows small graphite shim material and coating 
fragment debris. From the visual exam, it was apparent that virtually all of the particles in 
the 5C compact had failed OPyC coatings. Many of the particles were completely lacking 
the OpYC coating, and in those that had retained the Coating, the coating was cracked down 
to the Sic layer. In addition to the OPyC coating damage, approximately 5% of the 
particles were found to have cracked or chipped Sic  coatings that separated easily from the 
underlymg IPyC coating. In extreme cases, the Sic  coating was completely missing, and 
what remained was a relatively intact IPyC coating. A few particles were also found that 
appeared to have holes which penetrated both the S i c  and IPyC coatings. Examples of 
particles with missing or  damaged Sic  coatings are shown in Figure 4.46. In the figure, 

photograph (a) shows a sample of particles with the more common chipped or missing S ic  
coating damage. The majority of these particles were found to be fertile particles with no 

detectable loss of their fission product inventories. Photograph (b) in Figure 4.46 shows two 

particles with the hole-type defect; these two particles were found to be fissile particles with 
most of their kernels leached. After sorting through the material from the compact to 
separate particles suitable for IMGA examination, the remaining material was burned to 
remove all exposed graphite. Figure 4.47 shows the resulting particles and Sic coating 
fragments recovered after the burn. Much of the S ic  coating fragment debris undoubtedly 
came from particles like those shown in Figure 4.46(u). After the bum step was completed, 

an estimate was made of the number of particles accounted for from the compact. It was 
found that only two-thirds of the particles from the compact were present. A review of the 

declonsolidation recards was made, and it was determined that a container of particles from 
the shape separation step had been inadvertently placed in storage and not sent to the 
IMGA cubicle for examination. These particles were retrieved from storage and visually 
examined. They accounted for the missing one-third of the particles and resemble those in 

Figure 4.45 (b) . 
Figure 4.48 illustrates samples of the material obtained from the electrolytic 

deconsolidation of compact 8 k  In the figure, photograph (a) shows large graphite shim 
material and undeconsolidated portions of the compact, photograph (b) shows a sample of 
unbonded fuel particles, and photograph (c) shows small graphite shim material and coating 
fragment debris. The large graphite shim material and undeconsolidated portions of 
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Figure 4.47. 

COATING FRAGMENTS AFTER BURNING THE UNDECON- 
SOLIDATED PORTIONS OF THE COMPACT AND 

GRAPHITE DEBRXS IN AIR AT 750°C 
FOR A TOTAL OF 53.5 h. 

EXAMPLES OF HRB-21 COMPACT 5C: (a) PARTICLES AND (b) Sic 
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compact SA look the same as similar material from compact SC. Unbonded fuel particles 
from compact 8A exhibit cracking in the OPyC coating layer, and many particles have 

sections of the OPyC coating missing. A few particles have lost ail of their OPyC coating 
layer, although not nearly as many as in compact 5C. No particles were found with visible 
defects in the S ic  coating layer, and m Sic coating fragments were detected in the debris. 
The small graphite shim material from compact 8A had a kwer percentage of OPyC coating 
fragment debris than the corresponding material from compact SC: which was consistent with 
the observation that there were fewer bare Sic particles in compact SA. 

Because of time limitations, work on compact 63 was canceled, and the material was 

never visually examined. A limited amount of work was done on compact 7 4  which was 
prepared in a manner similar to compact 6B. Figure 4.49 is a photograph of the material 
from compact 7A as received after burning to remove all exposed graphitic material. No 
particles were observed with defects in the Sic coathg layer, and no Sic  coating fragments 
were found. 

45-12 AoatysiS of Cornpact Deeonsolidation Electrofgte 

Following deconsolidation of HRB-21 compacts 5C and 7A and subsequent to the 

removal of loose particles and debris, the remaining solution was analyzed to determine 

radioisotopic content, with special emphasis on HMs. The primary purpose of the analysis 
was to determine the percentage of equivalent exposed kernels which were leached out as 

part of the deconsolidation process. This information, if meaningful, would be factored into 
the final estimate of particle failure fraction. 

The results of these analyses were inconclusive, as far as the percentage of leached 
kernels was concerned, due to the relatively large uncertainties. The large uncertainties 

were mainly the results of the large dilution of the original sample necessary to meet 

radiological control requirements. Once this fact became apparent, the use of this analysis 
method was discontinued and the use of a high-level method explored. 

452 Particles h m U d a t e d  from Fuel Compacts 

Four HRB-21 compacts were deconsolidated and some portion of their fuel particles 
examined by the IMGA system. The compacts were c o r n p o d  of two types of particles, a 
fissile 19.7% enriched UCO TRISO-P coated particle and a fertile Tho, TRISO-P coated 
particle. Nominal compact loadings and estimated irradiation parameters for the four 
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Figure 4.49. 
SAMPLE OF PARTICLES ]FROM HRB-21 COMPACT 7A AF'I'ER 

IT WAS ELECTROLYTICALLY DECONSOLIDATED ANI> 
'"HEN BURNED IN AIR AT 750°C FOR 

A TOTAL OF 48 h. 

compacts are given in Table 4.10. Temperature, fluence, and compact loading parameters 

were taken from preirradiation and postirradiation reports, and the particle burnups were 
estimated from IMGA activity measurements wing a least-squares minimization technique 
developed at ORNL!-x3 Three of the compacts were deconsolidated specifically for analysis 
by the IMGA system as described in Sect. 4.5.1, and the fourth was dcconsolidated as the 
result of the leach-burn-leach (LBL) analysis desc 
differences in the deconvolidation methods, the results for the three electrolytically 
deconsolidated compacts (5C, 7 4  and SA) 
compact (5B) in Sects. 4.5.2.1 and 4.5.2.2, respectively. 

in Sect. 4.8- Due to significant 

separately from the LBL 

4 5 2 1  HRB-21 Compacts SC, 7A, and 8A 

Particles from cornpact 8A were examined first by the TMGA system. During initial 
trial runs, it became o b ~ o u s  that the fissile and fertile particles from this compact would 
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Table 4.10. 
NOMINAL COMPACI' LOADINGS AND IRRADIATION PARAMETERS 

FOR SELECTED HlZB-21 COMPACS 

Operating Fast" Numberof UCob Numberof Tho," 
temp., fluence, UCO burnup, Tho, burnup, 

Compact "C n/m2 particles % FulLA particles %EIMA 

5/B 1023 3.5 x lo= 1200 19.2 4460 2.00 

5/c 1023 3.5 x 1025 1200 19.5 4460 2.00 

7iA 974 2 3  x lo= 1950 15.7 4530 1.10 

8L.A 823 1.5 x 1025 2500 12.3 4200 0.54 

(I (E 2 0.18 MeV). ' Determined from Irradiated-Microsphere Gamma Analyzer measurements. 

have to be counted separately. This was necessary because the gross activity of the fissile 
particles was approximately five times higher than that of the fertile particles. This 
difference in gross activity levels was exploited in the: initial examination run to discriminate 
against the fertile particles. They were simply treated as inert particles and set aside, thus 

accelerating the pace at which the fmile particle data could be obtained. Fertile particles 

were counted later in a separate examination run where the source-to-spectrometer 

geometry was optimized for the significantly lower count rate. A total of 1759 fissile 
particles and 925 fertile particles were eventually examined from the 8A compact. This 
represents 70% of the fmile and 22% of the fertile particles nominally in the compact. 
Additional fertile particles from compact SA were available for IMGA examination but were 
bypassed to allow for higher priority work 

Particles from compact 5C were examined next. It was possible to count the fissile and 
fertile particles from compact 5C in the same run and to separate them based on their 
characteristic thorium and uranium X rays. A great deal of difficulty was encountered with 
these particles because fragments from the fractured OPyC coatings quickly obstructed the 
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singularizer and particle trap mechanisms. In order to obtain any data, it was necessary to 
hand select only particles free of the OPyc coating for examination. Eventually, as 
described in Sect. 4.5.1, the particles with fractured OPyC coatings were burn 
the coating and then examin . In all, a total of 483 fissile and 2167 fertile particks from 

compact 5C were examined. This represents 40% of the fissile nd 49% of the fertile 
particles nominally in the compact. Particles from the initial electrolytic d ~ ~ ~ l i d a t i o n  of 
the compact that were inadvertently placed in storage were not e x a n ~ e d  by M G A  

Particles from compact 7A were the last from this series It0 be examined by the IMGA 

system. Like the particles from compact SC, the fissile and fertile particles from this 

compact were counted in the same run and separated based on their characteristic uranium 
and thorium X rays. Since there were no OPyC coatings on these particles, it was not 
necessary to do any hand sorting prior to examination. A total of So0 fmile and 1076 fertile 
particles were examined, representing 26% of the fissile and 24% of the fertile particles in 

the compact, 
At the time the fuel particles from the experiment were counted, the predo 

gamma rays in the spectra were produced by the decay of 95Zr, lwRu, *%3, '37C.s a nd '%3. 

The isotopes 137Cs and lace are of particular interest in evaluating individual particle 

performance because, at the temperatures encountered during irradiation, cesium is known 
to be mobile and can readily escape defective coatings if present in sufficient concentrations. 
Cerium, on the other hand, forms chemically stable campounds in oxide and oxycarbide fuel 
which tend to remain in the kernel even at high temperatures. The ratio of 137Cs to '44Ce, 
therefore, can provide a measure of the retention of the metallic fission product cesium 

within a particle and forms the basis of the method01 

measurements. If it is assumed that individual particles are responsible for fission product 

release, it should be possible to distinguish releasing particles from a distribution of 
nonreleasing particles. To that end, a simple histogram meth 
individual particle data. First, the activity ratio 137Cs:'61C~ is mmputed for each particle in a 
given sample and the resulting activity ratio distribution scrutinized to determine the 
retentive and nonretentive particles. Nonretentive particles are generally easy to identify 
because they have low ratios and are separated from a normal-like distribution of retentive 
particles. Next, the nonretentive particle records are removed from the data set and the 
activity ratio distribution reanalyzed to determine the mean and standard deviation for the 

me$ to evaluate WGA 

is employed to analyze the 
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retentive particles alone. The overall 137Cs:'44Ck activity ratio distribution is subsequently 
recomputed and normalized to the mean value of the retentive particles to provide a 
consistent basis for comparison. A final histogram representation of the particle data is 
obtained by defining intervals 1% wide and counting the number of normalized ratios which 
f'aU within each interval. The resulting '37Cs:'44Ce ratio histograms for the fmile and fertile 
particles from compacts SC, 7 4  and 8A are shown in Figures 4.50 through 4.55. In the 

figures, the particle data (vertical bars) have been superimposed over a theoretical normal 
distribution (gray) that is 4culated using the standard deviation of the retentive particles 
and the total number of particles in each sample. 

The following observations were made with respect to the 137cS:'ddCe a ctivity ratio 

distributions for the fissile particles from compacts 5@, 7A, and SA. First, there were 

23 particles from compact 5C which exhibited a significant release of 137Cs. Of these 
23 particles, 9 had a piece of the Sic coating missing or a crack in the Sic  coating. In 
addition to the damaged Sic  coating, the nine particles had some portion of their kernels 
leached by the electrolyte used to deconsolidate the compact. In the histogram 
representation (see Figure 4-50), the nine damaged particles were normalized by using the 
mean luCe inventory determined from the retentive particles. Because of the missing kernel 

material, the actual 137Cs loss during irradiation for these nine particles is probably 
exaggerated in the histogram. The remaining 14 releasing particles from compact 5C had no 

visible defects in their S ic  coatings, and their absolute luCe inventories indicated they had 

intact kernels. Only one fissile particle from compact 7A was found to have a low lf7Cs 
inventory as shown in Figure 4.51. The particle had no visible defects in the Sic coating, 

and the absolute '&Ce inventory of the particle indicates the kerneI is intact. For compact 
8 4  no fmile particles with low 137Cs inventories were detected. Table 4.11 summarizes 
these findings and shows the percentage of fissile particles releasing I f7Cs  for each of the 

three compacts. 
For the fertile particles from compacts 5C, 7 4  and SA, the '37Cs:*QbCe activity ratio 

distniution results were inconclusive. In compact 5C, for example, the visual examination 

revealed that approximately 5% of the fertile particles had broken Sic coatings, but the 
IMGA analysis was unable to differentiate these particles from those with intact Sic  
coatings. This is consistent with an evaluation by Gillespieb14 which suggests that the 
expected maximum release of 137Cs from fertile particles in the HRB-21 experiment may be 
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Table 4-11. 

FUEL PERFORM AN^ BASED ON E 
FOR S m m  KRB-21 

Par tides Total Percent 
Particle releasing particles releasing 

examined 1 3 7 ~  1 3 7 0  Compact type 

5c uco 23 483 4.8 
Tho2 0 2167 0.0 

7A uco 1 500 0.2 
no2 0 1076 0.0 

8A uco 0 1759 0.0 
no2 0 925 0.0 

too low to be detectable by the IMGA method. "There were, however, an unexpected 

number of fertile particles with slightly low ratios in both the high- (SC) and l o w - f l ~ ~ n ~  

(SA) compacts. This anomaly was investigated further during the final examination run of 
compact 5C particles by taking special care in programming the inning function. As a 

result, four fertile particles with slightly low 137Cs:'44Ce ratios and three fertile particles with 
slightly high 137Cs:'44Ce ratios were isolated from the regions shown in Figure 4.53. 

Photographs of these particles taken with a series of stainless steel calibration spheres are 
shown in Figure 4.56. Using the calibration spheres as a reference, it was determined that 
the four particles with low ratios ranged from 675 to 715 pm in diameter with. an average 
diameter of 695 pm. The three particles with slightly high ratios ranged from 760 to 860 prn 

in diameter with an average diameter of 810 pm- For comparison, the Capsule HRB-21 
Preirradiation ReDort [ref. 4-7, Sect. 4.101 gives the nominal diameter of a fertile particle's 
SIC layer as 810 pm, which is in agreement with the larger diameter particles. The 

difference in diameter for the two sets of particles is important if the difference is primarily 
due to the Tho, kernel. Analysis of IMGA measurements involves making corrections for 
self-absorption of gamma rays within a particle. Most self-absorption takes place in the 
high-density kernel and is energy dependent. If the kernels in the small-diameter particles 
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Figure 4.56. 

WITH LOW 137Cs:'44Ce RATIOS AND (b) THREE PARTICLES WITH 

SIGNIFICANT DIFFERENCE IN DIAMETERS. 

SELEC'IBD I;ERTXLE PARTXCLES FROM HRB-21 COMPACT 5C: (a) FOUR PARTICLES 

SLIGHTLY HIGH 137Cs:'44Ce RATIOS. NOTE THE 



are approximately 100 pm less than the nominal diameter of 580 pm, then the self-shielding 

correction for 
shielding correction for 137Cs (661 keV) would be negligible. The Mated  '@& inventory 
for the small-diarneter particles would make the 137Cs:1j4Ce ratio for the particles appear low 

by the same amount. The 137Cs:'44Ce ratio distribution for fertile particles from compact 5C 

was prepared using self-shielding parameters calculated for a nominal diameter particle, It 
appears that if the small-diameter particles were adjusted for the change in seK-shielding, 
they would fall within the expected variation for this distribution and not be considered low 

in cesium. If these small-diameter particles are randomly distributed, it would explain why 
fertile particles from both high- and low-fluenw regions in the experiment capsule exhibit 
the same 137Cs:'44Ce ratio behavior. For the fertile particles from compact 7A, the 
137Cs:'44Ce ratio distribution is somewhat broader than the distributions for compacts 5C or 

SA. "his is probably due to the less-than-ideal counting geometry, which was dictated by the 
fissile particles in the compact. Had there been sufficient time, it would have been better to 

separate the fissile and fertile particles and count the fertile particles in a second run as was 

done for compact 8A. 

(133 kev) would be overestimated by 6%. The change in the self- 

In addition to the analysis of the 137cC:'44Ce ratio distributions, the fissile and fertile 

particle fractions for each compact were characterized in terms of absolute fssion product 
inventories. To obtain the best estimate of the average particle inventory, nonretentive 
particle records were removed from the data sets before analysis. ' 3 % ~  mauimums, 
minimums, means, and standard deviations were then calculated far each set of particles. 

The results are summarized in Tables 4.12 through 4.17 for each compact. The mean 
particle activities and standard deviations far the various isotopes were used in calculating 

the burnup estimates for each compact that are reported in Tables 3.6 and 3.8. 
In summary, there are a number of uncertainties associated with the XMGA evaluation 

of compacts 5C, 7 4  and 8 k  Absolute counting uncertainties for the key isotopes 137Cs and 

were less than *5%. Uncertainties associated with correcting the counting results for 
self-shielding may be as high as *6% for 
kernel size. Self-shielding uncertainties for the other kotopes of interest appe 
negligible because of the higher energy gamma rays us& in their analysis. By far, the most 
important uncertainty with regard to overall fuel performance involves bow well. the particles 

examined from a given compact represent the total compact. Initially, it was planned that all 

in the fertile particles because of variations in 
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Table 4.12 

ACITVITY DIsrruoBuTION P- FOR RFliENTzvE UCD PARTICLES 
FROM EXPERIMENT HRB-21 COMPACI' 5csb 

Maximum Minimum Mean 
partick parti+ particle Std. dev. 
activity activity activity mean 

Isotope (Bs) (MI (W (%I 
%Zr 3.74E+08 2.65E+08 3.13E+08 5.06 

lMCs 1.07E+07 8.40E+06 9.50E+06 4.04 
5.54E+06 4.30E+06 4.%E+06 3.85 
1.35E-t-08 1.05E +08 1.19E 4-08 4.04 

'06Ru 3.65E+07 283E+07 3.21E-1-07 3.98 

1 3 7 ~  

"Activities corrected to November 21, 1991. 
bBased on measurements of 460 partides by Irradiated-Microsphere G a m a  Analyzer. 

Table 4.13. 
AcrivrrY DIsIlRIBuTION PARAMEISEIRS FOR Tho, PARTICLES FROM 

EXPEZUMENTHRB-21 COlhAPACT5CFb 

Maximum Miniqurn Mean 
particle partiqle particle Std. dev. 
activity activity actiwty mean 

Isotope (&I (MI (&I (%I 
%Zr 235E+08 7.62E +07 155E+08 8.53 

'06Ru 3.01E+06 8.09E+05 1.79E+06 11.29 
lMCs 2.14E +06 6.91E+05 1.4OE+06 8.41 

2.29E + 06 7.68E + 05 1.54E+06 7.99 1 3 7 ~  

"93 5.20E+07 1.93E+07 3.68E+07 7.11 

a Activities corrected to November 21,1991. 
' Based on measurements of 2167 particles by Irradiated-Microsphere Gamma Analyzer. 
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Maximum Minimum Mean 
particle particle particle Std, dev. 
activity activity activity mean 

Isotope (Bq) (Bq) (Bq) ("/.I 
%Zr 4.30B+08 2.13B+08 2.85B+M 8.78 
'06Ru 2.75E +07 1.26E +07 1 .WE +07 10.47 

7.79Ei-06 3.57E+06 5.42E+M 12.38 
5.37E + 06 290E-t-06 3.93B+06 6.75 

'-ce 1.34E+08 7.15E + 07 1.01E+08 6.43 

1 3 7 ~  

"Activities corrected to November 21, 1991. 
bBased on measurements of 499 particles by Inadiated-Microsphere Gamma 

Analyzer. 

Maximum 
pa$icle 
actxwty 

Isotope I (BS) 

9 5 ~ r  1.45E +08 

lMRu 1.64E+06 
lWCs l . l lE+06 

1.29E+06 
3.1 $]E i- 07 

1 3 7 ~  

Minimum Mean 
particle Std. dev. 
activlty mean 

...-..... _- (%) .l_.._.._...l ......... (el) 
1.9SE-l-07 8.5 1E+87 20'20 
2.23Et-05 9.56E+05 21.45 
1.76E 4-05 5.41Eb05 22.88 
3.36E+OS $.35E+05 15.54 
9.44EtM 2.033 bQ'7 15.44 

Activities corrected to November 21, 1991. 
Based on measurements of 1076 particles by Irradiated-haicarosphere Gamma 

Analyzer. 
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Table 4.16. 
ACiTVlTY DIslxlBuTION PARAMELlERs FOR UCO PARTICLES 

FROM EZPEWMEWT KRB-21 COMPACT SAqb 

MaXimnUm Minimum M e a  
pamqle particle particle Std dev. 
actiwty activity activlty mean 

Isotope (W (W (W ("/.I 

%Zr 3.05E+08 1.81E+08 226E+08 6.82 
lWRu 1.63E +07 8.17E+o6 1.15E+07 13.69 
134G 4.02E+06 1.71E+06 2.69E + 06 17.71 
1 3 7 ~  3.95E+06 2.32E+06 2.99E+06 7.93 
'Te 1.08E+08 6.55E+W 8.28E+07 7.50 

"Activities corrected to November 21, 1991. 
bBased on measurements of 1759 particles by Irradiated-Microsphere Gamma 

Anal.yzer. 

Table 4.17. 

ACL"NITY DISTRIBUTION P- FOR FENTEE PARTICLES 

M+um 
actmty P = W  

Isotope (Bq) 

"zr 6.4=+07 
1MRU 8.26E+05 
I3E6Cs 3.13E +05 
1 3 7 ~  6.26E+05 
luck 1.53E +07 

Minimum Mean 
particle particle Std. dev. 
actmty activity mean 
(Bq) (Bq) (%I 

1.9 1E +07 4.18E + 07 19.46 
2.20E+05 4.84E+05 20.05 
6.10E+04 1.67E +05 30.49 
1.78E +05 4.01E +05 19.67 
4.53E+06 1.01E +07 19.3 1 

"Activities corrected to November 21,1991. 

bBased on measurements of 925 particles by Irradiated-Microsphere Gamma 
Analyzer. 
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particles from a given compact would be examined, As work on the various compacts 
progressed, it became obvious that the total recovery of all particles in a compact and their 
eventual examination would not be possible. This sampling uncertainty was most significant 
in compact 5C where many of the particles disintegrated during the decornolidation process 
and were not available for examination. A final uncertainty is associated with the ability of 
the IMGA method to detect very low releases of cesium, especially in fertile particles. It 
was shown that, in cornpact §C, fertile particles with damaged or missing Sic coatings could 

not be differentiated from intact particles indicating a high degree of cesium retention in the 
kernel. Because of the sampling uncertainties and the limitations of the method, the failure 
fractions based on cesium release for these compacts are likely to be lower-bound estimates. 

The actual failure fractions could be higher because the most seriously damag 

were those least likely to survive an MGA examination. 

Unbnded particles from compact 5B were obtained as a by-product of an LBL 
analysis discussed in detail in Sect. 4.8. A random sample was taken from the initial 
population of 1200 IJCO particles and 4460 ThQ, particles by dividing the particles four 
times using a random splitter. The resulting analysis sample of roughly 350 particles was 

then visually examined and photographed prior to the IMGA examination. The visual 
examination revealed Sic and presumably IPyC mating fra 

intact buffer coatings were also found and later identified as UCO buffers due to their lMRu 

inventories. These observations indicate that some particks fragmented after the burn step 
during the second leach. Although some of the SiC/lPyC coating fragments must have come 
from particles represented by the intact UCO buffers, some of the larger Si@ shell fragments 
appear to have came from Tho, particles. Figure 4.57 shows photographs of (a) a typical 

sample of intact particles, (b) coating fxagment debris, and (c) the intact UCO 

ents in a range of shes. Nine 

All intact particles and the nine intact UCO buffer coatings in the random sample 
were examined by the IMGA system using the semi-manual mode of operation. In this 
mode, particles are separated one at a time from the sample using a micromanipulator. The 
individual particles are then transferred by hand to a bypass opening that feeds directly to 

the sample changer module. Thk was done to prevent any possi ility of damage to a 
particle prior to it being counted. All other operations, such as data acquisition, 
classification, and binning, were handled in the usual automatic mode. Of the 345 particles 
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Figure 4.57. 

(a) TYPICAL SAMPLE OF PARTICLES AS RECETVED, (b) SAMPLE OF 
COATING FRAGMENT DEBRIS, AND (c) INTACT UCO BUFFERS. 

PORTIONS OF THE RANDOM SAMPLE OF MAmRIAL FXOM HRB-21 COMPACT 5B: 



examined by IMGA, 52 were determined to be UCO particles and 293 were determined to 

be Tho, particles. Because of the quantity and condition of the coating fragment debris 

associated with the random sample, only a subjective estimate can be made with regard to 

the number and type of particles represented. It was assumed that the intact UCO buffers 

adequately represent the UCO particles in the mating fragment debris. For the Tho, 
particles, the larger Sic coating shards were counted, and an estimate was made of the likely 
number of particles they represent. The relative performance Q€ each batch of particles i s  

summarized in Tables 4.18 and 4.19 for the h i l e  and fertile particles, respectively. 
In Tables 4.18 and 4.19, the particles from compact 5B have k e n  broke 

categories of those with partially or mrnpletely leached kernels, those with intact kernels but 

low 137Cs inventories, and those which have retained their fission pro uc t inventories. 

Particles with leached kernels were identified by both visual examination and IMGA 
measurements of absolute particle inventories. Barticles with intact kernels and 1 
inventories were identified by analysis of the '"CS:'~C~ ratios of the particles in a manner 

similar to the previous evaluations of the 5C, '74 and 8A compacts. Figures 4.58 and 4.59 
show histogram representations of normalized 137Cs:'44& ratios for the fissile and fertile 
particles, respectively. In the figures, particles with leached kernels have been normali 
substituting the appropriate mean 
exam have been included by simulating their records with zero 137Cs:144Ck ratios- 

inventory, and failed particles detected in the visual 

The fissile and fertile particle fractions were also characterized in terms of absolute 

fission product inventories. As before, to obtain the best estimate of the average particle 

inventory, nonretentive particle records were removed from the data sets prior to analysis., 
The maximums, minimums, means, and standard deviations were then calculated for each set 
of particles. The results are summarized in Tables 4-20 and 4.21 for the fmile and fertile 
particles, respectively. The mean particle activities and standard deviations for the various 
isotopes were used in calculating the burnup estimates that are reported in Tables 3.6 

and 3.8. 
There is evidence (see Sect. 4.8) that many of the particles in this compact may have 

been damaged by an aggressive LBL procedure. For that reason, €ailure fractions inferred 
from the IMGA measuremenas should be considered suspect and not representative for 
other compacts. Nevertheless, the methodology used in the IMGA analysis of this compact 
should be the model for all future compacts. Specifically, results of both the visual 
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Table 4.18. 
SUMMARY OF UCO PARTICLE? EXAMINATIONS FOR COAWACI' HRB-215B 

Method Retentive '37cs low 
of UCO kernel Kernel Total 

analysis particles intact leached particles 

IMGA" 30 8 
Visual Exam 0 

Totals 30 8 

14 
0 

14 

52 

52 

"IMGA = Irradiated-Microsphere Gamma Analyzer. 

Table 4.19. 
SUMUARY OF Tho, PARTICLE EXAMINATIONS FOR COMPACT HRB-215B 

~ - 

Method Retentive 137cs low 
kernel Kernel Total 
intact leached particles 

Qf 7 3 0 2  
analysis particles 

- 

IMGA" 284 6 3 293 
Visual Exam 10 f 5 10 

Totals 2% 6 13 i 5 303 

"MGA = Irradiated-Microsphere Gamma Analyzer. 

examination and the IMGA examination should be incorporated into the final evaluation of 
the failure Eraction. The method of random sampling makes this approach feasible when 
structural failures result in considerable amounts of mating fragment debris. 

4 5 3  P&gyback Fuel Particles 

The piggyback capsules irradiated in the HRB-21 experiment are described in 

Sect. 22.3. Some of the piggyback capsules contained unbonded fuel particles, and following 
irradiation, they were opened to recover the particles for PE. Details of piggyback capsule 
disassembly and photo-visual examination of the particles and graphite holders are discussed 
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Figure 4.59 
Normalized 13'Cs: lace RATIOS FOR FERTILE PARTICLES FROM COMPACT 5B. 



Maximum Mi*um 
particle partiqle Std. dev. 
activlty activlty mean 

.. .. . .. .- Isotope (%I (B¶) (%I 
-. 

’ 2 r  4.70E-4-08 2.59E -+ 3.52B+0$ 12.24 
‘06Ru 3.53E+07 2.81E+07 3.19E-i-07 5.03 
1Mc5 1 .O3E +07 8.41E+06 9.29E+06 4.71 
1 3 7 ~  5.39E+% 4.50E+ 4.90E-t-06 4.60 
luck 1.32E+08 1.1OE + 08 1.20E+08 4.22 

“Activities corrected to November 21, 1991. 
bBased on measurements of 30 particles by Irradiated-hfkxosphaeee Gamma Analyzer. 

Table 421. 

ACXISTIYP-FOR 
11;ROM 

Maxilplll Minimum Mean 
particle particle Std. dev. 
activlty activlty mean 

Isotope (Bq) (Bs) (%I 

” ~ r  2.25B+08 7.20E + 07 lS9E4-08 16.01 
lmRu 2.52E+06 1.09E+M 1.84E+O6 9.76 

lWCs 1.83E + 06 8.19E 4- 05 1.37E+O6 7.42 
1 3 7 ~  2.07E 3.06 9.28E + 05 1*54E+06 670 
luck 4.90E f 07 2.32E +07 3.74E-i-07 6.24 

“Activities corrected to November 21, 1991. 
bBased on measurements of 284 particles by Irradiated-Microsphere Gamma. Analyzer. 
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in Sect 4.4. Upon completion of the photo-visual examination, the particles listed in 
Table 4.22 were examined by the IMGA system in order to determine their absolute fission 
p d u c t  inventories. Ratios of '37Cs to 14Ce were then computed for each particle in an 
effort to determine the ability of each particle to retain the metallic fission product cesium. 
Because of the limited number of particles in each sample, the usual histogram method of 
evaluating cesium release was foregone, and instead the means and standard deviations for 
each sample of particles were computed and compared with the retentive particle data from 
the compact examinations. Table 4.23 gathers the 137cS:'44Ce ratio distribution means and 
standard deviations from the piggyback samples and the compacts in a single location for 
ease in comparison. All of the mean values and associated standard deviations for the 
piggyback samples appeared to be consistent with the corresponding compact data. The 
implication was that none of the piggyback particles examined by IMGA exhibited a 

significant release of cesium. 

Table 422 

Capsule 
No. 

Particle 
type 

Total 
particles 
recovered 

PB-2A 
PB-3A 

PB-6A 
PB-7A 

PB-1C 
PB-2B 
PB-2C 
PB3B 
PB3C 
PB-4C 

uco TRISO-P 
uco TRISO 

Tho, TRISO 
Tho, TRISO-P 

UCO bufferless 
UCO bufferless 
UCO bufferless 
UCO bufferless 
UCO bufferless 
UCO bufferless 

28 
28 

19 
17 

32 
24 
15 
17 
14 
17 
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In addition to the evaluation of the 137Cs:1MCe a ctivity ratios, mean inventories of 
several key isotopes were calculated for each sample of piggyback particles. The resulting 
mean values and associated standard deviations are reported in Table 424. The mean 
activities and standard deviations for the various isotopes were used in calculating the 

burnup estimates that are reported in Tables 3.6 and 3.8. 
Although the sample sizes €or the piggyback capsules were quite small, some 

interesting observations can be made about the IMGA examination results. For both the 

standard fissile and standard fertile particles, there was no detectable difference in the 
performance of the TRISO versus the TRISO-P-type coatings. Whether this has any 
significance with regard to the performance of the TRISO-P-type coatings used in the 
compacted particles is unknown. For the bufferless UCO particles that survived the 
irradiation intact, there was no indication of fmion product release. Thus, it seems possible 
that the bufferless particles were able to retain their fission product inventories up to the 

point of structural failure. 

Ceramography, in which pohhed surfaces of fuel materials are prepared and 
examined at high magnification, provides valuable data regarding material microstructure and 
mechanical condition of the fuel. The work described here was carried out on fuel 
specimens with different levels of irradiation exposure in a systematic attempt to gain a 
better understanding of fuel material and design features which may have contributed to the 

less-thanexpected retention of fission products. 

4-6.1 Uninradiated Fuel 

4.6.1.1 Cornpact Ceramography 

Unirradiated fuel was examined by ceramography prior to the irradiation of capsule 
HRB-21. The preinadiation examination showed that the kernel and coating microstructure 
appearance was consistent with expectations for the process conditions and resulting fuel 

properties. The results of that work are shown in ref. 4-7, Sect. 4.10. 

Mter the irradiation of HRB-21 showed a higher-than-expected fraction of failed 
coatings, additional ceramographic examination of unirradiated fuel was carried out in an 
attempt to characterize coating features which had previously escaped detection but may 
have contributed to the higher-than-expected failure of coatings. During this latter 
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U Table 4.24. 
0 
P 
3 

FOR PARTICUES RECOVEIUED FROM PIGGYBACK 
EXAMINEB BY THE I R R A D I A T E D - ~ C R O S P ~  GAMMA ANAL-YZER 

? + 
Capsule 9 5 ~ r  Stddev '%Ru Stddev Std dew 137cS Std dev "Ce Std dev 0 

0 
h, @I N \D NO. Mean ("/.r Mean (W Mean ("/.I Mean (%) Mean 

PB-2A 
PB3A 

PBdA 
QB-7A 

m PB-IC 
PB-2B 
PB-2c 

PB3C 
PB4C 

2.50E+08 3.91 
2.92E+08 4.68 

1.35E+08 6.31 
8.36E+07 17.52 

2.59B+08 16.86 
J.OOE308 20.30 
2.93E4-08 13.55 
3.35E4-08 20.49 
3.18B+08 18.54 
3.75E4-08 12.34 

1.72E+07 10.19 
2.67E+07 5.72 

1.53B+06 '7.72 
9.43E+85 18.49 

1.13E+07 14.37 
1.95E+07 a0.73 
1.848+07 10.20 
2.71E+07 7.45 
2.61E+07 7.52 
3.12B+07 5.55 

4.66E+06 12.83 
7.94E+06 6.49 

1.12E+06 7.89 
5.22E-i-05 21.71 

2.5SE+06 19.55 
5.41E+06 12.86 
5.04B+06 12.37 
8.27E306 8.37 
7.89E4-06 7.98 
9.51E+06 5.68 

3A2E+06 6.20 
4.52E+oB 4.73 

1.368+06 6.93 
8.27E+O5 17.18 

2.85B+06 9.47 
3.97E+06 8.59 
3.73B+06 7.09 
4.74E+06 5.61 
4.47E+06 5.80 

4.93E906 5.62 

8.76E+07 4.90 
l.l0E+08 4.42 

3.25E+07 5.80 
2.02E+O7 15.68 

7.97E+07 8.68 

9.97B-tO7 7.51 
9.35Ef07 5.44 

1.08E+88 5.30 
1.15E+M 5.61 

1.12E+OS 5.69 

"Mean activities (Bq/partkle) have been corrected to November 21, 1991. 



examination, a reduction in porosity of the PPyC coatings was observed in the unirradiated 

fuel compacts. The reduction in PPyC porosity was attributed to intrusion of pitch from the 
matrix during the high-pressure matrix injection phase of compact fabrication. 

4.621 ExamhaihnProcedure 

Compacts were selected from capsule HRB-21, as shown in the HRB-21 test 

specification, which were exposed under the full range of fuel temperature, fast neutron 

fluence, and burnup. Two compacts, 4A and IC, were selected €or examination to provide 
information on the condition of fuel after maximum and minimum fast neutron exposure and 

HM bumup, respectively. A third compact, 2B, was selected to characterize fuel condition 
after intermediate fast neutron exposure and HM burnup. 

The compacts were very fiagile so the first step in ceramographic preparation was to 
impregnate the compact with an epoxy resin. This was accomplished by enclosure of the 
compact in a metal tube which was then filled with resin. After the resin cured, transverse 
cuts were made through the compact with a low-speed, diamond-impregnated circular saw. 

The cuts through the compact were made about 15 mm from each end, and the two end 

pieces were mounted in resin €or grinding and polishing. The specimens were mounted so 

that grinding was in the axial direction in the compact, and circular cross sections were 
obtained. In the following sections, the observations made are organized in terms of fuel 

components, starting with the kernel and proceeding outward In most cases, there is 
interaction of components so more than one must be discussed at one time, but an attempt 
has been made in each section to focus on the primary fuel material affected. 

4h2.2 Irradiation EblFeds m Tho, and l[llw-Enriched Uranium 0 UCO Rernels 

The Tho, kernels Viewed in cross section usually appeared featureless. At the 

highest exposure, small gas voids became more numerous, but the kernel retained its 
spherical shape. An example of the appearance of typical kernel cross sections at low and 
high exposure in HRB-21 is shown in Figure 4.60. 

The UCO kernels in each compact examined contained gas voids which varied from 
small to large as the burnup and fluence increased. The kernels were contained by the 

buffer coating, some of which remained intact at the low exposure. However, if the buffer 
cracked, the UCO kernel swelled into the crack. These observations show that the buffer 
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R80570 
Capsule HR€3-21 

Fuel Compact 4% Fertile 730, 

2.2% FIMA Burnup, 3.5 x 1025 n/m2 

Figure 4.60, 
THE PyC SEAL COATING ON THE BUFFER LAYER 
WAS BONDED TO THE INNER SURFACE OF TISE 

IPyC, AND IT REMAINED WITH THE PyC AS 

INDUCED SH€UNKAGE. DEBONDING OF' 
COMPACI' MATRIX FROM PPyC AND 
PPyC/OPyC COT\ITRLBUTED TO THE 

OBSERVED WEAKNESS OF THE 
IRRADIATED COMPACTS. 

THE BUFFER UNDERWE'INT IRRADIATION- 
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coating retained some mechanical strength which was able to restrain the kernel swelling 
effect as long as the buffer was not failed. Compact 2B at intermediate exposure showed 
examples of both types of kernel behavior as shown in Figure 4.61. 

Although accurate kernel dimensions could not be determined from wramography of 
the kernel microsphere and the initial dimensions of the specific kernel under examination 
were not known, it is reasonable to assume that UCO and Tho, kernel swelling took place 

as a result of fission and the development of gas bubbles within the kernet The amount of 
kernel swelling is estimated to be on the order of 35 and 5 ~ 0 1 %  for UCO and Tho, 
respe~tively."'~ This is a crude estimate based on Visual observation of the highest burnup 
kernels. The LEU UCO kernel material normally contained a continuous matrix of grey 
material with a dispersion of voids. The kernels of all the fuel observed had an HM burnup 
of up to 22.5% F'IMA. 

In three particles in compact 4 4  which had the highest exposure, there was what 
appeared to be a carbon deposit at the kernei-bu€€er interface. The deposit showed optical 
activity in polarized light, which is typical for the carbon rejected on the cool side of UO, 
and UC, kernels heated in a thermal gradient. The rejection of the carbon on the cool side 

is associated with migration of the kernel up the temperature gradient in what has been 

called the "amoeba 
the amoeba effect in UCO particles. 

These observations in HRB-21 represent the first evidence of 

The KMC was calculated €or the three kernels with observed migration using the 

thickness of the rejected carbon as a measure of kernel migration. One of the particles with 
a measurable thickness of rejected carbon used in KMC calculation is shown in Figure 4.62 

The KlwC was calculated using the following expression: 

T -  2 h  

dr 

where 

KMC = kernel migration coefficient (mws), 
T = kernel temperature (K), 

X = kernel migration distance (m), 
dT/dr = temperature gradient across the particle (Wm), 
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Capsule HRB-21 
Fuel Compact 2B, Fissile UCO 

Burnup=18% HMA Fast Fluence=2.3 x IOs n/m2 

Figure 4.61. 
THE WGO KERNEL SWELLING WAS RESTRAINED BY THE BUFFER U N n L  CRACK3 DEVELOPED 

IN 'FHE BUFFER. THE UCCI KERNEL SWELLED lNTO TME W 
THEY DEVELOPED IN THE BUFFER. 



Capsule HRB-21 
Fuel Compact SA, Fissile UCO 

Burnup=22% FIMA Fast Flucnce=3.5 x loB n/m2 

YP16318 

Figure 4.62. 
SOME UCO KERNELS SHOWED REJECTED CARBON ON ONE SIDE OF THE KERNEL IN ADDITION TO KERNEL 

SWELLING INTO THE BUFFER REGION. THE REJECTED CARBON WHICH EXHIBITED OPTICAL 
ANISOTROPY UNDER POLARIZED LIGHT, IN PHOTO (b), WAS THE RESULT OF ‘FME 

“AMOEBA EFFECT’ KERNEL MIGRATION. THE THICKNESS OF THE REJECTED 
CARBON LAYER, ON THE LOWER RIGHT KERNEL SURFACE WAS 

USED TO DETERMINE THE KERNEL MIGRATION RATE 
AND THE KERNEL MIGRATION COEFFICIENT. 



t = exposure time (s), 

dx/dt = calculated average kernel migration rate. 

From Table 3.1, the compact average temperature for compact 4 was 1 
leads to a particle temperature of 1301 K, a gradient of 1.6 x IO4 Wm, and a t of 9 x 10% 

(105 d). The KMC for the three particles was about lo-’’ m”K/s, which was two orders of 
magnitude larger than the design value for UCO at the planned irradiation temperature 

(950°C) and larger than the design value for pure UO, kernels. The relationship is shown 
in Figure 4.63. While the data are limited and only approximate, the difference is 

enough to warrant investigation. 
The development of fission gas and solid k i o n  products produced a force for swelling 

of the UCO kernels. At the highest exposure, where radial cracks developed in most of the 
buffer coatings, the kernel swelled into cracks in the buffer. An illustration of this effkct is 

shown in Figures 4.61. and 4.62. 

4.623 Irradiation Effects in TR.IS0 Coatings 

After a surface of the compact was adequately polished, it was examined in detail and 

the condition of coatings with regard to cracks or other unusual features recorded. During 
the grinding and polishing proa;ess, about 75% of the kernels and many buffer layers fell 
from the center of the particles and were lost. This may have been due to insufficient 
potting material, or the coatings may have been more friable that the current polishing 
techniques can handle. In order to keep the database as uniform as possible, the decision 

was made to collect data for structural coatings only from those particles which had kernels. 

However, this may bias the data somewhat; the particles with very severe damage could have 
been ignored. Observations were not recorded for the buffer layer which was usually 
cracked in the highexposure compacts and usually not crack 
In order to  obtain an adequate number of observations of particles with kernels, it was 
necessary to prepare two or three polished surfaces for each wramographic mount. Each 
surface was more than 1 mm further into the mount, so under normal circumstan 
same particles were not examined twice. Using this approach, a total of 263 UCQ particles 
and 579 Tho, particles with kernels were examined in the four compacts. The total number 
of particles, with and without kernels, which were in the ~ r a ~ o ~ r a ~ h ~ c  mount was not 
recorded. The observations for each compact are summarized in Tables 4-25 though 4.28. 

in the lowexposure cornpact. 
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Figure 4.63. 
THE KERNEL MIGRATION COEFFICIENT OBTAINED FROM OBSERVED 

MIGRATION IN THREE HRB-21 COMPACT 4A UCO PARTZCLES 
WAS TWO ORDERS OF MAGIQTLJDE GREATEIR THAN THE 

DESIGN CURVE FOR UCO AND ABOUT A FACTOR 
OF TWO GREATER THAN THE DESIGN 

CURVE FOR PURE UO, 
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Table 42.5- 

Neutron fluence: 
Burnup: 
Particle type: 
Camments: 

1.5 x lp dm2, E > 0.18 MeV 
14% FIMA (fissions per initial. metal atom) fissile, 0.5% 

Uranium oxycarbide (UCO) fmile, Th8, fertile 
Only particles with kernels retained in the polished cross section 
were characterized. 
CireumferentiaI cracks were considered to be artifacts. 
Particles with circumferential Sic cracks did not have a fail 
coating. 
See Appendix D for particle details. 

fertile 
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Table 426. 
S-Y OF CERAMOGRAPHIC OOAfl[NG FAILURE DATA FOR COMPACT 2A 

Neutron hence: 
Burnup: 
Particle Type: 
Comments: 

2 3  x ld5 dm2, E > 0.18 MeV 
18% FIMA (fissions per initial metal atom) fissile, 1.2% FIMA fertile 

Uranium oxycarbide (UCO) fissile, Tho, fertile 
Only particles with kernels retained in the polished cross section 
were characterized. 
Circumferential cracks were considered to be artifacts. 
Particles with circumferential Sic  cracks did not have a failed IPyC 
coating. 
See Appendix D for particle details. 
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Table 42’7- 
SUMMARY OF CERAMOGRAPWIC COATING FAILURE DATA FOR CoMpAcrr 2F? 

Neutron fluence: 

Burnup: 
Particle type: 
Comments: 

2.3 x 102s dm2, E > 0.18 MeV 
18% FIMA (fmions per initial metal atom) fissile, 1.2% FTMA fertile 
Uranium oxycarbide (UCO) fissile, Tho, fertile 
Only particles with kernels retained in the polished cross section 
were characterized. 
Circumferential cracks were considered to be artifacts. 
Particles with circumferential Sic cracks di 
coating. 
See Appendix D for particle details. 
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Table 4-28. 
STJMMARY OF CXXRAMOGRAP€3IC COATING FAILURE DATA FOR COMPACT 4A 

Neutron fluence: 

Burnup: 

Particle Type: 
Comments: 

3.5 x 1 p  dm2, E > 0.18 MeV 
22% FZMA (fissions per initial metal atom) fissile, 2.2% FIMA fertile 

Uranium oxycarbide (UCO) fissile, Tho, fertile 
Only particles with kernels retained in the polished cross section 
were characterized. 

Circumferential cracks were considered to be artifacts. 
Particles with circumferential Sic cracks did not have a failed IPyC 

coating. 

See Appendix D for particle details. 

D.r. Total 1 138 7 1 5 %  I 136199% I 1381100% 

. ._ 
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Appendix D provides information on the examin 

observations are discussed for each coating layer, starting with the 
particles. 'The ceramographic 

sections. 

Typically, when the buffer shrunk away from the PyC, the highly anisotropic PyC 

seal coating deposited on the buffer during manufacture remained bonded to the WyC. The 
seal coating was deposited to provide a smooth surface on the buffer layer so that the lPyC 
could be easily separated from the buffer for characterization during manufacturing QC 
measurements. The fact that during irradiation the seal coating was torn from the buffer 

layer, rather than parting as expected at the seal-IPyC interface, indicates that the bond at 
the rpyC interface was relatively strong. The observation also indicates that the IPyC had 

higher strength than the buffer layer, an expected result. The PyC seal coat can be see 
adhering to the IPyC in the high-magnification photos of Figures 4.60 and 4.61. 

The frequency of particles with cracked IPyC increas with fast neutron exposure. 

Cracks which developed in the IPyC did not propagate into the Sic layer (as viewed in the 

metallographic mounts). However, there was a tendency for cracked Sic and cracked IPyC 
to appear in the same particle. In the highest-fluence compact examined, LaA, all cracked 

Sic was accompanied by cracked XPyC. The metallographic mounts only provide a limited 
view of the particle coatings, so it is very likely that all cracks were not found; the method is 

toward large cracks that span a major portion of the coating diameter. Sic cracks are 
the most difficult to find because S ic  is stable under irradiation, an the crack do not open 
up like cracks in the shrinking pyrocarbon. No mechanistic connection was observed 
between the Xpye crack and development of a crack in Sic or to indicate that a crack in the 

Sic caused the IPyC to fail. Examples of typical IPyC and S ic  cracks appearing in the same 
particle are shown in Figure 4.64. 

In some cases, when the o?yc was cracked, it appeared that irradiation-induced 
shrinkage caused the IPyC to pull away from the S ic  and curl toward the particle center. 
This action left a gap between the IPyC and the S ic  at the location of the WyC crack. This 

phenomenon may have resulted in a complex interaction between I C and Sic in the 

vicinity of the IF'yC crack or gap. If the interaction resulted in local tensile stresses in the 
Sic, it may have contributed to the observation of cracke Sic near cracks or gaps in the 

IPyC. The development of a gap between cracked IpyC and the Si@ coating, as well as the 
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Capsule HRBZl 
Fuel Compact 4A 

Fertile Tho2 Burnup 2.2% F'IM.4, Fissile UCO Burnup 22% FXMA 
Fast Neutron Fluence 3.5 x los n/m2 

R80565 R80661 

Figure 4.64. 
FAILURE OF THE SIC LAYER WAS USUALLY ASSOCIATED WITH FAILURE OF THE IPyC LAYER, BUT NOT ALL 

PARTICLES WITH FAILED IPyC HAD FAILED Sic: (a) UCO FISSILE AND fb) Tho, FERTILE. 



nearby crack in the Sic, is illustrated in Figure 4-65 The 
distributions to be determined, and modelling must be relied upon to infer the structural 

state of the coatings. 

ounts do not allow stress 

With this concept in mind, it iS useful to examhe the data to see if 
failure can be connected in some way. These results are shown in Table 4. 

circumferential cracks has been eliminated (see the seztion below). These data have a large 
uncertainty associated with them because of the difficulty of finding cracks; nonetheless, a 

trend is apparent. The highest exposure compact has the greatest Sic failures associated 
with IPyC failure, These results provide circumstantial evidence for the stress 

failures. It should be noted that six cases of Sic failure without rpYC failure were also 
found; they were found in compacts 1C and 2B. Since particle coatings cannot be 

thoroughly checked for cracks and damage is possible during mount preparatioa, hard 
evidence to prove or disprove the stress theory is difficult to come by. 

The IPyC effectively protected the SiC from the swelling kernel. In a small nu 
of particles, the buffer layer was broken, and the UCO kernel swelled into the void left by 

the shrinking buffer. In some cases, the kernel swelled up against the WyC layer. Under 
the irradiation conditions of these tests, the IPyC was not attacked by the kernel, and no 
evidence of significant Sic attack by fission products from the kernel was observed, An 

example of kernel material in eontact with n"yc and no SIC attack evident is shown in 
Figure 4.66. 

The Sic coating is the primary barker to fission product release in th 
particle. The ceramographic sections of compacts were examined at high m 
characterize cracks or other flaws which might give rise to fission product release. Two 
types of fractures were observed in the Sic. 'Ke crack signifying coating damage was a 
relatively straight radial crack across the thickness of the Sic layer. An example of the 
radial crack in Sic is shown in Figure 4.67. Tbe s a n d  type of Sic crack was 

circumferential and did not propagate through the coating. Tbere were several forms of the 
Circumferential cracks. Some circumferential cracks were only 10 to 30 pm in length and 
proceeded at a shallow angle from the Sic outer or inner surface and into the Si@. 

Examples of circumferential cracks are shown in Figure 4.63. 
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Capsule HRB-21 
Fuel campact 4A, Fertile Tho, 

Burnup=2.2% FIMA Fast Fluence=3.S x 10% n/m2 

' R80572 R80574 

Figure 4.65. 
WHEN TIIE IpYC WAS FAILED, IT USUALLY PULLED AWAY FROM THE Sic, AND A 

RADIAL CMCK WAS FREQUENTLY OBSERVED NEARBY IN THE SIC. 



Circumferential cracks which extended for 100 pm or more were observed in the 

fertile particles of compact lC, which had a relatively low fast neutron exposure of 1.5 x ld5 
n/m2. Over 20% of the fertile particles sh 
the fissile particles exhibited such cracks. The fact that the circumferential cracks did not 
appear in particles with higher exposure but similar thermal conditions indicated that the 
cracks must have developed not during irradiation but as a result of subsequent treatment. 
Perhaps the residual Sic mating stress in particles at ?.OW 

exposure particles where fyc creep or other effects may have alleviated the stress. The 
removal of a portion of the Si@ shell in the grinding and polishing process may have 
removed supporting material so that the Sic coating cracks in the circumferential direction. 
Compacts 2A and 2B have quite different values for pyrocarbon and Sic damage, and this 
may reflect mount preparation damage and the fact that the fuel was in a highly stressed 
state after irradiation. 

circumferential cracks, but less than 1% of 

sure was greater than in high- 
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HRB-21 Fissile Particle 
rlnmpac!. 4.4 22% FIu4 3.5 x loB Fiuence 

R80737 R80898 

Figure 4.66. 
THE IPyC COATING PROVIDED A BARRIER TO FISSION PRODUCTS AND ATTACK OF THE Sic 
WHEN IT WAS NOT CRACKED EVEN WHEN THERE WAS KERNEL SWELLING INTO BUFFER 

CRACKS, AS IN (a). WHEN CRACKS DEVELOPED IN THE IPyC, FISSION PRODUCT 
ATT'ACK OF THE Sic TOOK PLACE, PRIMARILY AT THE TIP 

OF THE IPyC CRACK, AS IN (b). 
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Capsule HRB-24. 
Compact 4A, Fertile Tho, 

2.2% FIMA 3.5 x IF n/m* ~ u e n c e  ~ e m p  IOZ*C 

Figure 4.67. 
AN ILLUSIFRATION OF A TYPICAL lbUX4.L Sic 

CRACK, CRACKS INTHE PyCDID NOT 
PROPAGATE INTO THE SIC BUT WERE 

EREQTJENTLY NEAR Sic CRACKS. 
ALSO ILLUSTRATED IS THAT 

CRACKS IN TED3 PPyC DID 
NOT ALWAYS PRBPA- 

GATE JNTO THE 
SEAL COAT 
ANT) Opyc. 
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Capsule HRB-21 
Fuel Cmmpacl ICj Fertile Tho, 

Burnup=0.5% Fast Neutron Fluence 1.5 x loB n/m2 
R80727 R80728 

Figure 4.68. 
CIRCUMFERENTIAL CRACKS IN .THE Sic DID NOT ALWAYS TERMINATE AT THE Sic 

SURFACE OR REMAIN AT A CONSTANT RADIUS. 



Ceramographic mounts were prepared with particles identified by IMGA as having 
released and having retained cesium during irradiation. Two each retentive an 
particles were prepared and examined. The purpose of the work was to correlate the 
condition of the Sic coating with retention capability. The particles which bad released 
cesium during irradiation were shown to have porosity in the Sic, while the particles that 
had been retentive showed no porosity or cracks. The results of the ceramogra 
examination of particles characterized by IMGA are sh 
observed in nonretentive particles is shown in Figures 4.69 through 4.71. The condition of 
the SIC in retentive particles is shown in Figures 4.72 and 4.73. 

in Table 4.30. The Sic porosity 

Lenticular flaws oriented parallel to the deposition plane were detected in the Sic of 
several particless. These flaws had the appearance of a feature known as "gold spots." 
gold spot term was derived from the fact that when the 0q.C is burn 

the flaw appears gold in color when observed through the thin outer layer of Sic. Analysis 
of the contents of the flaw has shown it to be Si and C. The flaw iS formed during Sic 
coating in a spouting fluidized bed when the particle is momentarily ejected and touches the 
mater wall above the bed. Some Si and carbon soot are pi 
particle, which then falls back into the bed, and the Sic coating process is completed. 
About 2% of fertile and 0.04% of fissile particles in KRB-21 had gold s 

the gold spot represents a discontinuity in the Sic, it was never associated with cracks in the 

Sic coating. An example of a gold spot in Sic is shown in Figure 4.74. 

up on the surface of the 

ts!"17 Although 

Consideration of the coated particle as a pressure vessel would favor perfect spheres 
for the maximum pressure containment capability. However, many particles deviate from 
perfect sphericity. The Sic coating elastic modulus is much higher than the PyC coatings so 
that, eventually, most of the load for gas pressure containment is borne by the Sic, and 
overpressure conditions cause failure of the Sic. In the case where greater-tban t d  

Sic failure takes place, as in capsule H1RB-23, the particles which deviate most from 
spherical geometry would appear to be probable sources of failure. However, examination 
of particles over the range of shapes showed no correlation of S ic  failure and t 
sphericity. An example of a relatively spherical Sic coating which crac 
Figure 4.75 while the nonspherical particle shown in Figure 4.76 did not crack. Additional 
observations were made on the ability of nonspherical particle! to suMve irradiation without 
failure of the Sic. An uninadiated archive csrnpact of WRB-2% was burned in air to expose 
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Particle mount 

HRB-21 5c (Pl) 

HRB-21 5c (P3) 

HRB-21 5C (P11) 

HRB-215C (P13) 

the: Sic coating. Examination of the burned particles revealed that about 1% of the fertile 
particles had a concave indentation in the Sic coating which had apparently been created 

MGA identified releasing Sic cracked 
cesium or porous 

yes Yes 

yes Yes 

M3 no 

IlO slight porosity 

during the coating prooess. Such a deviation Erom sphericity would be expected to reduce 
the ability to survive internal gas pressure during irradiation. 

In order to determine if any of the indented particles survived irradiation, the 

particles from compact 5C, which had been characterized by MGA, were examined under a 

microscope to determine if any dimpled particles remained. The particles from 5C were 

chosen for examination since most of the PPyC and OPyC coatings had cracked and spalled 
off leaving the Sic coating exposed in the same manner as burned particles. Several 
dimpled particles were obsemed in the cesium-retentive population of Tho, particles. This 
observation showed that the margin for pressure vessel performance must be very large in 
the: TRISO coating design for such particles to survive. These results are consistent with 
those made from ceramographic sections discussed above. This observation is not foolproof, 
however, because low-burnup Tho, kernels can retain cesium, and thus fertile particles can 
give a false indication of integrity. Examples of unirradiated and irradiated dimpled particles 
are shown in Figures 4.76 and 4.77. 
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Capsule HRB-21 Compact 5C, Fissile UCO 
22% FahIA 3.5 x IOz dm2 Fluence Temp 1023°C 

R81009 R810fl 

P 
CI 
0 co 

Figure 4.69. 

GAMMA ANALYZER, PARTICLE P3, ABOUT 45% OF eS WAS RELEASED DURING 
IRRADM’TION. SOME Sic  POROSITY AND CORROSION WERE EVIDENT AT 

PLACE INTO BUFFER CRACKS. 

DECONSBLIDATfED EXOM COMPACT 5C AND CHARACTERIZED BY IRRADIATED-MICROSPHERE 

THE TIP OF IPyC CRACKS. KERNEL SWELLING TOOK 



Capsule HRB-21 
Compact SC, Fissile UCQ 

Burnup 22%, Fast-Neutron Fiuence 3.5 x loz n/m2 

R81015 R81016 

Figure 4.70. 

GAMMA ANALYZER, PARTICLE P3, ABOUT 95% OF CS WAS RELEASED FROM THE 
PARTICLE DURING IRRADIATION. CORROSION OF Sic WAS 

EVIDENT AT THE TIP OF IPyC CRACK 

DECONSOLIDATED FROM COMPACT SC AND CHARACTERIZED BY IRRADIATED-MICROSPHERE 



r 
0 
0 

u B 

Capsule HRB-21 Corn act 5C, Fissile UCO 
22% FIK4 3.5 x loz n/m Fluence Temp 1023°C P 

R81003 R81002 
- 6  

Figure 4.41. 
DECONSOLIDAED FROM COMPACT 5C AND CICIARA&TERIZED BY I ~ ~ ~ ~ ~ - ~ ~ C ~ O ~ ~ ~ ~ ~ E  

GAMMA ANALYZER, PARTICLE P1, ABOUT 30% OF Cs WAS RELEASED FROM THE PARTICLE 
DURING- IIIWIATION. THERE WAS SOME POROSITY IN Sic NEAR THE IPyC CRACK AS 

OPTICAL ACTIVITY IN IPyC AT IPyC CRACK TIP, SO GRAPHITIZATION OF 
QC, OFTEN OBSERVED IN ?yC WITH HIGH FISSION PRODUCT 

CONTENT, HAD NQT TAKEN PLACE. 

SHOWN IN PHOTO (a). THE POLARIZED LIGHT PHOTO IN (b) DOE 



Capsule HRB-21 Compact SC, Fissile UCO 
22% F'IhfA 3.5 if IOz n/m2 Ruence Temp 1023°C 

R81025 R81028 

Figure 4.72. 

GAMMA ANALYZER, PARTICLE B13. NO Cs LOSS DURING IRRADIATION. 
VERY SLIGHT Sic POROSTPI'; NO CRACKS IN IPyC. 

DECONSOLIDA'IED FROM COMPACT 5C AND CHARACTERIZED BY IRRADIATED-MICROSPHERE 



0 
0 
h) s: 

Capsule HRB-21 Compact 5C Fissile UCO 
22% FIMA 3.5 x IOs n/m2 Ruence Temp 1023°C 

R81019 R81021 

Figure 4.73. 
DECONSOLIDATED FROM COMPACT 5C AND C ACEXIZED BY IR IATgED-NICROSPHIERE 

GMMA ANALYZER, PARTICLE P11. NO Cs LOSS DURING IRRADIATION. 
NO Sic CORROSION OR POROSITY AT TIP OF IPyG CRACK 



Capsule HRB-21 
Fuel Compact 4 4  Fertile Tho, 

Burnup=22% FIMA Fast Fluence=3.5 x 102s n/m2 

R80732 

Figure 4.74, 
A DISCONTINUrrY OBSERVED IN SOME Sic LAYERS WAS 

THE FEATURE! KNOWN AS A "GOLD SPOT." NO 
CRACKS OR OTHER DELET"ERI0US EFFECTS 
WERE ASSOCIATED WITH GOLD SPOTS 

WHICH WERE INTRODUCED INTO 
TEE Sic DURING COATING 

DEPOSITION. 
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Capsule HRB-21 
Fuel Compact 2B, Fissile UCB 

Burnup = 18% FIMA Fast Fluence = 2.3 x 1025 n/m2 

R80550 R8055 1 

Figure 4.76. 

PARTICLES WITH MARKEDLY NON-SPHERICAL Sic COATING LAYERS SURVNED WITH- 
OUT Sic CRACKING EVEN W E N  OTHER COATING LAYERS WERE FAILED. THE 

SURVIVAL OF NON-SPHERICAL PARTICLES AT HIGH BURNUP INDICATES 
THAT THERE WAS SIGNIFICANT PERFORMANCE MARGIN 

IN PRESSURE VESSEL DESIGN. 



YP17135 

HRB-21 Unirradiated 
Tho, burned back to Sic 
selected non-spherical 
particles 

release. 

Figure 4.77. 
ABOUT 1% OF HRB-21 FERTILE PARTICLES WERE DIMPLED AT THE Sic STAGE OF 

COATING. EXAMPLES WERE FOUND WIIERE DIMPLED FERTILE PARTICLES 
SURVIVED IRRADIATION AND DID NOT RELEASE CESIUM. THIS 

PROVIDES ANOTHER INDICATION OF SIGNIFICANT MARGIN 
IN THE PRESSURE-VESSEL DESIGN. 
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The Sic  coatings were carefully examined to determine if any reactions had taken 

place. No second phases, indicative of fission metal attack, were observed. However, 
porosity throughout the Sic and a rough, inner Sic surface was created from some form of 
corrosion of the Sic at the tip of cracks in the IPyC coating. The appearance of the Sic in 
the corrosion zone resembled the corrosion observed in unirradiated TRISO particles 
without IPyC where co/Co, or C12 attack of the Sic may have taken place4-'' Attack by 
Cl, would be expected only if Cl, infiltrated the IPyC and was retained in the buffer during 
the Sic deposition from methyltnchlorosilane. Since the IPyC was thicker than in prior 

designs and tests during manufacture showed the rpyC to be impermeable, it is unlikely the 

attack was by C1, 
Attack of Sic by COICO,? oxidation effects is a possibility if the kernel was deficient 

in TJC, at the time of manufacture. The variation of composition of individual kernels is not 

measured in acceptance tests; only the mean composition is measured. It is possible that 
nearly pure UO, kernels could be mixed with kernels containing excess UC, and the mean 
UOflC, composition specified for the kernel batches would be met. 

"he UCO kernel had effectively retained the rare earth fission products, and even 
the release of Pd was low enough that no Sic attack was observed. However, examination 
by scanning electron microscopy (SEMI, discussed in. Sect. 4.7, revealed that Pd and Ag had 
penetrated the Sic at very low concentrations. 

Failure of the PPyC coating resulted from tensile stress which developed as a result 

of irradiation-induced shrinkage of the lowdensity PPyC material around the unyielding 
substrate of OPyC and Sic. It should be noted that approximately 50% of the PPyC had 
small cracks prior to irradiation. One scenario for the failure of the FyC layers is that cracks 
initiated in the PPyC, which failed and continued to shrink in a circumferential direction, 

transmitted local stresses to the OPyC. In this way, the PPyC contributed to an already high 
tensile stress component developing in the OPyC as a result of irradiation-induced shrinkage 
in that coating. Through the combination of PpYC shrinkage and shrinkage in the OPyC, 
the tensile stress in the OPyC became large enough to result in radial cracking of the OpYC 

coating. The cracks normally propagated from the PPyC through the seal coating and 

Ow, as shown in Figure 4.78. However, it is not possible to disprove the possibility that 
the OPyC failure was independent of the PPyC in at least some of the cases. 
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Capsule HRB-21 
Fuel Compact 2B, Fissile UCO and Fertile The), 

Bumup: UCO = 18% I;uli% Tho, = 1.2% FIMA; Flueace = 2.3 x I d 5  n/m2 

Figure 4.78. 

CRACKS IN TWE PPyC LAYER QNCINATED AT TEE BuTEB 

IPyC LAYER ORIGINATED AT THE INNER P y C  
SURFACE AND PROPAGATED OUaWAIID. 

SURFACE AND PROPAGATED INWARD. CRACKS TN TWE: 

DOE-HTGR- 100229 4-1 18 



The failure of the PPyC and OPyC was highly dependent on the fast neutron fluence. 

As the fluence increased above 1.5 x 1025 n/m2 (E =c 0.18 MeV), the frequency of failure 
increased rapidly. The failure of the retentive OPyC coating as fluence increased correlates, 
to some degree, with the rapid increase in fission-gas release observed in capsule HRB-21 at 
about the same fluenm. This observation is consistent With failure of OPyC exposing 
previously failed or defective Sic. There was no evidence tbat cracks which developed in 
the PPyC and OqtC propagated directly into the S i c  I3ecause of the high failure &action 
of O w ,  it was not unusual for a crack in the OPyC to be near a crack in the Sic. 
However, the OPyC has a much lower elastic modulus than Sic and was not strongly bonded 
to the Sic as indicated by the fact that the OPyC spalled off the Sic when the OpyC was 

severely cracked. Therefore, propagation of cracks from the OPyC into the Sic is unlikely. 

The compacts were very fragile, and particles were easily debonded from the surface 
by contact with containers and handling equipment. Ceramographic sections of the compacts 
shawed that the compact matrix was very porous and laced with cracks. Bonding was 
maintained between the matrix and particles, but the high porosity and cracks which ran 

through the matrix resulted in a friable cornpact body. 
The matrix was bonded to the particles, many of which had broken outer coatings. 

However, there was no obvious detrimental interaction between the matrix and particles. 
Detrimental interaction has been observed in prior irradiation tests where the shrinking 
matrix pulis the OPyC coatings away from the Sic substrate. Such dislocation was not 
observed in this fuel, An example of the matrix microstructure is illustrated in Figure 4.79. 

The high particle packing fraction and high fraction of cracked outer PPyC coatings 
resulted in a very friable compact at the end of the irradiation exposure. The extensive 
cracking of the matrix resulted in the expansion of the compact observed when the 
dimensions were taken after irradiation. Shrinkage was predicted by the design calculations 
because the design curves were based on fuel with the five-layer 'IRIS0 particle which had 
less than 3% OPyC failure. In HRB-21, there was 800% faiiure of the PPyC at peak 
expsure which resulted in greater matrix debonding than accounted €or by the design 

calculations. 
The shrinkage of the PPyC coatings did result in shrinkage of compacts at the lower 

exposures, but compacts at the highest exposure exhibited expansion because of extensive 
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Figure 4.79. 

GRAPHITE SHIM PARTICLES AND COATED FUEL PARTICLES BONDED 
BY CARBONIZEa GRAPHITE FLQUR/PETRQLEUM PITCH MATRIX. 

SWRINKAGE OF MATRIX DURING IRRADIATIQN CAUSED 
EXTENSIVE CRACKING, BUT NO DELETERIOUS 

COATING/ MATRIX INTERACTION 
WAS EVIDENT. 

ILLUSTRATION OF TYPICAL HRB-21 COMPACT MAmE SHOWING H-451 
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debonding and development of cracks in the compact ma& The compact dimensional 
changes as a result of the irradiation exposure were discussed in Sect. 3. 

To gain a better idea of the performance of the compact as a whole, an integral 
picture was pieced together from individual pictures for compact 2A. This composite picture 
is shown in F'igures 4.80 (top of compact) and 4.81 (midsection). Note that the particle 
damage is greater along the axis of the compact. By contrast, the damage at the OD of the 

compact is much less. Since the temperature of an intact compact runs roughly 1OO'C 
hotter at the axis than at the edges, a temperature effect on coating damage may be inferred 

from the figures. Since this composite was only done on compact ZA, it is not clear how 
important the temperature effect is. Two issues are immediately apparent. This first is the 

magnitude of the temperature gradient and its cause. If the massive pyrmrbon failure 
resulted in a compact with significantly lower thermaf conductivity, then the axis of the 
compact may have run much hotter than expected. A thermal runaway condition could have 
been established-wme pyrocarbon damage occurs which lowers the thermal conductivity of 
the compact, which increases the compact temperature gradient, which results in more 

failures, etc- This scenario could explain the rapid increase in failures as the irradiation 

proceeded. The majar difficultly with this scenario is that under the HR3-21 operating 
conditions, little pyrocabon damage should have taken place, especially at the point in the 

irradiation where the failures became apparent. Atso, at higher temperatures, radiative heat 
transfer starts to dominate the heat-loss mechanisms which w u l d  have limited the 

temperature gradients that could have been supported by cracks and porous regions. Thus, 
it seems unlikely that temperatures far in excess of known HTGR fuel capability were 

encountered when fuel failure began. 
The second issue is whether the temperature factor is a cause or an effect and leads 

to another scenario. Radiation damage is a function of temperature, but pyrocarbons that 
operate over a wide temperature and fluence range have been demonstrated. Any increase 

in the temperature gradient may simply have been the final insult to an already compromised 
and dimensionally unstable fuel. Again, massive pyrmrbon failure and cracking of the 
matrix material could easily lead to lower thermal conductivity and (somewhat) higher 
internal compact temperatures. The higher temperatures would tax the particles to a greater 
extent and accelerate their demise because of the effects of radiation damage of which 
temperature is a factor, but any increased temperature gradients are a symptom of 
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pyrocarbon problems rather than a direct cause. Failure would have eventually occurred 

anyway after the radiation damage reached a critical (low) level. The system would still have 
positive feedback but the feedback is driven by a pyrocarbon flaw rather than a design limit. 

Since pyrocarbon failure was seen throughout the PIE, the evidence points It0 the irradiation 
instability of the particle coatings as the major cause. Temperature appears to have played a 
secondary, accelerating role. 

4.63 SummawDiscussion 

The failure of the PPyCIOPyC coatings was a strong function of fast neutron 

exposure. At a temperature of about 900°C, the onset of major OF'yC failure was at a 
Ruence of between 0.19 x 1025 n/m2 (R/B results) and 1.5 x ld5 n/m2 (PIE results), and 
nearly 100% OPyC failure was observed at 2.3 x loB n/m2. Fuel samples with the lowest 
fast neutron exposure had significantly less OPyC failure than the fuel with maximum 
exposure, The Sic coating failure fraction showed a strong correlation with fast neutron 
exposure as well. In addition, all Sic failures in the highest-fluence compact were 
accompanied by IPyC failure. Finally, a composite view of a medium-exposure co 

indicates some temperature dependence. 
Burnup of HM increased in the fuel along with fast neutron exposure, so increased 

coating failure had an apparent dependence on burnup. However, the similarity in coating 
performance. between fertile and fissile particles with more than an order-of-magnitude 

difference in burnup indicates that burnup was not a significant variable influencing mating 

failure. There was also no strong evidence that kernel or fksion product attack contributed 
to mechanical failure of the Sic coating. 

Particle shape and the existence of the lenticular Sic flaw o m  as a "gold spot" did 
not appear to contribute to the observed failure of Sic  or OPyC. Nonspherical and poorly 
shaped particles performed as well as spherical ma. Cracks in the Sic were never seen to 

connect with, or be associated with, the gold spot discontinui 
stress causing Sic failure acted independently of these shape and flaw features. Apparently, 
the margin for failure due to pressure-vessel effects is very large in MHTGR particle design. 
However, features which degrade pressure-vessel ~ Z ~ ~ Q I - I I I ~ I I S X  should be removed because 

they can be expected to b m m e  limiting when the nonpressure-vessel source of failure in 
these particles is identified and eliminated. 

in the Sic. The source of 
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The fact that the cracks in the S ic  were associated with a crack in the IPyC suggests 

that the mechanism of failure invokes both coatings. Since the IPyC crack was not observed 
to be aligned with the S ic  crack and the IPyC was typically debonded horn the Sic in the 
vicinity of the crack, the conclusion was drawn that cracks in one coating did not propagate 

into the other. However, stress c a l c ~ l a t i o n s " ' ~ ~ ~ ~ ~  indicate that the debonding and cracking 
of the IPyC can lead to high local tensile stresses which can then crack the Sic, so direct 
crack propagation is not necessary for the IPyC to fad the Sic. While this conclusion of 
PyC! damage leading to Sic  damage seems likely, the data are not conclusive since only a 
two-dimensional (243) view of the particle was observed. The data obtained here do not 
provide the required evidence to finally r e d m  this issue but do buttress the argument. The 

interested reader may wish to examine Appendix D. 

4.7 SCANNING EXEXXRON MICROSCOPY 

4.7.1 Introduction 

Five particles from HRB-21 compact 5C were examined. The particles were labeled 
5C fertile, 5C-P1, 5C-P2,5C-P1lY and 5C-Pl5. These particular particles were studied by 
SEM techniques to determine differences in the coating layers (remaining) and in the kernel 
between the fertile and fissile particles and between the retentive (5CPll and 5C-Pl5) and 
nonretentive (5C-P1 and 5C-PZ) particles, and the f i i o n  product distributions in the 

coatings and kernels of the different particles. 
Prior to polishing, compact 5C was electrolytically deconsolidated. The separated 

fuel particles were examined by gamma spectral analysis in the IMGA in order to determine 

fission product retention. The ratio of Cs to Ce is indicative of the particle's ability to retain 
h i o n  products. The test showed that particles 5C-Pll and 5C-Pl5 were fission product 
retentive, whereas particles 5C-P1 and X-P2 were nonretentive. See Sect. 4.5 for further 

discussion of the MGA procedure and results. 
The fertile particle, containing a Tho2 kernel, was sufficiently low in activity that it 

could be removed from the hot ceil with no further preparation. In order to reduce the 

radiation level for most of the fBsile particles to permit examination in an unshielded SEM, 
the particles were remotely ground and poIished to a level below the kernel. This was not 
necessary for particle 5C-P2, which was polished approximately to the mid-kernel level. For 
other particles, diEficulties in monitoring remote polishing resulted in different layers 
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remaining. In the case of 5C-P1 and 5C-Pl5, a small portion of the kernel remained 
surrounded by the buffer layer, IPyC, and Sic layers. In the case of 5C-Pll, only the n"yc 
and Sic remained. 

4.72 scanniolg Flectron Microscopy Method 

The SEM uses a very sharply focused electron beam (EB) that is scann 
specimen, which can be a fuel particle itself, or a fuel particle that has been 
metallographically mounted and polished. In either case, the specimen is made conducting 
by depositing a thin layer of carbon, or another conducting material, on the spcximen to 
provide electrical continuity between the specimen and ground through the specimen stage. 

A cathode ray tube (CRT) is scanned in synchronism with the scanning EB. The 

ratio of the distance covered on the CRT to that eovered on the specimen is the 
magnification. The signal supplied to the CRT is determined by the analysis desired. An 
EB causes several effects upon interacting with a specimen surface. One effect is the 
release of electrons (secondary electrons) from the specimen, These electrons are of low 

energy, and their emission rate is very sensitive to the distance &om the surface at which 
they originate and thus to the surface topography. Secondary electrons are the most 

common signal [secondary electron imaging (SEI)] used for SEM. 
Some of the electrons that strike the specimen are back-scattered. The back- 

scattered electrons (BSE), which are scattered proportionally to the electron density in the 

specimen surface (Lea7 proportionally to the atomic number of 
scattering), can also be used as the signal for SEM imaging. Either SEI or BSE is capable 
of producing high-magnification images with high resolution and great depth of field. 

e elements doing the 

Excitation of the specimen atoms by the EB also results in characteristic X-ray 

radiation, Since the energy of the emitted X rays is characteristic of the atom that emits the 

photon, the X-ray signal can be used €or elemental analysis. A si 
energy X-ray photon can be used to produce a map (an X-ray map) of a particular element. 
This is the mode that primarily was used in the analysis of the fuel particles. 

Two analytical methods were used to examine the particles. The first was energy- 
dispersive spectroscopy (EDS) that employs a scintillation detector which produces an 

electrical pulse proportional to the energy of the X-ray photon that strikes the detector. 
This method was used to make a general determination of the elements present. A typical 
spectrum, from particle X - P l ,  is shown in Figure 4.82. The meth 
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Figure 4.82. 
ENERGY DISPERSIVE X-RAY SPECTRW FROM THE REGION OF THE KERNEL 

IN PARTICLE SC-P1. MAJOR PEAKS ARE LABELED 
WITH THE ELEMENT OF ORIGIN. 
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dispersive spectroscopy (WDS) was used to determine the d ~ t r i ~ u t i o n  of elements within the 
fuel particle. This method uses a focusing single crystal with the spacing between diffracting 
planes chosen so that only X rays of specific wavelength are diffracted and reach the 
detector, This method is not susceptible to saturation by background from radioactive 
samples (as i s  the EDS method) and generally gives a higher signal-to-noise ratio than does 

EDS. 
Since, in both cases, the EB is scanned over the surface of the speci 

method of analysis can produce an X-ray image or map. 

4.73 Scanning Electron Micrctscoav Results 

Primary emphasis was placed on the integrity of the Sic coating layer. Particular 
emphasis was placed upon examination of cracks in the SiG and of any surface features 
present. Attempts were made to determine the distribution of fission products, especially 

with respect to cracks or porosity in the Sic coatings, and to the morphology of cracks in the 

Sic. 
Most of the SEM photographs that follow were taken in a mode to optimize the X- 

ray signal (with a broad, high-intensity EB) resulting in lower resolution than can normally 
be obtained with an SEN. An EDS spectrum can show any element present at a particular 
position on the specimen in a short time. This method was, therefore, the first that was 

used for examination of a particle. Common Fksion products typically appear in the EDS 
spectrum as well as a large Si peak (from the Sic coating). In some cases, C1, a remnant of 
the chemical vapor deposition pro.ocess used to produce the Sic mating, was detected in the 

Sic, The elements Fe, Cr, Ni, and Cu sometimes appeared, probably the result of stainless 
steel and copper or brass either in the process line for manufacture of the particles or from 
the SEM itself. Careful attention was paid to elements such as Ag, Ba, Ce, Cs, I, La, Pd, Sr, 

and U. In many cases, only weak signals were obtain 

from the specimen and difficult to distinguish from noise, In Figure 4.82, the EBS from a 
section of the non-retentive fissile particle 5C-P1 i s  shown. This spectra was taken from an 
area including part of the SIC coating an part of the adjacent XQC layer. As expected, a 
strong Si peak is observed with fairly strong TJ and Ba peaks, weaker Nd and Pd peaks, and 
very weak S peaks. 

which were homogeneous in origin 

The elements Ba, Ge, Cs, and Pd often produ strong signals from which elemental 
distributions could be determined, qualitatively, from X-ray maps for the particular element 
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of interest. Only a few such X-ray maps will be included in this report because they show 
almost no contrast after reproduction, although contrast can be observed in the original 

negatives or positives. 
It must be remembered that, with the exception of the fertile particle, only a single 

plane through the particle was examined. A particle could have a large breach in the Sic 
that would not appear in the polished plane of the specimen. The cracks observed in the 
polished plane could have occurred during irradiation but could also have occurred during 
the metallographic mounting, grinding, and polishing operations. Since it is possible that 

such cracks could have started, during irradiation, from exhting microcracks or regions of 
Eissilon product interaction, they were examined in detail. 

4-73.1 P d d e  %Fertile 

The fertile particle was removed from the hot cell, following IMGA analysis, without 
metallographic mounting or polishing. Only the Sic and inner layers remained on the 

particle. Due to extensive cracking during irradiation, the BpvC and OPyC coatings came 
off during deconsolidatioa. For this particle, part of the Sic and IPyC coatings also chipped 
off, making the buffer layer visible, as shown in Figure 4.83. Tbe fracture surfaces were 
examined for fission fragments and impurity elements. As indicated in Table 4.31, only Fe 
and Cr were found on the Sic fracture surface: (inside and on the outer surface of the 
coating) in a nonuniform distribution when Fe and Cr K-spectra X-ray maps were made by 

W S .  

4.732 Particle 5C-P1 Ftssite 

Figure 4.84 is a low-magni6cation photomicrograph of the polished surface of the 
particle showing the kernel (at the center of the particle) and the surrounding layers out to 
and including the Sic. Large cracks in the IPyC and the delamination of the PyC, both 
visible in this figure, were examined carefully for segregation of fission products and 

impurities. No segregation at the crack tips or fracture surfaces was found. 

Fission products, however, were found outside the kernel, as shown by the EDS 
spectra discussed in Sect. 4.7.3 and by wavelength dispersive studies. From Ba X-ray maps, 
Ba was found in the buffer and IPyC but did not appear to penetrate the Sic. Segregation 
at the IPyC-Sic interface also was found. By contrast, Pd penetrated the S ic  layer about 
25% and appeared to concentrate in the S ic  in preference to the IpyC. This phenomenon 
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Figure 4.83. 

PARTICLE, AND THE BOTTOM IS A GLOSEUP 
OF THE D M G E D  AREA. 

FERTILE PARTICLE SC. THE ABOVE VIEW SHOWS 'THE E m  
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Table 431. 
ELEMENT DISTRBUTI[ON I?? THE PARTICLES 

- - 
5C - fertiie 

Sic - nq.C - buffer - 
kernel 

Nonuniform on Sic  
fracture surface 

Nonuniform on Sic 
fracture surface 

Uniform in buffer 

Sic - IPyC - buffer - kernel 

I In nryC and buffer does not 
penetrate Sic 

Penetrates - onefourth into 
Sic corncentrated in Sic  

Weak signal in I SiCandIPvC 

Uniform in buffer and IPyC Uniformly weak 
in Sic and 

Penetrates - one-half 
through Sic concentrated in 
Sic 

Nonunifom in I s i c  

I In IPyC - weak signal 

I 
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Figure 4-84. 
CROSS SECTION OF NONRETENTIVE PARTICLE 5GP1 FISSILE, 
THIS PARTICLE WAS DECONSOLDATED FROM COMPACT 542 

AND PROCESSED THROUGH BED-MICROSPHERE 
GAMUA ANALYZER. PARTlCLE P1 RELEASED - 

OF Cs DURING IRRADIATION. NO Sic CRACKS 
VISIBLE. LARGE AMOUNT OF KERNEL 

SWELLING (- 3X UNIRRADTATED 
VOLUrn). 
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is shown in Figure 4.85. Cesium was detected in the bufEer and IPyC but was uniformly 
distributed. Cerium behaved in a manner similar to Pd in that it penetrated the Sic, about 
halfway through. It also appeared to concentrate, to a small degree, in the Sic compared 
with the IPyC. Both Pd and Ce have been shown to react with Sic to form stable 

 silicide^?^'^^-^ The formation of silicides could be responsible for the concentration in the 

Sic. La was also detected in the IPyC, but no segregation was observed, and the signal was 

not strong enough to permit determination of the distribution. 
Shce particle 5C-P1 was a nonretentive fuel particle (for Cs), one would expect to 

see failures in the Sic mating. As Fip re  4.84 shows, there were large cracks in the buffer 
layer and in the IFyC coating, but no through-coating cracks in the Sic were observed in this 
cross section. However, some porosity is observed, and that at 12 and 2 o'clock may have 
k n  due to cracks that penetrated the coating at a higher or lower level. 

4.733 Particle 5GP2 Fssile 

This particle also was found, from IMGA studies, to be a particle that had not 

retained Cs. Therefore, one would expect to find though-wall cracks in the Sic coating. 
Such cracks, as well as several cracks in the IPyC and in the huger, were observed in optical 
metallographic studies of this particle (see Figure 4.86); therefore, this particle was studied 

in more detail by SEM studies. Figure 4.87 is a secondary electron SI% picture of the same 
cross section and shows that the several through-wall cracks in the Sic are ;lot exactly in the 

radial direction. The pairs of cracks at about 4 and 7 o'clock in Figure 4.87 were studied at 
higher magnifications, as shown in Figures 4.88 to 4.90. (The material outside the Sic 
coating and between the IPyC and Sic coatings in these pictures is plastic mounting 
material. 

Figure 4.90 shows one of the cracks in Figure 4.89 at 850x magnification. Several 
flaws in the Sic  are Seen in this picture, leading one to believe that the crack might run 
through some flaws and might start at such a flaw. However, there was no direct proof of 
this expectation. Also, the crack in Figure 4.90 appeared to start at the outer surface, but 
another possibility was that it ran above or below the plane of this cross section at the inner 
surface. In Figure 4.91, additional flaws in the Sic coating are shown, one of which appears 
to be the start of a crack. 

Attempts were made to find fLFsion products and any other foreign elements in the 
cracks in the SIC, but only spectra from Si were observed. Therefore, it is not probable that 
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Figure 4.85. 
PAZLADIUM X-RAY SCAN OF THE OUTER REGION OF N O W E N T I V E  

PARTICLE 5GP1 FISSILE SHOWING CONCENTRATION OF PD IN 
THE SIC LAYER. THE LIGHT SPECKS AT %HE BUFFER- 
IPYC INTERFACE COULD NOT BE ASSOCIAED WITH 

THE SEGREGATION OF A.NY ELEENT. 
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Figure 4.86, 

PWOTOMICROGWH OF A CROSS SECTION OF THE 
NONRETENTIVE FUEL PARTICLE 

5C-P2 FISSIL'E. 

the through-wall cracks in the SIC were due to corrosion @-om fwion products); the cracks 
appear to be brittle in nature (as would be expected for Sic) and mechanical in origin. 

X-ray maps for several elements in the kernel region were made for this particle with 
the following results: U, Ce, La, Nb, and Zn remained concentrated in the kernel, although 
some Ce, La, and Nb migrated into the buffer. Much more Cs migrated into (and, probably, 

through) the buffer. 

4.73.4 Particle 5GP11 F& 

This particle was identified as a retentive particle by IMGA analysis. Tfie particle 
was ground below the kernel and, in the process, the buffer was lost. Only the Sic and the 
PyC remained in the specimen after mounting and coating with carbon. Apparent grain 
boundaries were observed in the SIC; a significant effort was made to search for elemental 
segregation along the grain boundaries, but none was detected. 
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Figure 4.87. 

SCANNING ELECTRON MICROSCOPY (SECBNDAEXY ELE- 
IMAGE) OF NONRETENTIVE PARTICLE 5C-P2 

FISSILE, AT - 125X 

The SEM analysis detected a very large difference. in fission product concentrations 
between the two particles. As described in Sect. 4.7.3.2,5C-P1 showed distinct 
concentrations of fission products, especially Ba, Pd, and Ce (see Table 4.31). In contrast, 
all signals were very weak in particle 5C-Pll. No X-ray map of Ba could be obtained from 
5C-PI1, and only a weak signal of Pd could be obtained. Cs also was very weak and, like 
Pd, was uniformly distributed. Ce could not be positively identified in the specimen. Ag, 

however, was found nonunifomly distributed in the SiC; it 
the IPyC and in the inner third of the Sic layer. 

more highly mecentrated in 

4.735 Particle sGP15 Fissile 

This particle also was identified as a retentive particle by IMGA analysis. A 
photomicrograph of this particle at 12Sx magnification is shown in Figure 4.92. Although 
many scratches are seen in this picture, no cracks in the Sic or JPyC coatings are observed. 
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Figure 4.88. 
SCANNING ELECTRON MICROSCOPY (SECONDARY ELECTRON 

IMAGE) PICTURE OF NONRE'IENTWE PARTICLE 
5GP2 FISSILE SHOWING 7 O'CLOCK 

CRACK ( - 3OOX). 

There are large cracks in the buffer, and only a smaIl amount of kernel material is seen (this 
particle was polished to well below the midplane of the particle). 

Some nonhomogeneous heavyelement segregation at the IPyC/SiC intedace was 

obsemed for this particle. Figure 4.93 is a BSE image, at 1O0Ox magnification, indicating 
such heavy-element segregation. Figure 4.94 is a Pd La X-ray image of this same area which 
shows Pd segregation. To a lesser extent., Ce and U also were concentrated in this region, 
extending into the IPyC, with lesser penetration of the Sic. 

4B LEACH-BURN-IEACH MEASUREMRTS 

The determination of the fraction of failed coatings in the HRB-21 compacts is very 
important in assessing the irradiation performance of the particle fuel. The LBL method is 
used routineiy as a quality assurance test to determine the failed Sic layer fraction in 
unirradiated fuel particles. This method consists of Peaching the fuei compact with an acidic 
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Figure 4.89. 
SCANNING ELECTRON MICROSCOPY (SECONDARY ELECTRON 

IMAGE) P I C T W E  OF NONREXENllVE PARTICLE 

CRACK ( - 3OOX). 
5GP2 FISSILE SHOWING 4 O'CLOCK 

solution, oxidizing the compact, and leaching again. During the first leach step, the exposed 
fuel kernels and any HM contamination of the compact matrix material are extracted. The 

carbonaceous components of the compact matrix, as well as the OPyC on the particles, and 
the inner carbonaceous layers in particles having defective SIC are removed by oxidation in 
the "burn" step- The second leach removes the kernels in the particles which had defective 

Sic layers but had the PyC intact. 
The LBL test was completed on two compacts from €3-21 (5B and 7C) following 

the procedures specifically developed to allow the test to be conducted in the ORNI, hot 
cell at the EL!-"'4'24 Before the "burn" step, the compacts were leached twice for 12 to 
18 h with 100 mL of a boiling solution containing 14 M HNQ, and Q.03 M HI? acids (see 

Figure 4.95). The burn step was then conducted inside the temperature-controlled cavity of 
a muffle furnace (NEY6-16OA). This furnace was quipped with an exhaust fan which 
pulled air through the furnace at a rate sufficient to exchange the cavity atmosphere 2 to 
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Figure 4.90. 
HIGHER MAGNIFICATION (SSOX) SCANNING ELECXRON 

MICROSCOPY (SECONDARY ELECTRON IMAGE) 
PlcTmTRE OF THE 4 O'CLOCK CRACK 

IN 5GP2 FISSILE. 

4 times a minute. The furnace control TC was used to measure the cavity temperature. 
The nominal temperature was 750°C. The temperature gradient in the furnace was not 
measured, but the rated control is *lO"C. 

After the "burn" step, the particles from compacts were leached with 25 mL of the 
boiling acid solution. Because of restrictions in the hot cell, the solutions were only boiled 

for up to 8 h each day. Thus, the compacts were exposed to the leach solution at ambient 
temperature for considerably ionger than when being heated Table 4.32 gives the total 

times used for each processing step. 
The concentrations of the extracted elements were measured on diluted alliquots of 

each leach solution. Because of the presence of significant fission product activity, the 
concentration measurements were conducted at the ORNL Transuranic (TRU) Laboratory. 
The amount of uranium and thorium in the aliquots was first measured using a-spectroscopy. 
The uranium and thorium were then separated from the fission products by ion-exchange 
chromatography, and their concentrations were measured using an inductively coupled 
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Figure 4.91. 

SCANNING ELECTRON MICROSCOPY (SECONDARY 
ELECTRON IMAGE) PICTURE OF A REGION 

OF S i c  CONTAINING SEVERAL FLAWS. 
PARTICLE SC-P2 FISSILE, 800X 
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Figure 4.92. 

PHOTOMICROGRAPH OF RETENTIVE PARTICLE 
5C-Pl5 FlSSILE (-125X). 

plasma mass spectrometer (ICPMS). The ICPMS can detect quantities as low as 1 x 

Fission product concentrations were measured by y-ray spectroscopy. 
g. 

The number of equivalent failed fissile particles that was extracted was calculated 

from the amount of 235U, and Pu in each leach solution based on the particle inventory 
calculated by the ORNL CACA2 computer code. Similarly, the number of equivalent failed 
fertile partick extracted was calculated from the B% and the 273U. The number of failed 

particles based on this analysis is given in Table 4.33. 

The amounts of fissile and fertile kernel material in the leach solutions were 

dependent on the leach time. The equivalent number of failed particles is shown as a 

function of the total leaching time for the 5B compact in Figure 4.96 and for the 7C 
compact in Figure 4.97. The preburn results indicate that after irradiation significantly more 
of the 5B particles had completely failed coatings than did the 7C particles. Furthermore, 
there were more fissile particles with failed coatings than fertile particles with failed coatings, 
even though the ratio of fertile:fiisile particles was 3.7 in 5B and 2.3 in 7C. The "preburn" 
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Figure 4.93. 

SCATITERED ELECTRONS) IMAGE OF 
SiC/IPyC INTEWACE SHOWING 

SEGREGATION OF IEEAW 
ELEMENTS (lOOOX). 

PARTICLE 
5C-PI5. 

SCANNING ELECTRON MICROSCOPY (BACK- 
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Figure 4.94. 

IN FIGURE 4.93 OF PARTICLE 
LOCAL Pd L, X-RAY MAT! OF AREA SHOWN 

5C-P15 FISSILE (1WX). 
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Figure 4.95. 
HOT-CELL APPARATUS USED FOR LE!ACH*W%EACH TFBT 
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Table 432 
LEACH-BURN-LEACH PROCESSING TIME 

ICPMS data show that the irradiation caused the Sic and all other coatings to fail and 
expose the kernel in 0.7% of the 5B fertile particles, which is higher than the 0% Cs release 
measured by IMGA for the 5C fertile particles. The "preburn" 
the irradiation caused the Sic  and all other coatings to fail and expose the kernel in 7.2% of 

ICPMS data indicate 

the 5B fissile particles and 0.1% in 7C. lMGA analysis of 483 fissile particles from 5C 

showed 4.8% of the particles were low in cesium (see Table 4.11). 

The %urn" step removes carbonaceous material from the compact matrix and, if the 

Sic layer has a crack larger than about 100 nm (ref. 4-25), removes the n>yc and buffer 
layers. The burn step exposed more fertife kernels than fissile kernels in both compacts. A 
larger number of 7C fertile particle kernels were exposed by the burn step than SB fertile 
particle kernels. This suggests that the Sic  in a fraction of the 7C fertile particles had 

failed, but the IPyC was intact after irradiation. 
The multiple leach steps damaged the fissile particle Sic layer. Both Figures 4.96 

and 4.97 show that the amount of fmile kernel material which was extracted in each leach 
solution increased after prolonged exposure to the solution. This was not the case for the 
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Sample 

5Bt26-lD 
5BLX-Ul 
Burn 
------I- 

----------- 
5B/27-111 
5B/27-U1 
5B/27-311 
5B/27-4/3 

5B/27-6/3 

Failure 
fraction 

7C/26-1/1 
7Ci’.26-2/1 
BURN 
STEP 
7C/27-1/1 
7c/27-2/1 
7Cf27-311 
7C/276/1 

7CL27-411 

Fail= 
fraction 

5B/27-5/3 

TOTAL 

-I------- 

----I-- 

7C/27-511 

TOTAL 

Incremental fissile particles Incremental ferti 

0.027 0.019 0.012 0.019 0.02 

e particles 

1 by: 
cr -Particle 

2 M W P T %  
21.6 
3.7 

62.1 
23 
4.9 
3.6 
0.0 
6.4 

104.5 

I_------ 

----- --... ..-- 

0.026 

0.0 
1.7 ------ 

--I__--- 

15.1 
0.0 
0.0 
0.0 
0.0 
1.2 
18.1 

I 
I i 0.0045 

“ICPMS=Inductively coupled plasma m a s  spectrometer. 
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fertile particles. The prolonged exposure caused greater damage to the 5B fissile particles 
than to the 7C fissile particles. The reason for this is unknown and unexpected. Compact 
5B saw a higher fluence than did 7C, but the Sic is not expected to significantly degrade 
because of fluence (at these levels). 

4-9 COMPARISON OF PosilRRADIATION ExAMINATlON TECHNIQUES AND 
EsIlMATEs O F U N C E R T M  

Several PIE methods have been used to measure the coating failures in particles 
from HFU3-21 compacts. Hobbins"a6 has reviewed the PIE data and has reported the failure 
fractions as determined by each method in Table 434. For fissile particles at the higher 
bumup and fluence, there is good agreement among HMGA, LBL, and metallography as long 
as the leaching times are not excessive. The large fraction of exposed kernels is confirmed 
by the TRIGA results. Agreement is not as good for fertile particles; some of this 
discrepancy may be due to the fact that the Tho,! kernels retain cesium much better than 
the fissile kernels at the HRB-21 irradiation conditions. As the burnup and fluence drop, 
the agreement is not as good. This may be an indication of the sensitivity of the techniques, 
the suboptimal state of the techniques, or failures in data interpretation. 

At the present time, the absolute accuracy of the above techniques is unknown. 
Several conclusions may be drawn: (1) metalIography gives reasonable values if the number 
of particles examined is in the range of 100 or more and the failure fractions are at the 

percent level; (2) €MGA gives reasonable values for the UCO particles with a sensitivity that 

depends on the kernel release properties; (3) IMGA may not work well with Tho, kernels 
because of cesium holdup; (4) LBL, if not carried to extremes, appears to work for UCO 
but may be low for Tho,; and (5) TRIGA provides information on compact-to-compact 
variation. 

Presently, there is no sound basis for the quantification of the uncertainty of the 
methods; however, one can define some rough guidefines from PIE experience. 

Metallography has a likely absolute uncertainty of the order of lo** of the total number of 
particles examined. This limit is from the inability to completely examine a particle and the 

possibility of particle damage occurring during ceramsgraphic preparation. Thus, 
metallography is probably only useful for estimating failure fractions in low-quality fuel which 
has greater than 1% fuel failure. IMGA has a likely absolute uncertainty of the order of 
lo4 of the total number of particles when used with particles that have minimum cesium 
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53 3.5 22 2.2 0.078 

5c 3.5 22 2.2 0.046 1 
2A 2.3 18 1.2 0.00 

2B 2.3 18 1.2 0.00 

7c 1 2.3 I 18 1 1.2 I I 0.015 I 

0.00 

0.03 
I 

"FIMA = Fissions per initial metal atom. 
'IMGA = Irradiated-Microsphere Gamma Analyzer. 
"LBL 
dMet = Metallography. 
'Based on sum of particle failures measured by L13W in leach solutions before burn and first leach after burn. 
@ased an sum of particle faiiures measured by 

= Leach-burn-leach. LBL-5iased 811 sum of particle hilures measured by fn leach solutions before burn and first leach after bum. 

in leach solutions before burn. 
ased on sum of particle failures measured by 233U in leach solutions before burn. 



holdup. This limit is determined by the maximum number of particles that can be examined 
in a reasonable amount of time (roughly 104) and by the observation that a particle cesium 
loss of at least a few percent is necessary to c o n f m  a failure. Thus, IMGA is useful for 
estimating failure fractions down to the 0.01% level if large numbets of particles can be 

processed through the equipment without problems. For smaller numbers of particles, the 
uncertainty would be roughly equal to the inverse of the number of particles examined. 

The TRIGA testing was used to provide information on the fission-gas release so it 
cannot find a particle with intact pyrocarbons and damaged Sic. One would guess that the 
method would have an absolute uncertainty of the order of lo4 to lG5 of the total number 
of particles (for gas release), but this number is strongly influenced by the number of fissions 
that can be induced in the particles during testing and the release properties of the fuel. 
TRIGA is probably useful in conjunction with cesium release testing (see below). Finally, 
LBL probably has a best uncertainty near lo-' to 10" of the total number of particles. 
Limitations of the technique come from damage to particles during compact deconsolidation 
(if done), damage to particles during the LBL process, and the analysis of the leach solution 
under hot-cell conditions, There is also some question as to whether LBL can find all the 

defects that lead to substandard performance. 
LBL is probably the best candidate at present (that does not involve heating the 

particles) for examining high-quality fuel because it can handle the large number of particles 
required for analysis. IMGA can be used to locate the failed particles for further 
examination if the failure rate is not too small. Overall, the uncertainty bands for the PIE 
techniques are very broad, ill defined, and will require considerable examination and 
experimentation to obtain nuclear quality assurance (NQA-1) results. Cesium release testing 
by heating compacts or particles in a furnace and collecting the released cesium would help 
sort out the sensitivities of the methods because heating would best simulate the conditions 
under which release would take place in the reactor environment. 

For the work done in this report, the reported values have considerable uncertainty 
because many particles were lost during PlE, and the: examined sample is not truly 
representative of the compact particle population. Since the most friable particles were 
usually the ones lost, the failure estimate may be biased low. Nonetheless, the relative 
agreement among the different methods indicates that the reported values have an 
uncertainty within lt50%, at least for the high-exposure case. 
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The most serious problem with the PIE techniques is that there are no "good" and 
"bad" fuel samples that are well understood and which can be used for calibration and the 
development of p r d u r e s .  Thus, none of the PIE techniques have the fim grounding that 
the program desires. T h i s  was not a problem for the WRB-21 capsule because the massive 
number of failures easily showed up with the use of any of the techniques, but when the 
program produces the desired fuel, none of the techniques may be able to provide 
quantitative measurements. 
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FCTEL PERFORMANCE WALSTATION 

The fuel design used in f-IRB-21 and NPR-lIEM was different from other fuel tests 
in the United States because of two design changes. The first design change introduced the 
PFyC coating which was successful in achieving the desired low level of HM contamination 
and low fission-gas release from fuel compacts. Its merit was to reduce fuel damage during 
the compacting process. The achieved fission-gas release rate of c5 x IO4 Rfl3 85mKr was 
lower than prior U.S. capsules and similar to German irradiation tests. The second design 
change was an increase in IPyC thickness from 35 to 50 pm in an attempt to reduce 
detation of defective Sic fraction produced during coating. This was also successful in 
reducing the fraction of defective S i c  coatings d e t e c t 4  Detected defects were less than 
3 x 10” for both HM contamination and Sic defects. 

Unfortunately, the unknown price of this excellent preirradiation performance was 
early fuel failure. The performance of HRB-21 and those capsules with HEU fuel irradiated 
in the same time frame (NPR-I/lAn) was similar and distinguished from previous 
experience by a rapid increase in fuel coating failure and fission-gas release at a fast neutron 
exposure beginning at 0.7 x I d s  n/m2. This is far below the expected fast neutron fluence 
for such high levels of fuel failure. The release rate for HRB-21 increased during the 
remainder of irradiation until it reached about 2 x 10‘ R/B smKr at the peak fast neutron 

exposure of 3.5 x 1d5 n/m2. 
A review of the previous HTGR Program test capsules was conducted to determine 

if such behavior was ever Seen in the past. Coating failure in other capsules may have also 
occurred at low fast neutron fluence, but it may have been obscured by a high level of 
initially exposed fuel kernels. Such poor irradiation behavior had been observed in a prior 
experiment, SSL-1, where nearly 100% failure of OPyC early in irradiation was coupled with 
a high level of as-manufactured defective Sic coatings (6 to 10%) (refs. 5-1 through 5-3). In 
the case of capsule HRB-21, the PIE showed that failure of the PPyC and OPyC began at 
low fast neutron fluence and approached 100% at peak exposure, much like the SSL-1 
experience. However, fuel characterization work at GA has shown that the as-manufactured 
Sic coating defects were no more than 3.3 x 10‘ €ractiod4 even for compacted fuel. While 
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such an Sic defect fraction is higher than expected, it is not sufficient to explain the 

observed fission gas release in HFU3-21. Failure of Sic coatings during irradiation, in 
addition to the initial as-manufactured Sic defect fraction, must have taken place to produce 
the, high level of fission gas release observed. 

The failure of the PPyC/OpYC coatings in compacts was a strong function of fast 

neutron exposure. In fuel compacts with the lowest fast neutron exposure, there was 

significantly less Om failure than in fuef with maximum exposure. In compacts, the onset 

of PpycIOPyC failure was at a fast neutron 

the unbonded piggyback particles with exposures from 2.3 x Ids n/m2 to 3.0 x ld5 n/m2 did 

not exhibit cracks in the PPyC coating. Two possible explanations are likely. The first is 
that the cracking was dependent on temperature. The piggybacks operated at lower 

temperatures than the compacts. The second is that the particles in the compacts were 

apparently acted upon by the carbonaceous matrix in a way that promoted cracking of the 

PPYC, although no penetration of the PF'yC or indication of mechanical interaction was 

apparent in the ceramographic CKOSS sections of the irradiated fuel, The fuel manufacturer 
(GA) has reported that a large percentage, roughly 50%, of the PPyC was found to have 

minor cracks after the final fuel compact heat treatment, p ior  to any irradiation. However, 

none of the OPyC was observed to be damaged. Since the PayC was a sacrificial layer with 

the singular purpose of preventing particle crushing during compacting, the damage to the 

PQC was not considered relevant to fuel performance. 

sure of about 0.7 x 1025 dm2. However, 

The PPyC coating of HRB-21 particles did not have an OPyC seal mat; the fuel for 
HRB-21 had already been fabricated when a fuel design decision was made to add the outer 

seal coat to the PPyC. A seal coat was found to be necessary for free flow in the loading 

hoppers of the production fuel compact press, and fuel manufactured after the 

contained an OPyC seal coat. It was speculated that the PpYC of HRB-21 fuel might suffer 

a matrix coating interaction and a consequently higher failure rate (of the PPyC) than would 

occur with the presence of a seal coat. However, failure of tbe PPyC was not considered a 
significant risk to fuel performance because the PyC seal 

PPyC and 0q.C was expected to arrest cracks which might develop in the PPyC In 
addition, the Fuel DesiFn Data Manuals-' showed that failure of both the PFyC and OF'yC 
would have no significant impact on Sic failure fraction. Therefore, the decision was made 
to use the HRB-21 fuel as originally fabricated. 

at which existed between the 
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The irradiation test results reported here clearly show that the PyC seal coat between 
the PPyC and OPyC did not stop irradiation-induced crack in the PpvC from propagating 
into the OPyC (or vice versa). Nearly 100% failure was experienced by both coatings at 

high, fast neutron Buence exposure. However, results from an irradiation experiment with 
fuel containing an OPyC seal mat  on the PPyC showed that the PFyC/Oqtc performance 
was not improved relative to that reported for HRB-21 (ref. 5-6). Therefore, the fact that 
HRB-21 fuel had no outer seal coat had no significant impact on the observed fuel 
performance. 

The Sic mating failure fraction showed no strong correlation with burnup. The 
range of burnup was large, ranging from 0.5% FCMA for fertile particles to 22.5% FUZLZ. for 
fissile particles, but the Occurrence of Sic failure determined by cerarnography was similar at 
1 to 8% for the two particle types at the highest fluence. There appears to have been some 
dependence of S ic  failure on fast neutron exposure, Examples were found where the fast 
neutron fluence increased by a factor of 2.3 from the minimum to maximum exposure fuel 
samples while the S ic  failure fraction, determined by ceramography, increased by a factor of 
5 (compact IC, 0.7%; compact 4 4  5%). 

LBL results generally confm the above results. There was qualitative agreement 
between the different PIE methods, but their sensitivity differed. However, the percent- 
level failures of the highest fluence compacts are clearly and consistently visible. Table 5.1 
summarizes the particle failure (loss of retentive capability) results. 

Ceramographic examination of the fuel revealed several examples of minor fssion 
product attack of Sic, but cracking of the Sic or penetration of the Sic layer by the 
corrosion m n e  was not observed. Penetration of the Sic layer by palladium fission product 
was observed in SEM. Microprobe examination of cross sections of particles which were 

known to have released cesium, as determined by IMGA, showed that the penetration of 
palladium was uniform for 5 to 10 pm into the Sic  from the inner surface; however, no 
concentration of palladium in nodules or at grain boundaries of the S ic  was observed. The 
lack of significant corrosion of Sic by fission products was consistent with lack of correlation 
between Sic  failure and HM burnup. Thus, Sic corrosion is not a likely candidate for the 
percenty level of failures. 

Particle shape and the existence of lenticular Raws in the Sic known as "gold spots" 
did not contniute to the observed failure of Sic or OPyC. Poorly shaped particles 
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Table 5.1. 
ONS IN CAPS’ZTLE 1 

Fast 
fluence, compact 

I d 5  dmz 

5B 35 

5c 35 

= F ~ s ~ o ~  per initial metal atom. Based on calculated values.  easur^ sur^ values are a p p r Q ~ ~ a ~ ~ 1 ~  15% lower. See 
Table 3.7. 

bIMGA = Irradiated-microsphere gamma analyzer. 
’LBL = ~ach- urn-leac~. Based on sum af particle failures measured by 

’Met = M e ~ ~ ~ ~ ~ ~ ~ ~ ~ h y .  
‘3asec.1 on sum of particle failures measured by 2 3 3 ~  in leach solutions (1) before burn and (2) first leach after burn. 

in leach solutions (I) before burn and (2) first leach 
after burn. 



performed as well as nearly spherical particles. Cracks in the Sic were never seen to 
connect with or be associated with the gold spot discontinuity in the Sic. The source of 
stress causing Sic failure acted independently of these shape and flaw features. Apparently, 
the margin for failure due to pressure-vessel effects is very large in MHTGR particle design. 
However, features which degrade pressure-vessel performance should be removed to the 
degree possible, because they could be performance limiting when the non-pressurevessel 
source of failure in these particles is identified and eliminated. 

In general, the IPyC coating appeared to be firmly bonded to the Sic. However, in 
the vicinity of Sic cracks, IPyC debonding was often observed. The cracked IPyC tended to 
curl inward toward the buffer and away from the Sic. The fact that a crack in the Sic was 
usually associated with a crack in the IPyC suggests that the mechanism of failure involves 

both coatings. Since the TpyC crack was not observed to be aligned with the Sic crack and 
the rpyC was typically debonded from the S ic  in the vicinity of the crack, the conclusion was 
d r m  that cracks in one coating did not directly propagate into the other. While this layer 
interaction conclusion seems plausible, the data are not conclusive since only a 2-D view of 
the particle cross section was observed. However, stress calculations indicate that the 
debonding and cracking of the IPyC can lead to high local stresses in the nearby Sic, so 
direct crack propagation is not necessary for a failure mechanism. Thus, the present PIE 
evidence does buttress the IFyCBiC interaction argument. 

The buffer coating often cracked radially and underwent circumferential shrinkage 
which resulted in wide radial cracks. This behavior was a marked difference from buffer 
behavior in HEU UCO particles in the NPR-1, -2, and - lA irradiation experiments?" In the 
HE3-J UCO TRISO NPR test fuel particles, radial shrinkage resulted in tearing away from 
the IPyC coating and about 50% reduction in buffer thickness, but radial cracking of the 
buffer was rare. 

The Tho, kernels, which had relatively low burnup of HM, retained their spherical 
shape. Extremely small gas bubbles developed in the Tho, with highest burnup (- 2.2% 
FMA), but no evidence of significant kernel swelling was observed. 

Extrusion of the LEU UCO kernel was observed in particles where the buffer 
cracked. The kernel swelled into radial cracks in the buffer but, in no case, did the kernel 
penetrate the 1q.C coating which remained attached to the Sic. As long as the IPyC 
remained unfailed, no fission product attack of the Sic was observed even when the 
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extruded kernel came into near contact with the PyC. La the cases where the 
radial crack, minor Sic  attack by fission products was sometimes observed. These 
observations demonstrate that the PyC provides a retentive component in the tra 

fission products from the particle. 

In addition to kernel extrusion, several of the fissile particle kernels in the compact 

with the highest exposure exhibited kernel migration with the rejection on carbon on one 

side of the kernel. From the appearance of the kernels in the cerarnogaphic examination, it 

was concluded that kernel migration up the radial temperature gradient (the amoeba effect) 
in the compact had taken place. The rate of migration estimated from the thickness of the 
carbon layer deposited on the cool side of the kernel was consistent with that expected for 

UO, kernels under the HFU3-21 test conditions. It k possible that the UCO kernels of those 
particles exhibiting kernel migration were low in UC, content and equivalent to a pure UO, 

kernel, but since no kernel-by-kernel values of the C/O ratios are available, this area of 
investigation cannot be followed. Measurements of individual HEU UCO kernels have 

revealed the possibility of low UC, content, and a similar condition may have exkted in the 

manufacture of LEU UCO kernels?'7 Control of the U q  cantent from kernel to kernel, 

rather than mean kernel batch composition as was used for HRB-21 fuel, may be necessary 
to avoid the kernel migration phenomenon. 

During irradiation, both the compact matrix and PPyC? which were initially about 

50% dense, underwent irradiation-induced shrinkage. The extensive crack pattern in the 

matrix material, as revealed by ceramography during PIE, resulted from the shrinkage of the 
matrix at a rate greater than the particles which were in a nearly close-packed array. In 

prior fuel irradiation experiments with TRl[SQ fuel p r o d u d  with an OPyC but no BPyC) 
the shrinkage of the matrix resulted in crack development in the matrix. However, the 

strength of the compact was not affected as significantly as with the HRB-21 fuel compacts. 
The loss of strength in the irradiated HRB-21 compact may have been due to the massive 
pyrocarbon failure. 

There was no obvious deleterious coating matrix interaction islentzed in 
ceramography, but the fact that unbonded piggyback particles did not s ow cracked PPyC 
while the PPyC in compacts was cracked at the same fast neutron exposure indicates that 
the matrix may have contributed in some manner to PQC failure. This type of failure is 
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supported by the fact that the manufacturer has noted that roughly 50% of the PPyC 
cracked to some (minor) extent during compact final heat treatment Temperature may 
have played an important part, however, because the particles in compacts operated at a 
higher temperature than unbonded piggyback particles, and the higher temperature may 
have contributed to more rapid PPyC dimensional change and failure under irradiation. 

The HRB-21 fuel compacts did not show the degree of dimensional shrinkage 
expected at maximum fast neutron exposure. The expected shrinkage was based on prior 
experience with TRISO fuel produced without a PPyC. Compact dimensional shrinkage did 

take place in the HRB-21 cornpacts at low fast neutron exposure before development of 
matrix and coating cracks became significant. In fact, at the end of irradiation, the compacts 
at the ends of the capsule with the lowest fast neutron exposure exhibited greater shrinkage 
than predicted, but in compacts with the highest fast neutron exposure, the development of 
cracks in the matrix and PPyCIOPyC resulted in a net compact expansion of about 0.2% 
where 1.2% shrinkage was predicted. The massive pyrocarbon failure was the cause of the 
discrepancy. The OPyC coating was not bonded to the Sic, and it separated cleanly from 
the Sic when the OpYC was broken in several places. 

Failure of the PQC may have contriluted to the failure of the OPyC and loss of the 
compressive stress component it supplied to the Sic pressure vessel. The Sic  failure 
resulting from the loss of the OPyC compressive component was expected to be much 
smdier than the 1 to 8% failure observed in both fertile and fissile particles. Therefore, 
some additional contributor to Sic failure must have been active or the pressure-vessel 
model is not correctly predicting pressure effects. The irradiation-induced dimensional 
change of a relatively thick IPyC interacting with the Sic coating, as discussed above, was 

likely the primary contributor to failure of the S i c  in the absence of any major flaw in the 

Sic coatings (none found). The PPyC/OPyC coating failure appears to have been enhanced 
by some aspect of the compacting procless, matrix interaction, time at temperature, or all of 
these items, but its major role in the failure mechanism may have been simply to increase 
the likelihood of failure of the Sic layer by the IPyCBiC interaction which generated large 
local tensile stresses (according to stress models). 
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SECTION 6 

CONCLUSIONS 

The objectives of capsule HRB-21 (ref. 6-1) and the project success in achieving them 
are listed below in order of priority to the M"GR Program: 

1. Goal: Provide the first in-reactor test of US. fuel meeting hlHTGR fuel quality 
specifications, and provide a portion of the data necessary to validate the US. 
reference fuel performance models under normal operating conditions. 
Achkmmenk This goal was not achieved The fuel failed to perform as required 
and, in addition, major deficiencies in the structural design of the fuel and S ic  
defect detection methods were probably uncovered. Additional test capsules will 

be required to sort out the possible new fuel failure mechanisms and their 
solutions. 

2. Goal: Provide a portion of the samples needed for a series of conduction 
cooldown simulation tests designed to provide data in support of update, as 
necessary, and provide data in support of the validation of the U.S. reference fuel 
performance model under B E  conditions. 
Achhemme "his goal was abandoned after the poor fuel performance was 
apparent. 

3. Goak Provide in-reactor coating failure data for confirmation or revision of the 
defective particle performance modeIs. 
Acllkvemm t: This goal was met to a limited degree. The PIE information will be 
useful to fuel designers for product improvement. It is likely that a major review 
of fuel performance models will be necessary because they are too simplistic in 
nature, and a fuel redesign is necessary. A major deficiency is that coating 
interactions are not modeled. 

4. Eoal: Provide irradiated, unbonded fuel particles of MHTGR referencequality 
for (a> direct comparison to irradiated defective particles performance and 
(b) selected postirradiation investigations of their structure and performance. 
A6;hievement: Technically, this goal was met, but its major effect will be on fuel 
redesign rather than a licensing database. 
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5. Goal: Provide data on partition coefficients and sorptivity isotherms of Cs, Sr, I, 
and Ag on MHTGR core materials. 

&bievement: This goal was abandoned due to the need for resour 
determine the reasom for the poor fuel performance. This work may be resumed 

in the future if funds become available. 

Goal: Provide data on the irradiation performance of both PyC-soatd and 
PyC/SiC-coated particles containing boron carbide (B,C>. 
Acbievemenk This goal was abandoned due to the need for resources to 

determine the reasons for the poor fuel performance. However, another program 

may perform a portion of this task, The schedule is unknown at present. 

6. 

Performance at or above the required level of fission pr uct retention was expected 

because of the PPyC design modification which protected the particle from damage during 

compact fabrication. In an attempt to reduce the fraction of particles coated with defective 

Sic, the IPyG design had also been changed to provide for a S -pm-thick layer in place of 
the prior 35 pin thickness. There were also process improvements yielding more spherical 
particles through tabling and elutriation and more uniform coatings through use of a draft 

tube coater design. Confidence was high because of the success of the German program and 

the exdIent  preirradiation performance of the fuel and fuel compacts, 

During irradiation of the capsules, the fuel was exposed at  the design volume average 

temperature of 932°C with peak local temperatures approaching 1300" C. At the start of 
irradiation, the fission-gas release rate was less than 5 x lo4 R/B which was consistent 
with the low level of HM contamination achieved during fuel production. However, at a 

relatively low fast neutron exposure of a b u t  0.7 x lo2$ n/rn2, the Fission-gas release rate 

began to rise rapidly as a result of coating failure. The fission- as release rate increased 

with continued exposure until the end of irradiation where the ~ ~ ~ o n - g a s  release rate was 

a b u t  2 x lo4 R/B s s m ~  at a capsule maximum exposure of 3.5 x I@ n/m2 (capsule 

average exposure of 2.6 x Ids n/m2>. Under these conditions, the coating failure and 
fwion-gas release were higher than expected by at least two orders of magnitude. 

Cerarnography was one of the primary tools wed to charactesize the condition of the 
fuel particle coatings during PIE. From the appearance of coatings in cerarnographie 
observations, it was concluded that failure of the PPyG and SPyC was a function of the fast 
neutron fluence; the highest fluenee compacts had nearly 100% failure of the PPyC and 
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Ow. This damage shows some temperature dependence as the neighboring piggybacks, 
which received a similar fluence at a lower average temperature, had far less pyrmrbon 
damage. Also, a cross-sectional view of compact 2A showed greater coating damage in the 
higher temperature regions of the compact. Although matrix intrusion into the PPyC was 

not observed in this PIE work, interaction of the matrix and PPyC to enhance PPyC failure 
in compacts cannot be ruled out because some intrusion was observed in metallography of 
unirradiated compacts.6'2 

Irradiation-induced failure of the PPyC may have led to the failure of OPyC coatings. 
The OPyC coating was not strongly bonded to the SfC so that the failed OPyC readily 
separated from the Sic. The high failure fraction of OPyC at high exposure allowed fission 
gases to easily "ape into the capsule purge gas stream when the Sic layer failed. The 
massive PqrcIOPyC failure made Sic failures readily apparent by increased purge gas 
activity. However, the failure of the Om coating probably did not initiate failure of the 
S ic  coating; while the loss of the OPyC removed a mmpensating compressive stress 
component from the Sic, another mechanism appears to have driven the tensile failure of 
the Sic. As a result of the observations conducted during PIE, it was concluded that the 
coating failure and the fission-product release which took place during irradiation were 
probably not caused by fission-product attack of the Sic coating but were more likely the 
result of deleterious mechanical interaction of the Sic and IPyC coating layers of the 
TRISO particle. The PIE results did not indicate which coating failed first and contributed 
to failure in the other coating. This conclusion is based on the observation that cracked Sic 
was usually accompanied by cracked IPyC which was bonded to the S ic  except in the vicinity 
of the IPyC crack While the pyrocarbons were definitely flawed in some way, the failure of 
the Sic appears to be linked to some kind of coating interaction. 

During PIE of HRB-21, the coating failure fraction was determined by several means. 
One of the F i t  methods employed was the measurement of fission gases by use of TRIGA 
With this method, it is not possible to separately determine fwile and fertile failure fraction. 
However, an average failure fraction can be estimated by assuming similar contributions from 
the fertile and fmile particles. The capsule average coating failure fraction determined by 
W G A  fission-gas release was 3% capsule average and 6 to 8% in the compacts with peak 
exposure (assuming 1.6% TUB xsmKr per failed particle). 
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Failure fraction determined by eeramography has uncertainty resulting from the 
potential for damage during preparation, the limited number of particles that can be 
examined, and the limited volume of coating that can be examined for cracks or porosity. 
The fraction of cracked Sic coatings provides the best measure of fission product retention 
capability. The crack Sic coating fraction observed in ~ r a ~ o g r a p h y  of compacts IC, 2.4 

2B, and 4A ranged from none to 6% and was about the same for fissile and fertile particles 
(21% circumferentially cracked Sic at low fluence in fertile fuel of compact 1C was 
considered a mount preparation artifact). Fissile particle coating failure fraction can also be 

determined by IMGA examination and identification of particles deficient in cesium. Two 
compacts, SA and 5C, were characterized in this manner, and the results showed fissile 
particle failure fractions of 0% for 8A and 4.6% for SC, consistent with the ceramography 
results. Finally, LBL examination of compacts SI3 and 7C provided failure fraction 
measurements that were generally comparable with the other methods, fissile particle failure 
fractions of 1.5% for compact 7C and 7.8% for compact 5, and fertile particle failure 
fractions of 1.9% for compact 7C and 1.7% for compact SC., The overall trend was greater 
Sic failure fraction in the higher fluence compacts. 

On the basis of the three different techniques used for Sic  failure fractions 
measurements, it was concluded that the mating failure fractio was <I% for both fertile 
and fissile particles at the ends of the capsule where expasure was minimal, and it increased 
with exposure to a PIE technique average of about 6% for fissile particles and about 2.5% 

for fertile particles at the center of the capsule where 
In order to gain a complete understanding of frssion 

particle fuel, it may be necessary to consider release pathways more subtle than mechanical 
cracks. For example, connected porosity in the Sic, which may develop during irradiation, is 
di€ficult to detect but may be significant with regard to fission product release, Evidence for 
such Sic porosity and absence of mechanical cracks was obtained from the cerarnogaphy of 

particles identified by IMGA as deficient in cesium.. Whether 0r not the particles released 
fission gases was not determined. More complete characterization of Sic microstructure and 
correlation with fission product release would contribute signZicantly to unde 
fuel performance and point the way to improved materials and QC methods for detection of 

failed Sic. 
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6.1 USSONSLEARNED 

During the course of the HRB-21 capsule task, several problems and program 
bottlenecks were encountered. To aid future PIE programs, the following iist of lessons has 
been compiled and is recommended for review: 

1. Delays for procedure development and approval, personneI training, and 
equipment problems were encountered on several occasions. A well-planned and 
funded effort to define the required data for each procedure to be used and to 

develop and qualify equipment, procedures, and personnel, along with readiness 
reviews in advance of the start of the PlE, is necessary to provide highquality 
results on schedule. 

2. Delays in publication of key documents (test specifications, test plan) and limited 
resources for scheduling support reduced the effectiveness of these work 
management tools and led to occasional breakdowns in communications. 
Maintenance of working versions of these documents is necessary to manage the 
work effectively and to support a common understanding of status and scope 
among and within the organizations invohd. A process and the necessary 
resources to maintain official working versions during the conduct of the work 
need to be established. 

3. In some cases, interpretation of the PIE results was limited by differences in 
preirradiation and PIE methods. Where applicable, the preirradiation 
characterization and PIE should use the same procedures and, to the extent 
practical, be performed at the same location using the same equipment and 
personnel. This requirement should be called out in the PIE test specification and 
test pian and will require detailed development of applicable sections of the PIE 
plan and procedures sufficiently in advance to guide the preirradiation 
characterization. 

4. Variations in methods for recording PIE data sometimes caused difficulty in the 
documentation and distribution of PIE results in a timely and effective manner, 
Defmition of the format and content of data to be recorded and the structure for 
storage and retrieval in advance of the PIEi is desirable. Networked database 
software could be developed to standardize storage and retrieval of preirradiation 
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5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

and postirradiation data and to reduce the effort required for interim and final 

reporting of results. 
Personnel with PIE experience should be included on the irradiation capsule 

design team. 

Special fixtures, jigs, etc., used in the disassembly must be documented. 

The piggyback holes in the graphite fuel bodies were blind hales. For ease of 
disassembly, through holes would be better. 

The screw slots €or the fuel compact plugs in the ori 

They should be smaller. 
P r d u r e s  for loading the compacts into the graphite fuel bodies a 
bodies into the capsule should be adjusted to reduce the likelihood of 

misorientation in the capsule. 

The thermal design of capsules should include a larger allowance for the peak fuel 

temperature margin under pure helium conditions at the planned end-of- 

irradiation conditions or the most demanding part of the irradiation cycle, 
Simplification of the capsule geometry muld increase confidence in the thermal 

analysis, In particular, a single column of stac compacts in a single fuel body 

would be helpful. 

The initial TRIGA WB measurement should be perfom& at a temperaturc no 

greater than the end-of-irradiation value, with subsequent testing at a standard 

temperature if the end-of-irradiation temperature. is less than the standard value. 

A longer test would also reduce uncertainties. 
Equipment and procedure development work on unirradiated compacts does not 

necessarily apply to irradiated compacts when substantial failures in outer coatings 

are encountered. If in-pile €U€3 data indicate higher-than-expected release, 

contingency planning for adjustments to the deoomolidatio 

procedures to accommodate mating failures should be initiated. 
The burn-back procedure should be ex 

lower temperature to reduce the likeli 
method needs to be characterized better. 
The particle handling techniques should be adjusted SO that a true ran 
can be taken whenever possible, 

al design were not optimal. 

to determine if it can he run at a 
particle damage. Also, the CBE 
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16. 

17. 

18. 

19. 

20. 

21. 

Alternate methods for handling particles with the INGA system need to the 
examined. Damaged particles result in the most handling problems. Also, results 
with low-burnup Tho, particles may not be reliable because of high cesium 
retention. 
Significant information was not retained which could have improved the statistics 
and interpretation of the metallographic results. Improved guidance regarding 
information to be collected during metallographic examination would increase the 
value of the results. 
The use of video taping and computer storage of metallographic images should be 
further developed and refined for future PIE work. 
Metallographic results, in general, were considered to be significantly dependent 
on the individual performing the work. Further development of procedures and 
training should be considered with the objective of achieving a more standardized 
result. 
The SEM system should be investigated to see if methods can be established to 
handle higher activity specimens. 
More allowance for thermal margin and improved definition of data required 
should be considered in future specifications for capsule flux monitors. 
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APPENDIX A-1 

FUB VALUES MEASURED DURING HRB-21 IRRADIATION 
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Appendix A-1 

R/B VALUES MEASURED DURING HRB-21 IRRADIATED 

*Not analyzed. 
**Sample taken through the holdup tank. 
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(CONTINUED) 

*Not analyzed. 
""Sample taken through the hofdup tank. 



Appendix A-1 

HRB21-23C 

HR 821-24 

(CONTINUED) 

nd I nd nd nd nd 2.3Se-08 nd nd nd 

4.36r-08 5.tBe.08 3.8Ba.oB nd nd nd 4.37e-09 4.628-09 nd 

2.96e-08 2.66e-08 2.15848 2.1 Qe4Q 4.68e-09 nd 2 . 0 1 ~ 4 9  2.32099 nd 
I I I . 

I 

3.52e-06 5.05009 B.75e-m nd I nd 4.!j6e.08 nd 

HRB21-26 8.23e-08 5.558-08 4.04808 6.018.08 nd I nd 5.47e-09 3.81e-09 nd 

HRB21-25 8.88848 5.886.08 

HR 621 -258 6.31e-08 5.78e-08 3.7Be-08 5.73e-09 5.28e-09 4.7oa-08 5.56809 3.440-09 nd 

HRB21-25C nd nd nd nd nd 2.42848 0.00 nd nd 

I I I r I I i 

1 I I I I I I I I nd I HRB21-24B 5.548- 4.78s-m 3.40808 2.81009 4.25s-09 3.16e-08 4.49e-08 4.020-09 

HRB21-24C nd nd nd nd 0.00 2.25s-08 nd I nd I nd II 

I I I 1 I I I I I nd II II HRB2'-28B 
6.838-08 6.69e-08 I 3.84848 I 3.758.09 I 5.49e.09 1 4.57e-08 1 3.37e-09 3 . 6 7 ~ 4 9  

11 HRB21-26C I nd I nd I nd nd nd 3.39e-08 nd nd II 
u 4.19e-09 5.22659 nd HRB21-27 8.81e-08 6 928-08 5.11e-08 4 . 3 5 ~ 4 0  1.07e-08 nd 

*Not analyzed. 
""Sample taken through the holdup tank. 



Appendix A-1 

(CONTINUED) 

Sample *Kr I OKr "K r wKr '%e '*x0 '%e '%e '"Xe 
HRBZl 278 4.88e-08 6.389-09 6.86e-08 3.1Oe-08 4.68e-09 4.79e-09 nd 

HRB21 3lC 

*Not analyzed. 
**Sarnpie taken through the holdup tank. 



Appendix A-I 

(CONTINUED) 

I 
cvcb 2 

I I 

HRB21-33 nd nd 

HR 62 t-34 nd I nd 

HRB21-35 nd 1.87e.09 

I nd 3.20849 HR02l-36 

HR021-37 4.33em 3.8oe-09 .. 
~ 

HRB21-38 7 . 6 2 ~ 4 9  8.48e-08 9 '  I I 

I HR821-39 9.21e-08 8.760-09 c-r 
4 I I 

n ~ ~ z i - 4 0  1 4.46e46 I 3.176.06 

HRB21-408 4.47848 3.15e-08 

I nd nd HR 82 1-40 D 

HR021.40E nd nd 

1.28e-06 1 5.34098 I 7.83e-07 I 2.2ot-04 I 5.210-07 I 1.4Be-07 I nd 11 
t SBe-06 4.47648 B.lle-07 2.18844 5.8ts84 1.44e-07 nd 

nd nd 1 .mea 2.25e-04 nd nd Rd 

nd I nd I nd 2.25e-04 nd nd nd 

2.38e-08 HRBZI-41 1 .Doe46 8.06e97 4.3480~ e .35am 1.47e-08 1.40845 9.12a-07 4.39e48 , I 

U 

x @ 
8 *Not analyzed. 

**Sample taken through the holdup tank. ? 



Appendix A-1 

(CONTINUED) 

tiRBZ1-43 5.2Qe-07 4 . 7 8 ~ 4 7  3.28e-07 4.1 4e-08 2.55e-07 l.19e-06 1 B9e-07 4.31s-08 1 Ble-08 

HRBZ1-438 5.150-07 4.60e-07 3.16e-07 4.31848 3.08e-07 1.21e-08 1.91e-07 4.20e-08 1.84e-08 

~ 

H RB21-48 4.57e-07 3.93e-07 2.82e-07 4.380-08 1 .I 50-07 5.9oe-07 7.9oe-08 4.07e-08 1.45e-00 

HRB21-46% 4.58e-07 4.10e-07 2.74e-07 3.40e-08 1.10e-07 8.05e-07 7.2oe-08 3.98e-05 nd 

11 HRB21 52 I 1.47e-05 1 9.81e-06 I 4.57e06 1 3.62s-07 I 1.568-06 I 6.43e-04 1 1.27e-06 ! 5.88e-07 I 1.450-07 11 

"Not analyzed. 
""Sample taken through the holdup tank. 



Appendix A-1 

(CONTINUED) 

~ 

nd 

3.17847 

HRB21-WI 2.408-05 1.3fie-05 6.6813-06 nd 1.41e-05 8.Q50-04 nd nd 

HRBZl 55 t .041e05 7.738436 4.m-m 6.26097 1 B2e.05 1.62804 1.3OeQs 1 .08046 -- - __ ~ ~~ - ~~ 

HRBZl-55B I .03%& 7936.06 4.72046 7.2Be-07 l.BBe-05 1.88e-W 1.28e-05 1 .We08 2.7Be-07 

HR B2 1-55 1,41sM l.lSe-05 7.44s-08 1.30e-06 I B4e05 1.58~44 1.18e-05 2.4Qe-06 l.Ole-08 

1 HR821 568 1.47e.05 1.13845 6.9%-oB 8.0%47 1.690-oJ 1.69e-04 1.1 28-05 2.47e-08 1.01 8-08 
~ __ ~ __- - 

HRB21-57 1.05eQ5 Q.l!je-tl6 6.849-06 1.24e-08 1.42e-05 1.16e-04 1 .m0-05 2.J4s-06 1.04s-08 

HRB2137B 1.11045 9*33em 6.34046 8.186-07 t .%e45 1.16&M 1 . 0 6 4 5  2 57046 8.4!%47 
~ ~ 

HR821,58' 

HR321,59*' I .330.05 1.06e-05 5.870-06 nd 1 SgZe-05 1 .91~04  4.846-08 1.178-08 nd 

H RB2 tK59B 1.94045 1.03005 5.76848 nd 1.6SeQs 1 .81&J 4.77e-06 1.15e-06 nd 

I naf anstyzed becaure bottle contaminated 

HRB21-61" 6.36e-08 5.40e-06 3.12e-06 nd 8.99e-06 6.87e45 2.58e-08 7.530-07 Rd 

*Not analyzed. 
""Sample taken through the holdup tank. 



Appendix A-1 

(CONTINUED) 

H R 821-81 B 6.3Oe-06 5.219-06 3.08e-06 nd 9.03e-06 6.36045 2.58e-06 

H R 821-62" 1 B7e-05 ? .42e-05 7.589-06 nd 0.1SeW 4.3Be-04 3.24e46 

7.35e-07 I nd 

1.42e-06 nd 

HR B2i-83B 2.32045 l.Oie45 1 . 1 3 4 5  nd 2.1Oe45 3.61e-04 nd nd nd 

1.04eM 5.75e-06 nd 7.68e-04 2.56e-06 1.52e-06 nd 

1.63e-08 5.7oe-01 

2.1 Je-08 4.159-07 

*Not analyzed. 
**Sample taken through the holdup tank. 
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Appendix A-1 

(CONTINUED) 

~~~ 

I I I 

2.07e-04 1 B9e-04 1.43e-04 nd 1.24e-04 1 . 5 1 4 3  nd nd 11 HRB21-127A 

*Not analyzed. 
**Sample taken through the holdup tank. 



APPENDIX A-2 

CAPSULE CONDITIONS AT RE3 SAMPLING TIME 

A2-1 DOE-HTGR- IO0229 





Appendix A-2 

CAPSULE CONDITIONS AT R/B SAMPLING TIMES 

"HTGR: >29 EJ (0.18 MeV). 
**Sample taken through the holdup tank. 



(CONTINUED) 

*WTGR: >29 fJ (8.18 MeV). 
**Sample taken through the holdup tank. 



Appendix A-2 

(CONTINUED) 

Sample sample date 
1.0. 

HR821-21 8128l61 

H R 82 1 3  1 B I 6t28l91 

H R 82 1-2 1 C 1 1 2  

U 
0 

HRB21-25 

H R I32 1-258 

*HTGR: >29 El (0.18 MeV). 
**Sample taken through the holdup tank. 



Appendix A-2 

(CONTINUED) 

*HTGR: >29 €J (0.18 MeV). 
**Sample taken through the holdup tank. 



Appendix A-2 

(CONTINUED) 

I zone 4 

power I %He 1-11 sample elapsed full power 
time I days I days 1 (X) (ccfm in) I Sample 88mpk date 

1.0. 

H R 82 1-30D 7/8/94 13:23:27 17.798 17.798 100 1 58.8 100 089 0.55 

H R 82 1 3 1  7/1 OB1 a:24:00 19.59 19.59 100 82.2 100 891 0.61 

HR 821-31 B 7/10/91 a:w:oo 19.59 19.59 100 82.2 100 091 0.61 

H R 82 1-31 C 19.59 1 I 959  I 100 I 891 I 0.61 

HR821-32 711 019 I 16:14:00 f9.816 18.918 100 80.4 too 891 0.62 

HRB21-328 7/10/91 16:14:00 19.916 19.916 100 80.4 100 891 
J I I 

HRB21-33 20:59:03 35.114 20.526 10 77.2 100 1 231 

HRB21-34 7R5191 21 :18:18 35.127 20.526 30 74.4 100 280 0.64 ]I 
I I 8 I I I r I I 

I 330 H RE21 -35 7/25/91 21 :38:00 35.141 20.526 1 50 74.6 100 

*HTGR >29 fJ (0.18 MeV). 
**Sample taken through the holdup tank. 



Appendix A-2 

(CONTINUED) 

Sample 
I.D. 

HRB21-39 

H R 821-408 

HRB2t-40E 

7/26/91 11 :02:04 35.699 I 21.063 100 I 70.7 81.3 1 993 0.65 

7/26/91 9 1 :02:04 35.699 21.063 i 00 79.7 61.3 993 0.65 

H R 821-41 I 7/26/91 I 12:53:00 1 35.776 I 21.14 I 100 I 0.65 

*HTGR: >29 f.J (0.18 MeV). 
**Sample taken through the hokieap tank. 



Appendix A-2 

(CONTINUED) 

Sample 
ID. 

sample date sempk elapsed full power power exit flow 
time days days /% 1 (cclmin) %He 

HR821-46 7i3W91 11:57:06 39.730 25.101 100 76.2 100 932 0.78 

HRB21-46B 7/30/81 1 1 :57:06 38.738 25.101 100 76.2 100 932 0.78 

HR621-48A 
~ ~ - ~ ~ ~ ~~ ~~~~ ~- _____ -~ ~~ - 

H R 821-488 7TJlt91 12:31:57 40.762 26.125 100 77.5 100 931 0.81 

HRB21-49 8/2191 8:35:00 42.597 27.96 100 78.4 100 930 0.87 

*HTGR >29 fJ (0.18 MeV). 
**Sample taken through the holdup tank. 



Appendix A-2 

(CONTINUED) 

elapsed 
days 

____ 

45.997 

46.878 

46.878 

47.607 

47.607 

zone 4 

fluence. 
lull power power exit Tiow 

days (% 1 (cclmin) K H e  

31.36 100 72.5 66.4 1017 0.97 11 
I I I I I 

32.242 1 100 73 66 1017 
1 I I 

*HTGR: >29 fJ (0.18 MeV). 
**Sample taken through the holdup tank. 



Appendix A-2 

(CONTINUED) 

H R 821 -72'. 8128191 14:57:42 68.863 41.106 100 79.8 100 970 1.27 

H RB21-73 6~9Kl1 9: 19:OO 69.628 41.871 100 83.1 100 loo9 1.30 

*HTGR: >29 fJ (0.18 MeV). 
**Sample taken through the holdup tank. 
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Appendix A-2 

(CONTINUED) 

HRB21-98 1011191 8:03:49 102.576 64.67 100 71.5 100 1063 2.00 

HRB2 1-99 1 om9 1 8:31 :15 103.595 65.689 100 72.9 100 1069 2.03 

*HTGR: >29 fJ (0.18 MeV). 
**Sample taken through the holdup .tank. 



(CONTINUED) 

I 1 OB 268 HRB21-112 10/30/91 11:54:26 13! .777 83.067 90 71.8 

*HTGR: >29 f9 (0.18 
**Sample taken through the holdup tank. 



Appendix A-2 

(CONTINUED) 

*HTGR: >29 fJ (0.18 MeV). 
**Sample taken through the holdup tank. 
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APPENDIX A-3 

FISSION GAS CONCENTRATION IN SWEEP GAS 

A3-1 DOE-HTGR-100229 





Appendix A-3 

F%3SION GAS CONCENTRATION IN SWEEP GAS 

Sample I Concontratlon (uti per cm*) 

*Not anaiyzed. 
**Sample taken through the holdup tank. 







Appendix A-3 

(CONTINUED) 

0 
0 w w 
\o 

*Not analyzed. 
**Sample taken through the h o ~ ~ ~ ~  tank. 



Appendix A-3 

(CONTLNUED) 

HRB21-328 2.88644 1 . O B s 4 3  1.25643 1.10642 0,26e55 nd 4.62e-04 2.56643 nd 

HRB21-32C nd nd nd nd 3.57645 2.40e-05 nd nil nd 

I 

U 
0 
P z 
E! 

HR021 40D 

*Not analyzed. 
**Sample taken through the holdup tank. 



ti 
0 
P x 
4 

F 
0 
0 
N 
N a 

I.W. 

HRB21-40E 

Appendix A-3 

'%e I 1*xe 'U"Xe '%e "%e mKr "K r "Kr "Kr 

nd nd nd nd nd nd nd nd 1.290-01 

(CONTINUED) 

HRB21-41 

HRB21-418 

II concentration ( U C I  per cm'l 

9 .57~43  3.15942 2.83942 1 . 6 4 ~ 4 1  8.759-03 1.18e-01 3.46942 7.150-02 2.7Oe42 

9.79e-03 3.09842 2.76042 1.33e-01 2.82e-02 0.469-03 1.150-01 3.56e-02 nd 

*Not analyzed. 
**Sample taken through the holdup tank. 



Appendix A-3 

(CONTINUED) 

HRB21-48A 1 5.018-03 1.980-02 2.22a-02 1 1.14e-01 1.25093 1 3.67e-02 1 7.95a-02 1.36e-02 

H R B ~ I - ~ ~ B  5,170.03 1.88a.02 2.140-02 1.220-01 3.04043 1.32e-03 1.37e-02 3.73e.02 nd 

HRB2l-49 5.96e-03 2.15052 2.47052 3.61e-03 I.660-03 1 .ma2 4.398M 6 .85~42  1.4 1 e 5 1  

HRB2I-SO 5.63e-03 2.ooe-02 2.66a-02 1.1 48-01 3.35e.03 2.02e-03 1 SOe-02 6 . e 4 ~ 4 2  4.16e-02 

HRB21-51 6.52043 2.35042 2.68042 1 .Qte-01 4.00e-03 2.50e-03 1.850-02 4.84042 5.43042 

HR521-52 I .288-01 3.620-01 2.70e-01 3.17e-02 8 . 4 9 ~ 8 1  1.77e-01 3.0Te-OI 3.80e-01 8.32841 

HR821L628 1.32e-01 2.678-01 7.70e-01 3.45042 1.68e91 3.67e-01 nd 0.85e-01 

*Not analyzed. 
**Sample taken through the holdup tank. 



Appendix A-3 

(CONTINUED) 

*'Not analyzed. 
**Sample taken through the holdup tank. 



Appendix A-3 

(CONTINUED) 

? 

*Not analyzed. 
**Sample taken through the holdup tank. 



(CONTINUED) 

I cycle 4 I I I I 

*Not analyzed. 
**Sample taken through the holdup tank. 



Appendix A-3 

(CONTINUED) 

1- ~- 

HRB2l-99 8.15e-01 2.808+00 3.53et00 2.426+01 1.04e+00 7.37e-01 6.84etOO 1.47e*01 2.27et01 

HR821-100 7.79r-01 2.780+00 3.5oetOo 2.83etOl l.Ole+OO B.Ma-01 5.81e+00 1.56a+Ol 3.45stOl 

-1 
~~ 

2.02et01 

9.190-01 3.87et01 9.41e-01 1.55e+01 2.45etOl 

HRB21-101 a.11e41 2.@le+Mf 3.88et00 2.51e+01 9.0Ja-01 S.ZSa+OO 1.42a+01 8.76r-01 

*Not analyzed. 
**Sample taken through the holdup tank. 



Appendix A-3 

(CONTINUED) 

*Not analyzed. 
*"Sample taken through the holdup tank. 



Appendix A-3 

(CONTINUED) 

*Not analyzed. 
**Sample taken through the holdup tank. 





APPENDIX B 

IONIZATION CHAMBER SPIKE DATA 

13-1 DOE-HTGR-100229 





APPENDIX 3 

IONIZATION CHAMBER SPIKE DATA 

*Codes given at end of table. 

B-3 DOE-EffGR-100229 



APPENDIX B 

(CONTINUED) 

DAY & TIME 

*Codes given at end of table. 

DOE-HTGR- 100229 R-4 



APPENDIX B 

(CONTINUED) 

DAY 8 TIME 

67 815/91 15:32 I 31.25 21 .E 1.7 

68 8pEJ91 1533 31.251 18.8 I .7 2 

69 8/5/91 15.36 31253 10.9 3.2 2 

70 31.258 7.3 1.4 2 

71 m/91 1S:Sl 31.264 11.5 1.7 2 

72 8)5ml 16:09 31.276 4.8 1.3 2 

80 8A191 1659 31.31 1 6.7 2.8 2 

81 8/EJ91 17.03 31.314 6 1.9 2 

82 86191 17:07 31.316 5.3 2.1 2 

83 815191 17:09 31.318 17.3 1.9 2 

84 31.321 4.7 0.8 2 

90 m 1 1 8 C 5  31 356 7.3 1 .a 2 

*Codes given at end of table. 

B-5 DOE-HTGR- 100229 



APPENDIX €3 

(CONTINUED) 

1 121 I i W B 1  21111 I 31.486 I 3.6 I 2.4 I 2 I - _ _  

*Codes given at end of table. 

DOE-HTGR- 100229 B-6 



APPENDIX B 

123 I} 124 

(CONTINUED) 

8A191 21:19 31.494 152 3 2 

B I M 1  21:25 31.495 7.3 2 2 

*Codes given at end of table. 

B-7 DOE-HTGR-100229 



APPENDIX I3 

(CONTINUED) 

DAY i% TlME 

*Codes given at end of table. 

DOE-HTGR-100229 B-8 



APPENDIX B 

(CONTINUED) 

*Codes given at end of table. 

B-9 DOE-HTGR- 100229 



APPENDIX B 

(CONTINUED) 

DAY (L TIME 

n 241 I 8/6/91 ll:oQ I 32.068 I I 1.2 I 2 I 

"Codes given at end of table. 

DOE-HTGR-100229 B-10 



APPENDIX B 

(CONTINUED) 

DAY & TIME 

264 8/6191 18:25 32.371 40.9 1.2 2 

265 axxi1 18.37 32.379 51.5 1.7 2 

273 &E#l 1949 32 429 3.6 0.8 2 

274 sm/gl195* 32 632 3 1.7 2 

275 slslel 2023 32 452 3 13 2 

276 816191 2055 32.474 3.6 1.3 2 U 
"Codes given at end of table. 

B-11 DOE-HTGR-100229 



APPENDIX B 

(CONTINUED) 

COMMENTS 

816191 23:09 

*Codes given at end of table. 

DOE-HTGR-100229 B-12 



APPENDIX B 

(CONTINUED} 

312 WBl 7:s 32 935 3 1.2 2 

313 817191 8:01 32.937 3.6 1.7 2 

314 w m 1  8:02 32.938 3 1.8 2 

315 32.966 3.6 1.4 2 

316 8RDl 8:46 32.968 3 0.6 2 

31 7 817t991 8.47 32.969 3.6 0.7 2 

318 w191 931 32.979 3 1.3 2 

319 817191 9155 33.01 6 10.9 0.5 2 

328 8/81E)1 8:17 33.848 14.5 1.2 

329 818/91 1655 34.308 7.3 1.4 

330 BRlrpl 10:u 10.9 2.4 

2 
1 

2 
1 

2 1  

331 8/9/91 9 : s  35.005 3 0.1 

332 BlSrsl 1O:M 35.023 3 2.6 

333 8/9191 10:16 35.031 90.9 1.5 

~ 1 1 0 2 2  35.035 66.1 38 

819191 10.25 35.037 57.6 1.3 

819191 17-43 35.341 9.1 1.2 
T -  

337 819191 2130 35.499 14.5 1.2 2 

338 WlorB1449 35.801 20 0.9 2 

*Codes given at end of table. 

3-13 DOE-HTGR-100229 



APPENDIX B 

(CONTINUED) 

*Codes given at end of table. 

DOE-HTGR-100229 B-14 



APPENDIX B 

(CONTTNUED) 

EFPD 

41.155 

11.537 

41.603 

41.608 

41.891 

MOB1 15A7 

8130/91 15.22 

392 8CKb91 15:28 43.127 12.7 1 4  2 

393 &XltSi 19:17 43286 7.3 2.8 2 
~ 

364 mot91 2025 43.3% 7.3 1.2 2 

395 823115)lZ.M) 43 566 7.3 1.9 2 

396 8nlrS112aa 43.988 7.3 0.8 2 

397 -1191 14.16 44.077 7.3 1.2 2 

398 m1a1 1153 U 103 10 2 2 

399 Bnllol1506 u 112 12.7 1 8  2 

*Codes given at end of table. 

B-15 DOE-HTGR-100229 



APPENDIX B 

(CONTINUED) 

8/31/91 2252 

404 Q11iQ1 10116 44.91 27 3 1.2 2 

405 9/1/91 12'54 45.021 10 9 1.8 2 
- 

911191 20:27 

418 I 9/4/91 5 2 8  I 47.711 I 23.6 I 2.4 I 2 I 

423 s m 1  155 48.563 7.3 1.2 2 
1 I 

430 9 6 9 1  630 48.754 10.9 1.2 2 

"Codes given at end of table. 

DOE-HTGR-100229 €3-16 



APPENDIX B 

(CONTINUED) 

"Codes given at end of table. 

B-17 DOE-HTGR-100229 



APPENDIX B 

(CONTINUED) 

DAY U TIME 

465 snl91 3:40 50.641 10.9 1.4 

466 M.763 18.2 1.7 

2 1  

470 I 9/8/91 1:s I 51.55 t 9.1 I 1.2 2 
1 

471 9 m 1  337 51.634 10.9 i .a 

472 9JSFB1 14:16 52.078 9.1 1.2 2 

473 9/8/91 14:40 52.094 16.4 3.4 2 

474 9/8/91 18:32 52.255 18 2 1.2 2 

2 1  

2 
1 

491 Q/glsl 2234 53 4Q9 7.3 2.7 2 

492 53.511 7.3 0.8 2 

"Codes given at end of table. 

DQE-HTGR- 100229 B-I8 



APPENDIX B 

(CONTINUED) 

*pike DAY 8 nm HEIGHT FWHM 
No. (d&mmlyy hm) EFPD (PhOrnPS) {min) S' COMMENTS 

~ - 
493 9/iwol 1:lS 53.535 655  1.2 2 

494 53.546 49.1 3 2 

495 snomi 2143 53.596 

496 9110191 256 53.605 

7.3 1 2 

18.2 1 2 

497 SllQ/gi 4113 53.659 

4Q8 911Ol91 7:03 53.777 

498 w10/91 7m 53.70 

500 9116191 7:13 53.784 

501 9l10191 l3:25 54.042 

~ 502 54.07 

7.3 1.4 2 
I I I 

9.1 1 2 

102 1.5 2 

10.9 1.5 2 

16.4 3.8 2 

101.8 1.4 2 

*Codes given at end of table. 

B-19 DOE-HTGR- IO0229 



APPENDIX R 

(CONTINUED) 

0.8 2 

1.2 2 

1.2 I 2 I 

1 .z 2 

0.9 I 2 I 

*Codes given at end of table. 

DOE-HTGR- 100229 B-20 



APPENDIX B 

(CONTINUED) 

$56 9/16/91 20.98 50.322 9.1 2 2 

557 9/16/91 2333 60.451 70.9 1 .2 2 

*Codes given at end of table. 

B-21 DOE-HTGR- 100229 



APPENDIX B 

(CONTINUED) 

9130191 18:24 

1011191 6148 

"Codes given at end of table. 

DOE-HTGR- 100229 3-22 



APPENDIX B 

(CONTINUED) 

COMMENTS 

~ 

"Codes given at end of table. 

B-23 DOE-HTGR- 100229 



APPENDIX B 

(CONTINUED) 

652 

653 

655 

656 10/30/91 11:15 70 06 Power 

10130/91 1 1 : s  83.051 24.2 1.2 0 90 % Power 

10/30191 11:41 83.054 30.3 I .8 0 

10131191 14:42 

663 10131191 17:11 84.283 21.2 1.3 0 1' 664 10/31/91 17134 84.299 18.2 1.1 0 

II 665 I 1 m m 1  19.16 1 8437 I 21.2 1 0.8 I 0 1 

1lllEBl 7139 

*Codes given at end of table. 
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APPENDIX 13 

(CONTINUED) 

DAY a n u  

"Codes given at end of table. 
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APPENDIX 33 

(CONTINUED) 

712 11115I91 2:26 98.669 m.9 1 .'I 

71 3 11115191 230  98.671 54.5 1.3 

0 1  

72 1 11117I91 1 1 : s  101.051 23.6 

722 11117rO1 34:2Q 101.164 54.5 

723 11117/91 '15:Ql 101.193 27.3 

724 101.259 14.5 

1.2 

0.8 

1.2 

I .2 

1.2 

0.9 

0.8 

1.8 

0.9 

1.8 

1.2 

--A---- 

11117191 19:19 

730 11n7191 22:41 101.51 2 36.4 

731 101.627 5a.5 

- 

732 1111aml 4148 101.767 54.5 

733 102.178 54.5 

*Codes given at end of table. 
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APPENDIX B 

(CONTINUED) 

spike 1~ D A Y d n M E  1 I HEIGHT 
(dd/mm&y h:m) EFPD Ipicoarnpr) 

11/20/Bl 2:48 103.684 

i i ~ o m  6:oa 103.823 

711201%l 12:27 104.086 

11120191 1738 104.302 

11 120191 17% 104.302 

llROI91 17:41 1 04 ,304 

llR0191 17:43 104.305 

127.3 

90.9 

54.5 

54.5 

72.7 

127.3 

200 

145.5 

254.5 

111201'91 1751 104.31 1 72.7 

11 ROW 21 :01 104.442 72.7 

W H Y  
(min) 

0.9 

1 .6 

1.4 

1.4 

1 .z 

1.2 

1.2 

1.1 

0.8 

0.8 

COMMENTS + 
750 llf2oRl 22:49 104.518 72.7 1 .l 

751 111211131 2125 104.667 1927.3 2.7 

s codes: 0 100% He sweep gas 
1 Neon being added 
2 
3 Reactor shut down 

Constant sweep gas mixture of He and Ne 

B-27 DOE-HTGR-100229 





APPENDIX C 

TRIGA STEADY-STATE R/B RESULTS FOR HRB-21 COMPACTS 

c- 1 D OE-HTGR- 1 00229 





Appendix C 

"RIGA STEADY-STATE R./B RESULTS FOR HRB-21 COMPACTS" 
__r_. 

Compact 
No. 
5A 
58 
5c 
5c 
56  

HoMer 5 
Average 

6A 
6B 
6C 

6C" 
6C 

Holder 6 
Awerage 

7A 
70 
7 c  
7c  
7c  

Holder 7 
Average 

8A 
8B'" 
8C 
8C 
8C 

Holder 8 
Average = 

Temp.(T) 
1100 
1100 
1100 
900 
900 

1100 
1100 
1100 
900 
900 

1100 

1100 
1100 
1100 
900 
900 

1100 

1100 
1100 
1100 
900 
900 

1100 

Release Rate Birth Rate (WB) 
="Kr 87Kr %Kr BBKr '%e 

5.0E-4 5.1 E 4  5.1 E-4 5.3E-4 4.9E-4 
3.3E-4 
3.8E-4 
1.9E-4 
2.46-4 

4.1 E-4 

3.354 
2.1E-4 
2.0E-4 
1.5E-4 
1.8E-4 

2.5E-4 

7.2E-5 
7.755 
9.5E-5 
9.4E-5 
9.9E-5 

8.1 E-5 

1.8E-7 
2.9E-6 
1 .OE-6 
4.1E-7 
5.1E-7 

1.4E-6 

3.5E-4 
3.9E-4 
2.0E-4 
2.4E-4 

4.2E-4 

3.5E-4 
2.1 E 4  
2.2E-4 
1 SE-4 
1 .?E4 

2.6E-4 

8.2E-5 
9.1 E-5 
1.1E-4 

1 .OE-4 
9.7E-5 

9.4E-5 

1 SE-7 
2.8E-6 
1.1E-6 
4.3E-7 
4.9E-7 

1.4E-6 

3.5E-4 
3.7E-4 
1.8E-4 
2.4E-4 

4.1 E-4 

3.2E-4 
2.1E-4 
2.2E-4 
1.4E-4 
1.6E-4 

2.5E-4 

8.4E-5 
8.6E-5 
1.1E-4 

1 .OEQ 
8.8E-5 

9.3E-5 

6.6E-8 
2.8E-6 
1.1 E-6 
4.3E-7 
4.7E-7 

1.3E-6 

3.8E-4 
4.1 E-4 
2.4E-4 
2.8E-4 

4.4E4 

3.9E-4 
2.2E-4 
2.6E-4 
2.1 E 4  
2.3E-4 

2.9E-4 

9.8E-5 
1.1 E 4  
1.3E-4 
1.4E-4 
1.4E-4 

l.lE-4 

ndCq 
3.4E-6 
1.1E-6 
4.8E-7 
4.8E-7 

1 SE-6 

3.7E-4 
4.0E-4 
2.4E-4 
2.8E-4 

4.2E-4 

3.9E-4 
2.2E-4 
2.8E-4 
2.2E-4 
2.3E-4 

3.0E-4 

6.8E-5 
9.1 E-5 
1 -0E-4 
1.2E-4 
1.2E-4 

8.6E-5 

nm@) 
6.2E-7 
3.OE-7 
1.9E-7 
2.OE-7 

3.1 E-? 

"J. J. Samein,  "Addendum: Fission Gas Release Testing of Fuel Compacts from 
Irradiation capsule HRB-21," attachment to GNORNL 021-93, General Atomics, San Diego, July 
1993. 

bIrradiation time was less than 30 min due to 'an unplanned reactor scram. The fission 
gas birth terms were corrected to be consistent with the actual irradiation time. 

"Nd = Not detected. 
%m = Not measured. 
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Appendix D-1 

COMPILATION OF CERAMOGRAPBIC DATA ON HRB-21 COMPACT PARTICLES 

U 
c cr 

1 fertle I I C  1 seg 1 1 6ec3 1 MET6068 I I 1 I I It 

fertile 

fertile 

fertile 

fertile 

1 see: 1 MET6068 

MET6068 

reg I sec 3 MET6068 

rec3 MET6068 
t I 

seg 1 I sec3 I MET6068 

I I I Circumferential crack 90 deg 

X 

X 1 I 
X xc Circumferential crack 90 deg 

fertile 

fertile 

fertile 

fertife seg 1 

Circumferential crack 150 dag 

X = Damagelcrack XC = Circumferential crack 



Appendix D-l 

(CONTINUED) 

fertile 

fissile 

fertile 

fertile 

fertile 

fertile 

fertile 

fertile 

fertile 

fertile 

fertile 

fertile 

fertile 

fertile 

fertile 

fertile 

fertile 

ID1 1 ID2 Comments 

X = Darnage/crack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

I I 
1 t I I 

fertile I C  seg 1 s e c 3  MET6068 

I I I I I 
I I 1 I 

fertile I fC 1 seg 1 1 lsec3 I MET6088 

I * I 

fertile I C  1 seg 1 e e c 3  MET6088 

fertile 1 I C  1 seg 1 I s e c 3  1 MET6068 I X I I I I II 

fertile I 1C I WQ 1 1 acc 4 I MET6068 f X I X  I I I II 

fissile I 1C I seg 1 I s e c 4  I MET6068 I I I 

X = Damagekrack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

Comments 

fertile I C  seg 1 sec4 MET6068 X X 
I I I I I I 

fissile 1 -IC seg 9 sec 4 MET6968 X X 

fertile 1c seg 1 sec 4 MET6068 X x x 

fissile 1 I C  I sag 1 1 sec4 I MET6068 I X I I I 

fertile I 1C I 8011 1 I secd I MET6068 I X i x  I t 

fertile 1 I C  1 seg 1 1 eec4 I MET6068 1 X I 1 Circumkmntall crack 26 deg 

X = Damage/crack XC = Circumferential crack 



Appendix D-1 

U 
Ll 
w 

U 
0 
P 
0 
?d 

(CONTINUED) 

X = Damagehrack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

Comments 
Damage Damage 

X I 
6eC5 I MET6068 

aec5 1 MET6068 I 

X I 
I I 

xc I Circumferential crack 5 deg I/ ;!;; ~ MET6068 

MET6068 

MET6068 

sec 5 MET6068 

xc Circumferential crack 10 deg 

aec 5 I MET6068 

X = Darnage/crack XC = Circumferential crack 



Appendix D-1 

fertile 

fissile 

fissile 

fertile 

fertUe * 
fissile 1C 

krtlle 

fertile 

fissile 

fertile 

fert\le 

fertile + 

(CONTINUED) 

breaks to surface one 

reg 1 see5 MET6066 X I I I I 
~ _ _  ~ ~~ 

X = Damagehack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

11 fissile I 1 6  

seg 1 8ec 5 

MET6068 x xc 
MET6068 X 

MET6068 X 

M E76060 

M ET6068 X 

MET6068 1 1 I 
MET6068 1 I I 

MET6068 I I x c  I 

M ET6068 

MET6068 I X 

I 
I 

Circumferential cracks 1-220 dag 145  dag 

I 
Circumferential crack 150 deg goes to 
surface at both end8 

X = Darnagejcrack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

fertile 

fertile 

fertile 

- 
ID 3 

sec 6 

sec 6 

sec 6 

rec 6 

see 6 

sec 6 

sec 6 

aec 6 

sec 6 

- 

sec 6 

6ec 6 

sec 8 

Comment. 

~ 

Cireurnferentlal crack 20 deg 

Clrcumterenthl cracks 10 deg & 20 deg goes 
to inside 

X = Damageicrack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

fertiie 

fertile 

fertile + 

18 2 

seg 1 

seg 1 

seg 1 

seg 1 

seg 1 

reg 3 

seg 1 

seg 1 

seg 3 

seg f 

seg 'l 

seg 1 

seg ? 

seg 1 

seg 1 

reg 2 

ID 3 

sec 6 

sec 6 

8QC 6 

sec 6 

sec 6 

sec 6 

sec 6 

sec 6 

sec 6 

sec 6 

sec 8 

sec B 

sec 6 
~ 

see 6 

sec 2 

Comments 

X = Damage/crack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

X = Damagehack XC = Circumferential crack 



Appendix D-l 

(CQNTINUED) 

fertile 1c seg 2 
I I 

fissile seg 2 



Appendix D-1 

(CONTINUED) 

X = Damage/crack XC = Circumferential crack 



Appendix D-l 

(CONTINUED) 

Type I ID 1 I I D 2  I 103 

fissile 1C seg 2 BBC 3 
I I 

fissile j :g 1 seg 2 1 sec 3 

fertile seg 2 sec 3 

Clrcumferentlal cracks totaling 45 deg 

Circumferential crack 120 dea 

Circumferential crack 30 deg 



Appendix ~- D-1 

(CONTINUED) 

X = Damctgelcrack XC = Circumferential crack 



Appendix D-1 U 
0 
P 
x (CONTINUED) 

!? 

!2 

8 
s 
t3 

W 
i--L I 

)--L 
00 

X = Damagelcraclr XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

Comment6 

X = Damage/crack XC = Circumferential crack 



Appendix D-3 

(CONTINUED) 

X = Damage/crack XC = Circumferential crack 





Appendix 33-1 

(CONTINUED) 

fertile i 2A 

fertile 1 2A 

fertile 2A 

fertile 2A 

fertile 2A 

fissile 2A 

long MET61 11 

, MET6111 

MET61 i 1 

MET61 11 

X = Damagelcrack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

tl 
tL w 

tl 
0 

b 4 

Type 

fertile 

fetiie 

fertlle 

fettle 

fissile 

fissile 

fertile 

ll- 

- 
ID 1 

2A 

2A 

2A 

2A 

2A 

2A 
- 

2A 

2A 

2A 

2A 

2A 

fertlle 2A 

fertile 2A 

fertile 2A 

fissile 2A 

Comments 

X = Damagelcrack XC = Circumferential crack 





Appendix D-1 

(CONTINUED) 

fertile 2A 

X = Damagekrack XC = Circumferential crack 



U Appendix D-1 
0 

(CONTINUED) 
0 
F s 
8 
N u 

U 
w 

o\ 

X = Darnage/crack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

X = Damagekrack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

X = Damage/crack XC = Circumferential crack 





Appendix D-l 

(CONTINUED) 

X = Darnage/crack XC = Circumferential crack 





Appendix D-1 

(CONTINUED) 

TY Pe 

~ 

ID 2 ID 3 

rertiie 
~ 

bottom 

fertile 2A bottom 

fertile 2A bottom 
~ 

fissile bottom 

fertile bottom 2A 

2A 

2A 

- 
fissile 

fertile 

bottom 

bottom 

fertile 2A bottom MET61 13 X x 
MET6113 X X 

Failed buffer 

fertile 2A bottom 

fissile 2A bottom long MET6113 I X I X  

2A bottom long 

tong 

6&C 2 

sec 2 

sec 2 

2A 

28 

bottom 

seg 1 

seg 1 

seg 4 

fissile 

fedile 

fertile 28 

28 sec 2 fertile seg 1 

aeg 1 28 S8C 2 fertile 
~ ~~ ~~ 

X = Damage/crack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

Type ID1 ID 2 ID 3 tD 4 PPyC OPyC sic lPyC Comments 
Damage Damage Damage Damage 

fissile 28 reg 1 t e e 2  MET6067 X X 

fertlle 2 8  reg 1 see2 MET6067 X X 

k s i k  28 seg 1 see2 MET6007 X X 

fertile 28 seg 1 sec2 MET6Q67 X X 
I 

% 

fissile 28 teg 1 i e c 2  MET6867 X X 

ferUle 28 seg 1 see2 MET6067 X X 

lissik 28 reg 1 sec2 MET6067 X X 

fertile 26 seg 1 sec2 MET6067 X X 

fertile 2 6  seg 1 sac2 MET6067 X X 

I 

fertile 2 9  X X 

x X I I I fertile 26 seg 1 sec 2 MET6067 

X = Damagehack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

1 

fissile 2B sag 1 sec2 
I I 

X = Damage/crack XC = Circumferential crack 



Appendix D-1 

[CONTINUED) 

tis5He 2B rec2 MET6067 

fertile 2B MGZ MET6067 
I I I I 

Comment8 

x x 
I I x  I I 
I 

X xc I Chcumferentkl crack 20 dep photo 5 

X = Damagehack XC = Circumferential crack 





Appendix D-1 

(CONTINUED) 

X = Damagehrack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

Reaction/Corrosion In SIC near compact 

11 fertile I 2B aeg 2 
I I 

1 MET6067 

MET6067 

1::: 1 MET6067 

M ET6067 

X = Darnage/crack XC = Circumferential crack 



Appendix _ _  D-1 

(CONTINUED) 

Type 1 ID 1 I ID2 I ID3 

fertile 28  sag 2 sec 2 

fissile 28 .en 2 sec 2 

fertile 28 aeg 2 eec 2 

fertile 28 seg 2 sec2 

ID 4 

MET6067 

MET6067 

MET6067 

MET6067 

MET6067 

MET6067 

MET6067 

M ET6067 

M ET6067 

MET6067 

PPyC OPyC SIC tPyC Comments 
Darnage Damage Damage Damage 

X 

1 I 

X I 

X I I I I 
I I 

x 4 very small eraeklflaw neer 10 of 8iC photo 
3 

fertile 26 seg2 aec2 MET6067 X 

fisslle 2B seg 2 sec2 MET6067 X 

fissile 

fissile 

fertile 

fissile 28 seg 2 f sec3 MET6067 I I I I I 
X = Damagehrack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

ID1 I ID2 

fertile 

fertile 

fertile 

fissile 28 seg 2 

28 seg 2 

s e c 3  MET6067 

s e c 3  MET6067 fertlle 

fissile 

fertile 

fissile 

fertile 

fertile 1 MET6067 
MET6067 

X I 
fissile 

fissile 

fertile 

fertile X I I 1 fissile 

fertile 

X = Damage/crack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

U 
0 m 

1 Type 1 I 102 

fertile reg 2 

fertile reg 2 

fisslk 28 seg 2 
I 

fertile 28 seg 2 
4 I 

scc 3 f MET6067 ~~ 

uec3 f MET6067 

MET6067 

MET6067 

PPYC OPyC SiC lPyC Comments 
Damage Damage Damage Damage 

X I 1 

1 1 I 1 
X 

X I I I I 
I X = Darnagelcrack XC = Circumferential crack s 
k.3 
v, 



Appendix D-1 

(CONTINUED) 

Comments 

X = Damageicrack XC = Circu 



Appendix D-1 

(CONTINUED) 

U 
b 
F 

w 

I Type I ID1  f ID2  I IDS I ID4 

25 I 6eg2 I sec3 1 MET6067 
I I I 11 fertile J 28 seg 3 sec 1 MET6073 

I I t t 

fertile 25 seg3 sec I MET6073 

fertile 26 sag 3 sec 1 

fissile 28 seg 3 sec 1 MET6073 

fertie 28 iseg 3 sec I MET6073 

MET6073 

MET6073 

seg 3 MET6073 

fertlle 28 sag3 ~ e c  1 MET6073 

fertile 28 seg 3 eec 1 MET6073 

fertlk 28 eeg 3 sect MET6073 

fertlle 2B Beg 3 eec 1 MET6073 

fertile 25 eeg 3 sec 1 

X X I 
X X 

X I X  I 
X X I 
X X X Partile 1 photo 

X l x  I 

X = Darnagelcrack XC = Circumferential crack 



Appendix D-1 

{CONTINUED) - 
ID 2 

seg 3 

seg 3 

seg 3 

seg 3 

seg 3 

sea 3 

sag 3 

seg 1 

seg 1 

aeg 1 

seg Y 

seg 1 

seg 9 

seg 1 

seg 1 

ID 3 

sec 1 

sec 1 

sec 1 

sec 1 

see 1 

see 1 

sec 1 

sec 3 

sec 3 

sec 3 

8;ec 3 

8BC 3 

sec 3 

sec 3 

sec 3 

X = Darnage/crack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

MET6069 

see3 METWQ X X 

sec3 MET6068 X X 

see 3 

sec 3 

see 3 

sec 3 

8ec 3 

sec 3 

sec 3 

sec 3 

8eC 3 

sec 3 

aec3 MET6069 X , X  

sec3 MET6069 X X 

iPyC Comments 
Damage 

X 

I 
X I 
X 

X 

X 

X = Damagekrack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

X = Barnagelcrack XC = Circumferential crack 



Appendix D-1 

(CONTINUED) 

Type ID1 ID 2 ID 3 ID 4 PPYC OPyC sic IPyC Comments 
Damage Damage Damage Damage 

X = Damage/crack XC = Circumferential crack 



(CONTINUED) 

Comment8 

fertile 4A reg 1 rec4 MET6069 X X I 
fertile 4A reg 1 rec4 MET6069 x X X 

fissile 4A r e g  1 6 e c 4  MET6069 x X Deformed kernel 

fissile 4A reg 1 8 e c 4  MET6069 X X 

X = Darnage/crack XC = Circumferential crack 





Appendix B-1 

(CONTINUED) 

ID 1 PPyC OPyC s IC IPyC Comments 
Oamage Damage Oamage Damage 

X X X 

X X X 

ferlile 4A 

fertile 4A 

fertile 4A 

4A 
- 

fissile I x  I UCO shows plastic deformation photo 5 

4A fertile 

fertile 

fissile 

X I 4 cracks In SIC SIC separation photo 1 4A 

4A X plastic defomrtlon of kernel corrosion photo 
series 3 

4A fertile 

fissile 4A 

fertile 4A 

4A fertile 

fertile 
. 

fertile 4A Crearent shaped crack in SIC Inner surface 

fissile 4A 

fertile 4A X X X 
1 1 1 

X X 1 t fertile 4A 

X = ~ a ~ a g e / ~ r a c k  XC = Circumferential crack 





fertile I 4A I sea 1 

Appendix D-l 

(CONTINUED) 

aec 5 MET6069 X X 
I I I I 

see5 MET6069 X X 

sec5  MET6069 X X 

lPyC Comments 
Damage 

X 

I 
I 

X 1 X  

X I X  

l x  X Cresent shaped cracks starting et inner 
surface ohoto 2 

X = Darnageicrack XC = ~ i r c ~ ~ f e r ~ ~ ~ i ~ ~  crack 
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PARTICLES WITH Sic DAMAGE 
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Appendix D-2 

PARTICLES WTM Sic DAMAGE 

, I 1  1 ID2 1 ID3 1 I D 4  

seg 1 sac6 MET6068 

Comments IPyC 
Damage 

sic 
Damage 

X X I 
X One piece broke off and adhere to lPyC 

i 5  deg creeent shaped crack starting and 
ending at SiCllPyC interface 

1c sag 1 r e c 6  MET6068 
I I 1 

X 26 I reg 2 I sec 1 1 MET6067 

2 Sic cracks starting inside leading to center 

Small crescent shaped crack on 00 of Sic 

Partile 1 photo 

3 cracks Deformed kernel 

2B seg 2 sec 1 MET6067 

28 oeg 2 sec2 MET6067 

28 seg 3 oec 1 MET6073 

4A seg 1 see4 MET6069 

X 

X X I 

X 

X X 

X X A Y shape thru SIC & short circumferential 

Outer surface SiC radlai cracks photo 4 

4 cracks In SiC SiC separation photo 1 

4A seg 1 sec4 MET6069 

4A sag 1 sec5 MET6069 

4A sag 1 sec5 MET6069 

4A seg 1 rec 5 MET6069 

X X 

X X 

X X 

X X 

X X 

X X 

X 1: 1 seg 1 ~ 1:;; ~ MET6069 

seg 1 MET6069 

X X X Cresent shaped crack in SIC inner surface 
DhOtO 6 

X Cresent shaped cracks starting at inner 
surface photo 2 I x  X X 

X = Damage/crack XC = Circumferential crack 





. . ._ 
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PARTICLES WITH IPyC DAMAGE 
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Appendix D-3 

PARTICLES WITH IPyC DAMAGE 

PPyC 
I ’  Damago 

X 

Comments 

X X I t x  I top bng MET6111 

center bng MET6112 

center bng MET6112 

center bng MET6112 

center bng MET6112 

centar bnfi MET8112 

* I I 

X X Fa Iled b u f i r  

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X I I 
I JI X ’  

X 
I I II X X Fatled bufler 

X I 
I II X X fertile 

X 

X fertile 2A 

fertile 214 X I X I U 
X = Darnagehack XC = Circumferential crack 



Appendix D-3 

(CONTINUED) 



Appendix D-3 

(CONTINUED) 

U 
0 

x v 
d 

Type I ID 1 

fertik 4A 

fartile 4A 

fldk 4A 

fertile 4A 

Rsslle 4A 

fissile 4A 

fer% 4A 

fertile 4A 

fertile 4A 

fertiie 

fertile 

fertile 4A 

fetiile 4A * ferille 

Comments 

X = Damage/crack XC = Circumferential crack 





Appendix D-3 

(CONTINUED) 

Cresent shaped cracks starting at inner 

X = Damagelcrack XC = Circumferential crack 
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Appendix D-4 

HRB-21 PARTICLE FAILURE SUMMARY 

I Com pact 1 C 

Number of Failures 

Compact 2A 

D4-3 DOE-HTGR-100229 
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(CONTINUED) 

I1 Compact 2 8  II 
Number af Failures 

Compact 4A 

DOE-HTGR-100229 D4-4 
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