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Abstract 

This repor t descr ibes the developnnent and evaluation of fuel 
element mate r ia l s for the Pebble Bed Reactor which is a h igh- tempera ture , 
a l l - ce ramic , helium-cooled r eac to r . The basic fuel element consis ts 
of a uniform dispers ion of fuel in a 1-1/2 inch diameter graphite sphe re . 
Major emphasis was on ceramic coatings for the retention of fission 
products . Of a wide var ie ty of ma te r i a l s , it was found that "molecular ly 
deposited" ce ramics such as alumina, siliconized s i l icon-carbide, and 
pyrolytic carbon were excellent b a r r i e r s to fission product leakage. The 
miost advantageous location for ceramic coatings was found to be on the 
individual fuel par t ic les where the coating is subject to less forces and 
a l a rger th ickness- to-d iameter rat io can be used than if the coating were 
on the surface of the graphite sphere . Twenty full scale fuel elements 
were i r rad ia ted in a number of capsules to burnups ranging up to about 
6 a/o U235. In all specinnens containing a uniform dispers ion of fuel, 
the graphite spheres were found to retain their excellent s t ruc tura l 
proper t ies after i r radia t ion . In one i r radia t ion at 1400®F of a graphite 
sphere fueled with Al^Oj coated UO29 gaseous fission products were found 
to leak from this specimen at only 10"® of their ra te of production up to 
about 1.5 a /o U235 burnup. This repor t contains data on fuel par t ic le 
coatings of AI2O3, pyrolytic carbon, and meta l s ; surface coatings of 
siliconized silicon carbide, pyrolytic carbon, and metal carb ides ; 
proper t ies of and the effects of i r radia t ion on graphite spheres ; the use 
of natural graphite in prepar ing a high-density mat r ix mate r ia l ; graphite 
fueling by thorium nitrate infiltration; subsurface metal and metal carbide 
coatings for graphite; and an In-Pi le Loop program on the behavior of 
fission products in a recycle helium s t r e a m . 
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Summ,ary & Conclusions 

The original concept of a fuel element for the Pebble Bed Reactor 
was an uncoated sphere of graphite fueled with fissile and/or ferti le 
ma te r i a l . This concept was based on the use of an exceedingly cheap fuel 
element to offset the increased costs associated with the resulting higher 
activity levels in the p r imary coolant s t r eam. However, in view of the 
experimental progranas which would be requi red to proper ly a s se s s the 
increased p r imary loop costs ( i . e . shielding, maintenance, and hazards) , 
the use of ceramic coatings to re ta in fission products within the fuel 
element at high tempera ture was selected as the major undertaking of the 
PBR Fuel Element Development P r o g r a m under Contract AT(30-1)-Z378. 
Two methods of retaining fission products were extensively investigated. 
These were coatings on the fuel element surface, and coatings on individual 
fuel pa r t i c les . 

Surface Coated Fuel E lements . A total of ten PBR fuel element 
specimens with surface coatings were subjected to varying amounts of high 
level i r radiat ion in the Capsule I r radia t ion p rogram. Of this number, 
cracks or pinholes have been found in eight of the coatings. The exact 
causes of the failures a re not known precise ly , but evidenrce'indicates that 
changes in the graphite ma t r i x contributed to most of the fa i lures . 

It is unfortunate that the failure s ta t is t ics were so oppress ive because 
at least one of the surface coating mate r ia l s - siliconized silicon carbide -
was found to be an excellent b a r r i e r to fission product leakage, a proper ty 
heretofore thought to be solely in the realnn of metal l ic claddings. In 
neutron activation tes ts on Si-SiC coated specimens, l e ss than 2 .2 x 10 
of the contained Xe 133 was re leased during a four hour period at 20OO°F. 
In a low level Furnace Capsule Test , leakage factors ( i . e . ra te of re lease / , 
ra te of production) for gaseous fission products of the order of 10 to 10 
were found at t empera tu res of 200®F to 1900 ®F. In high level Sweep Cap­
sule t e s t s , leakage factors of the order of 10"9 were found during a one 
month i r radiat ion period pr ior to coating fai lure. Subsequent examination 
of this specimen indicated that the coating failure was caused by cracking 
in the unfueled graphite shell on this specimen. All specimens having an 
unfueled graphite shell surrounding the fueled graphite core were found to 
develop cracks in their unfueled shells during capsule i r radia t ion. This 
type of cracking was not detected in any of the specimens where the fuel 
was d ispersed throughout the graphite sphere . The m.ode of failure in 
shelled specimens suggested that failures were associated with changes in 
the the internal t empera ture gradients in the specimen and incipient flaws 
in the shel l . 
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Pre - i r r ad i a t i on examination of Si-SiC coated specimens showed that 
this type of coating is well bonded to the graphite matr ix but that coating 
fracture under im.pact load is very sensitive to the type of graphite . Several 
specimens were found to meet the 2.0 ft-lb. impact requirement and all 
specimens met the 500 lb. conapressive load requirement . An internal gas 
p r e s su re test at 300 psi , simulating fission gas p r e s s u r e buildup in a PBR 
fuel element, showed no damage to the coating on the tes t specimen. Self-
welding tes ts showed that Si-SiC coated specimens will have a surface t em­
pera ture lim.itation slightly in excess of 2000°F due to migrat ion of the 
free-phase silicon in the coating which would cause adjacent spheres to 
stick together. It was found necessa ry to incorporate an unfueled graphite 
shell between the Si-SiC coating and the fueled graphite sphere to prevent 
ser ious uranium contamination of the coating from a uranium silicon 
reaction. However, in view of the difficulties with graphite shells noted 
above, another reaction b a r r i e r , such as pyrolytic carbon coatings on the 
fuel particles,would be desi rable if an Si-SiC coating were to be used. 

Other types of metal carbide coatings, such as TiC, ZrC, and SiC 
which did not have an excess naetal phase, were found to be too porous to 
act as a fission product b a r r i e r . In some cases , poor bonding of the meta l 
carbide coating to the graphite sphere was noted. 

The pyrolytic carbon surface coating has shown some promise as a 
fission product b a r r i e r in severa l neutron activation t e s t s . Best resul ts 
were obtained with pyrolytic carbon deposited above 3000°F in a 9. 5 mil 
thickness . One such specimen re leased less than 9.3 x 10-''' of its Xe 133 
in a neutron activation tes t at 1900®F for three hour s . A measurab le fission 
product re lease rate was found from a specitnen having a thinner coating 
deposited at 3000"^. In this Furnace Capsule Tes t , fission product leakage 
factors were found to range from about 10-4 to 10-2 at t empera tu res of ISO^F 
to 1900°F. A corros ive attack was also noted in this specimen, believed to 
have been caused by mois ture in the sweep helium s t r eam. Impact and 
abrasion res i s tance were found to be naarginal for this type of coating with 
inter layer chipping being the typical mode of failure. This coating can be 
deposited directly on fueled graphite without any significant uraniumi con­
tamination of the coating. 

Future work with the Si-SiC or the pyrolytic carbon surface coatings 
would have to include a detailed understanding of the proper t ies of the under­
lying graphite body as they affect coating integTrily and a ra ther large quamtity 
of specimens would have to be fabricated and tested in order to instire sfatis-^ 
t ical sonlidence in this type of coating. 
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Alumina Coated UO2 P a r t i c l e s . Fifteen batches of UO2 par t ic les have 
been coated with AI2O2 by the vapor deposition p roces s . UO2 par t ic le s izes 
ranged from 100 to 400 microns and coating thicknesses ranged from 20 to 
150 mic rons . At the 1800"F deposition tempera ture used for most of the 
runs , the UO2 par t ic les •w êre uniformly coated with a dense impermeable 
layer of AI2O3. Grea te r than 99% of the par t ic les were found to be adequately 
coated as shown by a subsequent oxidation test in 1200"F a i r . Uraniunn con­
tamination on the coating can be kept below 10-6 Qf ^hg contained uranium 
by rinsing the par t ic les and the equipment after the first thin layer has been 
deposited. Successive layers can then be well bonded to each other. 

Spherically shaped UO2 par t ic les were used in most of the batches to 
avoid possibili ty of coating failure at sharp co rne r s . However, it was noted 
that i r regu la r fuel par t ic les could sti l l be uniformly coated and there may be 
an econoraic incentive to use other than spherical fuel pa r t i c l e s . Two 
batches were made with Th02-U02 par t ic les and no problem was encountered 
with the use of thoria . One batch was successfully coated containing a 
porous inner layer of AI2O2 deposited at J400°F which would be useful as a 
r e se rvo i r for fission product gases . However, some difficulty was en­
countered when this type of coating was applied to i r r egu la r ly shaped UO2 
par t ic les . 

Several graphite spheres were successfully fueled with AI2O3 coated 
U 0 2 J although some slight uranium contamination of the graphite mat r ix 
was found. Sources of contamination can a r i se from uranium on the par t ic le 
surfaces , frona par t ic les broken during the admixture p roces s , and possibly 
from contaminated process equipment. The operating t empera tu res of 
graphite bodies fueled with AI2O3 coated UO2 will be limited to less than 
2500°F in order to avoid reaction between AI2O3 and graphite . Short t ime 
processing t empera tu res of 2500°F will be sat isfactory but this mieans that 
the graphite body cannot be completely graphitized. Thermal expansion tes ts 
have shown that the AI2O3 coating thickness should exceed about 30% of the 
UO2 part ic le dianneter so that the slightly higher expansion coefficient of 
the UO2 will not rupture the coating at 2500°F. Fuel par t ic les occupy about 
1. 7 v /o of the graphite ma t r ix in the reference PBR fuel element and the use 
of coated fuel par t ic les increases this volume to about 10 v /o depending upon 
the rat io of coating thickness to fuel par t ic le d iameter . No loss in s trength 
has been found in both innpact and com,pression (testing of graphite spheres 
fueled with coated pa r t i c l e s . However, there is some evidence that thia 
par t ic le coatings (40 microns or less) can be damaged in these t e s t s . 
Massive coatings (~250 microns thick) were not found to be damaged. 
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Fiss ion product retention tes ts at low burnup levels have shown vapor 
deposited AI2O3 to be an excellent b a r r i e r to fission product r e l ea se . Typi­
cal neutron activation test resul t s show that only 10-6 of the contained Xe 133 
is re leased from a graphite sphere fueled with AI2O3 coated UO2 when the 
specimen is heated at 2000°F for four hours . In Furnace Capule Tes ts a 
s imilar specimen was found to have leakage factors for the long-lived 
fission product gases of 10"6 to 10"^ at 3O0°F which increased to 10"'* to 
10-5 at 1800°F. F r o m both of these t e s t s , it is concluded that the "leakage" 
was p r imar i ly due to uranium contamination in the specimen ra ther than 
diffusion through the AI2O3 coatings. 

The most significant test of this type specimen was a high level i r r a d i ­
ation in Sweep Capsule S P - 5 . The specimen operated at average conditions 
of 1.5 KW, 1350°F surface tempera ture and ISSO^F central t empera tu re , 
A burnup of 6 a /o U 235 was achieved in this experiment . Up to about 1. 5 
a /o , the leakage factors for ten isotopes ranging in half-life from 20. 8d 
I 131 to 1.7s Xe 141 were found to be in the range of 10-6 to 10-9. Between 
1. 5 a/o and 3 a/o the leakage factors for the longer-l ived isotopes began to 
increase indicating that measurab le diffusion may have s tar ted to occur 
through the AI2O3 as a resul t of radiation damage. At 6 a /o , the leakage 
factors ranged from 10"^ for Xe 133 to 10"® for the very short- l ived fission 
gases . Hot cell examination revealed that the increased fission product leak­
age was caused by cracks in about 10% of the part ic le coatings. The cracked 
part icle coatings were located predominantly in the outer half of the graphite 
sphere . The cause of these cracks has not been established. However, the 
thermal neutron flux depress ion towards the center of the specimen during 
capsule i r radiat ion suggested that cracks were caused by an i r radia t ion effect. 
One possibility is that fission gas p r e s s u r e buildup ruptured the coatings which 
had been weakened by a radiation-induced embrittlem.ent since it was est imated 
that the maximum pressure-induced s t r e s s in the AI2O3 was well below the 
rupture s t r e s s of about 30, 000 psi for unirradiated AI2O3. 

Fur the r work with AI2O3 coated UO2 should emphasize extending the 
low leakage factors obtained at the 1. 5 a /o level to at least 6 a/o burnup. The 
use of porous inner layers in the part ic le coating and porous UO2 par t ic les to 
nainimize rupture due to fission gas p r e s s u r e buildup should be explored. A 
fundamental study of aeut ron and fission fragment damage to the molecular ly 
deposited AI2O3 mater ia l should be made to determine whether other process 
conditions or the use of coating additives will minimize radiation-induced 
pOKOsity and embri t t lement . A bet ter understanding of factors which influence 
the reaction between AI2O3 and graphite should be obtained. These factors 
may include the type of filler and binder used in the graphite miatrix, the 
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final bakeout cycle, and the impuri ty levels in the mat r ix . An optimum 
part ic le size should be established since it appears that large par t i c les , 
of about 400 micron UO2 with a 200 micron AI2O3 coating, would be 
des i rable to minimize both physical danaage to the coating and fission prod­
uct leakage. 

Pyrolyt ic Carbon Coated UCp, P a r t i c l e s . The in teres t in this type of 
coated par t ic le s tems frona the absence of a tempera ture liiaiitation due to 
reaction between the par t ic le coating and the graphite mat r ix . Also, this 
type of coating does not effectively displace moderator a toms. Eight 
batches of coated par t ic les were prepared at deposition tempera tures 
ranging from 1900°F to 3600°F. Four of these batches were obtained from 
commercia l sources and had already been subjected to a 3600"F thernaal 
cycle test and an acid r inse before evaluation under the PBR P r o g r a m . 

Evaluation of as-fabricated batches showed that better than 99. 99% of 
the par t ic les were adequately coated. Uranium contamination by alpha 
assay was of the order of 10" of the contained uranium. Thermal cycle 
tes ts showed a definite tendency for the coatings to rupture when heated 
above their deposition t empera ture due to the higher expansion coefficient 
of the UC2. 

Evaluation of the as - rece ived conamerical batches showed uranium 
contaminations by alpha assay of the order of 10"°^ to 10" of the contained 
uranium. There was no metal lographic evidence of the thermal cycle t r e a t ­
ment having ruptured coatings in these batches. The higher uranium con­
tamination was due to ei ther uranium carbide dust included in the coating 
during the fabrication process or the redistr ibut ion of uraniuKi from a few 
poorly coated par t ic les during the initial acid r insing. 

Neutron activation tes ts on severa l of the as-fabr icated batches showed 
Xe 133 re lease fractions of less than 10" in severa l hours of heating at 
t empera tures at or below the coating fabrication t empera tu re , while grea te r 
Xe 133 re lease occurred above this tenaperature. Several of the batches 
were neutron activation tested after incorporation in graphite sphe res . In 
two cases , severe damage to the part ic le coatings was indicated by high 
Xe 133 re l ease . This damage was caused by either the use of i r regu la r ly 
shaped fuel par t ic les or an excessively vigorous mixing step pr ior to mold­
ing into the graphite sphere . The Xe 133 re lease fraction for three other 
fueled spheres ranged from 10"5 to lO-"* in severa l hours at t empera tures 
to 2500 "F . Metallographic examination of the fueled graphite bodies of 
these lat ter specimen types showed no evidence of damage to the par t ic le 
coatings. 
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Fur ther work on pyrolytic carbon coated UC2 should include minimiz­
ing uranium contamination in the coatings, the deternaination of the optimum 
coating deposition tenaperature based on strength, permeabi l i ty , and thermal 
cycle rupture , and the effects of radiation damage on coating pernaeability. 

In other naaterials developments, it was found that metal coated UO2 
par t ic les could not be used in a graphite mat r ix due to the severe meta l -
graphite reaction which was noted. A study of the preparat ion of graphite 
blanket eienaents loaded with Th02 by the thorium ni t rate infiltration 
process was conducted. It was found that graphite densi t ies below 1.45 g/cc 
and naore than 5 infiltration steps were required to achieve the des i red Th02 
loading. A variety of subsurface coating ma te r i a l s for graphite spheres 
were studied. It was found that the best resul t s would be obtained if a hot-
pressing technique were used so that the coating mate r ia l located beneath 
an unfueled graphite shell was in a molten phase during fabrication. High 
density spheres were made with natural graphite filler m a t e r i a l s . Densit ies 
of 2.0 g /cc were achieved but the spheres did not have adequate strength at 
the low binder contents needed to achieve the high density. 

In-Pi le Loop Operating difficulties and fund linaitations prevented 
the full utilization of the in-pile loop in a study of the behavior of fission 
products in a recycled helium stream.. I r radiat ion of a graphite sphere fueled 
with A1203/UO2 showed excellent fission product retention as had been 
previously indicated by capsule i r rad ia t ions . I r radiat ion of a graphite 
sphere fueled with uncoated UO2 shot showed fission product leakage factors 
of 10-3 to 10-4. _A large portion of the resulting system activity was due 
to short- l ived fission products . This was shown by the sharp drop in system, 
activity when helium circulation was stopped and a decrease in deposited 
activity with increasing flow distance from, the fuel element. A negligible 
gas phase radioactivity was noted when the discharge of helium from the 
system had no effect on the rate of decay of system activity. Numerous 
coupons and systemi components frona this loop were provided to ORNL for 
fission product deposition and decontamination s tudies . 

Reference Fuel Element . The basic design of the PBR Fuel Element 
which was evolved frona this work consists of a naolded graphite sphere 
containing a dispers ion of coated fuel pa r t i c les . No significant de te r io ra ­
tion of the s t ruc tura l proper t ies of the graphite ma t r ix was found after i r ­
radiation to about 6000 KWH which is the present design objective of the 
125 eMW Pebble Bed Reactor . A number of high tempera ture ceramic 
coatingshave been found which can offer essential ly complete retention of 
fission products . However, if radiation induced pernaeability in these 
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coatings cannot be avoided, it appears that the coatings could still afford 
sufficient delay time for the short- l ived volatile fission products , which are 
p r ecu r so r s of the troublesome non-volatile fission products-, to decay before 
escaping frona the fuel element. 

The final choice of fuel par t ic le coating cannot be made as yet. P y r o ­
lytic carbon coated UC2 par t ic les are favored because they offer an all 
carbon system with tenaperature l imits above SOOOT. However, there is 
no information on radiation damage effects on this naaterial. AI2O3 coated 
UO2 has shown good fission product retention up to at least 1. 5 a /o burnup. 
If future work shows that metal oxide coatings such as AI2O3 can be developed 
to maintain coating integrity to higher burnups, it will be possible to utilize 
these coatings in Pebble Bed Reactors by linaiting top fuel t empera tures to 
about 2500°F, 

Some naethod will be needed to prevent damage or loss of coated fuel 
par t ic les at the surface of the fuel elenaent, such as a pyrolytic carbon or 
siliconized silicon carbide surface coating. Since oxidation protection may 
be required on PBR fuel e lements , the surface coating could serve a dual 
function. Two types of possible attack are of concern: the mass t ransfer 
of carbon by reaction with t race impuri t ies of CO2 or H2O in the heliuna 
coolant and the sudden oxidation by the admission of a i r in the event of a 
rupture in the pr imayy loop. Si-SiC coatings can prevent these types of 
attack, however the effects of pinholes and cracks in the coatings should be 
assessed . AI2O3 coated UO2 could not be used in this type of fuel element 
because relat ively high fabrication tempera tures a re needed to apply the 
Si-SiC coating. The res is tance of pyrolytic carbon, known to be less 
reactive than graphite, to this type of attack should be determined. 

All of the mater ia ls studied in the present prograna have been naade 
only in laboratory quantities at high unit costs . Manufacturing cost studies 
were not included in the scope of the present prograna. However, now that 
a basic design has evolved, sufficient work should be done to periaiit r ea l ­
ist ic fuel element cost es t imates to be made. 
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1,0 Introduction 

This Final Report covers a two-year p rogram which had as its basic 
objective the development and/or evaluation of fuel elements which would 
be suitable for the economic operation of a large-scale Pebble Bed Reactor . 
The charac ter i s t ics of a reference design fuel element have been based on 
design studies of a 125 eMW Pebble Bed Reactor Steam Power Plant (1,2). 
This reactor is a high-temperature, a l l - ce ramic , helium-cooled reac tor , 
consisting of a randomly packed stat ic bed of fueled graphite spheres . Its 
fuel elenaent charac te r i s t ics are summarized below. 

1. The fuel element is a 1-1/2 inch diameter sphere of fueled 
graphite. 

2. Fuel loading is 4. 75 gms of uranium in the form of either the 
oxide or the carbide. 

3. The maximuna power density is 3 KW per sphere . Maximum. 
surface and center tempera tures a re 1800°F and 2100°F 
respect ively. The design burnup is 5500 KWH per sphere 
which is equivalent to a 6 a/o of total uranium or 48, 000 MWD/ 
met r i c ton of uranium. 

4. Fiss ion product retention should be such that the external fission 
product radioactivity level is <I0"'"' of the activity which would 
resul t from the complete re lease of all isotope chains containing 
volatile fission products . 

5. The spheres shall withstand a 2. 0 ft-lb. inapact load and a 500 lb. 
compressive load. 

6. Other pertinent features a re that adjacent fuel elements should 
not self weld, fuel element coatings should withstand internal p r e s su re 
buildup of gaseous fission products and fuel element surfaces 
should not dust, abrade or erode. 

The PBR Fuel Elenaent Development P r o g r a m was arranged to eval­
uate these various cha rac te r i s t i c s . F igure 1-1 is a schematic outline of 
the evaluation program. In general , fuel element specimens were subjected 
to p re - i r rad ia t ion testing, followed by i r radiat ion tes ts to measure fission 
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product retention charac te r i s t ics and/or the effects of i r radiat ion on 
physical p roper t i es . An in-pile loop was operated to simulate problems 
in the prinaary loop of a Pebble Bed Reactor . The test apparatus used 
in this prograna has been described in ref. (4). All phases of the evalua­
tion program up to and including the capsule i r radia t ions were conducted 
at the BattfeUe Memorial Insti tute. The in-pile p rogram was conducted by 
the Nuclear Science and Engineering Corp. 

During the course of the PBR Fuel Elenaent Development Prograna, 
numerous Quar ter ly Repor ts , Phase Reports and Topical Reports have 
been issued. All of these repor ts have been included in the "Lis t of 
References" appearing at the end of this repor t . This Final Report has 
been prepared as a sunanaary of the entire PBR Fuel Element Developnaent 
P r o g r a m . 
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2.0 Fuel Element Mater ia ls 

The ear l ies t fuel element concept for the Pebble Bed Reactor was 
a simple uncoated graphite sphere fueled with uran ium. This concept 
was based on the des i re to produce an exceedingly cheap fuel element 
where precis ion of manufacture was not cr i t ica l and where large quantities 
could be produced by economical mass production methods . The use of the 
spherical fuel element would also mean that a Pebble Bed Reactor could 
be refueled on a semi-continuous bas is using relat ively simple handling 
techniques. 

Graphite was selected as the fuel element s t ruc tura l naaterial because 
of i ts low cost and i ts excellent high tempera ture strength p rope r t i e s . 
Three methods of fueling the graphite were considered——infiltration, 
admixture, and lumping. The infiltration and admixture methods resul t 
in a uniform dispersion of the fuel throughout the graphite in contras t to 
the lumping method where the fuel i s concentrated in a portion of the 
graphi te . In the infiltration procedure , a preformed and graphitized sphere 
is infiltrated with a uranyl ni t ra te solution^ dried and denitrated by heating 
so th^t UO2 par t ic les a r e deposited in the pores of the graphite body. The 
p r i m a r y advantage of this type l ies in i ts potential economiy of manufacture, 
par t icular ly if hot refabrication is considered. However, due to the small 
fuel par t ic le s ize , approximately 1 micron, nearly all of the fission fragments 
will recoi l into the graphite mat r ix , thus naaximi2:ing radiation effects in the 
graphi te . In the admixture type fuel element, preformed fuel par t ic les 
of a l a rge r selected size a re admixed with graphite flour and a binder, 
molded into a spherical shape, and baked. If a bake tempera ture below 
2500°F is chosen, the mat r ix will be only par t ia l ly graphitized but 
the integrity of uranium oxide fuel par t ic les would be p r e s e r v e d . If a 
bake tempera ture over 4000®F is chosen, the final form of the fuel par t ic les 
will be uranium carbide and a high degree of graphitization of the mat r ix 
will be achieved. The p r imary advantage of the admixture type l ies in the 
trapping of most of the recoil fission fragments within the fuel par t ic les thus 
minimizing damage to the graphite and enhancing fission product retention. 
In the third method of manufacture, a pellet of fissile mater ia l is incorporated 
in the center of a unfueled shell of graphite, ei ther by a molding technique or 
by placing the pellet in a dril led hole and sealing with a graphite plug. The 
advantage of this type is that the graphite shell , which is subjected to essential ly 
no fission fragment damages takes all of the fuel element loads i r respec t ive of 
daraiage to the fuel pellet and maximuna use is made of the graphite in retaining 
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fission products . This t3rpe is somewhat l imited in power density due to 
the high tempera ture gradients through the relat ively thick graphite shel l . 
A modification to these three basic types is the use of ei ther an admixed 
or infil trated core surrounded by an unfueled graphite shel l . The diameter 
of the core piece can be selected to lower the tempera ture gradient through 
the graphite shell while sti l l providing a fuel free surface . 

The initial concern with uranium graphite fuel elements was whether 
they would have sufficient strength, not only after i r radiat ion, but in 
the as- fabr ica ted condition as wel l . Concern over this la t ter point s temmed 
from, the classification of graphite as a c e r amic , and the supposition, 
therefore , that it would be too br i t t le or fragile for our pu rposes . The well 
known tes t of bouncing a graphite sphere off of any convenient surface readily 
i l lus t ra ted that graphite was indeed a rugged mate r ia l of construct ion. 

In order to study the proper t ies of fueled graphite spheres after 
i r radia t ion, an evaluation p rogram was s tar ted at the Battelle Memorial 
Institute under a previous contract , AT(30-l ) -2207. This work was 
initially concerned with the evaluation of uncoated specimens of the types 
discussed above, P r e - i r r a d i a t i o n and post i r radia t ion physical proper ty 
tes ts were conducted and fission product re lease charac te r i s t i c s were 
obtained. Capsule i r radia t ions were one of the tools used to evaluate the 
specinaens. High level i r radia t ion effects on the physical proper t ies of 
the th ree basic types of fuel elements were determined in Static Capsule 
S P - 1 , Fiss ion product re lease from an admixtured UO2 fueled specimen 
was determined with Sweep Capsule S P - 2 . Results of these ea r l i e r tes ts 
have been described in detail in ref. (2.), Briefly, it was shown that there 
was no significant deter iorat ion in the inapact strength, conapressive strength 
and abras ion res i s tance of infiltrated and adnaixtured fuel e lements . A 
fission product r e lease ra te of about two o rde r s of magnitude lower than 
the production ra te could be expected for an admixtured fuel e lement . 

This fission product r e lease ra te from an uncoated admixtured 
specimen would produce an activity level in the p r i m a r y loop of a Pebble 
Bed Reactor of the order of 10, 000 cur ies per MW of reac tor power . In 
spite of the economic a t t rac t iveness of the simple uncoated fuel element, 
the economic feasibility of a system with these high activity levels remained 
a question pending further evaluation of such a r ea s as fission product 
deposition, gas streana purification, and equipment decontamination and 
miaintenance. Consequently, as work was s tar t ing under the p resen t 
Contract AT(30-1)-2378, the emphasis in the PBR Fuel Element Development 
Prograna shifted to methods of further retention of fission products within 
the fuel e lements , 
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Three locations for coatings to re ta in fission products were visualized: 

1. A coating can be applied to the outside surface of the fueled 
graphite sphe re . A surface coating can be applied to any of the 
three types of fueled graphite spheres and it is relat ively easy to 
apply. However, the coating is subject to s t r e s s e s ar is ing from 
both external loads ( i . e . impact, compression) and possible 
differential expansion with the graphite sphere due to tempera ture 
cycling or radiation damage effects. 

2 . A coating can be located beneath the surface of the graphite 
sphere , with the fueled region being inside the coating. The coating 
is not subjected directly to external loads applied to the fuel element 
but the manufacturing process is sonaewhat naore conaplex. 

3 . Coatings can be applied to the individual fuel par t ic les in 
an admiixtured type fuel elenaent. Ceramic coatings on small fuel 
par t ic les can be used in large th ickness- to-d iameter ra t ios which 
are more stable and individual coating failures would expose only 
a very small portion of the fuel. However, the fuel par t ic le coatings 
a re subjected to fission fragment recoil danaage and rupture due to 
fission gas p r e s s u r e buildup which could l imit the useful life of the 
coating. 

A wide var ie ty of coatings were evaluated in the course of the P r o g r a m , 
The most promising coatings were found to be siliconized silicon carbide, 
pyrolytic carbon, and vapor deposited alumina. These ceramic coatings 
were found to have low pernaeabil i t ies, of the order of that found for me ta l s . 
Indeed, the permeabil i ty of these special ceranaics remains low at 
t empera tu res which a re beyond the safe l imi ts for naany m e t a l s . Section 
3,0 sunanaarizes all the work on siliconized silicon carbide and pyrolytic 
carbon surface coat ings. Coated fuel par t ic les a re discussed in Section 4 .0 
(Alui:nina) and Section 5,0 (Pyrolytic Carbon). 

Other types of coatings which were developed and/or evaluated under 
this P r o g r a m a re descr ibed in Section 6 ,0 , These include naetal carbide 
surface coatings (SiCj TiC^ and ZrC) , subsurface coatings (both metal and 
ceramic) and naetal coated UO2 pa r t i c l e s . 

Work relating to uncoated fuel elements is discussed in Section 7 . 0 . 
This includes i r radia t ion effects on fueled graphite spheres , a study of the 
thorium oxide loadings which can be achieved in graphite by infiltration with 
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thorium ni t ra te , the use of natural graphite in prepar ing a high density 
mat r ix mater ia l , the strength charac te r i s t i c s of graphite spheres and 
fission product re lease from uncoated spec imens . 

The In-Pi le Loop for studying the behaviour of fission products in 
a recycled helium s t ream is descr ibed in Section 9 . 0 . 

The most probable application of the Pebble Bed Reactor will be as a 
high tempera ture b reeder reac to r enaploying a uraniuoa-thorium loading in 
the core and a thoriuna loading in the blanket. For purposes of the exper i ­
mental p rogram, the thoriuna is replaced with an equivalent weight of 
uraniuKi. Normal enrichment uraniuna is used in specimens for p r e -
i r radia t ion t e s t s and cer ta in low level fission product diffusion t e s t s . 
The use of f\illy enriched uranium in capsule i r rad ia t ions great ly acce le ra tes 
i r radia t ion damage tes t s such that anticipated burnups in Pebble Bed Reactor 
can be readily achieved in lower flux r e sea r ch r e a c t o r s . The design and 
operation of the various capsules a r e given in Section 8 .0 . Table 8-1 in 
that section l i s t s all of the fuel element types which were subjected to 
capsule i r radia t ions and/or fission product retention t e s t s . 

Table 2-1 has been p repa red to sunanraarize the var ious types of fuel 
element specimens evaluated during the p r o g r a m . The manufacturer and 
pert inent cha rac te r i s t i c s of the fuel elenaentss a r e l i s ted . Each type of 
specimen has been assigned a type number . The^letters FA and FI refer 
t© the method of fueling the graphite ( i . e . admixture and infil tration). In 
the case of unfueled specimensj the designation FX is used . Numbers a r e 
assigned ser ia l ly within each group, and have no specjial significance. 
Occasionally, when it i s des i red to identify a par t icu la r sphere within a 
group, an additional identification number in parentheses will be added to 
the type nunaber. Throughout this repor t , specimens a r e r e f e r r ed to only 
by type number . Consequently, the specimens have been l is ted numerical ly 
in Table 2-1 to pe rmi t rapid identification. 
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3.0 Surface Coated Fuel Elements 

One of the ear l ies t approaches to fission product retention was 
the application of a ce ramic coating to the outside surface of the spherical 
PBR fuel e lement . Two of the most promising types - sil iconized silicon 
carbide (Si-SiC) and pyrolytically deposited carbon - a re descr ibed in this 
section. Other types of surface coatings a r e descr ibed in Section 6 ,2 , 
The use of surface coatings p resen t s cer ta in problem a r e a s . The allowable 
impact load on the fuel element is significantly reduced due to the thin, hard 
and less res i l ient nature of the coating compared with the graphite ma t r ix . 
However, by proper choice of graphite composition and coating thickness , fuel 
elements mieeting the 2 ,0 f t- lb. requirement can be made . Coatings must 
have adequate adherence to the graphite body and sufficient abras ion r e s i s t ­
ance to withstand the fuel flow pat tern through PBR c o r e s . Coating ma te r i a l s 
which will self weld and cause the packed bed to freeze up must be avoided, 
AlsDs if the coating mate r ia l reac ts with uranium, an unfueled graphite shell 
must be placed between the fueled graphite core and the coating. These 
factors , together with the ability of the coating to re ta in fission products , 
have formed the bas is for the evaluation p r o g r a m . 

3.1 Silicon Carbide Surface Coatings 

The in te res t in silicon carbide coatings for Pebble Bed Reactor fuel 
elements s tems from their excellent potential as a b a r r i e r to fission product 
leakage at high t e m p e r a t u r e s . Actually, this proper ty is due to the presence 
of a continuous phase of silicon throughout the silicon carbide grains in the 
coating. This mate r ia l is r e f e r r ed to as siliconized silicon carbide (Si-SiC). 

Two types of Si-SiC coatings were evaluated. Photomicrographs of 
these two types a re shown in Figures 3-1 and 3-2, The coating shown in 
Figure 3-1 is s imi lar to the coatings on specimen types FA-6 , F A - l 6 j and 
FA-23 which represen t a sequence of specimens from one manufacturer , 
all containing an unfueled graphite shell between the fueled core and the 
Si-SiC coating. The coating on an FA~8 specimen is seen in Figure 3-2. 
A description of these four types of specimens is given in Table 2 - 1 . In 
both coatings, the continuous free silicon phase and the excellent bonding 
to the graphite mat r ix can be seen. The lower free Si content of the FA-8 
coating can also be noted. 
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r i G . 3-1 Si-SiC Coating Similar to Coatings on 
Specimens F A - 6 , FA-l6a and F A - 2 3 . (lOOX) 

r iGa 3-2 Si-SiC Coating on an FA-8 Specimen, flOOX) 
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3 .1 .1 P r e - i r r a d i a t i o n Evaluation 

All of the p re - i r r ad ia t ion tes ts on Si-SiC coated specimens a re 
described in this section. 

Coating Permeabi l i ty . The standard screening tes t for determining 
the presence of pinholes or c racks in a sphere coating is to i m m e r s e the 
specimen in a 375°F silicon oil bath and observe whether bubble s t r eams 
issue from the specimen. No leaks were found in 11 of the 23 FA-6 specimens , 
7 of the 17 FA-8 specimiens, 6 of the 7 FA-16 specimens, and 9 of the 
10 FA-23 spec imens . All of the specimens which failed this tes t had 
randomi pinhole leaks in their coatings. Many of the specimens had only 
a single pinhole. Several of the specimens which had leaks were re turned 
to the manufacturer . In all cases it was possible to repa i r the leaks 
in these spec imens . 

A few anisotropic graphite spheres were coated with Si-SiC. Hot 
oil t es t s showed that all of these spheres had circumferent ia l c racks in the 
coating. This indicates that a very low degree of anisotropy is desi rable in 
graphite spheres which a re to be coated with Si-SiC. 

Uranium Contamination. One of the problems with the use of an 
Si-SiC coating is the potential react ion between uranium in the fueled graphite 
body and the silicon in the coating which can resul t in uranium contamination 
throughout the coating. This factor can be noted in Table 3-1 which is a 
summary of all of the alpha assays made on Si-SiC coated spec imens . The 
a rea at each position corresponded to 1 /7 of the total sphere surface a rea , 
but the value shown has been normalized to the whole sphere surface . Rather 
large amounts of surface contamination can be noted on the FA-8 specimens 
in which the Si-SiC coating is placed directly on the fueled graphite sphe re . 
Much lower contamination is noted in the other specimens which have an 
unfueled shell between the fueled core and the coating. 

Impact and Compression T e s t s . Data from these t e s t s a r e summar ized 
in Table 3-2. All of the impact failures were evidenced by noting the 
load after which the coating was found to leak in the hot oil t e s t . All of 
these failures a re well below the 7 to 12 ft-lb range found for uncoated 
spec imens . In severa l ca ses , repeated impacts on the same spot caused 
an early failure of the coating. The effect of f i rs t subjecting the specimen 
to an abrasion tumbling tes t was to lower i ts impact r e s i s t ance . Typical 
impact failures for FA-6 and FA-8 specimens can be seen in F ig . 3 -3 , 
Several attempts were made to see whether the coating failed before the 
sphere broke by running the compress ive tes t with the specimen submersed 

3-3 13 



TABLE 3-1 

Surface Uranium Contamination of Si-SiC Coated Speciinens (a) 

Sphere No. 

FA-8 (E2) 

" (E3) 

•• (E6) 

" (E7) 

'- (E8) 

" (E9) 

" (ElO) 

" ( E l l ) 

" (E12) 

FA-6 (17E) 

" (19E) 

FA-16 (N15) 

FA-16 (N13) 

FA-16 (N16) 

FA-16 (El6-4) 

FA-23 (E8-1) 

" (E8-7) 

" (E8-12) 

Posi t ion 1 

1.1X 10-3 

1 . 8 x 10"^ 

l , 8 x 10-3 

5 . 4 x 10"^ 

2 . 6 x 10"^ 

1 . 4 x 10"^ 

2.7 x 10"^ 

2 . 6 x 1 0 ' ^ 

6 . 3 x 10"^ 

6,3 X 10°^ 

5 . 6 x 10"^ 

3 . 8 x 10"^ 

3 . 4 x 10"5 

1 . 2 x 10"^ 

8 . 4 x 10"^ 

1 . 6 x 10"*^ 

nil 

2 . 3 x 10""^ 

Posi t ion 2 Posit ion 3 

1,1 X 10 
- 5 

2 . 9 X 10 

1.7 X lO" 

4 . 4 x 10 

nil 

4 .0 X 10 

2 ,3 X 10 

- 5 

-6 

_7 

- 7 

nil 

3 . 4 x 10 

1.6 X 10" 

7.0 X 10" 

2 .3 X 10 

2 ,3 X 10 

3.1 X 10" 

- 5 

- 7 

- 7 

(a) Expressed as fraction of total uranium in sphere and normal ized to 
whole sphere surface . 

14 3-4 



(a) Type FA-6 

(b) Type FA-8 

FIG. 3-3 Typical Impact F r a c t u r e s for Type FA-6 
and FA-8 Specimens 
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in hot oi l . No evidence of bubbling was found pr io r to sphere fa i lure . 

1500 1-1/2" diameter unfueled graphite spheres coated with Si-SiC 
were purchased and used under Contract AT(30-1)-2207 to study the 
p r e s s u r e drop and thermal expansion charac te r i s t i c s of packed ball beds (19). 
The acceptance tes t s for the procurement of the 1500 spheres included a 
2 ft-lb impact load and a 500 lb» compress ive load applied to each sphere 
with no evidence of coating failure as indicated by the hot oil leakage t e s t . 
All of the 1500 spheres passed these t e s t e . However, when the spheres were 
subsequently used in an oxidizing a tmosphere at 1500°F, cor ros ive attack 
to the underlying graphite was noted in many of the s p h e r e s . F rom the nature 
of the damage, i t was concluded that the Si-SiC coating had been bru ised 
during the impact tes ts such that the graphite could be attacked by the highly 
oxidizing a tmosphere through the weakened spots in the coating. 

TABLE 3-2 

Impact and Compress ion Tests on Si-SiC Coated Specimens 

FA-6 

FA-16 
FA-23 
FA-8 

(a) 
Impact Fa i lu re , 

F t - l b s , 
1.33(c| 
1,25(c) 
3 , 0 
1,9 
0.6(d) 
0.5(d) 
0,5(^) 
0.42(«=) 
1.0 
0 , 6 
0 . 5 

Com press ive 
Fai lure (**) 

Load, lbs . 
2070 
1595 
1162 
1925 

825(d) 
1445 

530 
837 

Deflection, in . 
0.040 
0,062 
0.05 
0.03 
0.068 
0.060 
0.011 
0.036 

(a) Load to cause defect in coating as indicated by hot oil t e s t . 
(b) Load to fracture sphe re . 
(c) Impacts made at one location. In all other t e s t s , specimens were 

rotated between impac t s . 
(d) Test conducted after specimen had been subjected to abrasion tes t . 
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Abrasion T e s t s . Abrasion tes ts were run on 5 spec imens . This tes t 
consists of tumbling the spheres for a 20 min per iod inside a rotating drum 
which also contains some dummy graphite spheres to enhance the tumbling 
action. The abras ion tes t resul t s a re summar ized in Table 3 -3 . The 
specimens with the thickest coatings suffered no noticeable damage except 
for some weight l o s s . The thinner coatings developed pinhole l e aks . These 
were most likely due to thin spots in the coating which were damaged by the 
tumbling action. 

TABLE 3-3 

Abrasion Tests on Si-SiC Coated Spheres 

Time in 
Specimen Coating Hot Oil Hot Oil, 

No. Thickness, in . Test Min. 

FA-16(N12) .004 Several 10 
small leaks 

FA-16(N14) .004 " " 10 
FA-23(E8-1) .010 No leaks 5 
FA-23(E8-2) .010 " " 5 
FA"23(E8^6) .0075 " " 5 

Self Welding. In view of the presence of free phase sil icon ( i . e . having 
a 2600®F melting point) in the Si-SiC coating, there is some concern about 
adjacent fuel elements being fused together which would hinder the unload­
ing of a reac tor c o r e . Tes ts were run on unfueled spher ical specimens 
having coatings s imi lar to the FA-16 and FA-23 types . In one tes t , two 
spheres were subjected to a 50 lb . compress ive load for 66 hours while at 
2500®F. A whitish film which appeared on the surface of the specimen due 
to a react ion with contaminants in the furnace may have accentuated the 
welding that was observed at the point of contact . The tes t was repeated 
with s imilar specimens at 2300*^ and no evidence of self welding was found. 
Thus, i t appears that the permiss ib le surface t empera ture for this type 
of specimien will be below 2500®'F. 

Internal P r e s s u r e . As fission product gases accumulate inside a 
coated graphite sphere under irradiation^ there is a possibil i ty that gas 
p r e s s u r e could cause the coating to rup ture . It has been calculated that 
a p r e s s u r e of about 300 psi could exist inside such a coated sphere in a 
typical Pebble Bed Reactor , A special tes t apparatus was constructed to 
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explore this point. The apparatus consisted of a tube fitting gasketed to 
a coated sphere which had a 1/16" diameter hole in i ts coating. This 
assembly was mounted in a beaker of 375 ' F silicone oi l . An FA-8 
specimen was tested with 300 psi argon. The coating did not crack off, 
indicating that it was securely bonded to the graphite, and no pinhole leaks 
appeared in the coating. 
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3 . 1 . 2 I r radiat ion Effects 

Seven Si-SiC coated specimens were subjected to high level i r radia t ion 
in three capsules . The design and operation of each capsule is descr ibed in 
Section 8. 0. F iss ion product re lease from severa l of the specimens was 
measured and these resul ts are described in Section 3. 1. 3. Since the Hot 
Cell examination for Capsule SP-5 was conducted under Contract W-7405-
eng-925 resul ts for the FA-23 specimens were taken from ref. (21). 

A summary of the operating conditions and the resu l t s of the post-
i r radiat ion examination for the seven Si-SiC specimens are given in Table 
3-4. The Hot Cell examination included visual exa-mination, hot oil testing, 
weight change, dimensional change, impact test ing, and metal lography. 

Visual Examination. Major cracks were observed in all four of the 
admixtured/shel led specimens (Types FA-6 and -23). Figure 3-4 is a view 
of the inner capsule from S P - 3 , which contained the two FA-6 specimens, 
just after it was opened in the Hot Cell. A portion of the graphite support 
and a thermocouple lead can be seen. Specimen 18E is seen to have an 
equatorial crack which was the most prominent crack in this specimen. The 
prominent crack in 20E was about 30° above the equatorial plane. There was 
visible evidence that the prominent cracks penetrated into the graphite sphere 
In addition, there were numerous hair l ine cracks intersect ing the major 
cracks in FA-6(18E). Small shiny a reas along the major crack can be noted 
which appear to be inter layer chipping of the Si-SiC coating. The two FA-23 
specitnens in SP-5 both had a prominent crack on a great c ircle with a second 
prominent crack intersect ing it . These cracks had the same appearance as 
the one shown in Figure 3-5. 

All three FA-8 specimens appeared in good condition with no visible 
evidence of cracks or any other flaws. The typical surface condition of an 
i r radia ted FA-8 specimen is shown in Figure 3-6 which is a 4X photograph 
of specimen FA-8(E5) and shows the cracks produced by the impact tes t 
described below. 

Hot Oil T e s t s . The three FA-8 specimens and two of FA-6 specimens, 
in spite of their visible c racks , were immersed in 375°F silicone oil. As 
expected, the two FA-6 specimens bubbled vigorously from their c r acks . 
After oil testing, the specimens 18E and 20E showed weight gains of 2^4% 
and 0. 6% respect ively due to oil pickup. 
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TABLE 3-4 

Capsule I r rad ia t ion Resul ts for Si-SiC Coated Specimens 

I 

Specimen Weight Diameter P a s s e d Impact or 
Power T e m p . , ®F Burnup Change Change Hot Oil Compress ion 

Specimen KW/ball Surface Center KWH % % Tes t Test 

Capsule S P -
FArsTISET 

FA-6(20E) 

FA-8(E4) 

FA-8(E5) 

3 
" 1 . 7 

1.7 

2 . 2 

2 . 2 

1300 

1300 

1600 

1600 

1450 

1450 

1700 

1700 

2400 

1950 

2400 

2600 

- 0 . 1 

0 . 0 

- 0 . 3 

- 0 . 1 

- 0 . 3 

0 . 0 

+0.01 

+0.08 

No 

No 

No 

Yes 

Capsule S P - 4 
FA-8(E6) 2 .2 1750 1850 7400 +0.14 +0.3 No 

Visual 
Appearance 

Several large 
cracks 

Several large 
cracks 

1697 lbs (C) No cracks 

0.75 f t . - lb (I) No cracks 

No cracks 

Capsule S P - 5 
FA-23(E8-7)1 .6 1300 1450 5900 - 0 . 1 1 +0.1 

FA-23fE8-12)1.0 1300 1400 3600 - 0 . 0 8 +0.2 

No 

No 

Several large 
cracks 

Several large 
cracks 



U) 

•••mm"''"^'^ - »s*i>»»» "•—^ 

to FIG. 3-4 View of FA-6 Specimens After Opening Capsule SP-3 In Hot Cel l . 



FIG. 3-5 Typical View (at 4X) of Major Crack in 
FA-6(18E) Specimen After I r radia t ion in 
Capsule S P - 3 . 

FIG. 3-6 I r rad ia ted Specimen FA-8(E5) After 15 in-lb 
Impact . 
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Only one of the FA-8 specimens (No. E5) esdiibited no leakage during 
the 17 minute immers ion in the hot oil. Specimen E4 was near ly perfect in 
that no bubble s t r eams appeared for 52 seconds at which t ime a single bubble 
s t r eam appeared. The test on this specimen was interrupted after th ree 
minutes and in two subsequent tes ts no bubble streanas appeared. 

When specimen FA-8(E6), which had no visible defects, was tes ted in 
hot oil a line of bubble s t r eams clear ly showed a single surface crack about 
1/4" long to be present . No other defects were noted. Fur the r descript ion 
of this crack is given below under Metallographic Inspection. 

Weight and Dimension Measurements . The weight and dimension 
changes for these specimens were given in Table 3-4. Since it was not 
desirable to i:nachine flats on the coated spheres , measurement s were naade 
at various crayon-marked spots on the sphe res . Repeated measuremen t s 
at the same spot showed that the dimensional changes were very sensit ive 
to mic romete r position. Although the values l isted in Table 3-4 a re averages 
©f numerous readings, l i t t le significance can be placed ©n these m e a s u r e ­
ments . 

Specimen FA-23 (E8-7) fell apart in handling before weighing so that 
the weight loss includes any physical loss which might have occur red . The 
weight changes for speciinens FA-8(E4) and (ES) were based on m e a s u r e ­
ments after hot oil testing while all others were weighed before hot oil testing. 

Fac to r s which would affect the weight change in a coated specimen are 
losses by flaking of the coating, and, possibly, some sor t of radiation induced 
devolatilization of binder constituents. Weight gains could be caused by r e -
adsorption of atmospheric gases on the graphic ma t r i x through a fault in the 
coating. The relat ive effects of these factors a re not c lear from the data 
shown in Table 3-4. 

Impact T e s t s . Since the FA--6(20E) specimen was visibly cracked, 
it was subjected to a 1 ft. free fall impact test ra ther than the normal impact 
tes t . On impact, the specimen fractured into four approximately equal seg-
•ments and a few chips. This load was equivalent to a 1. 5 in*- lb . impact, 
well below the p re - i r r ad ia t ion values of 24 to 36 in. - lb . , indicating that the 
presence of the cracks ser iously weakened the specimen. 

The FA-8(E5) specimen was first subjected to a 1 ft. free fall tes t . A 
subsequent hot oil test showed no damage to the coating. This specimen was 
then t rans fe r red to the standard impact test machine for further test ing. 
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The test was s tar ted by dropping a 1 lb. weight from a 1 inch height onto the 
specimen and increasing the height of the fall in 1 inch inc rements . After 
each impact, the specimen was given a 3 min . hot oil tes t to detect the point 
of coating fai lure. A different point on the sphere was impacted each t ime . 
At 9 in. - lb . , a bubble s t r eam appeared. At 12 in. - lb . , the first visible 
crack appeared. F igure 3. 6 shows the crack developed by the 15 in. - lb . 
impact . Testing was continued up to 24 in. - lb . , the limit of the appara tus , 
where the specimen was badly cracked, but sti l l in one piece. The 9 in. - lb . 
load at which the coating was first damaged is slightly above the average of 
7 in. - lb . p re - i r rad ia t ion load noted in Table 3-2. The slight increase is 
probably due to hardening of the graphite causing bet ter support for the Si-
SiC coating. 

Compression Tes ts Specimen FA-8(E4) was compress ion- tes ted while 
immersed in hot oil in an attempt to determine whether there was any coat­
ing failure pr ior to ma t r ix failure. The specimen failed at a compressive 
load of 1697 lbs . where the deflection was 0. 0172 in. The slope of the straight 
line portion of the load-deflection curve was 146, 000 lbs . / in . Comparable 
values for unirradiated specimens were 500 to 800 lbs . load at failure and 
50, 000 to 80, 000 lbs. / in . load modulus. The effect of i r radia t ion hardening 
is to increase the compressive strength of fueled graphite sphe res . 

The FA-6(18E) and FA-8(E6) specimens were not subjected to ei ther 
the compression or impact test so that they could be selected in an attempt 
to learn more about the mature of the cracks in these specimens . No des t ruc ­
tive testing was scheduled for the Capsule SP-5 specimens. 

Metallographic Examinat ions. Specimens FA-6(l-8K)^n-d FA-8(E6) were 
metallographically exainined in order to study their Si-SiC coatings. The 
specimens were mounted in plast ic so that they could be gripped while being 
sectioned. In the case of the FA-6(18E) specimen, an unanticipMed radiat ion 
hardening of the plast ic occurred causing the specimen and mount to drop 
from the jig as the plast ic was being cut. This drop fractured the specimen. 
F rom visual examination of the pieces it appeared that the major cracks 
penetrated through the shell into the core ©f the specimen. One of the pieces 
was remounted, polished and etched for metallographic examination. Figure 
3-7 shows the Si-SiC coating on specimen FA-6(18E) and can be compared 
with a p re - i r rad ia t ion view of the coating on another specimen in Figure 3 -1 . 
There is no evidence of radiation damage to either the SiC grains or Si matr ix . 
Also, there is no evidence of any spparation of the coating frOm the graphite. 
Figure 3-8 is a 4X photograph of one of the pieces of FA-6(20E) which also 
shows no coating-graphite separat ion and, in addition no separation between 
the unfueled graphite shell and the fueled core . 
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F I G . 3-7 Si-SiC Coating on Specimen FA-6(18E) After 
Irradiation in Capsule SP-3 . (lOOX) 

F I G . 3-8 Piece of Irradiated Specimen FA-6(20E) at 
4X Showing Adherence of Si-SiC Coating and 
Graphite Shell to Fueled Graphite Core. 
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Figure 3-9 is a 34X photograph of the crack which was detected in 
specimen FA-8(E6) by the hot oil test . This specimen was mounted in plastic 
so that it could be sectioned and polished to further study the crack. Exami-
ination of the polished section actually revealed three cracks through the 
coating. Two of the cracks were quite large and obviously would have been 
revealed in the hot oil test . It was likely that the cutting and polishing opera­
tion caused these c racks . The third crack is shown in Figure 3-10. There 
is not conclusive evidence that this is actually the crack previously observed 
in the hot oil test since in mounting the sphere in plas t ic , the orientation of 
the crack may have been lost . However, it does not have the la rge , jagged 
appearance of the other two cracks and is therefore believed to be the crack 
of in te res t . As can be noted in Figure 3-10, the crack appears to be along 
the SiC grain boundaries . The crack was probably caused by a s t r e s s in the 
coating which either resulted from the internal tempera ture gradient in the 
specim.en or from an initial coating flaw in fabrication which did not leak in 
the p re - i r rad ia t ion hot oil test but which propogated under the operating con­
ditions. No evidence of coating separation from the graphite naatrix can be 
noted in Figure 3-10. These lack of separat ions a re significant because it 
was thought that radiation-induced shrinkage of the graphite ma t r ix might 
have produced sorae coating separat ion. Except for the crack, there is no 
other visible evidence of a radiation-induced change to the Si-SiC ma te r i a l . 
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Crack 

FIG. 3-9 Externa l view (34x) of c rack in Si-SiC coating 
of specimen FA-8 (E6) after i r rad ia t ion 
in Capsule S P - 4 . 

f 

FIG. 3-1© Crack in Si-SiC coating of specimen FA-8 (E6) 
after i r rad ia t ion in Capsule S P - 4 . View at lOOx. 
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3 .1 .3 Fiss ion Product Retention 

Si-SiC coated specimens were subjected to all three types of fission 
product retention tes ts ( i . e . neutron activation, furnace capsule, and sweep 
capsule) as descr ibed below. 

Neutron Activation. A summary of all neutron activation tes ts on 
Si-SiC coated specimens is given in Table 3-5 , The excellent fission 
product retention charac te r i s t ic of an Si-SiC coating was first noted in the 
tes ts on specimens FA-6(N1) and FA-8(N4). To determine the effect of 
coating faults, a 0 .030" diameter hole was ul t rasonical ly dri l led through the 
coating on FA-8(N4) and a circumferent ial c rack was produced in the coating 
on FA-8(N7) by an impact load. The Xe 133 re lease from these defected 
specimens was comparable to the re lease of 3x10" 3 IB 20 minutes from a 
s imilar uncoated specimen (Type FA-7) indicating that once a fault develops 
in a coating, very little fission product retention can be expected by that 
fuel e lement . 

TABLE 3-5 

Neutron Activation Tests on Si-SiC Coated Specimens 

Specimen 
N o . 

FA-6(N1) 
FA-8(N4) 
FA-8(N4)(a) 
FA-8(N7)(b) 
FA-l6(Nl6)(c) 

FA-16(N15) 

FA-16(N13) 

FA-23(E8-7) 

Temp, 
"F 

1500 
1500 
1500 
1200 
1700 
2100 
1600 
1650 
1650 
1650 
2100 
2000 

Time at 
Temp, miin 

240 
240 

22 
2 

90 
120 

50 
100 

70 
100 

80 
240 

Fract ion of 
Releas 

< 2 x l 0 ^ ^ 
< 4 x l 0 - 5 

4x10-3 
5x10-3 
IxlO"'* 
5x10-4 
2x10-3 

< l x l 0 - 5 
<5xl0-5 

5x10-6 
1.5x10-5 

<2.2x10-7 

(a) A .030" diameter hole was dri l led through the coating p r io r to this t es t , 
(b) Specimen was subjected to an impact load, causing a circumferent ial 

c rack in the coating, p r io r to this t e s t . 
(c) After test ing, a pinhole was detected in the coating by the hot oil 

method. 
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Specimen FA- l6(Nl6) , which had successfully passed a hot oil tes t 
p r ior to the neutron activation tes t , r e leased a grea te r amount of Xe 133 
than anticipated. Subsequent hot oil and visual examination revealed a 
tiny chip in the coating. It could not be established whether this fault was 
the resul t of an inadvertent mechanical load applied to the coating or 
tempera ture cycling during the neutron activation tes t . The relat ively 
higher re lease at the final 1600°F run tends to support the la t te r possibi l i ty . 

The l imit of Xe 133 detection of 2 .2 x 10"^ for the tes t of specimien 
FA-23(E8-7) was about equal to the surface uranium contamination predicted 
by the alpha assay in Table 3 - 1 . 

Furnace Capsule . Furnace Capsule SPF-2 contained specimen 
FA-16(N15), fueled with normal enrichment uranium. Capsule design is 
described in Section 0 . 2 . A total of 13 off-gas samples from this exper i ­
ment were analyzed for long-lived noble fission product gases covering an 
operating tempera ture range of 200"F to 1900*'F. Initial operation of this 
capsule was in a thermal flux of 1.7 x 10^". The fission product retention 
was so good for this specimen that the capsule was ult imately moved into a 
flux of 3 X 1012 to achieve maximum sensit ivity, A summary of the data 
obtained is given in Table 3-6. 

TABLE 3-6 

Sum.mary of Fiss ion Product Release Data 
For Si-SiC Coated FA-l6(N15) Specimen in Furnace Capsule SPF-2 

Sample Temp. 
No. "F 

I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

200 
1000 
1000 
1000 
1000 
1500 
1500 
1500 
1500 
1900 
1900 
1900 
1900 

Flux 
n / c m ^ - s e c . 

1.7xl0W" 

3x10 

3x10 
II 

II 

II 

II 

II 

II 

11 

11 

12 

R / B , (Rate of Re lease /Ra te of Production) 
Xe 133 Xe 135 Kr 85m Kr 87 Kr 88 

(No detectable re lease)-

6.1x10-6 
2.8x10-6 
2.1x10-6 
1.7x10-6 
2,6x10-6 
4.5x10-6 
8,2x10-6 

6 .1x10" ' 
2.0x10-7 
1.6x10-7 
1.1x10"'^ 
3.8x10-7 

5.1xl0-3<l. 
8.1x10"'" 
3.1x10-7 
3.1x10""^ 
6.7x10-7 

4.2x10-7 4.1x10-7 
2.0x10-7 7.0x10-7 

4.3x10-6 2.5x10-7 4.7x10"'^ 

3x10-7 3.0x10-"^ 
2.7x10-7 
1,7x10-7 
1.7x10-7 
1,5x10-7 
1.2x10-7 
3.0x10-7 
1.0x10""^ 
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As can be noted in Table 3-6, the re lease ra tes for these long-lived 
fission product gases a re extremely low. No significant effect of tempera tur 
on leakage ra te can be noted. An alpha assay of FA- l6(N15 | indicated a 
surface uranium contamination of about 4 x 10"6. These factors , together 
with the neutron activation resu l t s in Table 3-5, indicate that the observed 
"leakage" ra tes a r e principally due to fissioning of the slight uranium 
contamination on the surface of the specimen. 

Sweep Capsules . Two FA-6 and two FA-8 specimens were i r r ad ia ted 
in Sweep Capsule SP-3 and one FA-23 specimen was i r rad ia ted in the 
sweep compartment of Capsule S P - 5 . The design and operating features 
of these capsules a re descr ibed in Section 8.3 and 8 , 5 . The pos t - i r rad ia t ion 
examination of these specimens has been descr ibed in Section 3 , 1 , 2 . 

Full power i r radia t ion of Capsule SP-3 was initiated in the BRR on 
May 6, 1959. On May 8, the f i rs t at tempts were made to sample the 
off-gas from both compar tments . The level of activity in the line leading 
from the FA-8 specimens was too high to pe rmi t safe sampling of the gas 
from this compar tment . A sample was obtained from the FA-6 specimens, 
however. The gas l ines for both compartments were then shut off over the 
week-end. On May 11, when the gas lines were opened to pe rmi t further 
sampling, the activity levels were too high to pe rmi t safe sampling and 
the l ines were again shut off. On May 18, a special low power run at 
100 KW (BRR power) was made . At this condition, specimen power was 
down by a factor of 20, the specimen temiperature was only 170°F8 and it 
was possible to successfully sample the off-gas from the FA-6 spec imens . 
The resul ts of these two samples a r e given in Table 3-7 . 

TABLE 

Fiss ion Product Release 
FA-6 Spe 

Date 
Reactor Power 
Specimen Power 
Specimen Temp. . . 
Release Frac t ion 

Kr 85m 
Xe 135 
Xe 133 

cimens in 

3-

F 

7 

rom Si 
Capsule 

Sample No. 
5/8/59 
2 MW 
2 KW 
1300°F 

2xl0-J 
3x107 
2x10"^ 

1 

-SiC Coated 
SF-3 

Sample No. 2 
5/18/59 
100 KW 
100 watts 
170«F 

8x10"^ 
3x10"^ 

(b) 
(a) R /B - rate of r e l e a s e / r a t e of production 
(b) Activity level in t rap too high to count. 
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Fur ther difficulties and revisions to the gas t ra in prevented the 
obtaining of more data from Capsule SP-3 p r io r to i ts removal from the 
BRR on Aug. 3, 1959. The subsequent'hot cell examination revealed 
that cracks had developed in the FA-6 spec imens . It is most probable that 
the cracks occurred after May 8 since sample No. 2 definitely confirmed 
an increase in fission product leakage r a t e . The high activity levels in the 
line from the FA-8 specimen appears to be due to the high surface uranium, 
contamination which was subsequently detected in alpha assays of s imi la r 
spec imens . 

The FA-23 specimens i r rad ia ted in Capsule SF-5 represen ted improved 
specimens to overcome incipient c racks in the as- fabr ica ted graphite mat r ix 
which were thought to be responsible for the c racks noted in the FA-6 
specimens in Capsule S P - 3 . Radiography and visual examination of 
sectioned FA-23 specimens indicated a high probability that no incipient 
c racks were present in the FA-23 spec imens . I rradiat ion of FA-23(E8-7) 
in the sweep compartment of Capsule SP-i'S was s tar ted on April 6, I960, 
As described in Section 8 .5 , this specimen operated at 1.6 KW and 1300®F 
surface t empera tu re . The re lease data for long lived krypton and xenon 
isotopes a re given in Table 3-8 . The data for samples 8 to 11 a r e taken 
from ref. (20). 

Ext remely low fission product re lease was noted during the f irs t 
17 days of i r rad ia t ion . Sample No, 4 was taken just after Capsule SP-5 
was brought up to power for i ts third cycle . Just p r io r to s tar tup, gas 
flow through the compartment containing the FA-23(E8-7) specimen showed 
no evidence of high fission product leakage. It is therefore assumed that 
the coating cracks observed in the pos t - i r rad ia t ion examination (Section 3 .1 .2) 
were associated with the increase in internal t empera ture gradient as the 
specimen came up to power. Several additional long lived gaseous fission 
product samples were taken during the remainder of the i r rad ia t ion . As 
noted in Table 3-8, the leakage factors rose from about 10"* after the crack 
first s tar ted to about 10" at the end of the i r rad ia t ion . 

In addition the long-lived gas samples , two non-volatile t r ap samples 
were taken of the off-gas fromi specimien FA-23(E8-7) . The procedures 
used were s imi lar to those used for the non-volatiles t r ap experiments 
with the FA-22 specimen in Capsule SP-5 descr ibed in Section 4 . 4 . 3 . 
The first sample was taken on the day when the large increase in long lived 
gaseous fission product re lease ra te was f irs t noted. The second sample 
was taken at the end of the i r rad ia t ion . The resu l t s from both samples 
a r e given in Table 3-9 . 
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T A B L E 3-8 

L o n g - L i v e d Xe and Kr R e l e a s e F r o m Si -S iC Coa t ed 
S p e c i m e n F A - 2 3 ( E 8 - 7 ) in Capsu l e S P - 5 

Sample Days of R / B , (Rate of R e l e a s e / R a t e of P r o d u c t i o n ) 
N o . I r r a d i a t i o n Kr 85m Kr 87 Kr 88 Xe 133 Xe 135 

1 11 Nil Nil Nil Ni l Nil 
2 12 Nil Nil Nil Nil Nil 
3 16 - I7 ( a ) 1 .9x10-9 m i 1 .5x10-9 5 , 7 x 1 0 - 9 1 .5x10-9 
4 21 (b) (b) (b) 7 . 9 x 1 0 - 3 (b) 
5 21 4 . 9 x 1 0 - 4 2 . 0 x 1 0 - 4 1 .7x10-4 3 , 0 x 1 0 - 3 1 .1x10-4 
6 21 2 . 8 x 1 0 - 3 1 .2x10-3 6 . 6 x 1 0 - 4 6 , 3 x l 0 " 3 9 . 3 x 1 0 - 4 
7 32 2 . 8 x 1 0 - 4 1 ,3x10-4 2 . 0 x 1 0 - 4 5 . 2 x 1 0 - 4 1 .0x10-4 
8(c) 155 1 .3x10-2 3 . 1 x 1 0 - 3 5 . 5 x 1 0 - 3 4 . 5 x 1 0 - 2 8 . 0 x 1 0 - 3 
9 160 9 . 2 x 1 0 - 3 1 .9x10-3 2 . 3 x 1 0 - 2 4 , 2 x 1 0 - 3 

10 168 1 .2x10-2 2 . 5 x 1 0 - 3 3 . 8 x 1 0 - 3 5 . 9 x l 0 " 2 5 , 2 x 1 0 - 3 
11 170 1 .3x10-2 3 , 5 x 1 0 - 3 4 . 6 x 1 0 - 3 2 , 6 x l 0 ~ 2 6 . 7 x 1 0 - 3 

(a) Sample c o l l e c t e d o v e r 22 h r . p e r i o d ( r a t h e r than 2 h r . p e r i o d ) 
b e c a u s e of low r e l e a s e r a t e , 

(b) T h e s e s p e c i e s d e c a y e d out dur ing long cool ing p e r i o d n e c e s s i t a t e d 
by high ac t iv i ty in t h i s s a m p l e . 

(c) S p e c i m e n s u r f a c e t e m p e r a t u r e down to l lOO^F for s a m p l e s 8 to 1 1 , 
T e m p e r a t u r e for p r e v i o u s s a m p l e s was 1 3 0 0 ° F . 

T A B L E 3-9 

S u m m a r y of S h o r t - L i v e d G a s e o u s F i s s i o n P r o d u c t R e l e a s e 
Da ta F r o m S p e c i m e n F A - 2 3 ( E 8 - 7 ) in Capsu l e S P - 5 

T r a p p e d 
S p e c i e s 
Cs 137 
Sr 89 
Ba 140 
Y 91 
Ce 141 

P r e c u r s o r 
S p e c i e s 
Xe 137 
Kr 89 
Xe 140 
Kr 91 
Xe 141 

Hal f -L i fe 
3 .9 m i n 
3 . 2 m i n 
16 s e c 
9 . 8 sec 
1.7 s e c 

R/B^^^ of P r e c u r s o r 
Sample #1 
4 . 0 x 1 6 - ^ 
7 . 2 x 1 0 - 4 
3 . 4 x 1 0 - 5 

4 . 6 x 1 0 - 6 

{hi S a m p l e #2 ^<:l 

2 . 5 x 1 0 - 3 
7 , 3 x 1 0 - 4 
9 , 8 x 1 0 - 4 
6 . 8 x 1 0 - 4 

(a) R / B = r a t e of r e l e a s e / r a t e of p r o d u c t i o n 
(b) On 21s t day of i r r a d i a t i o n 
(c) On 170th day of i r r a d i a t i o n ; da ta t aken f rom ref . (21) . 
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For all isotopes in Sample No. 1 and Y 91» Ba 140, and Ce 141 in 
Sample No. 2, the plots of these isotope concentrations ae a function of 
t ravel t ime through the t r ap showed excellent agreement with the theoret ical 
prediction based on half-live® of the volatile p r e c u r s o r s . The Sr 89 curve 
from Sample No. 2 appeared to consist of two s t raight line components, 
one of which was charac te r i s t i c of Kr 89 decay and the other of Br 89 decay 
assuming no further imobility after i ts decay. The resul tant R/B for 
Br 89 was 3 ,3x l0"4 . No R/B value could be repor ted for Xe 137 from 
Sample No. 2 since the Cs 137 curve was to© complex. This complexity 
might have been due to a contribution froin the diffusion of Cs 137 itself 
from the fuel e lement . 

Comparison of the data in Table 3-9 with the corresponding data for 
the longer-l ived gases in Table 3-8 shows only a slight dependancy of 
leakage factor on half l ife. This indicates very little gaseous fission product 
retention time in the fuel element and is further verified by the nature of 
the c racks observed in hot cell examination. 

3-23 33 



3. 2 Pyrolyt ic Carbon Surface Coatings 

This type of coating contains no meta l or meta l carbide phase and 
consists solely of carbon deposited on the fuel element surface by the 
pyrolysis of a hydrocarbon gas . The type of carbon s t ruc ture which is 
formed has an extremely low permeabi l i ty . The bulk density of the coating 
can be made to closely approach theoret ical carbon density, depending upon 
the tempera ture of deposition. The main advantage of this type of coating 
is that the coating itself will not dictate the tempera ture limit of the whole 
fuel element but instead the limit will be set by the proper t ies of the 
fissile ma te r i a l and the graphite ma t r ix . 

Five types of pyrolytic carbon coatings were evaluated during the 
P r o g r a m . These types varied p r imar i ly in thicknaea and, to some extent, 
in deposition t empera tu re . The thickest coating was on the FA-21 (fueled) 
and FX-3 (unfueled) types which had s imi lar coatings deposited in the range 
of 3300 to 3400°F. The FA-21 specimens were made by depositing the 
coating on UC2 fueled FA-19 specimens . Specimens of the second type 
(FA-20) included some having 2 to 5 mi l thick coatings deposited at 3000®F 
and others with thicker coatings, ranging up to 12 m i l s , deposited at 3200'°E. 
The FA-20 specimens were also made by coating FA-19 specimens . Spec­
imens of the third type are represented by the designation F X - 5 . This type 
has a thin 0. 5 mil coating deposited at about 3000"F, The last two types 

(FA»11 and FA-17) were deposited on UO2 fueled specimens at 250O°F. 
FA-17 specimens consist of a pyrolytic carbon coating on an FA-1 specimien. 
Before coating the FA-11 specimens, the UO2 fueled graphite sphere was 
carbonaceously re impregnated (Type FA-9) in order to r a i se its density. 
In general , bet ter adherence of the pyrolytic carbon coating was found on 
the non-reimpregnated spheres (Type FA-17). A further descript ion of 
these pyrolytic carbon surface coated specitnens can be found in Table 2 - 1 . 

Photomicrographs of th ree types of pyrolytic carbon surface coatings 
are shown in F igures 3-11, 3-12 and 3-13. The FA-20 coating shown in 
Figure 3-11 is 5 mi ls thick. The typical conical growth pat terns of pyro­
lytically deposited carbon can be seen in this picture which was taken under 
polarized light. Good bonding of the coating to the graphite body was 
achieved. However, a crack running paral le l to the graphite surface can be 
noted. This type of cracking has been noted ina.number of other samaples 
of pyrolytic carbon coating and is due to s t r e s s e s during fabrication ar is ing 
from a difference in thermal expansion coefficient of the pyrolytic carbon 
coating and the graphite sphere . The FA-21 coating shown in Figure 3-12 
is 50 mi ls thick and has purposely been prepared to be somewhat thicker 
than the FA-20 coating. Again, the conical growth pat terns and the presence 
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FIG. 3-11 Pyrolyt ic carbon coating 
on specimen type FA-20» 

^ View at 250x. 
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FIG, 3-lZ Pyrolyt ic carbon coating 
on specimen type FA-21. 
View at lOOx. 
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FIG. 3-13 Pyroly t ic carbon coating on 
specimen type F X - 5 . View at 250x. 
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of cracks paral le l to the base plane can be noted. The FX-5 coating shown 
in Figure 3-13 averages only 1/2 mil thick. As noted below, this coating 
was quite porous but more res is tant to impact loads than the FA-20 and 
FA-21 types 

3 .2 .1 P re - i r r ad i a t ion Evaluation 

All of the p re - i r rad ia t ion tes ts on pyrolytic carbon surface coated 
specimens are given in this section. 

Coating Permeabi l i ty . Both of the FA-17 specimens and all twenty-
one of the FA-20 specimens received for evaluation were found to pass the 
hot oil leakage test while only one of three FA-11 specimens were found 
to pass this test which i l lus t ra tes the difficulty in achieving a tight pyro­
lytic carbon coating on a reimpregnated graphite base . Three of the four 
thicker-coated FA-21 specimens successfully passed the hot oil test with 
one specimen showing a single pinhole leak. One of the FA-21 specimens 
which passed the hot oil test had a number of carbon growths about 1/8 inch 
long protruding from i ts surface. When these carbon growths were removed 
by polishing, pinhole leaks were observed where most of the growths had 
been. The thin coatings on the FX-5 specimens were all found to be porous 
by the hot oil leakage tes t . 

Uranium Contamination. Since the pyrolytic carbon is deposited 
direct ly on the fueled graphite surface, it was of in te res t to know whether 
uranium would migra te through the coating or otherwise contaminate the 
coating surface. A number of FA-11 , FA-20 and FA-21 specimens were 
assayed for surface uranium, contamination by alpha counting. The;resul ts 
a re tabulated in Table 3-10. Occasionally, severa l spots on the sphere have 
been found to have a somewhat higher ui-anium contamination but on the 
whole, it can be seen that there is no ser ious uranium contamination of this 
type coating. 

Abrasion Tests , Abrasion tes ts were run on four FA-20 specimens 
and two FX-5 specimens. The spheres were tumbled for 60 minutes inside a 
rotating drum which also contained some dummy graphite spheres . The 
abrasion test results a re summarized in Table 3-11. As can be noted, there 
was more tendency for coating to flake off the spheres with the thicker coat­
ings. Even though par ts of the coatings flaked off specimen 342E, which had 
the thickest coating, it s t i l l did not leak. Some leaks appeared in the thinner 
coatings. These observations imply that the method of failure in these types 
of coatings is by chipping off of succaesive layers and that the innermost 
layer is most securely bonded to the graphite ma t r ix . 
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TABLE 3-10 

Surface Uranium, Contamination of PyC Coated Specimens 

Sphere No. 

FA-11 (336N) 
FA,20 (330N) 
FA-20 (314N) 
FA-20 (399N) 
FA-20 (427N) 
FA-20 (431N) 
FA-20 (433N) 
FA-20 (435N) 
FA-20 (429N) 
FA-20 (338E) 
FA-20 (345E) 
FA-20 (325E) 
FA-20 (329E) 
FA-20 (344E) 
FA-21 (Nl) 
FA-21 (N2) 

Equivalent F r 
Posit ion 1 

4 .4x10"^ 
7 ,0x10 '^ 
2 .1x10 ' ^ 
2 , l x l 0 : ° 
1.7x10 ° 
5.9x10" 
7 .8x10" ' 
1.4x10"^ 
5.9x10" 
7.1x10" 
5.7x10" 
4 . 8 x 1 0 " ' 
1.6x10"^ 
1.6x10"' 
5.9x10"!: 
1.9x10" 

Abrasion Tes ts on 

Specimen 
No. Thi 

FA-20(342E) 

FA-20(427N) 
FA-20(431N) 
FA-20f435N) 

FX-5(X3) 
FX-5(U1) 

action of Total U 
Posit ion 2 

_ 
» 
_ 
_ 
-
_ 
_ 

7 ,8x10 '^ 
5 .7x10" ' 
6 .3x10" ' 
2. IxlO"^ 
8.8x10"^ 
4.4x10" 
7 .8x10" ' 
5.9x10" 

FABLE 3-11 

Pyrolyt ic Carbon C 

Time ir 
Coating Hot Oil 

ckne 

8. 

2. 
2 . 
4 . 

0. 
0. 

ss 

5 

7 
3 
1 

5 
5 

, mi ls Min 

8 

10 
10 
10 

5 
5 

1. 

Hot Oil 
Test 

No leaks 

in Sphere 
Posit ion 3 

_ 
_ 
-
-
-
_ 
_ 

1.7x10"^ 
7. IxlO", 
2.3x10"^ 
3 .2x10" ' 
3.2x10" 

nil 
1.9x10' 

ni l 

oated Spheres 

Profuse leaks 
Profuse leaks 
Several sro^all 
leaks . 
Several le 
Several le 

1 
aksj 
aks^ 

Visual 
Inspection 

Coating flaked 
and cracked 
Coating flaked 
Coating flaked 
No damage 

_\ 
' No damage 

No damage 

(a) These specimens showed general porosity pr ior to the abrasion 
tes t . 
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I m p a c t T e s t s , A sum,mary of i m p a c t t e s t s on p y r o l y t i c c a r b o n coated 
s p h e r e s i s g iven in Tab le 3 -12 . With the F A - 2 0 s p e c i m e n s , v i s u a l d a m a g e 
to the coat ing (i . e . chipping) and the a p p e a r a n c e of a l eak u s u a l l y o c c u r r e d 
at the s a m e i m p a c t load . In one c a s e (399N), the l eak a p p e a r e d at a h i g h e r 
i m p a c t load than r e q u i r e d to flake off a p o r t i o n of the coa t ing . The point of 
i m p a c t f a i lu re on FA-21(N1) w a s " spongy" a f te r the t e s t which ind ica ted tha t 
th i s coat ing c o n s i s t e d of n u m e r o u s p o o r l y bonded l a y e r s . The thin coa t ings 
on the F X - 5 type s p e c i m e n s did not b r e a k away f rom the g r a p h i t e m a t r i x 
up to the point w h e r e the s p h e r e b r o k e . In m o s t c a s e s i t w a s not p o s s i b l e 
to de t ec t w h e t h e r p inho les deve loped be fo re the s p h e r e b r o k e due to the 
p o r o u s n a t u r e of th i s coa t ing . All of t h e s e r e s u l t s g e n e r a l l y con f i rm the 
o b s e r v a t i o n s noted in the a b r a s i o n t e s t s . 

T A B L E 3-12 

I m p a c t T e s t s on P y r o l y t i c C a r b o n Coated S p h e r e s 

S p e c i m e n 
No. 

F A - 1 1 (SON) 
F A - 2 0 (353N) 
F A - 2 0 (433N) 
F A - 2 0 (399N) 
F A - 2 0 {326E) 

F X - 3 (44) 
F A - 2 1 (Nl) 

F X - 5 (Ul) 
F X - 5 (02) 
F X - 5 (X3) 
F X - 5 (S) 

T h i c k n e s s , m i l s 

5 .0 
2 . 0 
3 . 4 
4 . 2 
9 .3 

50 
50 

0 . 5 
0 . 5 
0 . 5 
0 . 5 

I 
Coat ing 

Hot Oil T e s t 

1. 1 
3 . 6 
1.7 
2 . 2 
1. 1 

2 . 5 
1.0 

0 . 4 
(a) 
(a) 
(a) 

m p a c t Load , 
F a i l u r e 

V i s u a l 

1. 1 
3 . 6 
1.7 
2 . 0 
1. 1 

2 . 5 
1.0 

none 
none 
8 . 5 
7 . 5 

F t - l b s . 
G r a p h i t e 

F a i l u r e 

_ 
-
-
-
-

« 
_ 

8 .0 
7 . 0 
_ 
-

(a) L e a k a g e w a s too g r e a t to define coat ing f a i l u r e , 

C o m p r e s s i o n T e s t s . T h r e e F A - 2 0 s p e c i t n e n s w e r e sub jec ted to a 
compr"ess ion" tes t ' S p e c i m e n F A - 2 0 (302N) fai led at 2577 l b s . and 0 . 0 9 7 " 
def lec t ion . S p e c i m e n FA». 20 (435N) fai led at 2830 lbs„ and 0. 182" de f l ec ­
t ion . S p e c i m e n F A - 2 0 (342E) fa | led at 3275 l b s . and 0 . 2 0 0 " de f lec t ion . 
Although t h e s e va lues a r e we l l above the d e s i r e d c o m p r e s s i v e s t r e n g t h 
of 500 lbs . , it w a s not p o s s i b l e to d e t e r m i n e with c e r t a i n t y that t h e r e was 
no coat ing fa i lu re p r i o r to s p h e r e f a i l u r e . 
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3 .2 .2 I r radiat ion Effects 

Three pyrolytic carbon surface coated specimens were subjected 
to high level i r rad ia t ion • one in Capsule SP-4 and two in the static 
section of Capsule S P - 5 . The design and operating features of these 
Capsules a re given in Section 8 .0 , The hot cell resu l t s for the specimens 
in Capsule SP-5 were taken from ref. (21). 

A summary of the operating conditions and the resu l t s of the post-
i r radia t ion examinations a re given in Table 3-13, In general , the hot 
cell exanninations included visual examinatioBj hot oil test ing, weight change, 
dimensional change, and m.etallography. 

TABLE 3-13 

Capsule Irradiat ion Resul ts for Pyrolyt ic Carbon Surface 
Coated Specimens 

Capsule No. 
Specimen No. 
Coating Thickness, inches 
Coating Deposition Temp, ®F 
Specimen Power , KW/Ball 
Tempera ture , "F 

Surface 
Center 

Burnup, KWH/Ball 
Weight Change, % 
Diameter Change, % 
P a s s e d Hot Oil Test 
Visual Appearance 

SP-4 
FA-20(336E) 

.002 
3000 
2 . 0 

1550 
1750 
6700 
+0.19 
- 0 . 4 
No 

Several fine 
c racks 

SP-5 
FA-20(338E) 

,0095 
3200 
1.3 

1360 
1460 
4500 
+ 0.02 
- 1 . 2 
No 

Several fine 
c racks 

SP-5 
FA-20(345 

.0125 
3200 
0 . 8 

1360 
1420 
2700 
0 . 0 
- 0 , 7 
Yes 

No Visible 
defects 

Visual Examination. The pos t - i r rad ia t ion appearance of the pyrolytic 
carbon was clean and shiny as was the p re - i r r ad ia t ion appearance . F ig . 3-14 
and 3-15 a re views of the same location on the surface of specimen FA-20 
(338E) taken before and after i r rad ia t ion . No change in the appearance of the 
pyrolytic carbon can be noted. Similar c racks were noted in specimens 
336E and 338E. They consisted of several para l le l hair l ine c racks running 
almost entirely around the specimen. A typical view of these cracks is seen 
in F igs . 3-15 and 3-16. There was no evidence of any defect in specimen 
FA-20(345E). 
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FIG. 3-14 View of Pyroly t ic Carbon Coating on FA-20(338E) 
Before I r rad ia t ion . 

FIG, 3-15 View of Pyrolyt ic Carbon Coating on FA-20(338E) 
After I r rad ia t ion . 
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FIG. 3-16 Cracks in surface of 
pyrolytic carbon coated 
specimen FA-20 (336E) 
after i r rad ia t ion in 
Capsule S P - 4 . 
View at 4x. 

• 

•1.^:1^ 

FIG. 3-17 One of the c racks in the surface 
of pyrolytic carbon coated specimen 
FA-20 (336E) after i r rad ia t ion in 
Capsule S P - 4 . View at lOOx. 



Hot Oil T e s t s . The cracked specimens 336E and 338E were found to 
bubble profusely from their c racks when i m m e r s e d in hot silicone oi l . 
There appeared to be some slight leakage in a r ea s removed fromi the 
c rack region. However, this could not be definitely confirmed due to the 
profuse bubbling from the c r a c k s . Specimien 345E showed occasional 
indications of very fine bubble s t r eams which inay have actually been eddy 
cur ren t s in the oi l . 

Weight and Dimension Measurement s . The weight and dimension 
changes for these specimens were given in Table 3-13. The slight weight 
gains noted for the cracked specimens could be p r imar i ly due to readsorpt ion 
of atmospheric g a s e s . The dimensional changes on all the FA-20 specimens 
were l a rge r than the changes noted for the Si-SiC coated specinnens in Table 
3-4 and all the FA-20 dimensional changes were negat ive. These factors 
support the view that an i r radia t ion induced shrinkage occurred in the 
graphite matr ix and possibly in the pyrolytic carbon coating. 

Metallographic Examination. Specimen F A - 2 0 ( 3 3 6 E ) was mounted in 
plast ic and sectioned in o rde r to l ea rn more about the hair l ine c racks which 
occurred in i ts coating. F ig , 3-17 is a photomicrograph of a section through 
the coating. One of the cracks can be seen in this view. The coating 
appears to have separa ted . A surface crack in the graphite beneath the 
coating can also be seen. Cracks of this type have not beEn previously 
noted in the surface of uncoated graphite and it is possible that s t ra ins in 
the coating actually caused this crack in the graphi te . Due to the order ly 
nature of the c r acks , the most likely cause is an anisotropic radiation 
induced dimensional changes in the graphite sphere . 

3 . 2 . 3 F i ss ion Product Retention 

Pyrolyt ic carbon surface coated specimens were subjected to neutron 
activation tes t s and one furnace capsule i r rad ia t ion as descr ibed below. 

Neutron Activation. A summary of all neutron activation t e s t s on 
pyrolytic carbon surface coated specimens is given in Table 3-14., The 
coating thicknesses and coating deposition t empera tu res a r e also shown. 
The Xe 133 re lease from specimens FA->11(298N) and FA-20(310N) steadily 
increased with t ime as seen in F ig , 3-18 which is a plot of fraction of 
Xe 133 re lease as a function of t ime for FA-2O(310N). However, essential ly 
no Xe 133 was re leased from the subsequent pyrolytic carbon coated spec imens . 
This indicates a much lower permeabil i ty for pyrolytic carbon coatings 
deposited above 3QO0°F, 
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TABLE 3-14 

N e u t r o n Ac t iva t ion T e s t s on P y r o l y t i c C a r b o n 

S p e c i m e n 
N o . 

FA-11(298N) 

F A - 2 0 ( 3 ION) 

FA-20(429N) 

FA-20(338E) 
F A - 2 i ( N 2 ) 

Surface 

Coat ing 
Th(a) 

5 

2 

4 . 9 

9 . 5 
50 

DTTb) 
2500 

3000 

3200 

3200 
3400 

Coa t ed 

T e s t 
T e m p , 

«F 
1500 
1500 
1500 
1500 
1700 
2200 
1900 
1650 
2300 

S p e c i m f p s 

T i m e a t 
T e m p , ntiin, 

220 

no 
200 
158 

70 
100 
180 

75 
80 

F r a c t i o n of Xe 133 
R e l e a s e d 

7x10-4 
8x10-4 
3x10-4 
6x10-4 

< 4 x l 0 - 5 
< 4 x l 0 - 5 
< 9 . 3 x l 0 - ' ? 
< 4 x l 0 - 5 

4 x 1 0 - 5 

(a) Th = Coat ing t h i c k n e s s , m i l s 
(b) DT = P y r o l y t i c c a r b o n depos i t i on t e m p e r a t u r e , ° F . 

F u r n a c e C a p s u l e . An e x p e r i m e n t on the cont inuous r e l e a s e of f i s s ion 
p r o d u c t s f r om s p e c i m e n FA-20(3ION) w a s conduc ted in F u r n a c e C a p s u l e 
S P F - 1 . The d e s i g n of t h i s type of c a p s u l e i s d e s c r i b e d in Sec t ion 8 . 2 . The 
s p e c i m e n w a s o p e r a t e d a t t e m p e r a t u r e s r ang ing f rom 150°F to 1900 ' 'F , 
The l e a k a g e f a c t o r s for five l o n g - l i v e d g a s e o u s f i s s ion p r o d u c t s a r e 
s u m m a r i z e d in Table 3 - 1 5 , 

S u m m a r y 

S p e c i m e n 
T e m p . 
ISO-'F 

lOOO'F 
ISOO-'F 

igoo'F 

(a) 

TABLE 3-15 

of F i s s i o n P r o d u c t R e l e a s e F r o m S p e c i m e n FA-20(31ON) 
in F u r n a c e Capsu l e S P F - 1 

Kr 85m 
.00038 
.0043 
.016 
.026 

R / B , ( R e l e a s e R a t e / P r o d u c t i o n Ra te ) 
Kr 87 Kr 88 
.00016 (a) 
. 0 0 2 3 .0038 
. 0 1 3 .016 
.0107 .0224 

Not m e a s u r e d . 

Xe 133 
.0046 
,0057 
.041 
,067 

Xe 135 
.0015 
.0039 
.009 
.019 
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The results with specimen FA-20(31ON) in both the neutron activation 
and the furnace capsule tests indicate that there was a measurable diffusion 
of fission products through the pyrolytic carbon coating. It is of interest 
to attempt mathematical correlations for this type of experii^ent since only 
a single controlling mode of diffusion (i.e. through the surface coating) is 
present rather than the m,iiltiple paths for leakage from an uncoated specimen. 
Equations for the diffusion of fission products through coatings on spherical 
fuel elements were developed by Battelle Memorial Institute and an outline of 
this development was given in ref. (4). 

For post-irradiation release of fission products, the following equation 
was derived: 

R 3 Df . 
M ah ^ 

For continuous release of fission products during irradiation, the 
following equation was derived: 

R ^ 3f „ _ _ _ _ 
B '^WWsiT)hl^WW+ 3 coshlh^T^^ 

where R = Rate of release fromi coating, atoms/sec 
M = Concentration in sphere, atoms, 
B = Rate of production in sphere, atom;s/sec. 
f = Recoil fraction from fuel particle to graphite matrix. 
D = Diffusion coefficient, cm^/gec. 
a = Sphere radius, cm. 
h = Coating thickness, cm, 
X = Isotope decay constant, sec" , 

<t> = F u n c t i o n of D , h , and t i m e of p o s t - i r r a d i a t i o n h e a t i n g . 

T h e s e equa t ions w e r e u s e d to so lve for D, the diffusion coeff ic ient 
for the coa t ing , employ ing both the n e u t r o n a c t i v a t i o n and fu rnace c a p s u l e 
d a t a . B a s e d on n e u t r o n a c t i v a t i o n da t a , v a l u e s of D w e r e found to be 
1 .1x10-8 for the F A - 1 1 s p e c i m e n and 2 . 4 x 1 0 - 9 for the F A - 2 0 s p e c i m e n . 
The r e s u l t s from, the fu rnace c a p s u l e da ta a r e shown in F i g . 3-19 w h e r e D 
is p lo t t ed a g a i n s t the r e c i p r o c a l of the a b s o l u t e t e m p e r a t u r e . 

The h i g h e r diffusion coeff ic ient for the F A - 1 1 s p e c i m e n c o m p a r e d 
with the F A - 2 0 s p e c i m e n in n e u t r o n a c t i v a t i o n t e s t s could i nd i ca t e tha t 
the l o w e r depos i t i on t e m p e r a t u r e for the F A - 1 1 s p e c i m e n r e s u l t e d in a 
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10 15 20 
l / T , ®KXI04 

FIG. 3-19 F i ss ion Produc t Diffusion Coefficients for 
Pyrolyt ic Carbon Coating on Specimen FA-20 
(31 ON) in Capsule S P F - 1 . 
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higher permieability. Rather good agreement can be noted between the 
diffusion coefficient for specimen FA-20(31 ON) calculated from neutron 
activation data and the corresponding value for Xe 133 at 150O°F of 
3. Ix l0°9 calculated from furnace capsule data. F ig . 3-19 shows a ra ther 
good corre la t ion for the 100O*F, 150O°F, and 190O°F data but not for the 
1 5 0 ' F data . 

Furnace Capsule SPF-1 was f irs t operated at 150O®F. The capsule 
was then shut down for 6 weeks for modifications to the off-gas t ra in which 
would permi t unattended capsule operat ion. After recommencing operation, 
the o rder of the tempera ture runs was 1O0O®F, igOO^F, and 150°F. 
Suspiciously high leakage ra tes had been noted during the ISO^F run. 
Consequently it was decided to open Capsule SPF-1 in the Hot Cell in order 
to examine the specimien. 

Upon renaoval of the specimen from the capsule, a la rge number of 
pits were readily visible in the surface of the specimen as shown in F ig . 3-20. 
The pits a re seen to be largely concentrated in one region of the specimien. 
They had the appearance of corros ion pits in nietal . Many of the pits 
appeared to be undercut, that i s , the underlying graphite had been rem,oved 
to a grea ter extent than the pyrolytic carbon surface coating. F rom these 
observat ions, it was concluded that the sweep helium s t ream for t ransport ing 
fission products from the specimen to the trapping system miust have become 
contaminated with oxygen or moi s tu re . Although the gas s t r eam was not 
analyzed for contaminants, some difficulty had been experienced in shakedown 
testing during the 6 week shutdown following the 150O°F run. The cold t raps 
tended to plug due to excessive moisture believed to come from the par t icular 
helium tank in use at the t ime . It is probable that the rate of attack did not 
become excessive until the 190O°F run, causing the significant r e l ease r a t e s 
during the subsequent 150°F run. 

This experience with Capsule SPF-1 had indicated that excessive ra tes 
of attack could occur to pyrolytic carbon coatings if the p r i m a r y coolant 
s t r eam of the reac tor should become contaminated with mois ture from a 
boiler tube rup ture . The fission product re lease data from Capsule SPF-1 
pr ior to the 150''F run is thought to be valid, however, for a 3000"F 
pyrolytic carbon coating such as on FA-20(31 ON). F rom the neutron 
activation data, it appears that even grea ter fission product retention can 
be achieved with pyrolytic carbon coatings deposited above 3000"F. 
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FIG, 3-20 Corros ion pits in surface of pyrolyt ic 
carbon coated specimen FA-20 (310N) 
after exposure in Furnace Capsule SPF-1 , 
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4 .0 Alumina Coated Fuel Pa r t i c l e s 

Another method of retaining fission products in a uranium-graphi te 
fuel element is to place a coating on each individual fuel par t ic le of an 
admixture type e lement . There a re severa l advantages of coatings on 
fuel p a r t i c l e s . F iss ion products a re retained at their source . The 
coating mater ia l is not subjected to such external loads as impact , 
compression, or abrasion, nor such internal loads as thermal s t r e s s 
which a re normally applied to a PER fuel e lement . The fracture of a 
PBR fuel element will not expose uncoated fuel pa r t i c l e s , thus fission 
product retention will be maintained. There should be a minor beneficial 
effect on manufacturing costs since the graphite fabricator will not have 
to handle exposed fuel. There may well be an advantage in Reprocessing 
in that the graphite matr ix can be rei:noved and disposed of with little 
regard for the contained uranium, and fission products inside the par t ic le 
coatings. 

The f irst development work on coated fuel pa r t i c l e s , involving a 
s intered alumina coating for UO2 pa r t i c l e s , was proposed by the Battelle 
Memorial Institute (4). This p rocess consisted of prepar ing fuel par t ic les 
from a s intered grade urania powder, dusting the fuel par t ic les with a 
sinterable grade alumina powder while in a pelletizing drum, isostat ical ly 
press ing the coated par t ic les and then sintering them. A typical coated 
part ic le produced by this p rocess can be seen in F ig . 4 - 1 3 , The main 
problems with this type of coated part ic le were the lower sintering shrinkage 
of UO2 compared with the alumina coating, and reproducibil i ty, par t icular ly 
when thinner coatings ( i . e . in the range of coating thickness equal to the 
fuel par t ic le radius) a r e ero.ployed, A numiber of var iat ions in the fuel 
part icle were t r i ed . These included the use of UO3, mixtures of UO3 and 
U02« and the addition of alumina monohydrate to the s tar t ing UO2 powder. 
The best solution to the differential shrinkage problem was found to be the 
addition of 65 w/o UO3 to the UO2. However, it was found that reproducibly 
good coatings could only be made with excessive coating thicknesses ( i . e . 
coating thickness equal to the fuel par t ic le d iameter ) . Consequently, this 
work on sintered alumina was abandoned in favor of another p rocess proposed 
by Bat tel le . 

This new p r o c e s s , known as vapor deposited alumina, was first a t t ract ive 
because extremely thin coatings ( i . e . 10 microns and less ) could be produced 
and the mater ia l appeared dense and impermeab le . Subsequent development 
work and i r radia t ion tes t resul t s obtained showed that this was indeed a most 
promising type of coating. The work on alumina coated UO2 descr ibed in the 
following sections all re la tes to vapor deposited alumina, except where 
specifically noted. 
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4. 1 Coated Pa r t i c l e Fabr ica t ion 

The p rocess for applying vapor deposited alumina coatings on UO2 
par t ic les was performed at Battelle in a fluidized bed. The apparatus used 
for all work repor ted here in was a 1" d iameter externally heated quartz 
tube having a conical bottom to support the bed of UO2 pa r t i c l e s . The 
par t ic les were fluidized by a hydrogen s t ream containing alumiinumi chloride 
vapor . An additional s t r eam of hydrogen is introduced into the lower par t 
of the bed through a water vapor ize r . About 50% of the alumina formed by 
hydrolysis at approximately ISOO^F is deposited on the surfaces of the UO2 
p a r t i c l e s . The remainder of the alumina passes out of the react ion vesse l 
as fines along with the by-product H C l . Measurement of HCl production 
is used to follow the alumina production r a t e . The convenient batch size 
for the experimental apparatus is 100 gms of UO2. High-fired UO2 spherical 
shot was used for pract ical ly all of the r u n s . 

Uranium contamination of the coating by UO2 dusting during the initial 
stages of fabrication is minimized by stopping the p rocess after several 
microns of alumina have been deposited, r insing both the par t ic les and the 
reaction vesse l , and res ta r t ing the p r o c e s s . When large coating thicknesses 
a r e des i red, volumetric expansion of the coated par t ic le bed l imits the run, 
making it necessa ry to split the batch in half and continue coating each half 
in separate r u n s . 

The large number of par t ic le collisions during the fluidized coating 
p r o c e s s , each tending to form a new growth si te , is believed to be a major 
factor in forming the dense coating. No sintering step is requi red after the 
fluidization p r o c e s s . The deposition tempera ture is perhaps the most import 
ant p rocess var iab le . In the ISOO^F to 2 0 0 0 ^ range, a dense impermeable 
alpha-phase alumina is formed while at a lower tenaperature a porous coat­
ing i s formied. A further descript ion of the manufacturing p rocess used at 
Battelle is given in reference (10). 

A summary of all alumina coated UO2 par t ic les made to date is given 
in Table 4 - 1 . Batches which have been used to fuel graphite spheres a r e 
also indicated. Batches IB through I IC were naade at Bat tel le , Batch 12H 
was obtained from the Nuclear Mater ia ls & Equipment Corp . 
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L i s t 

Ba tch 
No . 
IB 
2A 
30 
4E 
5D 
6F 
6H 
6J 
7H 
7J 
8G 
9 
9A 

of Alum.ina C 

UO2 
S i z e , fj. 

105/149 
105/149 
105/149 
105/149 
250 /420 
105/149 
105/149 
105/149 
105/149 
105/149 
297 /350 
105/149 
105/149 

T A B L E 4 - 1 

oa ted P a r t i 

U r a n i u m 
E n r i c h . 

Nat , 
Nat . 
Na t , 
E n r . 
Dep . 
E n r . 
E n r . 
E n r . 
(a) 
(a) 
Na t . 
Na t . 
Nat , 

c les and F 

Coat ing 
T h i c k , |j. 

20 
38 
50 
55 
40 
42 
48 
66 
40 
44 

150 
14 
26 

ueled G r a p h i t e 

D e p o s i t . 
T e m p . , 

1830 
1830 
2010 
1830 
2010 
1830 
1830 
1830 
1830 
1830 

^F 

1380(b), 1830 
1830 
1830 

S p h e r e s 

No. of 
S p h e r e s 

3 
2 
0 
3 
0 
0 
5 
0 
0 
0 
0 
0 
0 

l i e 105/149 E n r . 59 1380(b), 1830 0 
12H(c) 105/149 Nat . 40 1830 0 

(a) P a r t i c l e compos i t i on w a s T h 0 2 and UO2 in 11: 1 r a t i o . 
(b) 20 m i c r o n s of p o r o u s AI2O3 w a s depos i t ed at th is t e m p e r a t u r e . 
(c) Made by NUMEC, a l l o the r types m a d e by BML 

B a t c h e s IB and 2A. T h e s e w e r e the f i r s t b a t c h e s of a l u m i n a coa ted 
UO2 m a d e for the P B R F u e l E l e m e n t Deve lopmen t P r o g r a m . Ba t ch IB 
was p r e p a r e d in 3 s t a g e s and was sub jec ted to a n i t r i c ac id l each af ter the 
f i r s t s t age (9 m i c r o n s ) to r e m o v e u r a n i u m con tamina t ion . Batch 2A w a s 
p r e p a r e d by mak ing two addi t iona l r u n s on ba tch I B . P a r t i c l e s f r om Ba tch 
IB a r e s een in F i g . 4 -1 and p a r t i c l e s f rom ba tch 2A a r e s e e n in F i g , 4 - 2 . 
All r u n s w e r e done at 1830 " F . No ev idence of l a m i n a t i o n s be tween the 
s u c c e s s i v e r u n s can be no ted . The d e n s e cont inuous a p p e a r a n c e of the 
p a r t i c l e s on a l l coa t ings was m o s t e n c o u r a g i n g . 

Batch 3C and 5D. Two v a r i a b l e s w e r e s tud ied in t h e s e b a t c h e s . 
A h ighe r depos i t ion t e m p e r a t u r e (2010' 'F) w a s used for ba tch 3C and both 
the 2010 ' 'F depos i t i on t e m p e r a t u r e and l a r g e r p a r t i c l e s w e r e used in ba tch 
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F I G . 4 - 1 Al O coa t ing on U O - , f r o m 
b a t c h No . I B lOOx 

F I G . 4 - 2 A l^O coa t ing on UO , f r o m 
b a t c h N o . 2A lOOx 
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5D. A grea te r amount of included porosi ty was noted in batch 3C as seen 
in F ig . 4 - 3 . The porosi ty does not appear to be interconnected in the 
radial direction but does appear to be oriented para l le l to the coating 
sur faces . The UO2 used in batch 5D was somewhat i r r egu l a r in shape as 
seen in F ig . 4 - 4 . More evidence of included porosi ty can be noted. In 
spite of the angular nature of the U02» all surfaces a r e uniformly coated. 

Batch 4E . This batch of enriched UO2 shot was coated for high level 
i r radia t ion tes t ing. Pa r t i c l e s from this batch were eventually incorporated 
into the FA-22 specimens which were i r rad ia ted in Capsule S P - 5 . F igure 
4-5 shows a 500X view of a par t ic le fromi this batch together with a 5000X 
picture which was taken in order to study the s t ruc ture of the coating in 
more detai l . The dark band in the coating is now believed to be a porous 
alumina region which was inadvertently deposited during the fabrication of 
this batch. In the 5000X view, the dense and continuous band of impermeable 
alumina can be noted between the UO2 and the porous alumina. Grain 
boundaries can be c lear ly noted in the UO2. The absence of such boundaries 
in the alumina phase is the major reason why this type of coating has shown 
such good fission product retention. 

Batch 6F, 6H, and 6J . These batches containing enriched uranium 
were made in order that additional fueled graphite spheres could be p repa red 
for i r radia t ion in the in-pile loop (see Section 9 .0) . A single batch of 
enriched UO2 par t ic les was f irs t coated with 23 microns of alumina in 
3 s teps . The batch was then split with batch 6F being produced in 3 more 
runs on one half and batch 6H being produced in 2 more runs on the other 
half. Batch 6 j , which approaches the maximum thickness to d iameter 
ratio considered for use in the PBR, was p repared by making two additional 
runs on a portion of batch 6 F . F ig . 4-6 is a photomicrograph of par t ic les 
from batch 6F where the good bonding between successive coating runs is 
apparent by the lack of any visible interfaces within the coating. 

Batch 7H and 7J . Thor ia-urania par t ic les were used in batches 
7H and 7 J to determine whether there would be any unanticipated effects due 
to the presence of thor ia . The nominal 11:1 Th/U atom ratio used in these 
par t ic les resul ted froin a design study of a 125 eMW Pebble Bed Reactor 
Steam; Power Plant (1). A single batch of Th02 /U02 par t ic les was f i rs t 
coated with 24 microns of alumina in 5 s t eps . After splitting this batch, 
3 more runs were made on each half to produce batches 7H and 7J . A 
photomicrograph of a typical batch of coated par t ic les from batch 7H is 
seen in F ig , 4 - 7 . Although the Th02 /U02 par t i c les a r e somewhat 
i r r egu la r , all par t ic les a r e seen to be adequately coated with no evidence of 
gaps between successive coating l a y e r s . 
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F I G . 4 - 3 AI2O3 Coa t ing on UO^ f r o m B a t c h N o . 3 C . C250X) 

I 

F I G . 4 - 4 AI2O3 Coa t ing on UO2 f rom B a t c h N o . 5 D . (lOOX) 
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-a 

Porous Al^O 

en 
-a 

AI2O3 coated UO2 particle 
from Batch 4E (500X). 

50OOX magnification at 
AI2O3-UO2 interface . 
Unetched, 

FIG. 4-5 



FIG. 4 -6 Al O Coating on UO , from 
b a t c h V , lOOx 

FIG. 4-7 A 1 , 0 - Coating on ThO /UO from 
batch'^7H 50x 
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Batch 8G. This batch was p repa red with two special features in mind: 
(1) a large UO2 par t ic le was used (297/350 micron) so that a thick coating 
could be applied and not exceed limitations on carbon moderator displacement 
when dispersed in a graphite sphere , and (2) a porous inner layer of alumiina 
was used which would have the advantage of providing a r e se rvo i r for 
fission gases and a cushion to prevent thermial cycle fracture of the outermost 
impermeable alumina coating. A thin 2 micron coating was f irs t deposited 
at 1830°F so that any uranium contamination ar is ing from dusting of the 
ba re UO2 par t ic les during the ear ly s tages of fluidization could be leached 
away. Next, a 20 nmicron layer of porous AI2O3 was deposited at ISSO^F. 
Additional impermeable alumina was deposited at 1830''F until a total 
alumina thickness of 150 microns was reached. 5 gmi. samples were 
removed fromi the batch at coating thicknesses of 30, 50, 77, 106^ 122 and 
150 microns in order to evaluate the effect of coating thickness on thernaal 
cycle rup ture . F ig . 4-8 shows a par t ic le from batch 8A which has been 
coated with only the thin impermeable layer and the porous layer of 
alumina. F ig . 4-9 shows severa l par t ic les from the final batch, 8G. The 
dark band near the UO2 par t ic le is the porous alumina. Some evidence of 
annular porosi ty in the UO2 par t ic les can be noted. Occasional growths 
of alumina can be seen to protrude fronn the outer surface of the coating. 
In severa l ins tances , a dust par t ic le inclusion can be noted at the base 
of alumiina growths. Similar growths have been noted in pyrolytically 
deposited carbon coatings which were also believed to a r i s e from soot 
pa r t i c l e s . 

Batches 9 and 9A. These batches were p repa red in order to explore 
the effect of faster deposition ra te on coating integr i ty . All previous batches 
were p repa red at a deposition ra te of about 6 g m s / h r which would not cause 
excessive plugging of t h e exhaust system by AI2O3 fines. This ra te was 
increased to 12, 24, and 48 g m s / h r as a resul t of improvements in operating 
procedure and equipment design. No difficulties were experienced at 12 
g m s / h r (Batch 9). At 24 g m s / h r (Batch 9A)s a plug formed at the top of the 
reaction vesse l after severa l hours of operation. Fur the r plugging was 
observed at 48 g m s / h r . 

Batch l i e . This batch was p repared with fully enriched UO2 and was 
intended to be a duplicate of batch 8Gs containing a porous inner layer of 
AI2O3, A supply of i r regu la r ly shaped enriched UO2 was used because of 
the extended delivery t ime for large spherical shot. After 59 microns 
has been deposited, it was noted that portions of the coatings on many of the 
par t ic les had chipped off. Efforts were niade to weed out the faulty par t ic les 
by leaching and therm.al cycling but this did not he lp . This type of difficulty 
is believed due to the combinationof the porous inner layer on i r r egu la r ly 
shaped pa r t i c l e s . Fur ther coating of this batch was abandoned. 
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1 

FIG. 4-8 Batch 8A showing thin impermeable layer of 
AI2O2 and porous layer of AI2O3 on UO2 
par t ic le (500X), 

FIG. 4-9 Batch 8G showing AI2O2 coating with porous 
inner layer on UO2 (50X). 
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Batch 12H. This batch was obtained from the Nuclear Mater ia l s & 
Equipment Corp . The same vapor deposition technique at 1830*F as 
previously descr ibed was used except that a rotat ing kiln was used in 
place of a fluidized bed. The 40 mic ron coating was deposited in eight 
s t e p s . F igure 4-10 shows sections of the pa r t i c l e s from batch 12H. 
The coatings appear dense and continuous with no evidence of gaps 
between success ive l aye r s of coat ings . 

FIG. 4-10 AI2O3 Coating on UO2 from Batch No. 12H. (lOOX) 
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4. 2 P re - I r r ad i a t i on Evaluation of Coated Pa r t i c l e s 

A number of s tandard screening tes ts a r e used for alumina coated 
fuel pa r t i c l e s . In general , each batch of par t ic les which has been 
fabricated is subjected to the following t e s t s : 

1, Alpha Assay: Uranium contamination on the surface of the par t ic les 
is detected by placing a thin layer of the coated par t ic le in a 2 IT 
proportional gas flow counter and measur ing the alpha emiission r a t e . 

Z. Coating Integrity: Coated par t ic les a r e exposed to a i r at 1200''F« 
Any faults in the coating cause the underlying UO2 to be oxidized to UjOg 
which further ruptures the coating due to expansion of the fuel pa r t i c l e . Thus, 
weight gain after this tes t is a measure of lack of coating integr i ty . An 
ent i re batch of par t ic les can be subjected to this tes t so that exposed uranium 
can be subsequently removed from faulty par t ic les by leaching. 

3 . Thermal Cycling: Pa r t i c l e s a re thermial cycled between room 
tempera ture and 2500"F in an iner t a tmosphere to deterwiine whether the 
slightly higher expansion coefficient of UO2 as compared with the alumina 
coating will cause the coating to fail when the par t ic le is heated above i ts 
fabrication t e m p e r a t u r e . 

4 . Metallographic Examination: Routine metallography is done up 
to 500X. On occasion, e lectron microscopy is used for more detailed study. 

Table 4-2 is a summary of p re - i r r ad ia t ion tes t resu l t s on AI2O3 
coated pa r t i c l e s . The most striking resu l t s a re from the coating integri ty 
tes ts where uniformly good coatings were found for every batch. Even in 
the la ter batches where the entire batch was subjected to the hot a i r oxidation 
tests extremely small weight changes were found. In ea r l i e r work with 
other types of par t ic le coatings, weight gains as high as 10% to 50% were 
often found in s imi lar t e s t s . The weight loss repor ted for some batches is 
due to further devolatilization of adsorbed a i r and moi s tu re . 

Since the thermal expansion coefficient of UO2 (lOxlO-^'/^C) is slightly 
higher than for AI2O3 (8. BxlQ-^/ 'C) , it was of in te res t to learn whether 
heating the coated par t ic les above their fabrication tempera ture would 
rupture the AI2O3 coat ings, A top tempera ture of 2500®F was selected 
for the thermal cycle t e s t s because this appeared to be the upper l imit due 
to reaction between AI2O3 and graphi te . The f irst thermal cycle tes t was 
run on batch 2A and was done in a i r . The alpha count was found to inc rease 
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TABLE 4 - 2 

P r e - i r r a d i a t i o n T e s t s on Alumina Coated F u e l P a r t i c l e s 

1. 

2. 

3 . 

4 . 

5. 

6. 

Batch No . 

U O , S i ze , p. 

Coat ing T h i c k n e s s * ^ 

UO^ Content , w / o 

As F a b r i c a t e d . . 
(a) Alpha a s s a y ' ^ ' 

(b) EKposed 0 ' ' ' * 

Coating In t eg r i t y 
(a) Sample Wt, g m s 

I B 

105/149 

20 

7 1 . 0 

7 . 3 ^ 1 . 3 

1.5x10 

19.66 

(b) Weight Change , g m s - . 0 0 2 7 

(c) Alpha A s s a y *^^ 

T h e r m a l Cycle^'^^ 
(a) Weight Change , % 

(b) Alpha Assay^** 

2A 3C 4E 

105/149 105/149 105/149 

38 50 55 

4 8 . 9 3 2 . 6 3 5 . 0 

1.4l ' l 0 0 . 8 ^ 0 . 8 20 . 7 i 2 . 5 

5D 

250/420 

40 

6 6 . 1 

0 . 2 t o . 8 

6 F 

105/149 

42 

2 7 . 3 

0 . 4 t l . 2 

6H 

105/149 

48 

2 6 . 6 

0 . 4 t l . 2 

7H 

105/149 

40 

35 . 4 W 

2 . o t o . 4 

TJ 

105/149 

44 

34 . 5 W 

0. s t i . o 

8G 

297/35( 

150«*» 

4 2 . 8 

l . o t o . 6 

4 . 5 x 1 0 " ^ 4 . 0 x 1 0 " ^ 3 .0x10"^ 4 . 5 x l 0 ' ^ 4 . 5x10 
-7 

4 . 5x10 
.7 

9.0x10 
-6 

5 .0 

i l 

2 8 . 1 

+. 10 

61 .6122 

- 0 . 0 3 4 3 

2 . 8 1 

- . 0 0 1 

109 

+. 0004 

125 

- 0410 

89 

- . 0 0 0 5 

132 

m l 

76 . l t 5 . 2 O . s t o . S 

-0.25 -0.02 
2.o t l .0 

10.0 
5. 9-2.0 

2x10"^ 3 . 5 x 1 0 ' ^ 

162 

+. 0005 

14 26 40 

43 

0.0 

5 

+ . 0 0 2 4 

0.6to.7 46.0^3.1 i 8^0.8 

0.4^0.® 3 .4 i l .2 193^6.0 32.612.6 

(a) Repo r t ed as c p m / g m of s a m p l e 
(b) Repo r t ed a s f rac t ion of t o t a l u r a n i u m in s a m p l e 
(c) Sample hea t ed m 1200 ° F a i r for 5 h o u r s 
(d) Sample hea t ed 3 t i m e s to 2 5 0 0 ° F va. i n e r t a t m o s p h e r e 
(e) T h O - + U O , content 
(f) Cons i s t s 01 20 m i c r o n s of porous A1_0- and 130 na ic rons of i m p e r m e a b l e A1 ,0_ 
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to 44,2 t 2 ,0 cpm from the as-fabr icated value of 1.4 + 1,0 cpiM, 
Metallographic examination revealed that some of the coatings were 
cracked. In order to determine whether oxygen diffusion into the par t ic les 
at 250O*F might have been the cause , the thermal cycle tes t was repeated 
in a reducing a tmosphere of If2 + 1 0 v /o H2 using mate r ia l from 
batches 2A and 3C, Metallographic examination of both batches revealed 
no cracks in the coatings of ei ther batch. An alpha assay of the batch 3C 
mater ia l showed an increase in exposed uranium of only a factor of 2, 
Alpha assays of batches 7Hs 7Js and 8G after thermal cycling also showed 
no significant change. Thus, when the AI2O3 coating thickness is at l eas t 
30%. of the UO2 diameter , no damage occurs to the coating when the par t ic les 
a r e heated up to 500®F above their fabrication t empera tu re . However» 
significant coating failure was found when a th ickness- to-d iameter rat io of 
10% was used (batch 5D) in a s imi lar thermal cycle tes t as evidenced by 
weight gain in a subsequent hot a i r t e s t . 

Th02 /U02 par t ic les were used to p repa re batches 7H and 7J and, 
as expecteds no differences were found compared with an al l"U02 fuel 
pa r t i c le . 

In the preparat ion of batch 8G, a number of smal ler batches having 
intermediate coating thicknesses were withdrawn for examination. The 
resu l t s of t es t s on these intermediate batches a r e shown in Table 4 - 3 . 

TABLE 4-3 

Evaluation of Batches 8A through 8G Which Incorporate a 

Batch Coating 
No, Thicks ;J. 
8 A 22|a] 
8B 30 
8C 50 
8D 77 
8E 106 
8F 122 
8G 150 

Porous Inner Layer of Alumina 

Weight 
Gain, %(^) 

2 . 8 
0 , 5 
0,03 
0,003 
0,04 
0.04 
0.0003 

Alpha Count Rate^ cpm/gm sample 
A s - F a b . 
•53.0 1 3.3 

1.4 + 0.7 
0 , 4 + 0.5 
0.2 t 0.4 
0.8 + 0.6 
0 , 4 + 0 ,5 
1, 0 i 0.,-6 

Hot Air(b | Thermal Cycle(c) 
—^ -__ 

_>_ — 

106 + 5 90 .6 + 4 , 3 
5 1 , 8 + 3,3 — 
10.8 + 1,6 6 , 4 + K 4 

5.0 t 1,2 — 
0,6 + 0,7 3 . 4 ± 1,2 

(a) Includes 2 m^icron flash coat (impernneable AI2O31 and 20 micron 
coat of porous AI2O3. 

fb) After exposure in 1200®F ai r for 5 h r s . 
(c) After nine cycles between 550°F and 2500®F in a reducing 

a tmosphere . 
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A relat ively high weight gain can be noted in batch 8A which contains 
a 2 micron impermeable alumina layer which probably was cracked, and 
a 20 micron porous l aye r . However, improvement can be seen in subsequent 
coating th icknesses . The alpha assay of the as-fabr icated batches showed 
uniformly good quality once the first impermeable layer had been placed 
over the porous mater ia l (batch 8B through 8G). The hot a i r tes t showed 
uniformly good quality fronn batches 8C through 8G by the weight gain method. 
However, the somewhat more sensit ive alpha assay technique showed a 
decreasing contamination with increasing coating thickness indicating that 
some surface uranium was covered by successive coating l a y e r s . In the 
thermal cycle tes t , there was some evidence of failure in batch 8C„ but 
batches 8E and 8G showed no significant effect. In general , the batches 
with the thickest coatings passed all tes t s wel l . 

Batches 9 and 9A were p repared in the course of studies to increase 
the AI2O3 deposition r a t e . The thicker coating on batch 9A resul ted in 
lower uranium contamination after the coating integrity t e s t . It is believed 
that the damage in thermal cycle testing was due to the Jower coating 
thickness-to-UO2 diameter rat io ra ther than effects of the increased 
AI2O3 deposition ra te used in making these ba tches . 

A sample from batch 12H was leached in hot ni tr ic acid and an alpha 
assay was made before and after leaching. Before leaching, there was no 
measurable surface uranium contamination. After leaching, a count ra te 
of 3.2 I 1.2 cpm per gm of sample was found. This is equivalent to 
0.0042 mg. U per gm of sample . The uranium found in the leach solution 
was equivalent to 0.0001 mg per gm of coated pa r t i c l e s . These resu l t s 
suggested that there were probably some cracks in a few of the par t ic les 
which would not have been indicated by the alpha assay but which would 
perm.it some uranium to be leached out and d ispersed on other coating 
surfaces . The small amount of uranium found in the leach solution 
indicates that inost of the exposed uranium was redis t r ibuted over the 
surfaces of the pa r t i c l e s . 
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4 . 3 Graphite Matrix Fueled With Alumina Coated Pa r t i c l e s 

There a r e a number of conditions imposed upon alunnina coated 
par t ic les when they a r e considered for use in a graphite m a t r i x . The 
volume occupied by the coated par t ic les should be low enough so that the 
strength of the graphite ma t r ix i s not impa i red . The size of the coated 
fuel par t ic le should be small enough so that uniform mixtures of coated 
par t ic les in graphite can be achieved. The coatings should be strong 
enough to prevent their damage during the mixing and molding s teps . 
The tempera ture to which the fueled body is subjected during manufacture 
and operation, should be low enough to prevent react ion between the 
AI2O3 and the graphi te . The coated par t ic les should be securely attached 
to or buried within the graphite mat r ix to prevent their loss during u s e . 

As noted in Table 4 - 1 , 13 graphite spheres fueled with AI2O3 coated 
UO2 have been m.ade to da te . The p r i m a r y function of these spheres was to 
provide specimens for i r radia t ion test ing, however some information 
relating to the conditions cited above was obtained. 

4 . 3 . 1 Sphere Manufacture 

Most of the spherical fuel element specimens made to date have been 
molded in dies which leave a r a the r prominent molding flash around the 
equator of the sphe re . Since close to lerances were required for specimens 
used in high flux capsule i r rad ia t ions , the s tandard prac t ice €or specimens 
fueled with uncoated fuel par t ic les was to grind off the molding flash. In 
view of the potential damage to AI2O3 par t ic le coatings, special alpha assays 
were made on three FA-22 specimens where the molding flash was removed 
by grinding. The resu l t s of this tes t a re shown in Table 4 -4where positions 
E a r e on the equatorial molding flash and positions N and S a r e at opposite 
ends of the diameter perpendicular to the plane of the molding flash. The 
molding flash was removed by hand filing. As can be noted, a large inc rease 
in uranium contamination was found for specimens 436N (fueled with batch 
IB miaterial) and 448N (fueled with batch 2A miaterial) indicating significant 
damage to the AI2O3 coat ings. No significant damage to the par t ic les in 
specimen 39-9N (fueled with batch IB mater ia l ) was noted. However, a 
subsequent radiograph of an equatorial sl ice from these specimens (see 
F ig . 4-11) showed an unexplained deficiency of fuel par t ic les at the surface 
of specimen 39-9N, It was concluded that since the molding flash could not 
be safely removed, an allowance would be made in the design of the graphite 
blocks which hold the FA-22 specimen in place during capsule i r radia t ion 
and no surface machining would be done on FA-22 spec imens . Future designs 
of molds for PBR should minimize or eliminate the molding flash so that loss 
of fuel mater ia l by abrasion or impact will be avoided. 
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TABLE 4-4 

Alpha Assays of FA-22 Specimens Where 
Molding Flash Has Been Removed 

Specimen 
N o . 

FA-22(436N) 

FA-22(448N) 

FA-22(39-9N) 

Molding Flash 
Removal 
Before 

II 

?i 

After 
ti 

?! 

Before 
II 

II 

After 
n 

II 

Before 
II 

II 

After 
• 1 

II 

Posit ion 
N 
S 
E 
E 
E 
N 
N 
S 
E 
E 
E 
N 
N 
S 
E 
E 
E 
E 

Net Alpha Count 
Rate, cpm i^) 

12.6 + 7 . 0 
2 .8 + 5..6 
1.4 t 5.6 
636+ 31 
318 + 22 

22.4 + 8.4 
8 . 4 + 6.3 

nil 
16.8 + 6.3 

224 + 19 
274 t 21 
5 . 6 + 6.3 

16.8 t 6 .3 
4 .2 + 5.6 
7 .0 t 6 .3 
2.8 + 6.3 
2 . 8 + 6.3 

14.0 + 7.7 

(a) Normalized to Whole Sphere Surface. 

Uniform dispersions of AI2O3 coated UO^ par t ic les in graphite have 
been obtained, as seen in radiographs of sl ices from specimens FA-22(436N) 
and FA-22(448N) shown in F ig . 4 - 1 1 , The apparent high par t ic le density 
in 448N is due to the thicker AI2O3 coatings on these pa r t i c l e s . It was 
concluded that there is no problem with achieving uniform par t ic le 
dispersions up to the 250 micron s i ze . 

Several tes ts have been made to determine the extent of par t ic le 
coating damage during the: mixing and molding steps of sphere fabrication. 
Tes ts used to date have included alpha assays of the graphite mix, of the 
surface of the completed sphere , and of an unfueled graphite sphere . This 
l as t step was to determine whether equipment contamination was a possible 
source of uranium contamination. Since it is not possible to measure uranium 
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F I G . 4 - 1 1 R a d i o g r a p h s of s l i c e s cut f r o m g r a p h i t e 
s p h e r e s fueled wi th AI2O3 coa ted U02» 
#1 i s f r o m F A - 2 2 ( 3 9 - 9 N ) , #2 i s f r o m 
F A - 2 2 ( 4 4 8 N ) , #3 i s f r o m FA-22 f436N) , 
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contamination throughout the ent i re graphite mat r ix without destroying 
the finished sphere , a neutron activation tes t is considered the final tes t 
in determining whether coating fracture during manufacturing has been 
significant. A summary of alpha assays relat ing to par t ic le damage a r e 
given in Table 4 - 5 . 

TABLE 4-5 

Effect of Manufacturing P r o c e s s e s on Damage To Fuel Par t i c le Coatings 

Net Alpha Uranium 
Count Rate, Contam-

(^) ination(^) cpm, 
A. Pa r t i c l e s Only 

1. Sintered A l 2 0 , / U 0 2 0 . 5 + 1.0 
(d) 

2 . Batch IB 7 . 3 + 1 . 3 
3. Batch 2A 1 . 4 + 1 . 0 
4 . Batch 4E 20.7 + 2 .5 
5. Batch 6 H 0 . 4 + 1 . 2 
6. Batch 12H 0-0 ± 1-3 

B , Sphere Surface 
1. FA-22(437N)-(1B) 1 . 4 + 5 . 6 
2. FA-22(449N)-(2A) 4 . 7 + 5 . 8 
3. FA-22(471E)-(4E) 1 6 . 3 + 6 . 1 
4 . FA-22(548E)-{6H) 1 4 . 7 + 5 . 9 

C. Graphi te -Par t ic le Mix 
(Using batch 6H) 1 1 4 + 2 0 

D, Unfueled Sphere 
(Made after 7.7 + 2 .1 
Sphere 548E) 

4 . 0 X 10 

1.5 X 10 
- 6 

4 . 5 X 10" 
3 .0 X 10-5 
4 . 5 X 10-7 
0 .0 

4 . 0 X 10-7 
1.3 X 10-6 
9.2 X 10-7 
8 . 4 x 10-7 

Frac t ion of Xe 133 
Released fc) 

9 .3 X 10" (2450^F, 180 m) 

3.3 X 1§"^(2400^F, 210 m) 
1.3 X 1§-6(1500' 'F, 144 m) 

2.6 X 10-5(2500' 'F, 400 m) 

1.0 X 10-4{2300^F, 140 m) 
7.5 X 10-6(1500^F, 27 t m) 
7.7 X 10-6(i950»F, 240 m) 
6.3 X 10-7(2000' 'F, 240 m) 

(a) All values normalized to equivalent surface of 1 1/2" sphere except 
for par t ic les which a r e repor ted as cpm/gm sample , 

(d) Reported as rat io of uranium on surface to contained uranium in sample , 
(c) See Neutron Activation Test resu l t s in Section 4 . 4 . 1 . 
(d) 400 micron sintered AI2O2 on 800 micron UO2. 

Uranium, contamination on the surfaces of the spheres is seen to be 
about equal to or l e ss than the contamination on the pa r t i c l e s . This implies 
that there was no major damage to the par t ic les even though the sphere 
a s say only re la tes to the sphere surface and not to the contamination of the 
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in ter ior portions of the graphite ma t r ix . Comparison of the neutron 
activation data for batch 2A par t ic les before and after incorporat ion into 
a sphere showed only a slight inc rease in Xe 133 r e l e a s e . The a s say of the 
graphite-coated par t ic le mixture did indicate that some slight damage 
occurred during the mixing p r o c e s s . The alpha assay of the unfueled sphere 
showed that contamination from equipment can be an additional source of 
uranium contamination. Thus, it can be concluded that there i s no g ros s 
damage to AI2O3 coated UO2 when incorporated into graphite spheres but 
that slight contamination can come from three sources : the coated par t ic les 
as made, coated par t ic le damage during ball fabrication, and from process 
eqmpment. 

Figure 4-12 shows the surface of an FA-22 specimen which was made 
for capsule i r rad ia t ion . The appearance of many fuel par t ic les right at the 
surface can be noted. Future fuel element designs will incorporate features 
to prevent loss of these par t ic les from the surface . These features will 
include surface coatings of ei ther pyrolytic carbon or silicon carbide , 
carbonaceous layers added to the par t ic les before mixing to pe rmi t be t ter 
bonding to the graphite mat r ix , or an unfueled shell of graphite on the fueled 
sphere . 

The presence of alumina in a graphite matr ix imposes a t empera ture 
l imitation in order to avoid react ion between the alumina and the graphi te . 
There a r e indications in the l i t e ra ture (11) that this t empera ture may be as 
high as 3600®F. However, to avoid any possibil i ty of damage to the par t ic les 
during the manufacturing p r o c e s s , the short t ime graphite bake cycle was 
l imited to a maximum tempera ture of 2500'*F. A se r i e s of long t ime 
carburizat ion tes t s was performed using severa l types of alumina and 
graphi te . These resu l t s a re repor ted in the Set-tiori 4,3«2 and ref. (24). 

4 , 3 . 2 Carburizat ion Studies 

Two se r i e s of t es t s have been run to study the react ion between AI2O3 
and graphi te . The f i rs t s e r i e s involved s in tered AI2O3 coated UO2 in graphite 
samples p repa red by Bat te l le . Three types of graphite were used: (1) AGOT 
graphite flour with Bar re t t pitch binder, (2) AGOT graphite flour with BVI6OO 
res in binder, and (3) Texas 55 coke flour with Ba r r e t t pitch b inder . Samples 
with res in binder and with coke flour showed severe react ion between the 
AI2O3 and the graphite at 2500"F. The sample with graphite flour and pitch 
binder showed no react ion after 168 h r s at 2500**F as seen in F ig . 4 - 1 3 . 
However, when this la t ter mate r ia l was held at 3000®F for only a 6 h r , 
period, a severe react ion was noted, as seen in F ig . 4 -14 . 
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FIG, 4-12 Externa l view of an FA-22 specimen showing 
AI2O3 coated UO2 par t i c l e s at the sur face . 
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FIG. 4 -13 Sintered Al^O, on UO, heated in graphite 
at 2500«F £§r ^68 hr s . (50x) 

FIG. 4-14 Sintered A 1 , 0 , coated UO, par t ic le after 
IL react ion wifh graphite at JOOO M ' F for 6 h r s . 

(50x) 
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The second se r i e s of tes ts involved vapor deposited alumina. Specimens 
were heated for periods of 168, 500 and 1000 h r s . at 2500°F based on resu l t s 
from the sintered alumina carburizat ion tes t . The samples used in the 
second ser ies a re described in Table 4 -6 . 

TABLE 4-6 

Samples Used in Second Carburizat ion Test 

Sample Par t ic le Graphite Pitch 
Type No. Batch No. Fi l ler Binder 

1 IB AGOT Bar re t t 
2(a) IB 2301 Coal Tar 
3(a) 2A 2301 Coal Tar 

(a) P ieces from an FA-22 fuel element . 

In all three heating runs , a deposit formed on the inside walls of the 
furnace tube. The deposits consisted of alumina, silicon carbide, aluminum 
ni tr ide, and/or i ron silicide in addition to an unidentified phase . It i s 
believed that the silicon and the alumina came from the MuUite insulation 
tube, the iron from the graphite, and nitrogen from the furnace a tmosphere . 
The unidentified phase was found on both the furnace walls and the specimen 
surfaces . 

A typical view of the specimens before testing is seen in F ig . 4-15 
which shows a section of a Type 2 specimen fueled with the thin coated 
pa r t i c l e s . Some cracks were noted in the par t ic le coatings of Type 1 
specimens after fabrication. 

Some degree of attack was noted in all three types of samples . However, 
more severe react ion was noted in coated par t ic les located near the edge 
of the graphite specimen as compared with par t ic les located near the center 
of the specimen. After 168 h r s , several par t ic les in Type 1 were attacked 
and there was essential ly no attack in Type 2 and Type 3. After 500 h r s 
the coatings in Type 1 were completely destroyed, some thinning of the 
coatings in Type 2 was noted; and some attack was beginning to occur to 
the Type 3 coatings. After 1000 h r s , the par t ic les in Type 1 were almost 
completely converted to a metall ic phase, and the coatings in Type 2 were 
almost entirely destroyed, with grea te r attack being noted at the edge of 
the sample . Coatings near the center of Type 3 samples were generally 
intact although there was some deter iorat ion of the alumina as seen in F ig . 4-1 

Max. Bake 
T e m p . , "F 

1700 
2300 
2300 
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FIG» 4-15 Graphite-AI2O3 Specimen Type 2, as 
fabricated (SOX). 

FIG. 4-16 Graphite-AI2O3 Specimen Type 3, after 
1000 h r s at ZBOCF. View at center of 
specimen (250X), 
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Near the surface of the sample, complete coating attack was again noted. 
It is possible that the spurious deposits noted in the furnace tube were 
responsible for accelerat ing the attack on par t ic le coatings near the 
surfaces of the graphite samples . 

It is believed that the initial cracks in the coatings of Type 1 and the 
thin coatings of Types 1 and 2 could have been factors in the more rapid 
deteriorat ion of these coatings by the ear ly exposure of the UO2 pa r t i c l e s . 
Since there was some evidence of attack even in the thickest alumina coating, 
the maximum safe tempera ture must be below 2500°F until a bet ter under­
standing can be obtained of the factors which cause attack of the AI2O2. 

4 . 3 . 3 Evaluation of Fueled Spheres 

Due to the small number of graphite spheres fueled with AI2O3 coated 
UO2 (Type FA-22) which were procured p r imar i ly for i r radia t ion testing, 
there has only been a l imited amount of test data on these spheres , exclusive 
of the data on fission product retention which is descr ibed in Section 4 . 4 . 

A complete summary of all alpha assays performed on the surfaces 
of FA-22 specimens is given in Table 4 - 7 . Each data point r ep resen t s 
a different portion of the sphere surface and the value shown has been 
normalized to the whole surface . Since each specimen is fueled with 
4.75 gms of uraniunn, the fraction of exposed uranium on the surface of 
these specimens ranges from 3 x 10" ' to 1.3 x 10" as predicted by these 
alpha a s s a y s . A ra ther uniform pat tern of uranium contamination can be 
seen over the surfaces of the spec imens . The locally high reading obtained 
in a few cases was probably due to a collection of slightly damaged par t ic les 
right at the surface . 

Several impact and compression tes ts have been run on FA-22 spec imens . 
The graphite used in the FA-22 specimens is s imi lar to that used in the 
FA-1 specimens . A fully graphitized filler mate r ia l is used in both 
specimens but the pitch binder is not graphitized due to the low bake 
tempera ture in order to avoid graphite react ions with the AI2O3 or the UO2. 
The bake tempera tures were 2560°F for the FA-1 type and 2300''F for the 
FA-22 type. Impact and compress ion data for these two types a re 
summarized in Table 4 - 8 . 
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Surface 

Specimen 
N o , 

FA-22C436N) 

FA-22f437N) 

FA-22C448N) 

FA-22C449N) 

FA-22(39-9N| 

FA-22(470E) 

FA-22C471E) 

FA-22(472E) 

FA-22(546E) 

FA-22(547E) 

FA-22(548E) 

FA-22(549E) 

FA-22(550E) 

TABLE 4-7 

Uranium Contamination of Graphite Spheres 
Fueled with AI2O3 

Coated Pa r t i c l e 
Batch N©, 

IB 

I B 

2A 

2A 

I B 

4E 

4 E 

4E 

6H 

6H 

6H 

6H 

6H 

Coated UO2. 

Net ot Count 
Rate, cpm 
1 2 . 6 + 7 ,0 

2 . 8 + 5,6 
1 ,4+ 5.6 
2 , 8 + 5.6 

ni l 
1,4+ 5.6 
8 . 4 + 6 ,3 

ni l 
16,8 + 6 . 3 
2 . 8 + 5.6 
7 . 0 + 6 .3 
4 .2 + 5.6 

1 6 . 8 + 6 .3 
4 . 2 + 5.6 
7 . 0 + 6 .3 

1 6 . 8 + 6 . 3 
2 8 . 0 + 7.7. 

221 + 18.2 
2 3 . 8 + 7.0 
1 2 . 6 + 5.6 
12.6 + 5.6 
4 4 . 8 + 9 .8 
1 8 . 2 + 7 .0 
1 6 . 8 + 7 ,0 
49.0 + 9 .1 
11.2 + 5.6 
39.2 + 7 .0 
70.0 + 10.5 

112 + 13 
64.4 + 9 .8 
70.0 + 10.5 
30.8 + 17.7 
22.4 + 7.0 

7.0 + 4 .9 
5.6 + 4 .9 

23.8 + 7 .0 
3 3 . 6 + 8.4 
25.2 + 7.0 
75.6 + 10.5 

199 + 17 
12.6 + 5,6 
22.4 + 7.0 
12.6 + 5.6 
1 4 . 0 + 6 .3 

Equivalent Surface 
U^niums_nig^j______ 

0.017 
0.0037 
0.0019 
0.0037 

ni l 
0.0019 
0,011 

ni l 
0.022 
0.0037 
0.0092 
0.0055 
0.022 
0.0055 
0.0092 
0.0046 
0.0076 
0.060 
0.0065 
0.0034 
0.0034 
0.012 
0.0050 
0.0046 
0.013 
0.0030 
0.011 
0.019 
0.030 
0.017 
0.019 
0.0084 
0.0061 
0.0019 
0.0015 
0.0065 
0.0091 
0.0068 
0.021 
0.054 
0.0034 
0.0061 
0.0034 
0.0038 
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Specimen 

FA-22 

FA-1 

Load, lbs 
4465 
4435 

2410 
2865 

Compression 
Deflection, 

0.079 
0.078 

0,0433 
0,0508 

Fai lure 
in Modulus, l b s / in 

68,000 
71,000 

55,900 
56,400 

TABLE 4-8 

Impact and Compress ion Tests on FA-22 and FA-1 Specimens 

Impact Fa i lure 
Load, ft-lbs 

7,0 

11.5 
11.5 
7 .3 

Both of these specimen types in Table 4-8 a re fueled with the same 
volume fraction of UO2 but the FA-22 type has the added volume fraction 
of-the AI2O3 coatings. F rom the tes t data, the presence of the AI2O3 
is seen to have no deleterious effect on the strength of the graphite sphere . 
The significantly higher com.pressive strength and load modulus of the FA-22 
specimens is thought to be associa ted with i ts slightly lower bake t empera tu re , 

In order to determine the extent of damage to the AI2O3 coatings 
when the graphite spheres were broken, port ions of severa l of the 
specimens were alpha assayed on their fractured sur faces . In addition, 
one specimen was subjected to repeated low level impact loads on one spot. 
The resul ts a re summarized in Table 4 - 9 , The specimen fueled with the 
massive sintered AI2O3 coatings showed no significant inc rease in uranium 
contamination while there was evidence of some damage to the thinner vapor-
deposited AI2O3 coatings. 

Alpha As 

Sphere 
Condition 
1, After Compressive 

Fai lure 

2 . 100 impacts 
of 3 in-lbs 

3. After Impact 
Fai lure 

says 

TABLE 4 =9 

of F rac tu red FA 

AI2O3 Coating 
Thickne s s, 

250 

48^^^ 

48^^^ 

-22 Specimens 

Net Alpha Count Rate 
on F rac tu red Surface, cpm 

4 .2 + 3.5 
1.4 + 2.8 
8 . 4 + 4 .9 

11.2 + 2 .8 (before) 
166 + 6 (after) 
202 + 18 
411 + 25 
488 + 27 

(a) Normalized to surface a rea of 1 1/2" sphe re . 
(b) On enriched UO2 pa r t i c l e s . 
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4. 4 Fiss ion Product Retention 

AI2O3 coated UO2 par t ic les have been subjected to all three of the 
standard fission product retention t e s t s , namely neutron activation, fur­
nace capsule i r radiat ion, and sweep capsule i r radiat ion. Test specimens 
have included both coated par t ic les and 1-1/2" graphite spheres fueled 
with coated par t ic les , 

4. 4. 1 Neutron Activation Tes ts 

Table 4-10 summar izes the resul ts of neutron activation tests on 
AI2O3 coated UO2. Although the specimens have some variation in coating 
thickness, very low amounts of Xe 133 were re leased during the test 
per iods . It is interest ing to note that the thinner vapor deposited AI2O0 
coatings showed as good fission product retention as did the thick sintered 
AI2O3 coatings. A comparison of these re lease fractions with surface 
uraniuna contamination est imated from alpha assays in Table 4-5 indicates 
that the Xe 133 was most likely re leased fromi this external contamination. 
A thermal cycle test on sphere FA-22(449N) between igOOT and 600 °F 
caused no noticeable increase in Xe 133 r e l ease . On batch 12 H, an in­
c rease in t empera ture from 2200*^ to 2500°F caused a significant increase 
in Xe 133 re l ease . It is not clear whether this indicates a sudden increase 
in fission product diffusion through AI2O2 at this t empera ture since the 
amount of Xe 133 re leased was approximately equal to the exposed uranium 
fraction of 10"^ found for batch 12 H in acid leach t e s t s . (See Section 4. 2) 

4. 4. 2 Furnace Capsule Tests 

Furnace Capsule SPF-3 contained specimen FA-22(449N) fueled with 
AI2O3 coated UO2 from batch 2A. One of the objectives of this experiment 
was to determine whether there was any significant increase in fission 
product leakage through the AI2O3 coatings as the specimen tempera ture 
was ra ised to 1900°F, the maximum capability of this type of capsule. 

The leakage factors obtained from this speciraien during the course 
of the experiment a re listed in Table 4 -11 . The capsule was operated 
during March I960 at 1000'F and 1500°F using the gas t ra in which is 
normally used for Sweep Capsule exper iments . However, with the star tup 
of Sweep Capsule S P - 5 , operation of Furnace Capsule SPF-3 was sus ­
pended until August while a separate gas t rain was constructed. Data was 
taken over the range of 280°F to 1900®F, with repeat samples being taken 
at several t empera tu re s . These repeat samples , at a given t empera tu re , 
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TABLE 4-10 

Neutron Activation Tests on A1_0. Coated UO_ 

Specimen 

1. Sintered AI2O3 
Coated UO2 (a) 

2. Batch IB 

3. FA-22(437N) fueled 
with Batch IB 

4. Batch 2A 

5. FA-22(449N) fueled 
with Batch 2A 

6. Batch 12H 

7. FA-22(471E) fueled 
with Batch 4E 

8» FA-.22C548E) fueled 
with Batch 6H 

Test 
Temp., "F 

1500 
1800 
2000 
2200 
2450 

1850 
2250 
2400 

1650 
1800 
2200 
2350 

1500 
1500 
2000 

1500 
1900 
1900 (c) 
1900 (c) 

1600 
1800 
2000 
2200 
2500 

Time, 
Min. 

30 
30 
60 
30 
30 

100 
75 
135 

80 
50 
60 
30 

144 
60 
50 

270 
60 
60 
135 

60 
70 
80 
65 
130 

Fractional Release-
of X< 3 133 

(b) . 
2.4 X 
1.4 X 10 

(b) . 
5.5 X 

<1.7 X 
1.7 X 
1.6 X 

<8. 1 X 
1.6x 
4. 9 X 
2.6 X 

1.3 x 
<3.7 X 
<3.7 X 

7.5 X 
<9.4 X 
<9.4 X 
<9..4 X 

5..1 X 
5..1 X 
1..3 X 
1.3 X 
1.3 X 

10"-̂  

< 

< 

10 

< 

10 

10"^ 

< 

^^: 
1 0 ' 

1950 

2000 

240 

240 

7 . 7 X 10 
-6 

6 . 3 X 10 
-7 

(a) 400 micron thick sintered AI2O3 coatings on 800 micron UO2. 
(b) Activity level included as par t of subsequent reading 
(c) P r i o r to these runs , the specimen was cooled to 600®F in 7 min and 

reheated to 19O0''F in 10 min. 
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T A B L E 4 - 1 1 . 

S u m m a r y of F i s s i o n P r o d u c t R e l e a s e D a t a froTn S p e c i m e n F A - 2 2 (449N) 

S a m p l e 
N o . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Da t e 

3/17 

3 /18 

8 /3 

8 /8 

8/12 

8 /18 

8/26 

8 /31 

9 / 1 4 

9 / 2 3 

9/27 

9 /30 

10/6 

10/12 

10/27 

10 /28 

T e m p . 
^F 

1000 

1500 

290 

280 

460 

560 

1020 

1120 

1100 

1480 

1510 

1500 

1895 

1035 

1800 

1790 

in F u r n a c e C a p s u l e S P F - 3 

K r 85 

5.6(-7)^*^ 

2 . 0 ( - 6 ) 

l . l ( - 6 ) 

< 8 . 0 ( - 7 ) 

3 .6 ( -6 ) 

1.9{»6) 

6 .2 ( -6 ) 

5 .2 ( -6 ) 

2 .3 ( -6 ) 

1.6(-5) 

1.4(-5) 

1.4(-5) 

4 . 6 ( - 6 ) 

1.7(-7) 

5 .2 ( -5) 

1.8(-5) 

R / B ( R e l e a s e R a t e / P r o d u c t i o n R a t e ) 
Kr 87 

4 . 2 ( - 7 ) 

1.0(-6) 

< 2 . 0 ( - 7 ) 

< 2 . 0 ( - 7 ) 

8 .2f-7) 

1.3(-6) 

1.7(^6) 

L 7 ( . 6 ) 

4 . 7 ( - 7 ) 

3 .5 ( -6 ) 

3 .4 ( -6 ) 

2 . 9 ( - 6 ) 

9 .2 ( -7 ) 

< 2 . 0 ( - 7 ) 

1.6(-5) 

3 . 6 ( . 6 ) 

K r 88 

2 .6 ( -7 ) 

3 .2 ( -7 ) 

2 . 0 ( - 7 ) 

<2.0(»7) 

1.8( .6) 

6 .8 ( -7 ) 

2 . 1 ( - 6 ) 

2 . 2 ( - 6 ) 

9 ,2 ( -7 ) 

6 .8 ( -6 ) 

5 .3 ( -6) 

6 .2 ( -6 ) 

1.7(-6) 

< 2 . 0 ( - 7 ) 

2 . 2 ( - 5 ) 

1 .1( .5) 

Xe 133 

1.2(-6) 

5 .8 ( .6 ) 

7 . 8 ( . 6 ) 

< 4 . 8 ( - 6 ) 

2 . 0 ( - 5 ) 

6 .4 ( -6 ) 

1.8(-5) 

1.4(-5) 

4 . 2 ( - 6 ) 

3.7(»5) 

3 .8( -5) 

3 .7 ( -5 ) 

9 .0 ( -6 ) 

1.4(-6) 

2 . 8 ( - 4 ) 

9 .5 ( -5 ) 

Xe 135 

1.7.(-7) 

1.7(-6) 

3 .8 ( -7 ) 

1.9(-7) 

1.5(-6) 

1.9(-6) 

4 . 5 ( - 6 ) 

3 .6 ( -6 ) 

l . l ( - 6 ) 

6 .2 ( -6 ) 

9 .5 ( -6 ) 

1.0(-5) 

2 . 7 ( - 6 ) 

2 . 6 ( - 7 ) 

5 .6( -5) 

1.1(»5) 

(a) N u m b e r s in p a r e n t h e s e s denote power of 10. 
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taken within a two-week period, showed excellent reproducibil i ty. However, 
it is not known why the ear l ies t samples taken at 1000"F and ISOOT (sample 
1 and 2) a re approximately one order of magnitude lower than the la ter sam­
ples . Shortly after the 1900°F sample (No. 13), a failure in the inner con­
tainer caused a loss of vacuum in the outer jacket . This caused a drop in 
specimen tempera ture to about 1000®F at the same heat output. With max­
imum heat input, a specimen tenaperature of 1800®F was achieved for the 
last two samples . 

The leakage factors for two of the five fission products measured in 
this experiment (Kr 87 & Xe 133) a re plotted in F igure 4-17 as a function 
of specimen tempera tu re . The leakage factors for the other three fission 
products (Kr 85m, Kr 88 and Xe 135) follow the same trend with t empera ­
ture and have been omitted from Figure 4-17 for c lar i ty . Also, data from 
samples #1 , 2, 13 and 14 have been omitted. As can be noted, increasing 
the specimen tempera ture from about 300®F up to about 1100®F causes 
essential ly no increase in fission product leakage. An increase in 
specimen tempera ture from 1100°F to about 1800®F then causes about a 
one order of magnitude increase in leakage. It is most probable that the 
greates t contribution to the fission product re lease from this specimen is 
due to exposed uranium contamination and that increasing the specimen 
tempera ture has mere ly affected the fission products escaping from this 
exposed uranium through the graphite mat r ix . Although the total i r radia t ion 
time for this specimen was of the order of 100 days, radiation damage 
effects are insignificant due to the use of normal enrichment uranium and 
a thermial flux of only 3 x l O ^ n v . 
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4 . 4 . 3 Sweep Capsule Tests 

Specimen FA-22(471E) fueled with AI2O3 coated UO2 from batch 
4E was encapsulated in the sweep compartment of Sweep Capsule SP-5 
in order to determine the effect of i r radia t ion on fission product retention 
by the AI2O3 coat ings. An additional FA-22 specimen was included in the 
static compartment of Capsule S P - 5 . The design and operating conditions 
of Capsule SP-5 a re descr ibed in Section 8 . 5 . Briefly, specimen FA-22(471E) 
operated at nominal conditions of 1. 5 KW, a surface t empera ture of 1350®F 
and a central t empera ture of ISSO'F. Capsule SP-5 was under i r rad ia t ion 
from April 6 to November 14, I960. On October 15, further responsibil i ty 
for Capsule SP-5 was t r ans fe r red to Bat te l le ' s Coated Par t i c l e Progrann 
under Contract W-7405-eng-92. The est imated burnup in both of the FA-22 
specimens at the end of the i r radia t ion was 6 a /o U235. 

During the course of the i r radia t ion, 27 samples of the off-gas s t r eam 
were analyzed for long-lived gaseous fission products and 3 samples were 
taken using a special non-volatiles t rap to measure the leakage factors for 
short- l ived gaseous fission products and other isotopes such as iodine and 
ces ium. Data for the las t 5 gaseous fission product samples and the 3rd 
non-volatile t rap a re taken from ref. (20). 

All of the leakage factors for the long-lived fission product gases a r e 
l is ted in Table 4 -12 . The data for the first 22 samples a re plotted in 
F ig . 4 -18 , A plot of specimen tempera ture is also included. Tem.peratures 
a r e es t imated beyond the 130th day due to failure of the las t thermocouple 
in Capsule S P - 5 . The est imated drop in tempera ture to 950°F, which 
occurred on the I46th day, held for the remainder of the i r rad ia t ion . 

No data was taken during the period between samples 9 and 10 while 
cer ta in revisions were made to the gas t r a in . Although there was no 
helium flow over the specimen during this period, it remained under full 
power i r rad ia t ion . Samples 11 and 12 were taken on the same day to check 
reproducibili ty of the sampling and analysis p rocedure . Good agreement 
was found between these two samples . Although there were several 
per turbat ions in the t rends of the leakage factors , some of which appear 
to be associated with specimen tempera ture var ia t ions , some special tes ts 
were made to determiine whether the 2 order of magnitude dip in sample 
15 ( i . e . at 111 days) was in any way attributable to the sampling p rocedure . 
The sample trap used for #15 was used again for sample #16 but with the 
addition of a backup t r a p . For sample #16, less than 1% of the total activity 
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TABLE 4-12 

Summary of Long-Lived Gaseous Fiss ion Product 
Release from Specimen FA-22(471E) in Capsule SP-5 

Sample 
N o . 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

Days of 
Irradiat ion 

5 
9 

19 
23 
24 
27 
28 
32 
38 
72 
83 
83 
91 

102 
111 
122 
132 
134 
137 
143 
148 
149 
154 
156 
160 
168 
170 

R/B (Rate of Release /Rate of Production) 
Kr 
1.6 
5 .9 
4 . 7 
7 . 3 
2 . 6 
7 . 0 
3 .1 
1.8 
7 . 6 
4 . 0 
5 .9 
2 . 1 
6 . 1 
1.2 
1.2 
4 . 7 
2 . 5 
4 . 8 
2.5( 
4.6( 
3.0( 
3.7( 
5.2( 
4.4( 
5.9f 
9.5( 
6.8( 

85m 
("8)( 
(-8) 
(-7) 
1-6) 
(-8) 
(-9) 
(-9) 
1-8) 
-9) 
-6) 
-6) 
-6) 
-6) 
-5) 
-7) 
-4) 
-4) 
-4) 
-4 ) 
-4 ) 
-5) 
-5 ) 
-5) 
-5) 
-5) 
-5 ) 
-5.) 

c) 
Kr 87 

(a) 
1,8( 
1,8( 

(b) 
(a) 
(a) 
(a) 
(a) 
(a) 

1.6( 
1.3( 
2.0( 
2 .9( 
1.1( 
3.7( 

(a) 
7.6( 
3.3( 
1.9( 
2 .7( 
5.9( 
6 .3( 
1.1( 
3.4( 
1.8( 
1.9( 
1.2( 

-8) 
"7) 

^7) 
-7) 
-7) 
-7) 
-6) 
-8) 

-6 ) 
-5 ) 
-5 ) 
-5 ) 
-6 ) 
-6) 
-5) 
-6) 
-5) 
-5) 
-5) 

Kr 88 
2.2( 
2 .7( 
2 .9( 

(b) 
1.6( 
7 .1( 
4 . 7 ( 
7 .7( 
1.9( 

(a) 
(a) 

6.2( 
1.0( 
3.2( 

(a) 
(a) 

4 . 8 ( 
1.4( 
7 .4( 
1.1( 
1.2( 
1.6( 
1.9( 
2 .0( 
1.8( 
3.5( 
3.0( 

-9) 
^8) 
"7) 

-8 ) 
-9 ) 
^9) 
-9 ) 
-9 ) 

-7 ) 
-6 ) 
~6) 

-5 ) 
^4) 
-5 ) 
-4 ) 
-5 ) 
-5 ) 
-5) 
-5) 
-5) 
-5 ) 
-5 ) 

X 
1 
1 
1 
5 
1 
4 
4 
9 
5 
2 
8 
2 
1 
1 
2 
4 
4 
8 
1, 
9 . 
6. 
1. 
1. 
2 . 
3 . 
3 . 
2 . 

e 
8 

.0 

.9 

.8 

. 3 

.8 
0 
1 
0 
8 
0 
1 
Z\ 
\\ 
6( 
1 
71 
11 
7i 
71 
9( 
5i 
9( 
0( 
2f 
5( 
4( 

133 
("7) 
(-7) 
[-6) 
(-6) 
(-7) 
(-8) 
-8 ) 
-7 ) 
-8 ) 
-4) 
-4) 
-4 ) 
^3) 
-3) 
-5) 
-3) 
-3) 
-3 ) 
-2 ) 
-3) 
-4) 
-4) 
-4) 
-4) 
-4) 
-4) 
-4) 

X 
1 
4 
4 
2 
8 
4 
1 
1 
4 
7 
7 
5 
1 
4 
2 
1 
1 
2 
1, 
2 
2. 
1. 
3 . 
1. 
3 . 
3 . 
3 . 

e 
.9 
.0 
.9 
.1 
.2 
.2 
.6 
2 
0 
8 
91 
3 
51 
21 
01 
4( 
^ 
4i 
9( 
3( 
2( 
8( 
0( 
9( 
5( 
0( 
9( 

135 
(-8) 
(-8) 
[-7) 
[-6) 
[-9) 
-9 ) 
-9 ) 

, -8) 
-9) 
-7) 
-7) 
-7) 
-6) 
-6) 
-7) 
-4) 
-4) 
-4 ) 
-4 ) 
-4 ) 
-5 ) 
-5 ) 
-5) 
-5) 
-5) 
-5) 
-5) 

(a) Below sensitivity 
(b) Decayed out p r io r to analysis 
(c) Numbers in parentheses denote power of 10 
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was found in the backup t rap indicating that the first sampling t rap was in 
good condition. Thus^ it was concluded that the charcoal may have been 
contaminated with a i r or m.oisture when sample 15 was taken resul t ing 
in little or no fission product adsorption. It was est imated that if the 
activity present in sample 15 was present only in the gas spaces in the 
charcoal bed, the calculated leakage factors would have been of the same 
order as those repor ted for sample 16» 

The three non-volatile t rap samples were taken at approximately 
1 a /o , 5 a /o and 6 a /o burnup. These t raps a re located in the BRR pool 
near Capsule SP-5 so that the t rans i t t ime from the capsule to the t rap is only 
Z s e c . A description of the non-volatiles t rap is given in Section 8»5. In 
normal capsule operations the helium, s t ream bypasses the non-volati les 
t r a p . When a sample is taken, the helium s t ream is diverted through the 
t rap for a 48 hr period with a res idence t ime of 90 s e c . During this t ime 
isotopes which a r e non-volatile at the pool water t empera ture a r e deposited 
in the t r a p . Species of in teres t include strontium^ bar ium, and cer ium 
which a r e daughter products of cer ta in short lived gaseous products , and 
iodine, te l lur ium, and cesium which could themselves diffiise out of the fuel 
e lement . See ref, (12) for further de ta i l s . 

Since the t rap consists of a number of stainless steel mesh pads in 
s e r i e s , the pa t tern of fission product deposition as a function of residence 
time ( i . e . t rap length) can be measured . Conventional radiochemical 
techniques a r e used to separa te , identify, and assay the individual i so topes . 
A check of the t rap walls showed that more than 98% of the Sr 89, Ba 140 
and Ce 141 activity was in the s tainless steel mesh pads so that wall effects 
were neglected in reporting the data. 

Typical r esu l t s obtained from, this type of experiment a r e shown 
in F ig . 4-19 (Sr 89, Ba 140, Ce 141) and F ig . 4-20 (I 131, I 133) which 
a re the data from non-volati les t rap sample # 1 . If it is assumed that 
non-volatile daughter products deposit on the s tainless steel mesh 
immediately upon the decay of i ts volatile parent isotope, then the 
concentration of the non-volatile daughter product through the t rap should 
be a function of the half-life of the gaseous p r e c u r s o r . These predicted 
deposition curves a re also shown in Figure 4-19 . As can be noted, there 
is excellent agreement between the theoret ical curves and the actual data 
points . Essent ia l ly all of the Ba 140 and Ce 141 was deposited in the t r a p . 
Only about 30% of the Sr 89 was deposited in the t rap with the remainder 
passing out of the t rap as undecayed Kr 89. There is pract ical ly no decay 
of the I 131 and I 133 during their passage through the t r a p . The assumption 
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X Sr 89, 1=: 0.00193 ^ c / inch 
i Ba 140," 1 = O.OZSO'H-c/inch 

I I 

0 Ce 141, 1 = 0.0202 | i c / i nch 
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Travel Time in Trap , Sec . 

Length = 40 inches Trap Outlet | - ^ 
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FIG» 4-19 Distr ibution of Sr 89, Ba 140, and Ce 141 
in Non-Volat i les Trap for Specimen FA-22(471E). 
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of a constant removal efficiency per inch of t r ap would explain the 
exponential nature of the iodine curves seen in Figure 4 -20 . Essent ia l ly 
all of the iodines a r e removed by the t r a p . 

Somewhat s imi lar resu l t s were obtained for non-volatiles t rap 
sample #2, During a portion of the samipling period for Trap #2, the flow 
rate was inadvertently lowered ( i . e . gas t rans i t t ime increased) so that 
the data for Sr 89, Ba 140, and Ce 141 would consequently be expected to 
fall on curved lines ra ther than straight lines as in F ig . 4 -19 . This was 
found to be the ca se . However, the activity distributions for I 131 and 
I 133 were both found to be maximum at the t rap inlet and outlet and 
minimum in the center of the t r a p . The cause for this type of distribution 
is not known. 

The leakage factors for these various isotopes a re based on the p.on-
volatiles t rap data and a r e summar ized in Table 4-13 and also superimposed 
on F ig , 4 -18 , In addition to the isotopes plotted in F i g s . 4-19 and 4 -20 . 
Cs 137, Te 132, and Y 91 were also found. Cs 137 was detected in 
Trap #1 in such a smal l amount that leakage factors could not be calculated. 
However, the Cs 137 activity was sufficiently high in Trap #2 that i ts 
distribution plot was found to coincide with the predicted distribution 
based on Xe 137 diffusion from the specim.en. This implies that cesium 
isotopes which have a boiling point of 1240''F probably did not diffuse 
from the fuel element and that the Cs 137 found in the t rap came from 
Xe 137 which diffused from the fuel element and decayed in the t r a p . The 
slight t r aces of Te 132 found in each t rap indicate that there may have been 
some diffusion of tel lurium which is molten at the specimen operating 
t empera tu re . 
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TABLE 4-13 

Summary of Non-Volatile Trap Data for Specimen 

Trai 
Spec 

54d 
64,4h 
12.8d 
32d 
25,6y 
8.05d 
20.8d 
77h 

>ped 
ies 

Sr 89 
Y 91 
Ba 140 
Ce 141 
Cs 137 
I 131 
I 133 
Te 132 

FA-22(471E) in Capsule SP-5 

Pr inc ipa l Gaseous 

Isotope 

3.2m Kr 89 
9 .8s Kr 91 
16B Xe 140 
1.7s Xe 141 
3.9m Xe 137 

-

P r e c u r s o r 
Leakage Fac to r s 

Trap # 1 

3.0x10-'^ 
(e) 

1.0x10"^ 
1.3x10"'' 

(b) 
I ,2xl0-Sfc) 
1.4xl0-8(c) 

(b) 

Trap #2 

8.9x10-6 
4.0x10-6 
9.2x10-'^ 
1,4x10-^ 
7.1x10-6 

(d) 
(d) 
(b) 

(a) 
Trap #3 (f ) 

1.1x10-5 
5.9x10-6 
5.4x10-6 
6,3x10-6 
1.0x10-5 

(e) 
Ce) 
(e) 

(a) Release ra te /product ion r a t e ; Trap #1 at 1 a /o burnup, 
Trap #2 at 5 a /o burnup. Trap #3 at 6 a /o burnup. 

(b) Activity level only high enough to pe rmi t qualitative identification 
(c) Leakage factor for the t rapped iodine isotope. 
(d) Due to peculiar distribution within the t r ap , the re lease ra te for 

this isotope could not be calculated. 
(e) Chemical analysis for this isotope was not performied, 
(f) Data from ref. (20). 
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4 . 4 . 4 Pos t - l r r a^ ia t ion Examination 

The Hot Cell examination of the specimens in Capsule SP-5 was 
conducted under Bat te l le ' s Coated Par t i c l e P r o g r a m . The information 
in this section was taken from refs (21, 22). The two AI2O3 coated UO2 
fueled specimens from SP-5 were examined in the Hot Cell . Specimen 
FA-22(47IE) had been i r rad ia ted in a sweep compartment of SP-5 and the 
fission product re lease from this specimen was shown in F ig . 4 -18 . 
Specimen FA-22(470E) was i r rad ia ted in the static compartment of S P - 5 , 
Both specimens were es t imated to have received a burnup of 6 a /o U235. 

Vigual Examination. Upon their removal from the capsule, both 
specimens appeared clean and shiny with no visible c racks or flaws in the 
graphite ma t r ix . There were two exceptions. One a rea on specimen 471Ei, 
about 1" diameter , appeared dull and pit ted. This dull a r ea was located in 
a region which was believed to have been adjacent to the -sweep helium inlet 
position in the Capsule indicating that the sweep gas may have caused some 
erosion or corros ion of the fuel element sur face . During the capsule open­
ing, specimen 47IE was inadvertently nicked by the cut-off wheel, leaving 
a 1/2" diameter flat on the specim^en. Close examination of this region 
showed that some of the coated par t ic les had been wholly removed and 
that there was no apparent damage to the renoaining coated p a r t i c l e s . 

Weight and Dimension Measurements . Weight and dimension changes 
for the FA-22 specimens a re shown in Table 4-14 . The large difference 
between the polar and equatorial shrinkage in specimen 470E was surpr i s ing . 
In all previous tes ts on molded graphite spheres , there was no significant 
difference between the shrinkages in these two directions ( i . e . see Table 7-7) . 
The FA-22 specimens had a slightly lower net graphite density and bake 
tempera ture than the other molded graphite specimens but it is not known 
whether either of these factors could be responsible for the large polar 
shrinkage noted in specimen 470E. There was no significant difference 
between the equatorial shrinkage of the FA-22 specimens and other miolded 
specimens in previous capsule t e s t s . The weight loss for specimen 470E 
was about twice as high as for previous spec imens . One reason may have 
been loss of coated par t ic les from the surface of the specimen although 
the loss of about 1000 par t ic les would have been required in order to 
account for the difference. 
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TABLE 4-14 

Weight and Dimension Changes for FA-22 Specimens in 

S^ecirnen__ 

FA-22(470E) 

FA-22(471E) 

Capsule SP-5 

Weight 
Change, % 

-0 .22 

(c) 

Diameter 
Change, % 

- 0 . 5 (a) 
- 2 . 5 ( b ) 

- 0 . 2 ( a ) 
^ ( c ) 

(a) Average change excluding diameter para l le l to direction of 
molding plane. 

(b) Change in direction of molding force. 
(c) Measurement not obtained due to inadvertent damage to 

specimen while opening capsule . 

Compression Test . Specimen 470E was subjected to a compress ion 
tes t . The specimen was found to fracture at a load of 4520 lbs and a 
deflection of .0725 in. The load modulus was 69,000 l b s / i n . These values 
a re about equal to the p re - i r r ad ia t ion values shown in Table 4 - 8 . However, 
pos t - i r rad ia t ion increases in both the compress ive load at failure and the 
load modulus had been noted for graphite spheres fueled with uncoated fuel 
pa r t i c l e s . One of two conclusions could be drawn from the lack of increase 
in the load modulus of the i r rad ia ted FA-22 specimen. One is that fission 
fragment damage to a graphite matr ix fueled with uncoated par t ic les is the 
significant factor in increasing pos t - i r rad ia t ion graphite hardness since 
the fuel par t ic les were coated in the FA-22 specimen, preventing recoil 
damage to its ma t r ix . The other is that neutron i r radia t ion caused no further 
hardening of the FA-22 graphite matr ix due to i ts low degree of graphitization. 

Metallographic Examination. Specimen 47IE was sectioned to permi t 
metallographic examination of'the coated par t ic les inside the specimen. 
Two spherical wedge-shaped sections were mounted and examined. Numerous 
photomicrographs were m.ade at various locations in the sect ions . Typical 
pos t - i r radia t ion views are shown in F i g s . 4-21 and 4-22 . The AI2O3 coated 
UO2 par t ic les in specimen 47IE were from batch 4E. No change in the 
general appearance of the AI2O3 coatings can be noted when compared with 
the p re - i r r ad ia t ion view in F ig . 4 - 5 . The dark bands of porous AI2O3 can 
still be noted between the first impermeable layer of AI2O3 and the remainder 
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FIG, 4-21 AI2O3 Coated UO2 Pa r t i c l e s Near the Center of 
Specimen FA-22(47IE) After I r radia t ion in 
Capsule SP~5. (lOOX) 

FIG. 4-22 AI2O3 Coated UO2 P a r t i c l e s Near the Edge of 
Specimen FA-22(47IE) After I r radia t ion in 
Capsule S P - 5 . Note Cracks in Al?0-a Coat ings . 
(lOOX) ^ 
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of the impermieable AI2O3 coating. Some cracks were noted in the coatings 
on some of the par t ic les as can be seen in F ig . 4 -22 . The c racks generally 
ran radially through the coating and there were usually 2 or more c racks 
in a pa r t i c l e . When there were only 2 c racks , they were 180° apa r t . In 
several ca ses , the cracks originated at the depressed region between two 
prot rus ions on the outer surface of the coating. A s ta t is t ical count of the 
incidence of cracked coatings was made from the numerous pos t - i r rad ia t ion 
photomicrographs . It was found that 8 to 11% of the par t ic les had cracks in 
their coat ings. Most of these cracked par t ic les were located between the 
midradius and the surface of the graphite sphere . 
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4. 4. 5 Analysis of the Data 

The t e rm R /B (i. e. the rat io of r e lease ra te to the production rate) 
is used because it is a convenient way of expressing the fission product 
leakage data. The experimentally determined re lease ra tes a re simply 
divided by an equilibrium production rate which is based on the estimated 
flux, uranium loading in the specimen, and the fission yield. Also, the 
R/B t e rm can be used direct ly to comipute the reduction in equilibrium 
p r imary loop activity when comparing coated fuel element performance 
with that for uncoated fuel However, if fission products a re re leased by 
a diffusion mechanism, the actual isotope concentration (rather than 
production rate) at the t ime of sampling determines the re lease r a t e . 
Fortunately, most of the isotopes of in teres t reach an equilibriumt concen­
trat ion level within 24 hours after s tar tup which is the minimum time 
period before samples a re taken. The one exception is Xe 133 which 
requires nearly 30 days to reach equilibrium concentration. 

A mathematical model has been devised by S. D. Beck of BMI to 
approximate fission product diffusion from a coated fuel par t ic le . This 
model is based on the assumption that equilibrium conditions have been 
achieved, that fission products a re generated uniformly in fuel par t ic les 
only, and that the diffusion coefficients a re equal for both the fuel par t ic le 
mate r ia l and the coating ma te r i a l . The relat ionship is: 

R^ ^ 3(a/b)^ 
bN/T/D cosh bNTx/D - sinh bs/T/D 

where : 
R = ra te of r e l ease , a toms / sec 
B = ra te of production, a toms / sec 
a = outer radius of coating, cm 
b - inner radius of coating, cm 
\ = decay constant, sec~l 
D = diffusion coefficient, cm^ / sec 

This relationship has been used to construct a graph of R/B as a 
function of half-life with D as a pa ramete r for use in analyzing the fission 
product re lease data from FA-22(471E) in Capsule SP-5 as shown in Fig. 
4 -23 . Although the assumptions used to derive this relationship a re 6ver-
simplified, the diffusion model does show the very strong effect of isbt-ope 
decay constant on fission product leakage. When a volatile isotope is 
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diffusing through the coating and it decays into a non-volatile isotope, it 
is assumed that no further diffusion occurs . Thus, very low leakage ra tes 
would be expected for short- l ived isotopes . 

The leakage data at 1 a /o and 5 a /o burnup are plotted in Fig. 4-23 . 
The leakage data at 6 a/o is only slightly higher than the 5 a/o data and 
follows the same trend. At 1 a/o burnup, the leakage factors for all 
isotopes a re approximately equal in the range of 10-6 to 10-8 and there is 
no tendency for the data to fall along lines of constant diffusion coefficients. 
This indicates that the "leakage" from the specimen most probably a r i se s 
from uranium contamination external to the fuel par t ic le coatings. There 
was no significant leakage through the coatings. The leakage factors a re 
of the same order as found in the low-level i r radiat ion test of another FA-22 
specimen in Capsule SPF-3 (see Fig . 4-17). However, at 5 a /o , the leak­
age factors for the longer-l ived isotopes do tend to approximate the lines 
of constant diffusion coefficient implying a measurable fission product r e ­
lease from the UO2 par t i c les . The leakage factors for the short- l ived 
isotopes at 5 a /o burnup show only a slight half-life dependency and a re 
about an order of magnitude higher than the corresponding 1 a /o data. 

As can be noted in Fig . 4-18, certain of the perturbations in the R/B 
curve can be associated with tempera ture variations in the specimen, most 
noticeably the 1 to 2 order of magnitude dec rease of leakage factor for the 
last two samples corresponding to a tempera ture drop of about I I B C F to 
950°F. This indicates a strong tempera ture dependency for the highly 
i r radia ted coatings in distinction to the small t empera ture dependency at 
low burnups noted in Capsule S P F - 3 . The perturbat ions during the ear ly 
part of the i r radiat ion do not entirely correspond to tempera ture changes 
and it is not clear whether other factors in the test procedure were 
responsible for these var ia t ions . 

The Hot Cell examination of FA-22{471E) had revealed that 8 to 11% 
of the coated par t ic les in this specimen had cracks in their coatings and 
that miOst of these cracked par t ic les occurred in the outer half of the 
graphite sphere . These cracks a re responsible for the increased leakage 
of the short- l ived gaseous fission products at 5 and 6 a/o burnup. It is 
interest ing to note that the short- l ived isotope leakage factors for the FA-22 
specimen are two o rders of magnitude lower than the leakage factors for 
the FA-23 specimen (see Table 3-9) ra ther than only one order of magnitude 
lower as might be expected from the number of cracked fuel par t ic le coat­
ings in the FA-22 specimen. The nature of the cracks in these coatings as 
seen in F ig . 4-22 was such that they were still able to cause some delay in 
the re lease of the short- l ived gaseous isotopes. 
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There is no direct evidence to date that radiation damage caased a 
change in the physical proper t ies of the vapor deposited AI2O3 coatings, 
other than the cracks which were noted. There was no change in the 
appearance of the AI2O3. X- r ay diffraction studies of these i r rad ia ted 
par t ic les which a r e planned at Battelle may show some changes. The 
grea ter incidence of cracked par t ic le coatings near the surface of the 
sphere suggests that the cracks a re associated with an i r radia t ion effect 
since the est imated neutron flux in the center of the fueled sphere during 
capsule i r radia t ion was about 70% of the flux at the surface of the sphere . 
Es t imates of the p r e s su re buildup within a coated part ic le due to fission 
product gases indicate that the resulting tensile s t r e s s in the AI2O2 coat­
ing would be about 3000 psi at 6 a /o burnup. This is well below rupture 
s t r e s s e s of 30,000 psi reported for unirradiated Al^O^ (11). This suggests 
that an i r radiat ion induced embri t t lement may have ser iously weakened 
the AI2O3 to the point where fission gas p r e s s u r e caused the coatings to 
crack. Fur the r i r radia t ions of numerous batches of AI2O3 coated UO2 of 
the type planned for the Battelle Coated Par t i c l e P r o g r a m a re needed to 
resolve this ma t t e r . 
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5. 0 P y r o l y t i c C a r b o n Coa ted F u e l P a r t i c l e s 

I n t e r e s t in py ro ly t i c c a r b o n coa ted fuel p a r t i c l e s s t e m s f rom p r e v i o u s 
e x p e r i e n c e with py ro ly t i c c a r b o n coa t ings on the s u r f a c e of fuel e l e m e n t s . 
Advan tages of p y r o l y t i c c a r b o n a s a p a r t i c l e coa t ing m a t e r i a l a r e tha t i t 
r e m o v e s the t e m p e r a t u r e l i m i t a t i o n i m p o s e d by the c h e m i c a l r e a c t i o n b e t w e e n 
m e t a l oxide p a r t i c l e coa t ings and the g raph i t e m a t r i x and that the py ro ly t i c 
c a r b o n coat ing nna te r i a l does not effect ively d i s p l a c e m o d e r a t i n g m a t e r i a l 
when d i s p e r s e d in g r a p h i t e . 

An e x p l o r a t o r y p r o g r a m on p y r o l y t i c c a r b o n coa t ed UC2 p a r t i c l e s 
was conduc ted at the Ba t t e l l e M e m o r i a l I n s t i t u t e . A l s o , s e v e r a l types of 
t h e s e p a r t i c l e s , a s wel l a s coa t ed p a r t i c l e fueled g r a p h i t e s p h e r e s , w e r e 
p r o c u r e d f rom c o m m e r c i a l s o u r c e s for e v a l u a t i o n . 

5 . 1 Coa ted P a r t i c l e F a b r i c a t i o n 

P y r o l y t i c c a r b o n i s f o r m e d by the p y r o l y s i s of a h y d r o c a r b o n gas 
which c a u s e s a l a y e r of c a r b o n to bui ld up on the s u r f a c e to be c o a t e d . 
A fluid bed p r o c e s s was u s e d at Ba t t e l l e to coat UC2 p a r t i c l e s . The b a s i c 
a p p a r a t u s c o n s i s t e d of a 1" d i a m e t e r by 24" long r e a c t i o n tube , l o c a t e d i n s i d e 
an e l e c t r i c a l r e s i s t a n c e f u r n a c e . A h e l i u m s t r e a m conta in ing e i t h e r a ce ty l ene 
o r m e t h a n e was u s e d to f luidize the b e d . An e n l a r g e d d i s e n t r a i n m e n t sec t ion 
was l oca t ed above the r e a c t i o n tube . F o r the 1800®F r u n s , a q u a r t z r e a c t i o n 
tube was u s e d and a t h e r m o c o u p l e wel l was l o c a t e d ins ide the r e a c t i o n t u b e . 
F o r the 2400 ' 'F r u n s , a Mul l i te r e a c t i o n tube w a s u s e d with an e x t e r n a l 
t h e r m o c o u p l e . 

A s u m m a r y of the p r o c e s s condi t ions for the p a r t i c l e s f a b r i c a t e d at 
Ba t t e l l e i s given in Tab le 5 - 1 . UC2 p a r t i c l e s for b a t c h e s P y C - 1 and P y C - 2 
w e r e ob ta ined f rom the C a r b o r u n d u m C o . and w e r e c r u s h e d and s i eved 
f rom UC2 p e l l e t s . The s p h e r i c a l UC2 shot u s e d in b a t c h e s P y C - 5 and 
P y C - 6 was ob ta ined f rom the M i n n e s o t a Mining & Mfg. C o . 
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TABLE 5-1 

Pyrolytic Carbon Coated Fuel Pa r t i c l e s 

Batch 
N o , 

PyC~l 

PyC-2 
PyC-5 
PyC-6 

UC2 
Shape 
I r r e g . 

I r r e g . 
Sphe r . 
Spher. 

Size, j,! 
177/250 

177/250 
150/250 
150/250 

G a s 
CH4 
C2H2 
C2H2 
C2H2 
C2H2 
G2H2 

Temp, 
2060 
1870 
1990 
1860 
2450 
2450 

P r e p a r e d At Battelle 

. p 
Coating 

ThicknesSs fj, 
7 

21 
12(a) 
17 

160 
80 

w/o U 

70.6 
84.4 
22.9 
53.8 

(a) Final coating thickness was 40|j, . 

Photomicrographs of par t ic les from batches PyC-1 and PyC-2 a re 
shown in F i g s . 5-1 and 5-2. As seen in both figures, all par t ic les have 
been ra ther uniform,ly coated with a continuous carbon phase in spite of the 
i r r egu la r shapes of the UC2. One par t ic le from batch PyC-1 in F ig , 5-1 
has a crack at one end through the inner two coating layers but the outer 
layer is continuous over the c rack . The interface between the second and 
third coating layers can be readily detected which indicates that successive 
layers of pyrolytic carbon are not as well bonded as in the case of AI2O3. 

The thickness of pyrolytic carbon applied in a single run at about 
igOO^F (Batches PyC-1 and PyC-2) was l imited by carbon soot formation 
which tended to plug the discharge lines from the react ion ve s se l . Several 
at tempts were made to eliminate this problem by introducing CO2 to reac t 
with the excess carbon but no significant effect was found. 

Batch PyC-5 was p repa red with the objectives of determining whether 
the higher deposition tempera ture would resolve both the soot problem and 
the thermal cycle fracture problem, and also to utilize spher ical ly-shaped 
UC2 pa r t i c l e s . The UC2 shot used in batches PyC-5 and PyC-6 was p r o ­
cured from the Minnesota Mining and Manufacturing Co, 

When batch PyC-5 was fabricated, the coating p rocess was found to 
proceed at a very rapid r a t e . The entire I6O micron coating was deposited 
in only two hou r s . The absence of soot formation at the higher deposition 
tempera ture of 2450°F permi t ted this thick coating to be deposited in one 
s tep. A photomicrograph of par t ic les from batch PyC-5 is shown in 
Figure 5 -3 . 
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r iG» 5-1 Batch PyC- ig pyrolyt ical ly deposited 
carbon coatings on UC2 par t i c les (lOOX) 

FIG. 5-2 Batch PyC-2 showing pyrolyt ical ly deposited 
carbon coatings on UC2 par t i c l e s (lOOX) 
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FIG. 5-3 Batch PyC-5 showing pyrolyt ical ly deposited 
carbon coatings on UC2 (80X) 

FIG. 5-4 Batch PyC-6 showing pyrolyt ical ly 
deposited carbon coatings on UC2 (lOOX) 
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The s p h e r i c a l UC2 p a r t i c l e s a r e s e e n to be u n i f o r m l y c o a t e d . H o w e v e r , 
an i n c r e a s i n g amoun t of a n n u l a r p o r o s i t y can be noted with i n c r e a s i n g 
r a d i u s p roduc ing an " o n i o n - s k i n " effect . The indiv idual l a y e r s of 
p y r o l y t i c c a r b o n a p p e a r to be c o n t i n u o u s . The l a y e r f o r m a t i o n i s be l i eved 
to be due to e i t h e r r e c y c l e of p a r t i c l e s b e t w e e n hot and cold zones in the 
r e a c t i o n v e s s e l o r the d i f f e rences in t h e r m a l c o n t r a c t i o n r a t e s in the 
n o r m a l and t angen t i a l d i r e c t i o n s in the py ro ly t i c c a r b o n . 

The next r u n was m a d e with the s a m e m a t e r i a l s a t the s a m e condi t ions 
but the r u n was s topped when only half of the p r e v i o u s coa t ing t h i c k n e s s 
( i . e . 80 m i c r o n s ) was d e p o s i t e d . A p h o t o m i c r o g r a p h of p a r t i c l e s f rom 
ba t ch P y C - 6 i s s e e n in F i g u r e 5 - 4 . As can be noted t h e r e i s no g r o s s 
p o r o s i t y in the coa t ings on th i s b a t c h . The coa t ings a r e s o m e w h a t s i m i l a r 
to the i n n e r half of the coa t ings on ba t ch P y C - 5 in F i g u r e 5 - 3 . The d a r k 
band be tween the coa t ing and UC2 p a r t i c l e s i s a void r eg ion f o r m e d by the 
g r e a t e r c o n t r a c t i o n of the UC2 p a r t i c l e in cool ing down f rom the depos i t ion 
t e m p e r a t u r e . In genera l^ the u n i f o r m l y dense and i m p e r m e a b l e a p p e a r a n c e 
of t h e s e coa t ings was m o s t e n c o u r a g i n g . 

F o u r b a t c h e s of p y r o l y t i c c a r b o n coa ted UC2 p a r t i c l e s w e r e ob ta ined 
f rom c o m m e r c i a l s o u r c e s for e v a l u a t i o n . All of t h e s e b a t c h e s u t i l i z e d 
177/250 m i c r o n s p h e r i c a l UC2 shot and w e r e coa t ed with 80 m i c r o n s of 
py ro ly t i c c a r b o n at depos i t ion t e m p e r a t u r e s r ang ing up to 3600®F. Tab le 5-2 
l i s t s the b a t c h e s which w e r e p r o c u r e d froim c o m m e r c i a l s o u r c e s for 
eva lua t i on . All of t h e s e p a r t i c l e s w e r e sub jec t ed to a 3600 ' 'F t h e r m a l cyc le 
t e s t and an ac id r i n s e by the m a n u f a c t u r e r . 

TABLE 5-2 

C o m m e r c i a l l y Obta ined P y r o l y t i c C a r b o n Coa ted UC2 P a r t i c l e s 

M a n u f a c t u r e r 
Ba tch No , C o a t i n g " " " " " " """ '~~UC2""'s^ot~~~~ 

P y C - 7 M i n n . Mining & Mfg. Minn . Mining & Mfg. 
P y C - 8 High T e m p . M a t e r i a l s Minn , Mining & Mfg. 
P y C - 9 Nat iona l C a r b o n Nat iona l C a r b o n 
P y C - 1 0 A m . M e t a l P r o d u c t s A m . M e t a l P r o d u c t s 

F i g . 5-5 shows s e c t i o n s of s e v e r a l coa t ed p a r t i c l e s f rom b a t c h P y C - 8 
u n d e r n o r m a l l i gh t . F i g . 5-6 shows one of t h e s e p a r t i c l e s u n d e r p o l a r i z e d 
l ight w h e r e the con ica l g rowth p a t t e r n s can be s e e n which i s t yp ica l of p y r o l y t i c 
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FIG. 5-5 Pyrolyt ic Carbon Coated UC2 from Batch 
P y C - 8 . Bright field at lOOX. 

FIG. 5-6 Pyrolyt ic Carbon Coated UC2 from Batch 
P y C - 8 . Polar ized light at 250X. 
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carbon deposited near 3600°F. The outer surface of the coating is i r r egu la r 
due to the prot rus ions of the carbon growths . 

F ig . 5-7 shows sections of several coated par t ic les from batch PyC-7 
under normal light and F ig . 5-8 shows one of these par t ic les under polar ized 
light. The coatings a re smooth and continuous. The layered s t ructure is 
s imilar to the s t ruc ture noted in the PyC-6 par t ic les in F ig , 5-4. The 
absence of the conical growth pat terns under polarized light indicated that 
these coatings were deposited at less than 2 9 0 0 T . 

F ig . 5-9 shows sections of several coated par t ic les from batch PyC-9 
under normal light and F ig . 5-10 shows one of these par t ic les under polar ized 
light. Again, the coatings a re smooth and continuous and have a layered 
s t ruc ture s imi lar to the PyC-7 pa r t i c l e s . Occasionally, batches of UC2 
shot have been received in which a number of the UC2 par t ic les were stuck 
together. This condition can be noted in F ig . 5-9 where a continuous 
coating was applied to a pair of joined UC2 pa r t i c l e s . As on all the pyrolytic 
carbon coated UC2 par t i c les , a dark region can be noted between the coating 
and the UC2 pa r t i c l e . This dark region is c rea ted by the relat ively grea te r 
shrinkage of the UC2 as the part ic le is cooled from the coating deposition 
t empera tu re . Most often, a third phase mater ia l can be noted in this region 
which probably consists of carbon and/or uranium. The s t ruc ture of the coating 
on the PyC-9 par t ic les indicates that most of the coating was probably 
deposited at an actual teroiperature below 2900°F. In F ig , 5-10, portions of 
the innermost coating layer contain what could be part iculate fuel mater ia l 
caused by fuel par t ic le abrasion in the ear ly stages of coating. 

F ig . 5-11 shows sections of several coated par t ic les from batch PyC-10 
under normial light and F ig . 5-12 shows one of these par t ic les under polar ized 
light. All the coatings appear continuous but they have a coarse s t ruc tu re . 
Some evidence of a very fine but sca t tered conical growth s t ruc ture can be 
noted in F ig . 5-12 which indicates that these coatings were deposited at an 
actual tempera ture of about 3000°F to 3200®F. The bright spots in the 
coating could indicate the possible presence of par t iculate fuel contamination. 

Macr©photographs at 33 1/3X of two types of pyrolytic carbon coated 
par t ic les can be seen in F i g s . 5-13 (Batch PyC-8) and 5-14 (Batch PyC-7) . 
The i r regu la r surfaces due to the conical carbon growths in batch PyC-8 
and the smoother surfaces of batch PyC-7 can be noted. 
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FIG. 5-7 Pyrolyt ic Carbon Coated UC^ from Batch 
P y C - 7 . Bright field at lOOX. 

FIG, 5-8 Pyrolyt ic Carbon Coated UC2 from Batch 
P y C - 7 , Po la r i zed light at 250X. 
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4 

F I G . 5-9 P y r o l y t i c C a r b o n C o a t e d UC2 f rom B a t c h P y C - 9 . 
B r i g h t F i e l d a t lOOX. 

F I G . 5-10 P y r o l y t i c C a r b o n C o a t e d UC2 f rom Ba tch 
P y C - 9 . P o l a r i z e d L igh t a t 250X. 
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FIG. 5-11 Pyrolyt ic Carbon Coated UC2 from Batch 
PyC-10 . Bright Field at lOOX. 

FIG. 5-12 Pyrolyt ic Carbon Coated UC2 from Batch 
PyC-10 . Po la r i zed Light at 250X. 
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F I G . 5 -13 P a r t i c l e s f r om B a t c h P y C - 8 , a t 33 1/3X. 

F I G . 5 -14 P a r t i c l e s f rom B a t c h P y C - 7 , a t 33 1/3X. 
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5. 2 Evaluation of Coated Par t i c l e s 

The stamdard screening tes ts performed on pyrolytic carbon coated 
UC2 par t ic les a r e generally s imi la r to those used on alumina coated 
par t ic les except that a ni t r ic acid leach is used io r the coating integri ty 
test ra ther than the hot air oxidatioA tes t . Test resul t s on the pyrolytic 
carbon coated par t ic les a re summarized in Table 5-3. 

Batches P y C - 1 , - 2 , -5 and -6 were tested in the as-facbridated con­
dition. Uniformly good quality was found for the coatings in all these 
batches based on the resul ts of the ni t r ic acid leach tes t . The uraniumi 
contamination in these four batches was found by alpha assay to be very 
low except for batch PyC-2 . In this case , it is believed that d i rec t a l ^ a 
recoils from the UC par t ic les through the thin coatings were responsible 
for the higher alpha count. The thermal cycle test te tnperature of 3600®F 
was selected because of an in teres t in using the pyrolytic carbon par t ic le 
coating to prevent chemical reaction between silicon and uranium in a& 
Si-SiC coated fuel element. At this t empera tu re , very severe damage to 
the coatings in batches PyC-1 and PyC-2 was noted by alpha assays after 
thermal cycling. Figure 5-15 is a photomicrograph of batch PyC-1 after 
the thermal cycle test where many of the coating cracks can be seen at the 
sharper corners of the 1502 par t i c les . This cracking was due to the higher 
thermal expansion coefficient of the UC2 and the ra ther large difference 
between the coating ifabrication t empera ture (1950°F) and the test t empera ­
ture (SfeOO^F). There was much less evidence of thermal cycle cracking 
in the 2450*^ coatings on batches PyC^5 and PyC-6 as noted by alpha 
assays after thermal cycling. However, a leach test on batch PyC-5 after 
thermal cycle indicated that a ra ther large fraction (0. 6%) of the par t ic les 
must have been cracked by this tes t . 

Batches PyC-7 , - 8 , -9 and -10 had all been subjected to a 3600^F 
thermal cycle tes t and an acid r inse by the m.anufacturers pr ior to the 
tes ts noted in Table 5~3. A ra ther high surface uranium contamination 
was noted on the as - rece ived par t i c les , about the same as noted on the 
PyC-5 and -6 batches after thermal cycle. In most cases , further acid 
leaching removed very little additional uranium and had little effect on the 
alpha assay. This could mean that uranium contamination measured by 
the alpha assays was within the coating surfaces or that the initial acid 
rinsing distributed uranium over the surfaces of whole or cracked par t ic les 
in such a manner that it could could not be removed by subsequent leach 
t e s t s . It is not clear from these tes ts whether this uranium contamination 
was due to the presence of a few faulty par t ic les in the as-fabr icated mater i 
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TABLE 5-3 

P re - I r r ad ia t ion Tests on Pyrolyt ic Carbon Coated UC Par t i c les 

Sample 
No. 

PyC-1 

PyC-2 

PyC-5 

PyC-6 

PyC-7(l) 

PyC.7|3) 

PyC-7(5) 

PyC-8 

PyC-9 

PyC-10{l) 

PyC-10(2) 

Condition 

As- fab. 
Leached 
T. cycle 

As-fab. 
Leached 
T. Cycle 

As-fab. 
Leached 
T. Cycle 

As-fab. 
Leached 
T. Cycle 

As Rec'd 
Leached 

As Rec 'd 
Leached 

As Rec 'd 
Leached 

As Rec 'd 
Leached 

As Rec 'd 
Leached 

As Rec 'd 
Leached 

As Rec 'd 
Leached 

Net Alpha 
Count Rate, 

cpm/gm sample 

0.7 t 1.1 
, 

2610 

244 

3680 

1.9 

21.4 

1.9 

65.6 

94.7 
90.0 

65. 1 
66.0 

94.2 
85.0 

9 . 7 
37.6 

38.2 
45.4 

19.5 
20.5 

43.0 
76.8 

-
t 31 

I 7 

t 3 0 

t l . 3 

+ 3.7 

t l . 3 
_ 
t 5 . . 2 

t 5 . 0 
1 4.6 

t 3 . 8 
t 4 . 0 

t 5 . 4 
- 5.2 

t z . 4 
I 3.3 

+ 5.2 
t 8 . 4 

- 6.5 

t 4 . 8 
- 9.9 

Expos i e d 

Uranium ,, . 
•^ . f b) 
Frac t ion 

1.3 X 10"^ 
-

5 X 

4 X 

6 X 

9 X 

1 X 

5 X 
_ 

1.6,x 

1.6 x 
1.5 x 

1. 1 x 
1. 1 X 

1.6 x 
1 . 3 X 

2 . 2 X 
8 . 6 X 

8 . 4 X 
1 .0 X 

4 . 1 X 
4 . 2 X 

8 . 9 X 
1 . 6 X 

10-^ 

10-^ 

10-^ 

1 0 - ' 

10-^ 

10-^ 

10-^ 

< 
10 

10 

< 
10 

10 

10 ^ 

">:5 
10 

< 
10 

Uranium 
in Leach 
Solution 

4 x 10"^ 

4 X 10"^ 

1 X 10"^ 
6 X 10 

_4 
1 X 10 

2.4 .x 10 '* 

2 .0 X 10"^ 

3.2 X 10"^ 

2 .8 X 10"^ 

3.0 X 10 '^ 

1.0 X 10"^ 

1.0 c 10"^ 

(a) As-fab. = As fabricated; Leached = After leaching in 1; 1 ni t r ic acid 
solution at 95°C; T. Cycle = After thermal cycle to 3600"F in an 
argon atmosphere; As Rec'd = Aas received from manufacturer who 
had subjected par t ic les to thermal cycle and acid leach. 

(b) Expressed as fraction of uranium contained in pa r t i c l e s . 
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(a) View at lOOx. 

(b) View at 250x. 

FIG. 5-15 P a r t i c l e s from batch PyC-1 
after the rmal cycling to 3600°F 
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or whether the thermal cycle tes ts caused some additional coating fa i lures . 
It should be noted, however, that metal lographic inspection of the a s -
received par t ic les ( i . e . after thermal cycling),as typified by Figures 5-5 
through 5-12, did not reveal the presence of cracked par t ic les in these 
batches . 

Three batches of pyrolytic carbon coated UC2 par t ic les were sub­
jected to the neutron activation test for fission product retention. Addi­
tional neutron activation tes ts were run on pyrolytic carbon cTJated par t ic les 
after incorporation into a graphite ma t r ix as described in Section 5. 3. 
The resu l t s of the tes ts on the par t ic les only a re summarized in Table 5-4, 

TABLE 5-4 

Neutron Activation Tests on Pyrolyt ic Carbon Coated Par t i c l e s 

Specimen 

1. Batch PyC-1 

2. Batch PyC-5 

3. Batch PyC-6 

Test 
Temp. , ̂  

1600 
2000 
2400 

1500 
2000 
2500 

600/2500 
2500 

1500 
2000 
2500 

600/2500 
2500 

F 

,(b) 

Ĉb) 

Time 
Min. 

160 
93 
65 

60 
60 
65 

210 

55 
58 
55 

240 

Fractional Release 
ofXe 133 

<4. 5 X 10"^ 
<4.5 X 10"^ 
4.7 X 10" 

(a) 
(a) 

<̂ ) 6 
<6.5 X 10"" 
2.5 X 10" 

(a) 

<5.2 X 10 
<1.0 X 10" . , , 
4.2xl0"^<'^^ 

fa) Activity level below sensitivity and included in subsequent 
reading. 

(b) Tempera ture cycled six t imes . 
(c) This Xe 133 re lease occurred during the last hour of heating. 
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The neutron activation resul ts on batch PyC-1 showed that up to 
2000*F ( i . e . the coating deposition tempera ture) , this pyrolytic carbon 
coating had good fission product retention. At 2400°F, the increased 
Xe 133 leakage indicates that some of the coatings have cracked which 
confirms the previous t he rma l cycle r e su l t s . In spite of the annular 
porosity in batch PyC-5 , these coatings exhibited good fission product 
retention.. Thermal cycling to 2500 °F did not appear to damage the 
coatings. Batch PyC-6 showed good fission product retention up to its 
coating deposition tempera ture of 2500"F. After thermal cycling, the 
re lease remained low during the first three hours at 2500"F. During the 
fourth hour, a r i se in Xe 133 re lease was noted. A subsequent mic ro ­
scopic examination revealed a crusty, glazed white deposit on some of 
the par t i c les . Peeling of the coating was noted on sisme of the par t i c les . 
It is believed that a reaction between the coating and the Alundum crucible 
used to hold the par t ic les caused this type of damage to the coatings. 
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5. 3 Evaluation of Fueled Spheres 

Four types of graphite spheres fueled with pyrolytic carbon coated 
UC2 par t ic les were evaluated during the P r o g r a m . The fuel element type 
numbers and the coated par t ic le batch used to fuel each type a re as follows: 

Type FA-24 with batch FyC-1 
Type FA-25 with batch PyC-7 
Type FA-26 with batch PyC-6 
Type FA-27 with batch PyC-9 

The 1-1/2" graphite spheres of each type were fueled with a uniform d i s ­
pers ion of the coated par t ic les except for Type FA-26 which consisted of 
a fueled 1-1/4" graphite core surrounded by a 1/8" graphite shel l . Two 
groups of FA-25 specim,ens were received^ FA-25(N1) through (N8) and 
a la ter improved group FA-25(N9) through (N12)« A further coating of 
either Si-SiC of pyrolytic carbon could be applied to any of these fueled 
spheres but the surface coatings were purposely omitted in order to permi t 
evaluation of the fueled graphite ma t r ix . A further description of these 
fuel element types is given in Table 2 - 1 , 

One problem in the design of a graphite sphere containing a uniform 
dispersion of coated fuel par t ic les is the molding flash at the equator of the 
sphere which resul ts from the use of two hemispher ical dies in molding the 
sphere . Abrasion during normal operation could resul t in the undesirable 
damage or loss of the graphite molding flash which would contain some coated 
fuel pa r t i c l e s . Attempts to grind off the prominent molding flash on AI2O3 
coated UO2 fueled FA-22 specimens resul ted in a significant inc rease in 
exposed uranium as noted in Table 4 - 4 . Consequentlyj efforts were made 
to eliminate or minimize the molding flash in the FA~25 and FA-27 spec imens . 
The successful resu l t s can be seen in F ig . 5 - l 6 , This photograph shows 
an FA-25 and an FA-27 fuel element specimen as received from the 
manufacturer . The presence of coated fuel par t ic les can be noted at the 
surface of each specimen. Both of these specimens would be an acceptable 
PBR fuel element provided that a further surface coating were applied to 
prevent loss of fuel pa r t i c l e s . 

The surface uranium contamination found on the four types of fueled 
graphite spheres by the alpha assay method is given in Table 5 -5 . The 
high amount of surface contamination found in the FA-24 specimens indicates 
that there was damage to some of the par t ic le coatings which exposed more 
uranium. The data for the FA-26 specimen, which has an unfueled graphite 
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Fuel Element Type FA-27 Fue l Element Type FA-25 

FIG. 5-16 1 1 / 2 inch d iameter graphite spheres fueled 
with Pyroly t ic Carbon Coated UCg Pa r t i c l e s 
showing minimtim molding flash. 



TABLE 5-5 

Fueled with Pyro ly t i c Carbon 

Specimen 
N o . 

F A - 2 4 (Nl) 

F A - 2 4 {N2) 

F A - 2 4 (N3) 

F A - 2 5 (Nl) 

F A - 2 5 (N2) 

F A - 2 5 (N3) 

F A - 2 5 fN4) 

F A - 2 5 (N5) 

F A . 2 5 (N6) 

F A - 2 5 (N7) 

F A - 2 5 (N8) 

F A - 2 5 (N9) 

F A - 2 5 (NIO) 

F A - 2 5 (Ni l ) 

F A - 2 5 (N12) 

FA-26 (Nl) 

FA-27 (Nl) 

FA-27 (N2) 

(b) 
Pos i t ion 

1 
2 
1 
2 
1 
2 
P 
E 
P 
E 
P 
E 
P 
E 
P 
E 
P 
E 
P 
E 
P 
E 
P 
E 
P 
E 
P 
E 
P 
E 
P 
P 
E 

E 
P 
E 
P 
E 

Coated UC2 P a r t i c l e s 

Net Alpha 
Count Rat 

106 J 
82.6 t 
61.5 I 
84.0 + 
7 7 . O t 

4» 6 4 . 4 I 
16.4 t 

44. 1 I 
14.0 1 
35 .0 : 
35 .0 t 

9 . 8 i 

14.7 t 
1 1 . 9 | 
14.0 -
10.5 t 
1 1 . z t 

18.9 -
8 .4 t 

18.2 I 
_L 6 . 3 t 

4 . 9 t 
2 . 8 t 

1 1 . z t 
8 . 4 t 

13.3 I 

z.st 
1 1 . 2 t 
7 . 7 t 
0 .0 -

15.4 i 
18.2 + 
35.7 t 
2 9 . 4 t 

e, cpm 

13 
11.2 
9. 1 

11.2 
10.5 

9 . 8 
4 . 9 
4 . 0 
7 . 7 
4 . 5 
7 . 4 
7 . 4 
4 . 9 
4 . 9 
4 . 5 
4 . 2 
4 . 4 
3 . 8 
5 . 2 
5. 1 
6 . 3 
4 . 5 
4 . 2 
4 . 2 
4 . 2 
3 . 5 
4 . 2 
4 . 9 
4 . 2 
4 . 9 
3 . 5 
4 . 2 
4 . 2 
2 . 8 
6 . 3 
6 . 3 
6 . 3 
6 . 3 

X'i-l 

Equivalent Surface 
Ti • Tc u r a n i u m , mg 

0. 140 
0. 110 
0 .082 
0. 110 
0. 100 
0.086 
0.022 
0.020 
0 ,058 
0 .018 
0 .046 
0.046 
0.013 
0 .013 
0.019 
0.016 
0 .018 
0.014 
0 .015 
0.012 
0 .025 
0 .011 
0.012 
0.024 
0 .008 
0.006 
0 ,004 
0 .015 
0 .011 
0.017 
0 .004 
0 .015 
0.010 
0.000 
0.020 
0.024 
0.047 
0.039 

(a) Norma l i zed to whole sphere surface 
(b) P = po la r region; E = equator ia l region 
(c) 0.001 mg = 2 . 1 x 1 0 " ' of total u ran ium in spec imen 
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shell, indicates that t race amounts of uranium from either the fuel par t ic les 
or the mianufacturing equipment were either mixed with or migrated into 
the unfueled shel l . There is no significant difference in the alpha assays at 
the polar and equatorial regions of the FA-25 and FA-27 specimens indicating 
that this type of fuel element can be successfully made with a minimum 
molding flash. 

Since a surface alpha assay does not give a quantitative evaluation of 
the condition of the coated par t ic les below the surface of a fueled graphite 
sphere , a se r i e s of neutron activation tes ts were performed on the four 
types of fuel element spec imens . The resul ts of these tes ts a re given 
in Table 5-6. The data is also shown in F ig . 5-17 where the fraction of 
Xe 133 re leased is plotted as a function of t ime . The specimen tempera tu res 
associated with each increase in Xe 133 re lease a re also shown on the cu rves . 
Temiperature equilibrium is achieved with a 5 minute per iod . 

TABLE 

Neutron Activation Tests on 
with 

Specimen 
N o . 

FA-24(N1) 

FA-25(N1) 

FA-25(N10) 

FA-26(N1) 

FA-27(N1) 

X 

Pyrolytic 

Test 
emp. s 

1000 
1700 
2100 
2500 
2700 

1650 
2100 
2400 

1500 
2000 
2400 

100 
1600 

1500 
2000 
2400 

' F 

5-6 

Graphite Spheres 
Carbon Coated UC2 

Time at 
T e m p . , min 

30 
25 
60 
30 
10 

60 
70 
50 

90 
90 

100 

388 
2 

60 
40 
55 

Fueled 

Fract ion of 
Xe 133 

1.7 x 
3 . 4 x 
6.8 X 
1.5 X 
4 .9 X 

3.3 X 
4 .2 X 
3.9 X 

5.7 X 
1.8 X 
3 . 4 x 

4 .4 X 
5,4 X 

2.4 X 
5.9 X 
1.7 X 

Released 

10-3 
10-4 
10-4 
10-3 
10-4 

10-4 
10-4 
10-4 

10-5 
10-5 
10-5 

10-4 
10-4 

10-4 
10-5 
10-4 
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The very rapid Xe 133 re lease for the FA-24 and FA-26 specimens 
indicated that the fuel par t ic le coatings in these specimens were most 
likely dam.aged during sphere fabrication, causing UC2 par t ic les to be 
exposed. The tendency to reach a plateau in the r e l ease - t ime curve can be 
noted for the other three spec imens . A plateau indicates no further Xe 133 
re lease at the given tempera ture and implies that Xe 133 re lease pr ior to 
the plateau came from relat ively smal l amiounts of exposed u ran ium. 
Specimens FA-25(N1) and FA-27(N1) showed no evidence of plateau formation 
at the higher t empera tu res which could be attr ibuted to Xe 133 re lease from 
uranium contamination just within the pyrolytic carbon coating surface or a 
smal l number of cracked fuel par t ic le coatings. The best Xe 133 retention 
was found for specimen FA-27(N10), Although not apparent in Fig , 5-17, 
a very slight slope was noted for the FA-27(N10) specimen at the 2000*'F 
and 2400®F test t empera tu res , of the order of 10 ' ° per min. 

In order to determine whether significant amounts of exposed uranium 
could be removed from this type of fuel element, specimen FA-25(N6) 
was selected for an acid leach tes t . This sphere was leached in 1:1 nitr ic 
acid at 200®F, The leach solution was analyzed for uranium content and the 
surface alpha assay was repeated after leaching. Analysis of the acid 
solution showed that 0.6 mg of uranium was removed from the sphere . The 
alpha assay resu l t s a re shown in Table 5-7. F rom these r e su l t s , it appears 
that there was a significant amount of exposed uranium in this specimen, 
the increase in sphere surface contamination being due to deposition of 
uranium from the acid solution on large amount of graphite surface a rea 
in the sphe re . 

TABLE 5-7 

Acid Leach Test on Specimen FA-25(N6) 

Before Leaching After Leaching 

Position^*' 
Area 1 (P) 
Area 2 (P) 
Area 3 (E) 
Area 4 (E) 

Total Surface 
Count Rate, cpm 

15.4 + 4 .9 ' 
12.6 + 4 .2 
4 .2 + 2.8 

16.8 + 4 .9 

Surface 
Uranium, mg 

0.020 
0.017 
0.0056 
0.022 

Total Surface 
Count Rate, cpm 

147 + 15 
371 + 23 
155 + 15 
464 -I- 26 

Surface 
Uranium, mg. 

0.194 
Q.49O 
0.205 
0,612 

fa) P denotes polar region, E denotes equatorial region. 
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Table 5-8 compares the amounts of exposed uranium in batch PyC-7 
par t ic les and two FA-25 specimens fueled with these par t ic les as found by 
alpha assay, acid leaching, and neutron activation. 

TABLE 5-8 

(a) Amounts of Exposed Uranium in PyC/UCz Mater ia ls 

Specimen Condition 
Batch PyC-7(5) As-Rec 'd 

" Leached 

Sphere FA-25(N6| As-Rec 'd 2.9 x lO" '^ — — 
" Leached 7 , 9 x 1 0 - 5 1 . 3 x . l 0 " 4 2 . 1 x l O " 4 

Sphere FA-25(N1) As-Rec 'd 4 . 5 x 1 0 - 6 - _ — 
" Neut. Act. — — l . l x l O - 3 ( b ) 

fa) Expressed as fraction of contained uranium, except where noted, 
(b) Amount of Xe 133 re leased in 3 hourSj expressed as fraction of contained 

Xe 133, taken from Table 5-6. 

In all cases where the samples were leached, the amount of uranium 
which was removed by leaching far exceeded the apparent amounts of surface 
uranium found by the alpha a s s a y s . This indicates the presence of c racks 
through the coatings of a type which expose very little uranium surface a r ea 
in the alpha counter . The total exposed uranium fraction ( i . e . leached 
uranium plus residual surface uranium) for sphere FA-25{N6) is an order of 
magnitude lower than ei ther the coated par t ic le sample or the neutron activated 
sphere FA-25(N1). Obviously, a surface alpha assay on the sphere surface 
does not account for exposed uranium in the center of the sphe re . However, 
it is also apparent that the acid leach did not bring all of the exposed uranium 
out in solution, leaving roost of it behind on the internal surfaces of the 
graphi te . 

The neutron activation tes t cannot be considered a quantitative tes t 
because the time period during which the re leased Xe 133 accumulates in 
the t rap is a rb i t r a r i ly selected and because Xe 133 diffusion through the 
coating can be a contributing factor. However, it is interest ing to note the 

Apparent Surface 
Contamination U Removed 
(by Alpha Assay) by Leaching Total 

1 . 4 x 1 0 - 4 3 , 2 x 1 0 - 3 3 . 3 x 1 0 - 3 
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ra ther close agreement in Table 5-8 between the total exposed uranium 
fraction in the coated par t ic le sample and Xe 133 re lease fraction from 
the fuel s p h e r e . This suggests that no further damage occur red to the coated 
par t ic les during sphere fabrication and that the relat ively high Xe 133 
re lease found in the neutron activation test was due to the initial condition of 
the coated pa r t i c l e s . 

Two fuel element specimens were sectioned in order to examine the 
condition of the coated par t ic les in these spec imens . The typical condition 
of the par t ic les can be seen in F ig . 5-18 showing specimen FA-27(N2) and 
F ig . 5-19 showing specimen FA-25(N9). No par t ic les with cracked or 
broken coatings could be found after a thorough examination of both sections . 
The presence of part iculate UC2 can be m^ore c lear ly noted in the coatings of 
specim.en FA-27(N2) than in the as - labr ica ted par t ic les seen in F i g s . 5-9 
and 5-10. The remaining UC2 par t ic les appear badly fractured and one 
is missing completely. It appears that this condition was caused by the 
sectioning and polishing steps since there is no damage to the coatings. 
The coated par t ic les in Specimen FA-25fN9) appear in excellent condition. 

An evaluation of pyrolytic carbon coated par t ic les and graphite spheres 
fueled with this mater ia l has shown somewhat more problems than were 
experienced in the ea r l i e r evaluation of AI2O3 coated UO2 p a r t i c l e s . Many 
of the pyrolytic carbon coated par t ic les had higher uranium contamination in 
their coatings as shown by both alpha assay and the negligible reduction in 
contamination by acid r ins ing. Better control of uranium dusting during 
the initial coating stages can alleviate this p rob lem. In som.e cases where 
exposed uranium was measured , it was not possible to d iscern whether it 
might have instead been due to the presence of a number of poorly coated 
UC2 pa r t i c l e s . Metallographic examination of severa l fueled graphite 
spheres (FA-25 and FA-27) showed that it was possible to incorporate 
pyrolytic carbon coated par t ic les into a graphite matr ix without damage to 
the coatings. However, there 'was definite evidence of par t ic le coating damage 
in other cases (FA-24 and FA-26), as shown by neutron activation t e s t s . This 
type of damage could have been due to i r r egu la r shaped UC2 pa r t i c l e s , the 
type of coating, or an excessively vigorous mixing step pr ior to molding. The 
fission product re lease from the other fueled graphite spheres appeared to be 
re la ted to the condition of the coated par t ic les p r io r to incorporation into 
the graphite ma t r ix ( i . e . uranium Contamination and/or the presence of a 
few poorly coated pa r t i c l e s ) . One factor, which could not be evaluated in 
the present program., was the influence of the density and permeabi l i ty of the 
pyrolytic carbon coating on fission product retention. Also, the effects of 
i r radia t ion damage remain to be a s s e s s e d . 

122 5-24 



FIG, 5-18 Section of an FA-27 specimen fueled with 
Pyrolyt ic Carbon Coated UCz from Batch 
P y C - 9 . (lOOX), 

FIG. 5-19 Section of an FA-25 specimen fueled with 
Pyrolyt ic Carbon Coated UC2 from Batch 
P y C - 7 . flOOX). 
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6.0 Miscellaneous Coated Specimens 

Several other types of fuel element coatings were developed and/or 
evaluated for the PBR Fuel Element Development P r o g r a m in addition to 
the mater ia l s discussed in Sections 3,0, 4 .0 , and 5.0. These included 
the development of a variety of subsurface coatings for graphite spheres ; 
metal carbide surface coatings such as SiC, TiC, and ZrC; and meta l 
coatings for UO2 par t ic les , such as Ni, Cr, and Nb. 

6. 1 SubsurfaceCoat ings 

The two p r imary methods of fission product retention which were 
explored in the PBR Fuel Element Development P r o g r a m were coatings 
on the surface of the spherical fuel element and coatings on individual 
fuel par t ic les . Another method, conceived by R, F . Benenati of Sanderson 
& Por t e r (13), was to locate the coatings beneath the graphite surface. 
The coating would surround a pellet of either fissile ma te r i a l or fissile 
mater ia l dispersed in graphite. An unfueled graphite shell would in turn 
surround the coating. The p r imary advantage of locating the coating 
beneath the graphite surface is to protect it from the external loads 
imposed on PBR fuel e lements , such as impact or compressive loads 
which normally would fracture most types of coating located direct ly on 
the fuel element surface. Another advantage of a subsurface coating is 
that, through suitable choice of ma te r i a l s , a coating operating in the plastic 
or molten range would tend to seal pores and f issures in the lower t emper ­
ature zone of the unfueled graphite shell . 

The exploratory program on subsurface coatings was performed at 
the Battalia Memorial Institute and consisted of (a) compatibility studies 
in which the compatibility of various potential coating naaterials with 
graphite in a simple shape ware investigated; and (b) fabrication studies 
with fueled graphite spheres . 

6. 1. 1 Materials 

Two variet ies of the subsurface coatings were studied. In one, 
mater ia l s having melting points in the range of peak PBR operating tem­
pera tures were used. In the other, mater ia ls with a higher tnelting point 
were used so that the coating could ba "set" m a baking furnace pr ior to 
use . The pertinent proper t ies of mater ia l s tested a re given in Table 6 - 1 . 
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M a t e r i a l s 

M a t e r i a l 

Cu 
4 g l a s s e s 
Si 
Ni 
C r 
Z r 
T i 
M o S i , 

T A B L E 6-1 

U s e d in Subsurfac© 

M el t ing Po in t , "F 

1980 
1800 - 2500 

2600 
2640 
2940 
3090 
3270 
3690 

Coat ing S tud ies 

A b s o r p t i o n C r o s s -
Sec t ion , b a r n s 

3 . 6 
(See T a b l e 6-2) 

0. 13 
4 . 5 
2 . 9 
0. 18 
5 .6 
2 . 7 

A n u m b e r of s p e c i a l g l a s s e s w e r e p r e p a r e d to have softening poin ts 
in the r a n g e of ISOO^F to 2 5 0 0 ° F . The c o m p o s i t i o n of t h e s e g l a s s e s a r e 
shown in Tab le 6 - 2 . 

In s e l e c t i n g t h e s e m a t e r i a l s the g l a s s e s w e r e inc luded for the r e a s o n 
that they r e p r e s e n t a ceram. ic that can be t a i l o r e d in m e l t i n g point and w e t ­
t ab i l i ty by adjus t ing c o m p o s i t i o n . MoSi2 which was known to be com -
pa t ib le wi th g r a p h i t e , was inc luded to p r o v i d e a c o m m o n m a t e r i a l in the 
compa t ib i l i t y and f ab r i ca t i on s t u d i e s . C o p p e r , n i cke l and s i l i con w e r e 
s e l e c t e d as m e t a l s for p o s s i b l e s u b s u r f a c e app l i ca t ion b e c a u s e of t h e i r 
r a n g e of m e l t i n g t e m p e r a t u r e s , t h e i r r e a c t i o n s with g r a p h i t e , and c o m ­
pa t ib i l i ty c h a r a c t e r i s t i c s wi th g r a p h i t e . T i , C r and Z r w e r e inc luded as 
high m e l t i n g m a t e r i a l s which r e a d i l y f o r m e d m e t a l c a r b i d e s . 

Compos i t i on of G l a s s e s 

M a t e r i a l 

CaSiOs 
AI2O3 
S i 0 2 
BaO 
M0O3 
KNO3 
MnO 
T i 0 2 
C a F 2 
(Tas b a r n s 

G l a s s #1 

2 7 . 4 
8 .6 

2 1 . 2 
4 2 . 8 

_ 
_ 
„ 

_ 
_ 

0 . 6 5 

TABLE 6-2 

Used in Subsu r f ace Coat ing 

G l a s s #2 

19 .2 
6 . 0 

14 .8 
6 0 . 0 

_ 
_ 
-
_ 
_ 

0 . 9 8 

G l a s s #3 

19 .2 
6 .0 

14 .8 
5 5 . 0 

5 .0 
-
_ 
_ 
-

0 .78 

S tudies 

G l a s s #4 

3 5 . 6 
18.0 

_ 
_ 
_ 

19 .6 
9 . 0 
4 . 4 

13 .4 
3 .3 
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• 6 .1 .2 Compatibility Tes ts 

Mater ia l s ' compatibility was studied using graphite crucibles filled 
with coating ma te r i a l s of in te res t . Also, a number of graphi te-meta l 
diffusion couples were tested. 

The crucible studies were p r imar i ly to test wettability of potential 
coating m a t e r i a l s . The mater ia l s were placed in small graphite crucibles 
and held at controlled tempera tures for short periods of time after which 
thay ware cooled, sectioned and examined metal lographically. The tem­
pera tures used were 1800°F, 22O0°F and 2600°F and the tim.e at t empera ­
ture was 5 min. 

The resul ts of these tes ts a re summarized in Table 6-3 . It can be 
seen by examination of this table that at 1800®F there was no penetration 
of the graphite by any of the mate r ia l s tested. There was some wetting 
of the surface by copper as well as silicon, as determined by meta l lo­
graphic examination of the interface between the crucible and the mel t . 
At 2200°F, there was definite wetting of the graphite by copper, silicon 
and #3 glass and there may have been some penetration by the metals but 
not by the g lass . At 2600°F the copper, silicon, nickel and #1 and #3 
glasses all wet the surface. The copper, nickel and #1 glass all showed 
slight penetration while the silicon showed a g rea te r penetration probably 
in the form of cilicon carbide. The #2 glass showed some adherence to the 
graphite surface with slight penetrat ion. The #4 glass neither wet nor 
penetrated the graphite , however there was some slight erosion of the 
crucible. The #1 glass penetrated slightly but ser iously eroded the cru­
cible. The molybdenum disilicide showed selective adhesion to the graphite . 

The diffusion couples were prepared by compressing thin layers of 
potential coating mater ia l s between 1/4 inch thick plates of graphite and 
heating in argon at 2600°F for 8 hours . This test was thought to be more 
s imi lar to actual conditions that would exist in a subsurface element. The 
mate r ia l s tested were Cu, Ni, Zr , Si, MoSi2 and #3 g lass . The resul ts a re 
shown in Figure 6-1 through 6-6. 

In Figure 6 -1 , the copper is seen to be distributed as spherical par t ic les 
with no penetration of the graphite . In Figure 6-2, the nickel is seen to be 
well adhered to the graphite and to penetrate into the graphite po res . The 
dark flakes in the nickel are carbon which dissolved in the nickel and 
precipitated on cooling. In Figure 6-3, the zirconium was found as loose 
flakes of ZrC with no evident penetration of the Zr into the graphite . In 
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Type of 
Mater ial 

TABLE 6-3 

Compatibility Tests of Subsurface Coating Mater ia ls In 
Graphite Crucibles 

Wet Graphite at 
Crucible Interface 

Degree of Penetrat ion 
into Graphite Crucible 

Heated at 1800®F for 5 minutes 

Observations 

Copper Yes 

Silicon 
No. 1 glass 
No, 2 glass 
fjo, 3 glass 
No. 4 glass 
Nickel 
MoSi., 

Slight 
None 
None 
None 
None 
None 
None 

Slight 

None 
None 
None 
None 
None 
None 
Slight 

Some par t ic les adhered 
to wall . 

Some par t ic les adhered 
to crucible wall. 

Copper 

Silicon 
No. 1 glass 
No. 2 glass 
No. 3 glass 
No. 4 glass 
Nickel 
MoSi^ 

Heated at 2200 °F for 5 minutes 

Yes Slight 

Yes Very slight 
None None 
None None 
Slightly None 
None None 
None None 
None Slight 

Heated at 2600 "F for 5 minutes 

Pa r t i c l e s adhered to 
crucible wall 

Some adherence 
Slight erosion of crucible 

Copper 
Silicon 
No. 1 glass 
No. 2 glass 
No. 3 glass 
No. 4 glass 
Nickel 
MoSi. 

Yes 
Slightly 
Yes 
None 
Yes 
None 
Yes 
None 

Slight 
1/8 in, or g rea te r 

Slight 
Slight 
None 
None 
Slight 
None 

Adhered to graphite 

Crucible badly eroded 
Adhered to graphite 

Slight adherence 
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F I G . 6-1 C o p p e r - G r a p h i t e . C o p p e r a p p e a r s a s 
s p h e r i c a l p a r t i c l e s . (SOX) 

F I G . 6 -2 N i c k e l - G r a p h i t e . D a r k flakes i n n i c k e l a r e 
g r a p h i t e . (SOX) 
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F I G . 6 -3 Z i r c o n i u m - G r a p h i t e . S m a l l f l akes in 
z i r c o n o u m p h a s e a r e p r o b a b l y Z r C . (50X| 

F i g . 6 -4 S i l i c o n - G r a p h i t e . S m a l l g r e y p a r t i c l e s a r e 
S i C . (SOX) 
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WK. 6-5 Molffcdemim Msllfcide-GrapMte. Gaps at 
interfaces are filled with mounting resin. (50X| 

FIG. 6-6 No. 3 Glass-Graphite. Metallic-like phase at 
the interface is unidentified. (SOX) 
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Figure 6-4, the silicon was converted to smal l par t ic les of SiC with penet ra­
tion of the graphite . In Figure 6-5, the molybdenum disil icide is seen to 
have separated from the graphite except for a thin adherent layer . In 
Figure 6-6, the #3 glass is seen to bond well to the graphite and remain as 
a continuous layer . An unidentified metal phase can be noted at the graphite-
glass interface. 

6 .1 .3 Sphere Fabr icat ion 

A number of 1-1/2 inch diameter spheres were fabricated with 
various types of subsurface coatings surrounding fueled graphite core . The 
first grbup of spheres was made by cold press ing . The fueled core was 
first molded, then the coating ma te r i a l was .molded onto the fueled core , and 
finally, the outer graphite shell was ra.olded on. The spheres were first 
cured at 350°F to set the binder and then given a slow bake t reatment at 
200"F for 8 days . Degassing of all three regions occurred at the same t ime. 

The first group of spheres contained coatings of copper, nickel and 
#3 glass (low-melting mater ia l s ) and ti tanium, chroi^ium and molybdenum 
disilicide (high-melting ma te r i a l s ) . These mate r ia l s were generally 
applied to the fuel cores in a powder for"m mixed with carbonaceous binder. 
All of the spheres looked sat isfactory after the 350°F cure . After the 8-day 
bakeout however, most of the spheres had severely cracked outer shells and 
some of the meta l coatings had cracked as well . A high degree of metal 
(or meta l carbide) penetration into the fueled shell was noted in most cases . 
The glasses did not penetrate but there was evidence of chemical reaction 
with the graphite. There was only slight penetration with copper but this 
mate r ia l tended to ball up and leave gaps near the top of the sphere due to 
gravitational effects. 

Several attempts were made to seal two thin copper hemispheres 
around a fueled graphite core , but outgassing and chemical react ions p r e ­
vented the making of a sat isfactory brazed joint. 

In order to determine whether the high tempera ture coatings could be 
made to fuse into a leaktight coating, the defective graphite shells were 
completely removed from the Cr, Ti , and MoSi^ specimens of the first 
group. New graphite shells were cold-pressed onto the clad fueled cores 
and they were all heated at 4660°F in order to melt the metal, coatings. 
During this p rocess , molten chromium ran out a crack which developed in 
the graphite shell . The titanium layer failed to penetrate the graphite 
shell probably due to a titanium carbide layer which had formed during the 
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8-day bakeout at 1500®F. The MoSi2 coating, which had severa l cracks 
pr ior to the application of the new graphite shell , was fused together. After 
manually removing the shell, a hot oil test of the coated fueled core piece 
showed only one pinhole leak in the coating. 

The next variable investigated was hot press ing . It was hoped the 
application of p r e s s u r e while the coating layer was in its molten state would 
minimize coating penetration and produce a dense tight coating. A second 
group of spheres was prepared using this hot-press ing technique. The 
spheres , consisting of a fueled core , a coating and an unfueled graphite 
shell, were initially formed by cold press ing . The spheres were baked at 
1500''F to remove volatiles in the binder and then were ho t -pressed in a 
graphite die under 10,000 psi p r e s s u r e . Spheres containing Ni, Si, Cu and 
No. 3 glass were hot -pressed at the melting point of the coating ma te r i a l . 
Spheres containing MoSi2. Cr and Ti were ho t -pressed at only 2000°F 
because of limitations of the hot-press ing equipment. This lat ter group of 
spheres was subsequently heat - t rea ted to the melting point of the seal 
mate r ia l in a carbon res i s to r furnace. 

Visual inspection of sectioned spheres indicated that each coating 
mate r ia l formed a continuous layer except copper, which appeared to bead 
and become discontinuous. Cracking was observed in the shells of spheres 
containing Cr, MoSi2 and Ti coatings. These spheres were not under p r e s ­
sure when the coating melted and the coating appeared to flow into the c racks . 
No cracks appeared in the specimens that were under p r e s s u r e during the 
period when the coating was molten. Radiography indicated that the coating 
mater ia l s penetrated into the pores of the unfueled graphite shell . 

In order to a s sess the coating integrity of thes£ s p a d m a n s without 
destroying them, the spheres were subjected to the hot oil leakage test by 
immers ing them in silicone oil at 400 ®F. Bubbling by gas entrapped during 
fabrication was then observed. Spheres without a coating which were sub­
jected to s imilar fabricating conditions exhibited bubbling fpr 20 to 40 min. 
In the coated elements , gas re lease would be expected to come from only 
the unfueled graphite shell outside the coating. Therefore, if a good seal 
were obtained, the bubbling could cease in a much shor ter t ime. Results of 
the hot oil testing of the second group of spheres is given in Table 6-4, 

As noted in Table 6-4, the best resul t were obtained with the high 
tempera ture coatings ( i . e . MoSi2» Cr and Ti) even though there were 
cracks m the outer shells of these specimens. The exploratory p rogram 
was concluded with the hot oil testing of these ho t -pressed sphe res . 
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TABLE 6-4 

Leakage Test on Ho t -P res sed Spheres with Subsurface Coatings 

Coating Type 

#3 glass 
Copper 
Copper 
Nickel 
Silicon 
Silicon 
Chromium 
Chromium 
Chromium 
Titanium. 
MoSi, 

Hot Press, 
Temp. ' 

2500 
2100 
2500 
2550 
2540 
2540 
2000 
2000 
2180 
2000 
2000 

= F 
Further Heat 
Treatment, "F 

_ 

_ 

-
_ 

_ 

3272 
3272 
3272 
3272 
3600 

Time Required 
for Bubbling 

to Stop. Min. (1) 

7 
>7 
>7 

6 
>7 

6 
6 
2-1 /2 

>7 
4 
2-1/2 

(1) Testing time was 7 minutes in silicone oil (400®F). 

6 .1 .4 Conclusions 

This exploratory p rogram on subsurface coatings has shown that 
several types of subsurface coatings a re possible. The use of mater ia l s 
such as nickel or #3 glass which melt in the range of PBR operating tem­
pera tures should cause these mate r i a l s to penetrate into the pores of the 
outermost unfueled graphite shell and also into cracks which may be 
present in the unfueled shell . Both of these phenomena have been observed 
in the uniform heating of fuel element specimens in out-of-pile furnaces. 
The extent of penetration must of course be lim^ited by the amount of coat­
ing mate r ia l initially added so that a continuous coating will reinain around 
the fueled core piece. 

It was found that the best 8pecim.ens could be made when p r e s su re 
was applied to the sphere while the coating was in a molten phase during 
fabrication. Limitations to the experimental equipment prevented the use 
of hot-press ing with the h igh- tempera ture coating mate r i a l s ( i . e . Cr, Ti , 
and MoSi2) but in spite of shell cracking these lat ter miaterialg appeared to 
form the best seals based on the limited evaluation work. It is probable 
that hot -press ing would have prevented shell cracking in these lat ter spec­
imens . 
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6. 2 Metal Carbide Sp.rface Coatings 

Several types of metal carbide surface coatings were obtained for 
evaluation on both fueled and unfueled sphe re s . American Metal Products 
furnished coatings on two types of fueled sphe re s . Types FI -5 (SiC coating) 
and FI-6 (ZrC coating) consisted of a uniform dispers ion of UG2 throughout 
the graphite m a t r i x . Fuel par t ic le size ranged from 1 to 5 microns and a 
high density mat r ix was achieved by carbonaceous re impregnat ion. The 
. 0 0 1 " metal carbide coatings were applied direct ly to the fueled sphe re s . 
AMP also furnished some lumped spec imens . In types F L - 1 (uncoated)^ 
F L - 2 (ZrC coating), and F L - 3 (SiC coating)^ all of the fuel is lumped in the 
center of the sphere in the form of a uranium dicarbide pel le t . The fuel 
pellet was first mounted in a graphite cylinder which was then threaded into 
the center of the sphere . The , 0 0 1 " metal carbide coating is applied after 
the sphere has been re impregnated. F ig . 6-7 is a radiograph of an F L - 2 
specimen which c lear ly shows the central ly located 3 /8" diameter cylindrical 
fuel pel let . Some unders i rable gaps around the fuel pellet cylinder can be 
noted. F ig . 6-8 is a typical view of this type of metal carbide coating and 
is specifically a section of the ZrC coating on an F L - 2 specimen. The very 
fine radial porosity along the grain boundarys in the coating can be seen. 

Plasmakote Corporation have developed techniques for depositing metal 
or metal carbide coatings by a f lame-spraying technique. In order to 
evaluate this type of coating procesSs severa l unfueled specimens with 
two types of coatings were obtained. Type FX-1 was titanium carbide and 
type FX-2 was zirconium carbide , Unfueled 1-1/2" diamieter graphite 
spheress machined from Speer Carbon. Company Moderator Grade B 
stocks were supplied to the manufacturer . Coating thickness ranged from 
.005 to .010" . The coatings were given a high tempera ture fusing t rea tment , 
after being f lame-sprayed on the graphite, in an at tempt to form a continuous 
impermeable coating. However, as shown in Figure 6-9. the coating appeared 
quite porous . As noted below, impact tes ts on both types showed poor 
adherence to the matr ix , however, this could be par t ia l ly attributable to the 
type of graphite surface . 

The metal carbide surface coated specimens were subjected to 
evaluation tes ts consisting of hot-oil permeabi l i ty , alpha assay , impact , 
conapression, and neutron activation. A total of 15 specimens were 
subjected to the hot oil test and all were found to leak. In general , the 
F I - 5 , F I -6 , F L - 2 , and F L - 3 specimens exhibited fine bubble s t r eams over 
much of their surfaces while the FX-1 and FX-2 specimens exhibited coarse 
bubble s t ream over their sur faces . In the case of the lumped specimens F L - 2 
and F L - 3 , several coarse bubbles were noted at the plug out l ines. 
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FIG. 6-7 Radiograph of F L - 2 Specimen 

FIG. 6-8 ZrC Coating on an F L - 2 Specimen. (500X) 
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FIG. 6-9 Flame Sprayed and Fused Zirconium 
Carbide Coating on FX-2 Specimen (lOOX) 

..• 

FIG. 6-10 FX-1 Specimen After Compress ion Test . 
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The resu l t s of imipact and compress ion tes t s a r e given in Table 6 -5 . 
All of the coatings were fractured at l e s s than the des i red 2.0 f t - lb , impact 
load. Many of the coatings failed by chipping away from the underlying 
graphite surface . A typical view is seen in F ig , 6-10 where an FX-1 
specimen is shown after failure under a compress ive load. 

Fuel Elem 
Type 

F L - 1 
FL-2 
F L - 3 
FI -5 
F I . 6 
FX-1 
FX-2 

TABLE 6-5 

Impact and Compress ion Tests 

ent 

Surfac :e Coated Spei 

Itnpacl Esxe rgy 
at Fa i lu re , 
Coating 

0 . 9 
0 . 6 
0 .7 
1.1 
0 . 8 
0 . 8 

£t~lbe 
Matrix 

1.7 
1.7 
2 . 5 

>7.0 
>7.0 
>7.0 
>7.0 

on Metal Carbide 
: imens 

Load, 
800 
915 

3350 
2995 

Conapress 
Fa i lu re 

l b s . De 

ive 

flection, in . 
0.047 
0.031 

0.131 
0.127 

An alpha assay was made of several of the fueled specimens to determine 
the extent of uranium contamination in the coatings. The typical amount 
of uranium contamination found in the coatings of the F L - 2 and F L - 3 
specimens was about 5xl0~" of the total uranium in the specimen while 
a simiilar value for the FI-5 specimen was 1.5x10"'*. The higher contamination 
for the FI-5 specimen is caused by the d ispersed uranium in the graphite 
sphere surface . 

Only one neutron activation tes t was run on a metal carbide coated 
specimen. An F L - 2 specimen was heated for 30 min at 1500®F after 
activation and 3x10 '* of the contained Xe 133 was re leased . This ra ther 
high re lease fraction reflects the porous nature of the coating and only 
slight retention by the unfueled graphite shel l . 

In view of the more promising resu l t s obtained with metal carbide 
coatings having a free metal phase ( i . e . siliconized silicon carbide) , further 
work on the types of metal carbide coatings descr ibed in this Section was 
abandoned. 
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6.3 Metal Coated UO2 Par t i c l e s 

Metal coatings for UO2 par t ic les were being developed by the Nuclear 
Mater ia ls & Equipment Corporation for other applications under another 
AEC contract . A quantity of these coated fuel par t ic les were obtained 
from NUMEC to determiine whether they could be applied to Pebble Bed 
Reactor r equ i rements . Although the available metals had a significant 
thermal neutron adsorption c ross - sec t ion and were known to reac t with 
carbon to varying degrees , it was des i red to see whether a metal or meta l -
carbide coating on the fuel par t ic les would offer a significant degree of fission 
product retention. Three types of metal coatings were obtained: nickel, 
nickel-chromium, and niobium. 105/149 micron UO2 shot was used as the 
fuel pa r t i c l e . The Ni and the Nb coatings were" 10 miicrons thick. In the 
third type, a 2 micron Ni undercoat was followed with an 8 micron chromium 
layer . The metal coating techniques a re descr ibed in (14). 

Photomicrographs of the a s - rece ived par t ic les a re shown in F ig . 6-11 
(nickel). F ig . 6-12 (nickel-chromium), and Fig , 6-13 (niobium). Rather 
uniform coating thicknesses can be seen in all c a s e s . However, occasional 
breaks in the coating can be seen. 

Evaluation of these coated par t ic les consisted of hot a i r test ing, alpha 
assay, and reaction with graphite . Weight gains of 12.7 w/o for the Ni coated 
par t ic les and 26.9 for the Ni-Cr coated par t ic les were found after heating in 
1200°F air for 1 h r . This indicated some porosity in the par t ic le coatings. 
Alpha assay resul ts a re shown in Table 6-6. After making the assay on 
the as - rece ived par t ic les they were leached in nitr ic acid and the assay 
was repeated. Since there was no significant change in data after leaching, 
it was concluded that the uranium, contamination was distributed within the 
coating. 

TABLE 6-6 

Uranium Contamination of Metal Coated UO2 Pa r t i c l e s 

U Contamiination, mg/gm; of par t ic les 
Coating Before Leaching After Leaching 

Ni 7 ,4 6.6 
Ni-Cr 2 .4 3.0 
Nb 18 18 
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F I G . 6 -11 Nicke l C o a t e d U O 2 . (250X) 

F I G . 6-12 C h r o m i u m - o n - N i c k e l C o a t e d U O 2 . (250X) 
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FIG. 6-13 Niobium Coated UO2 . C250X) 

• 

FIG. 6-14 Cr -Ni Coated UO2 after react ion with graphite 
at 1700°F for 4 h r s . (lOOX) 
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A se r ies of graphite react ion tes ts were performed by mounting each 
type of coated par t ic le in two types of graphi te . Both graphites were made 
with a coal t a r pitch binder . One was nnade with a graphite powder (AGOT) 
filler and the other with a Texas 55 coke f i l ler . After molding, the specimens 
were baked for 4 h r s at 1700' 'F. After fabrication, the specimiens were heated 
in helium at 2500"F for l68 h r s and at 3000*F for 6 h r s . In all c a se s , the 
coatings were near ly completely destroyed. Agglomerations of metal or 
metal carbide phases were noted. A typical resul t is shown in F ig . 6-14 
where Ni-Cr coated UO2 par t ic les in AGOT-filler graphite after the 4 h r , 
t rea tment at 1700*'F can be seen. 

In view of the l imited application of metal coated UO2 par t ic les in 
the PER program and the extensive development work which would have 
been required for this application, no further work was done on this type of 
coated fuel par t ic le under the present contract . 
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7 . 0 Uncoated Fuel Element Specimens 

Although the major emphasis in the PBR Fuel Element Development 
P rog ram was on coatings for fission product retention, there were numerous 
portions of the work which did not involve coat ings. These included a 
study of the use of natural graphite in prepar ing a high density mat r ix 
mater ia l , a study of the thorium oxide loadings which could be achieved 
in graphite by infiltration with thorium ni t ra te , the effects of i r radia t ion 
on uncoated UO2 fueled graphite, fission product re lease studies from 
uncoated UO? fueled graphite using the neutron activation method, and the 
strength charac te r i s t i cs of unfueled graphite s p h e r e s . 

7. 1 Natural Graphite 

An inherent charac ter i s t ic of the Pebble Bed Reactor concept is the 
fixed 39% voidage in the ball bed region. One miethod of increasing the 
amount of carbon moderator in a Pebble Bed core to account for this 
high voidage is to replace some of the spheres with solid graphite pos t s . 
This increases the amount of carbon in the core but at the same time 
decreases the amount of heat t ransfer surface in the co re . Another 
method of increasing the amount of carbon moderator is to increase the 
graphite density of the fueled sphe re s . For example, in the reference 
design for the 125 eMW-PBR (2_), a graphite density of 1.68 g/cc was 
used and it was found necessa ry to replace 25% of the core volume with 
solid graphite posts to achieve the optimum conditions for that plant . 
The same effective carbon loading could have been achieved if 2. 1 g/cc 
graphite spheres were used with no fixed graphite pos ts , thus increasing 
the thermal capacity by about 33% for the same total core s i ze . 

The general method of achieving high density graphite is by successive 
carbonaceous reimpregnations and regraphit izat ions of the graphite body. 
Densities up to about 1.9 g/cc have been achieved by this technique. 
Another method is the use of suitable start ing mate r ia l s which can be 
miolded and baked to directly form a high density graphite body in only one 
s tep. One such mater ia l is natural graphite powder. 

An exploratory programi on the fabrication of graphite bodies using 
natural graphite as the filler mater ia l was conducted at the Battelle Memorial 
Insti tute. Densities in excess of 2.0 g/cc had been achieved using 
natural graphite powder with no binder . However, these bodies had little 
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strength. One of the major objectives of this p rogram was to determine 
whether suitable strength charac te r i s t i c s could be achieved by the addition 
of a binder without a ser ious decrease in densi ty. 

7 .1 .1 Pel le t Fabricat ion 

Three types of purified natural graphite powder were obtained from 
the Charles Pett inos Graphite Corp, as described in Table 7 - 1 . 

TABLE 7-1 

Natural Graphite Mater ia ls 

Grade No. Description Impuri t ies Par t i c le Size 
138 Mexican, amorphous 0.9% 99%, -325 mesh 

6387 Madagascar , crystal l ine 0 .1% 100%, -200 mesh, avg. 
( B ^ l ppm) par t ic le s ize , ^^lO.Gjx^ 

6405 Madagascar , crystal l ine 0 ,1% 0,03%, + 100 mesh 
2.03%, -100, +200 mesh 
17.98%, -200, +325 mes 
79.96%, -325 mesh . 

A se r ies of 1/2" x 1/2" cylindrical pellets were p repared using the 
three types of natural graphite shown in Table 7 - 1 . Four types of binder 
were used, including two types of phenolic res in , a coal ta r pitch, and 
furfural alcohol. Binder content ranged from 0 to 40 gms per 100 gms of 
natural graphite . After mixing, the pellets were cold p ressed , cured at 
400' 'F, prebaked in vacuum at ISOOT, and finally baked at 2500'*F in argon. 
Density measurements were taken at each stage of fabrication and crushing 
strengths of the finished pellets were measu red . A summary of the resul ts 
is given in Table 7 -2 . 

Several t rends can be noted in Table 7 -2 . Lower densities resul t with 
a high binder content. Lowest densit ies resul ted with coal tar pitch binder . 
The strengths of the res in bound pellets were generally higher than for the 
pitch bound pe l l e t s . For comparison purposes , two 1/2" x 1/2" cylinders 
were machined from AGOT graphite of 1.70 g/cc density. The compress ive 
strengths for these pieces were found to be 3, 139 psi and 3.445 ps i . 
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TABLE 7-2 

Dens i ty and S t r eng th of N a t u r a l G r a p h i t e P e l l e t s (1s t S e r i e s ) 

G r a p h i t e 
C o m p o s i t i o n 

6387-none 
6387-BV1600 
6387-BV1600 
6387-BV1600 
6387-p i t ch 
6387-p i t ch 
6387-p i t ch 
6387-79L 
6387-79L 
6 3 8 7 - F A 

6405-none 
6405-BV1600 
6405-BV1600 
6405-BV1600 
6506-p i t ch 
6405-p i t ch 
6405-p i t ch 

138-none 
138-BV1600 
138-BV1600 
138-BV1600 
138-p i t ch 
138-p i t ch 
138"pi tch 
138-79L 
138-79L 
1 3 8 - F A 

G m s . b i n d e r 
p e r 100 g m s 
of f i l l e r 

none 
20 
35 
50 
30 
35 
40 
20 
30 
40 

none 
20 
35 
50 
30 
35 
40 

none 
20 
35 
50 
30 
35 
40 
20 
30 
40 

G r e e n 
Dens i ty , 
g/cc(bl 

2 . 1 4 
2 . 0 0 
1.66 
1.74 
1.87 
1,B6 
1.81 
1.91 
1,78 
1.72 

2.03<^) 
2 . 0 2 
1.93 
1.89 
1.90 
1.89 
1.86 

1.71<-=> 
1.86 
1.81 
1.79 
1.85 
1.81 
1.81 
1.79 
1.73 
1.65 

B a k e d 
Dens i t y 
g / c c ( c ) 

1.95(b) 
1.92 
1.55 
1.77 
1,60 
1.49 
1.45 
1.85 
1.67 
1.68 

2 . 0 6 
2 . 0 2 
1.93 
1.88 
1.60 
1.63 
1.57 

1.72 
1.79 
1.77 
1,74 
1.52 
1.56 
1.58 
1.62 
1.62 
1.55 

C o m p r e s s i v e 
S t r e n g t h 
p s i (c^ 

i,ooo(^) 
5 ,000 
4 , 7 0 0 
5 ,200 
3 ,900 
3 ,200 
2 , 7 0 0 
3 ,800 
2 , 5 0 0 
2 , 6 0 0 

1,900 
2 , 9 0 0 
3 ,400 
3 ,400 
2 , 4 0 0 
3 ,300 
3 ,000 

2 , 4 0 0 
4 , 8 0 0 
5 ,200 
5 ,300 
3 ,500 
4 , 9 0 0 
5 ,100 
1,600 
2 , 1 0 0 

600 

(a) The f i r s t p a r t d e s i g n a t e s the type of n a t u r a l g r a p h i t e d e s c r i b e d 
in Table 7 - 1 . The second p a r t d e s i g n a t e s the b i n d e r m a t e r i a l 
a s fol lows: BV1600: B a k e l i t e pheno l i c r e s i n ; 79L: pheno l i c 
r e s i n supp l ied by Old I r o n s i d e s Co; p i t ch ; B a r r e t t N o . 2 . 
m e d i u m h a r d p i t ch ; F A : fu r fura l a l c o h o l . 

(b) A v e r a g e of 3 s a m p l e s . 
(c) A v e r a g e of 2 s a m p l e s , 
(d) One s a m p l e t e s t e d . 
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The highest densities were achieved with the 6405 and 6387 graphities 
with the lower BVI600 binder contents . Consequently an additional se r ies 
of pel lets was p repa red to explore this range in somewhat more detai l . 
The use of thermaix carbon black was also investigated using the same 
fabrication and tes t procedures used for the pellets in Table 7-2 . The 
resu l t s a re shown in Table 7 - 3 . 

TABLE 7-3 

Density and Strength of Natural Graphite Pel le ts (2nd Ser ies) 

Graphite 
Compositions 

6387-none 
6387-BV1600 
6387-BV1600 
6387-BV1600 

6405-none 
6405-BV1600 
6405-BV1600 
6405-BV1600 

6405-BV1600-10T 
6405-BV1600-20T 
6405-pitch-lOT 
6405-pitch-20T 

Gm 
p e r 

3, binder 
100 gms 

of filler 

0 
5 

10 
15 

0 
5 

10 
15 

20 
35 
40 
35 

Green 
density 
R/cc(b) 

2.14 
2.01 
2.00 
1.99 

2.03(c) 
2.12 
2.09 
2.04 

1.89 
1.79 
1.82 
1.84 

Baked 
density 
g/cc(b) 

1.95 
1.96 
1.95 
1.88 

2.06 
2,06 
2.01 
2.02 

1.86 
1.70 
1.51 
1.56 

Compress 
strength, 
psi(c) 

i,ooo(«^) 
1,800 
4,800 
3,300 

1,900 
3, 100 
2,700 
3,500 

2,200 
2,7p0 
2,500 
2,200 

(a) Designations a re samie as used in Table 7-2 except that lOT 
and 20T designate 10% and 20% thermax carbon black added to 
f i l ler . 

(b) Average of 3 samples . 
(c) Average of 2 samples . 
(d) One specimen tes ted . 

As can be noted in Table 7 -3 , there has been some decrease in 
strength below the values shown in Table 7-2 for the higher binder contents . 
Maximum strengths in the lower binder content range appear to be at 
10 par t s binder with the 6387 graphite and 5 par t s binder with the 6405 
graphi te . Additions of the thermax carbon black had little effect on the 
strength but did decrease the final density. 
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7 ,1 ,2 Sphere Fabricat ion 

The final step in the exploratory p rogram was the fabrication and 
testing of spheres to determine whether they would meet PBR requ i rement s . 
Madagascar Grade 6405 natural graphite filler was used in one set of spheres , 
For comparison, another set of spheres was p repared using a high density 
synthetic graphite powder (National Carbon Grade 195) which had approxi­
mately the same par t ic le size distribution as the 6405 ma te r i a l . BV1600 
res in was used as the binder mater ia l in both c a s e s . The spheres were 
molded in a heated (300°F) steel die at 20,000 p s i . P r e s s u r e and heat 
were maintained on the specimens for a period of 10 minutes to cure and 
par t ia l ly set the res in binder . The spheres were then par t ia l ly baked at 
150O''F in vacuum. The final bake t rea tment was at 2500°F in an argon 
a tmosphere . 

The test p rogram consisted of impact t e s t s , compress ion tes t s and 
density measu remen t s . The resul ts a re summar ized in Table 7-4 . 

Mechanic 

Fi l le r 

Natural (6405) 
n 
II 

II 

Synthetic (195) 
II 

:al Strength 

Binder 
Content 
pph of 
filler 

5 
10 
15 
20 

20 
40 

TABLE 7-4 

of Natural and Synthetic 

Green 
Density 
g/cc(a) 

2.11 
2.08 
2.09 
2.07 

1.91(b) 
1.84 

Baked 
Density 
g/cc(^) 

2.04 
1.99 
2.00 
1.94 

1,75(b) 
1.68 

Graphite Spheres 

Load at Fa i lure 
Compress ive 

Ibs.(b) 

570 
430 
430 
410 

580 
670 

Impact 
ft, Ibs(c) 

1.0 
1,0 
1.2 
1.5 

1.9 
3 . 0 

(a) Average of five specimiens 
(b) Average of two specimens 
(c) One specimen tested 

As noted in Table 7-4, densities of about 2 .0 g/cc were obtained with 
the natural graphite filler while the synthetic graphite filler definitely 
produced lower dens i t ies . The compressive strengths of 410 to 570 lb s . 
for the natural graphite spheres a re close to the des i red 500 l b s . while the 
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imipact strengths of 1.0 to 1.5 ft-lbs a re below the des i red 2.0 f t - lbs . 
Although the synthetic graphite spheres l isted in Table 7-4 bare ly met the 
strength requi rements , it should be recal led that commercia l ly p repared 
synthetic graphite spheres such as the FA-1 and FA-22 types consistently 
showed compress ive strengths over 2000 lbs . and impact strengths over 
7 f t - lbs . This discrepancy with commercia l specimiens tends to cloud the 
present resu l t s obtained with natural graphite . 

Although there were a l imited number of specimens used to obtain 
the data in Table 7-4, there is some evidence that higher strengths but 
lower densit ies a re obtained with higher binder content. During the 
course of testing, it was noted that the natural graphite specimens began 
to flake as impact loading was increased . This was not observed on the 
synthetic graphite spec imens . Atypica l mode of failure for the natural 
graphite spheres was the separat ion of spherical shell segments from the 
outer surface of the spheres indicating poor radial bonding. 

7 . 1 . 3 Conclusions 

This exploratory program has shown that crystal l ine natural graphite, 
when used as the filler component, can produce bulk graphite densities in 
excess of 2,0 g m / c c . The coarse -gra ined crystal l ine graphite is slightly 
superior to the fine-grained crystal l ine graphite and both crystal l ine grades 
a re superior to the amorphous natural graphite . It is necessa ry to use 
the res in type binders ra ther than conventional pitch binders in order to 
achieve the high densities . 

However, ra ther poor strengths were found for the natural graphite 
spheres even though the compress ive strengths of natural graphite pellets 
compared favorably with synthetic graphite pe l le t s . The mode of failure 
of the natural graphite spheres indicated that poor radial bonding caused 
the sphere fai lure. In order to utilize the higher densities obtainable with 
natural graphite, it will be necessa ry to find methods of improving the 
strength of these spheres and preventing spalling or flaking of the sphere 
surface . 
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7. 2 Thorium Nitrate Infiltration of Graphite 

One method of fueling a graphite body is to infiltrate the pores of 
the graphite body with fuel-bearing solution, dehydrate the body, and 
bake it to convert the fuel to a stable solid form, deposited in the pores 
of the graphite . This infiltration procedure has been of in te res t to the 
PBR Fuel Element Development P r o g r a m because of its potential as an 
economic method of fueling large batches of spheres , par t icular ly when 
part ia l ly decontaminated fuel is used, A number of spheres fueled with 
approximately 5.4 gms of fully enriched UO2 (Specimen type FI-1) had 
previously been prepared for evaluation as core fuel e lements , as 
described in Appendix B of ref. (_2). 

In order to fully utilize the infiltration p rocess in a Pebble Bed 
Reactor , the p rocess should also be suitable for prepar ing blanket 
elements loaded with Th02« However, the available pore volume of a 
graphite sphere l imits the amount of fuel which can be added to the sphere 
by the infiltration p r o c e s s . Previous studies of a blanketed PBR core (1) 
showed that 30 to 45 gms . of Th02 per 1-1/2 " diameter graphite sphere 
would be required in blanket e lements . Consequently, the Speer Carbon Co. 
undertook a study to establish p rocess conditions for graphite spheres loaded 
with Th02 by infiltration with thorium nitrate and also to determine the 
amount of Th02 which can be added to graphite as a function of graphite 
density. Reference (16) includes complete details of this work. 

7 . 2 . 1 The Infiltration P r o c e s s 

Six sets of 1-1/2" graphite spheres having nominal densit ies of 
1.25, 1.35, 1.45, 1.55, 1,65 and 1.75 g/cc were machined from extruded 
blocks of Moderator Grade B graphite (Speer Carbon Co.) for use in the 
p rog ram. A summary of the mercu ry porosiimetry data on these spheres 
is given in Table 7 -5 . 

TABLE 7-5 

Densities and Poros i t i es of Graphite Spheres 

Nominal Avg. Apparent Avg. Po re Volumes, cc /g 
Density, 

1.25 
1.35 
1.45 
1.55 
1,65 
1,75 

g/cc Density, g/cc 
1.240 
1.339 
1.421 
1.579 
1,666 
1.732 

Total 
0.364 
0.305 
0.263 
0.192 
0.159 
0.136 

D-^IOOH. 
0.009 
0.007 
0.015 
0.014 
0.013 
0.009 

100 |i<D>, 06|J. 
0.305 
0.250 
0.200 
0.118 
0.110 
0.074 

D<,06|x 
0.050 
0.048 
0.048 
0.060 
0.036 
0.052 
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After experimenting with several var iab les , the following standard 
procedure was adopted for loading the sphe re s . 

1. 3 to 4 spheres of a par t icular group were outgassed for 15 h r s . 
to a p r e s s u r e of 5-15 microns of m e r c u r y . 

2. A water solution containing 76 w/o Th(N03)4 '4 H2O was 
p repa red . This solution was near ly saturated at the infiltration 
tempera ture of 25®C. 

3. The outgassed spheres were then flooded under vacuum for 
30 minutes with the thorium ni t rate solution. 

4 . Atmospheric p r e s s u r e was applied to flooded spheres for an 
additional 15 min. 

5. The spheres were removed from the solution, wiped clean of 
solution, and s tored at ambient t empera ture for 16 hour s , 

6. The spheres were placed in a Vycor tube and heated in a flow­
ing argon s t ream in accordance with the following schedule: 

a. Tempera ture ra i sed to 160°C in 30 min. and held for 
3 hours to remove water . 

b . Tempera ture ra ised to 700®C in 1 hour and held for 3 hours 
to decompose thorium nitrate to thorium oxide. 

7. Where additional Th02 loading was required, the above procedure 
was repeated, 

A number of variat ions in this p rocess were t r ied . When a lOO^C 
solution containing 85 w/o Th(N03)4-4H2O was t r ied, a slight increase 
in Th02 loading per infiltration was found but was not felt sufficient to 
warrant the complications of providing heated production appara tus . 
When the vacuum pre t rea tment was omitted, there was a significant 
decrease in Th02 loading. When longer infiltration t imes were used, there 
was no increase in Th02 loading. Other var iables which were not found to 
increase the Th02 loading were the use of 10 psig p r e s s u r e during infiltration, 
a slower heating rate to 700''C, and the use of 12 psig p r e s s u r e during firing. 
Shorter heating t imes at the final t empera ture and a higher final t empera ture 
(950''C) were a lso investigated. It was found that the s tandard heating cycle 
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produced complete denitration although some further slight weight losses 
occurred at the higher tempera ture due to mechanical losses of Th02 
and graphite in the further handling. 

7 ,2 ,2 Results of Infiltration Tests 

The p r i m a r y experimental task was to determine the l imits of Th02 
loading in graphite spheres of various dens i t ies . Initial experiments showed 
that the use of successive infiltrations was the best method of raising the 
Th02 loading. It was found that after eight infil trations, the spheres still 
did not appear to be near their saturation points . However, a systematic 
se r i e s of runs were miade using just eight infiltrations at each of the six 
graphite dens i t ies . The resu l t s of these runs a re summ.arized in Figure 7-1 
where the cumulative Th02 loading is plotted v s . the numiber of infiltrations 
for each of the six density groups. Each data point is the average of three 
sphe re s . This data i s also shown in Figure 7-2 where the atom density of 
thorium is plotted v s . the atom density of carbon. As can be noted in 
Figure 7 - 1 , loadings of 30 g m s . of Th02 can be achieved only in the lower 
density graphite and that a minimum of 5 infiltrations would be requi red . 

The uniformity of the Th02 dispersion in the graphite spheres was 
checked by sectioning several spheres and analyzing segments from the 
center region and the edge region. This was done on a number of spheres 
which had been infiltrated from 1 to 8 t i m e s . The Th02 distribution was 
quite uniform. Loadings in the outer region were 4% to 6% higher than 
the loadings in the center region, the higher values being associated with 
the greater number of infi l t rat ions. 

F rom this work it is concluded that graphite bodies can be loaded with 
Th02 by the thorium nitrate infiltration p rocess but that relat ively large 
loadings will require use of lower density graphite and many infiltration s teps . 
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FIG. 7-1 
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7. 3 I r radiat ion Tes ts of Uncoated UO?, Fueled Specimens 

In selecting the fissile ma te r i a l compound in a uranium-graphi te fuel 
element, the oxide form has a number of advantages over the carbide form, 
such as ease in handling during fabrication and ease of reprocess ing . The 
greated limiitation on UO2 is its reaction with the graphite mat r ix at high 
t empera tu re s . Evidence of reaction at t empera tures as low as 2400°F have 
been reported (15), however during the short baking time at 2560°F during 
fabrication stability is excellent. By dispersing fissile mater ia l through­
out the graphite modera tor , the Pebble Bed Reactor offers the best 
opportunity of producing high coolamt outlet t empera tures (1200 to 1400"F) 
while keeping fuel t empera tures below 2100*'F. Thus, UO2 can be con­
sidered for PBR applications. 

A capsule i r radiat ion experiment was performed in an attempt to 
determine whether radiation would affect the reaction between UO2 and 
graphite at t empera tu res approaching 21O0°F. Another objective of this 
experiment was to a s sess the effect of high tempera ture i r radiat ion on the 
strength and dimensional changes of fueled graphite. Four types of uncoated 
graphite spheres each fueled with a different type of UO2 were tested. The 
specimen designations and the UO2 part ic le s izes were: F I -1 (l|j,U02)s 
FA-2 (67|j.U02), FA-1 (lOO x̂) and FA-10 (400|x). A further description of 
these types is included in Table 2 - 1 , The specimens were i r radia ted in 
Static Capsule SP-4 . The design and operation of this capsule is described 
in Section 8.4. The exposure conditions for the specimens are summarized 
in Table .7-6, where the burnup has been calculated from the thermal data 
and the i r radiat ion t ime . 

During the course of the SP-4 i r radia t ions , there were the usual 
variations in the specitnen operating conditions due to shifts in flux pat terns , 
scramas, e tc . The values listed in Table 7-6 are typical average values for 
the i r radiat ion period. The maximum, and minimum recorded tempera tures 
in the center of the FA-1 specimen were 2070°F and 1510°F respectively. 
The fluctuations in the tempera ture difference between the measured 
central t empera ture and the measured block tempera ture of the FA-1 
specimen were too great to permit a statement that this t empera ture differ­
ence increased with i r radia t ion because of deter iorat ion of thermal con­
ductivity of the graphite . 
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T A B L E 7-6 

E x p o s u r e Condi t ions for U O , F u e l e d S p e c i m e n s 

Specim,en 
Type 

F I - 1 (E8) 
F A - 2 (E8) 
FA-1(E82) 
FA-10(E5) 

M e a s u r e d G r a p h i t e 
Block T e m p . °F 

1400 
1400 
1300 
1300 

In Caps 

Ht . Gen . 
R a t e , KW 

2 . 3 
2 . 2 
1.9 
1.7 

ule S P - 4 

Ca lcu l a t ed 
Su r f ace T e m p . 

1750 
1750 
1600 
1600 

°F 
C e n t r a l 
T e m p , "F 

1850 

•̂̂ ^^ra) 
1750^^^ 
1700 

(b) B u r n u p , 
•KWH/Ba l l 

7700 
7400 
6400 
5700 

(a) M e a s u r e d t e m p e r a t u r e . One t h e r m o c o u p l e w a s imibedded in the c e n t e r 
of th i s s p e c i m e n . All o the r c e n t r a l t e m p e r a t u r e s w e r e csl lculated. 

(b) F o r P B R s p e c i m e n s , IKWH is equiva len t to 8. 8 M W D / m e t r i c ton of U, 
4 . 4 X 10^5 f i s s i o n s / c c of specimien, o r . 0011% of the U 235 a t o m s 
f i s s ion . 

In p a r a l l e l wi th the i r r a d i a t i o n of Capsu le S P - 4 , four spfecimiens 
i den t i ca l wi th those in the capsu l e w e r e hea t ed in an o u t - o f - p i l e fu rnace 
dupl ica t ing the t i m i e - t e m p e r a t u r e p a t t e r n of the i r r a d i a t e d s p e c i m e n s . 
T h i s ^ tep w a s taken in o r d e r to d i s t i n g u i s h be tween r a d i a t i o n and t e m p e r ­
a t u r e e f fec t s . 

Spec i a l f l a t s , approximiate ly 1/2" in d i a m e t e r , w e r e m a c h i n e d and 
po l i shed on a l l specim.ens so that " b e f o r e and a f t e r " p h o t o m i c r o g r a p h s 
could be t aken of spec i f ic fuel p a r t i c l e s . The p h o t o m i c r o g r a p h s for a l l 
s p e c i m e n s in both the o u t - o f - p i l e and i n - p i l e t e s t s have been shown in ref. (8) 
In a l l t e s t s , t h e r e w a s no d i s c e r n a b l e ev idence of u r a n i u m c a r b i d e formia-
t ion . The m o s t i n t e r e s t i n g effect w a s noted for the F A - 1 s p e c i m e n . F i g u r e 
7 -3 shows t h r e e UO2 p a r t i c l e s in s p e c i m e n F A - 1 (E82) be fo re i r r a d i a t i o n 
and F i g u r e 7 -4 shows the s a m e p a r t i c l e s af te r i r r a d i a t i o n in C a p s u l e S P - 4 . 
No ev idence of c a r b i d e f o r m a t i o n can be no ted . H o w e v e r , t h e r e i s a 
n o t i c e a b l e i n c r e a s e in the void r e g i o n a round the UO2 p a r t i c l e s in F i g u r e 
7 - 4 . The i n c r e a s e in r a d i u s of the g r a p h i t e void i s a p p r o x i m a t e l y 20 m i c r o n s . 
S ince f i s s ion f r a g m e n t r e c o i l r a n g e in g r a p h i t e i s a l s o about 20 m i c r o n s , 
th i s s t r o n g l y s u g g e s t s tha t the l oca l g r a p h i t e r e g i o n d i r e c t l y affected by 
f i s s ion f r a g m e n t r e c o i l h a s b e c o m e h a r d e n e d and b r i t t l e and m o s t p r o b a b l y 
c a m e out du r ing po l i sh ing of the s p e c i m e n . D e t e r i o r a t i o n of the fuel 
p a r t i c l e i t se l f i s a l so nobed, the d e c r e a s e in r a d i u s be ing about 10 m i c r o n s . 
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FIG. 7-3 UO2 P a r t i c l e s m FA-1 Specimen Before 
I r rad ia t ion . (lOOX) 

K •••i ;-• •• 

.• •'•• .',-! \:,-.ly^':--P ;••» . 

• • , - . • . - : 

FIG. 7-4 Same UO2 P a r t i c l e s Shown m F ig . 7-3 After 
I r radia t ion m Capsule S P - 4 . (lOOX) 
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Other measurenients made on the in~pile and out-of-pile specimens 
were macroscopic examiination, weight change, dimensional change, and 
impact strength. The weights and dimensions of all specimens pr ior to 
testing are given in Table 7-7. 

These specimens had additional flats machined on their surfaces to 
permi t accurate measurement of their d i ame te r s . The dimensional 
shrinkages noted in Table 7-7 a re predominantly due to i r radia t ion effects 
since insignificant shrinkages were found for the out-of-pile specimens 
except in the case of the F I -1 type. The irradiat ion-induced shrinkages 
do not decrease with increasing UO2 part ic le size (i. e. decreasing recoil 
fission fragment exposure to the matrix) as might be expected which implies 
that proper t ies of the graphite ma t r ix and/or neutron damage are the 
significant factors ra ther than damage by fission fragment recoi l . The 
F I -1 specimen has a fully graphitized ma t r i x (Type AGOT). The low 
shrinkage of the FA-2 specimen could be related to the low degree of 
graphitization and low density (1 . 50 g/cc) of this specimen which was made 
with a coke filler and baked at only 2000' 'F. Both the FA-1 specimen and 
th« FA-10 specimen have a graphite filler but the pitch binders were not 
graphitized, again due to the relat ively low bake t empera tu re . The FA-10 
specimen was reimpregnated several t imes to r a i se its density to 1.80 gm/c 
The graphite density for the FA-1 specimen was 1. 62 g m / c c . It would 
appear that the high shrinkage of the FA-10 specimen, in spite of the min­
imum fission fragment exposure due to its large 400fji fuel par t i c les , is 
associated with its large number of re impregnat ions . 

Identical specimens from the same production batches as the FA-1 
and FI -1 type had also been i r radia ted in a previous capsule, S P - 1 . This 
i r radiat ion was described in ref (2). The dimensional changes from 
Capsule SP-1 are compared with those observed in Capsule SP-4 in Table 
7-8. The infiltrated specimen (FI-1) showed a smal le r shrinkage at the 
longer exposure which indicates that the lower t empera ture of the SP-1 
i r radiat ion may have been the dominant factor. This effect is not borne 
out in the case of the admixture specimen (FA-1), although the shrinkage 
increase with the higher tem.perature i r radiat ion is only 50% of the 
exposure inc rease . Due to the lower fission fragment recoi l exposure 
(i. e, l a rger fuel par t ic le size) in the admixture specimen, the effect of 
fast neutron damage could be relat ively more significant in the admiKture 
element than in the infiltrated element. 
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TABLE 7-7 

WEIGHTS AND DIMENSIONS OF UNCOATED UO2 F U E L SPECIMENS IN OUT-OF-PILE AND IN-PILE TESTS 

Weight Change Dimensional Change 

I 

a^ 

Specimen Type 
and No. 

FI .1(E8) 

FA-2(E8) 

FA-1(E82) 

FA-10(E5) 

FI-1(E2) 

FA-2(E7) 

FA-1(E76) 

FA-10(E6) 

Tes t 

In -P i l e 

Out-of-Pi le 

Ini t ial , g m s . 

52,3128 

45.1378 

51.8004 

56.0927 

52.621 

45.351 

51.892 

55.727 

Change, % 

- 0 . 4 0 

- 0 . 5 5 

- 0 . 1 1 

- 0 . 0 6 

- 0 . 7 7 

- 2 . 5 5 

- 0 . 4 5 

- 0 . 0 9 

P o l a r (^) 
Ini t ia l , in . Change, % 

1.477 -0 .76 

1.447 - 0 . 0 3 

1.478 -0 .47 

1.469 -0 .69 

1.487 

1.447 

1.476 

1.474 

• 0,07 

0.0 

0,0 

0.0 

Equate 
Init ial , in . 

1.476 

1.452 

1.490 

1.469 

1.479 

1.449 

1.476 

1.471 

.rial (b) 
Change, % 

-0 .67 

- 0 . 0 8 

-0 .52 

- 0 . 8 1 

-0 .10 

-0 .07 

0 . 0 

0 . 0 

(a) Molding or ext rus ion axis 

(b) Pe rpend icu la r to molding or ext rus ion axis 



TABLE 7-8 

Comi?arison of Dimensional Changes Observed in Capsule SP-1 and SP-4 for 

Capsule 

SP-1 
SP-4 

Temp. 
"F 

1350 
1800 

FA-1 and FI -1 Specimens 

Type FI -1 
Exposure Dimensional Temp. 
KWH/Ball Change, % "F 

1500 -0 .93 1350 
7700 -0 .71 1700 

Type FA-1 
Exposure Dimensional 
KWH/Ball Change, % 

1400 -0 .22 
6400 -0 .50 

The weight loss data shown in Table 7-7 clearly indicates that 
t empera ture effects a re most significant since the weight losses a re all 
l a rger for the out-of-pile spec imens . It is in terest ing ' to note that the 
relative order of weight losses a re the same for both the out-of-pile and 
the in-pile specimens. The major factor in these weight losses is probably 
further de volatilization of adsorbed gases . 

Impact tes ts were performed on these specimens by dropping a 
steel weight onto the specimen fromi successively increasing heights to 
the point of failure. Since previous tes ts ref. (2) had shown that PBR 
specim.ens actually increase in compressive strength with i r radiat ion, 
this test was not selected for the SP-4 specimiens. The im.pact test 
resul ts for the out-of-pile and the in-pile specimens a re summarized in 
Table 7-9, For purposes of comiparison, the impact data on as - rece ived 
specimens, and the admixtured and infiltrated specimens after i r radia t ion 
in Capsule SP-1 are also included-

TABLE 7-9 

Impact Data on Uncoated Spheres 

After Out-of-Pile After SP -1 After SP-4 
As-Received Heating Irradiat ion I r radia t ion 

Fa i lu re , No. Fa i lure No. 
F t - l b s , Impacts Ft - lbs . Impacts 

10.4 12 11.7 35 

8.4 10 9.4 28 

3 9 
12.5 37 

Specimen 
-Type __ 

FI -1 
ti 

II 

FA-1 
n 

II 

FA-2 
FA-10 

Fa i lu re , 
F t - l b s . 

12.5 
11.5 
13.6 
11.5 
11.5 
7 . 3 
7 . 5 

10.4 

No. 
Itnpacts 

12 
11 
11 
11 
11 

5 
15 
10 

Fa i lu re , 
F t - l b s . 

9 . 4 

6 . 8 

6 . 8 
10.6 

No. 
Imipacts 

22 

16 

16 
23 
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Although there is random scat ter in this impact data, all values are 
significantly above the design objective of 2.0 ft. lbs . for PBR specimens 
except the FA~2 type. No significant effect of i r radiat ion on impact strength 
can be noted, although there is a slight drop in imipact strength for severa l 
of the specimens. 

The effect of i r radia t ion on the impact and compress ive strengths of 
fueled graphite spheres is i l lustrated in F igures 7-5 and 7-6. A slight 
decrease in impact strength of uncoated graphite spheres can be noted in 
Figure 7-5 while the impact strength of the one Si-SiC specimen (Type FA-8) 
which was tested is seen to inc rease . Both of these effects are due to the 
increased hardness of the graphite mat r ix after i r radia t ion . The same 
effect is also noted in Figure 7-6 where the incresed compress ive strength 
of both coated and uncoated specimens can be noted. 

The Capsule SP-4 i r radiat ion has demonstrated that more than one 
type of uranium-graphi te mater ia l has adequate s t ruc tura l proper t ies to 
meet the reference design conditions of a large Pebble Bed Reactor . Some 
further work will be required to establish the cause and nature of the weight 
losses observed, but nonetheless, our initial selection of graphite as a high 
tempera ture ce ramic s t ructura l mater ia l for use in PBR fuel elements 
appears fully justified. 
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IMB^T TESTS ON PBR FUEL ELMENTS 

[ _ I ] BEFOJE IRRAO. 

^ ^ B AFTER IRRAD 

CCMJED 
(ycwj »T comwK FR*CTI«E) 

iMM. CARKIN) 
ADMK. ADMIX/SWLL 

CAmOWNDUM (3M 

FIG.. 7-5 Resul ts of Impact Tes t s on PBR Fuel Element 
Specimens , 

COMPRESSION TESTS ON PBR RKL ELEI«MIS 

I I BEFORE IRRAD. 

^ M AFTER mRAD. 

INF1L 
(A80T) iWT. CARBON) 

FIG, 7-6 Results of Compress ion Tes t s on PBR Fuel 
Element Specimens , 
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7. 4 Fiss ion Product Release from Uncoated Specimens 

Although most of the work in the PBR Fuel Element Development 
P r o g r a m involved fission product retention by coated fuel eleraents, 
several tes ts were performed on uncoated specimens to provide a frame 
of reference for assess ing the worth of coatings in retaining fission prod­
ucts . Uncoated specimens were tested only by neutron activation. A 
description of the neutron activation test apparatus is given in Section 8. 1. 
The test specimens included the FA-1 type (fueled with uncoated UO2 shot), 
the FA-14 type (fueled with uncoated ThOj/UO^ shot) and a sample of UO^ 
par t ic les not incorporated in graphite. The UO2 par t ic les were in the 600 
to 900 micron size range and were made by a sintering process as par t of 
the work on sintered AI2O3 coated UO2 discussed in Section 4. 0. 0. The 
resul ts of the neutron activation tes ts on these specimens a re given in 
Table 7-10. 

A typical plot of the data is shown in Figure 7-7 for specimen FA-1|283N). 
Tempera ture and percentage of Xe 133 re leased are plotted vs . t ime. The 
curves are s imi lar to previous resul ts on neutron activation tes ts of uncoated 
specimens (2) in that a rapid re lease ra te is noted at f irst , followed by a 
small or negligible re lease r a t e . The initial rapid re lease ra te is p r e sum­
ably due to Xe 133 loosely held on the surfaces of the graphite mat r ix a l ­
though the rapid re lease during successive runs at the same and higher 
tem.peratures indicated that it i s associated with heating up of the specimen 
(i. e. the thertnal expansion of the ma t r ix and its pore s t ruc ture) . Although 
the count ra te at the t rap held constant after, reaching an apparent maximum 
( i . e . postulating no further Xe 133 re lease) it is most probable that a longer 
test t ime would have shown a snaall but definite re lease r a t e . 

As seen in Table 7-10, reproducibil i ty between s imi la r specimens is 
only within one order of magnitude. However, for FA-1(282N), three runs 
at 1500°F show quite good agreement . No significant t rend with t empera ­
ture can be noted. The presence of thor ia in the fuel par t ic les of the FA-14 
specimen caused a smal l reduction in leakage which is not considered signi­
ficant. The large re lease of Xe 133 from the UO2 par t ic les can be contrasted 
with the low re lease found for coated par t ic les of the order of lO"'* to 10"" in 
several hours as reported in Section 4 . 4 . 1. 

P r i o r to the present Contract , severa l additional neutron activation 
tests were reported on uncoated specimens. These tes ts on specimen types 
F I - 1 , F A - 1 , FA-5 and FA-7 are reported in ref. (2). Also a sweep capsule 
i r radiat ion (Capsule SP-2) of specimen types FA-1 and F I -1 were reported 
in ref. (2). No data was obtained on the infiltrated specim.en F I -1 in Capsule 
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SP-2 because of excessive radiation levels in the off-gas t ra in . Two gas 
samples were analyzed for the FA-1 specimen. The leakage factors 
( i . e . R / B , the re lease ra te /product ion rate)-were found to be 5. 2x10'^ 
and 6.4x10-2 for Kr 85m and 6.3x10-3 and 1.7x10-2 f^r Xe 135 at a 
specimen tempera ture of about 1200 ®F. A s imi lar FA-1 specimen was 
i r radia ted in the In-Pi le Loop at the BNL reactor and resul ts of this 
i r radiat ion are discussed in Section 9-0. 

TABLE 7-10 

Neutron Activation Tes t s on Uncoated Specimens 

Specinnen 
No. 

FA-1 (27 8N) 

FA-1 (282N) 

FA-1 (283N) 

FA-14 (373N) 

UO Particles 

Test 
Temp. , "F 

1000 
1500 
1900 

1000 
1500 
1500 
1500 

800 
1100 
1100 
1500 

800 
1500 

1600 
2500 

Time at 
Temp, s min. 

10 
20 
20 

20 
60 
60 
90 

30 
40 
25 
55 

15 
40 

15 
45 

Fraction of Xe 133 
Released 

4 x 10-3 
9 X 10-3 
6 X 10-3 

1 X 10-3 
6 X 10-3 
7 X 10-3 
7 X 10-3 

4 X 10-3 
1 X 10-3 
3 X 10-3 
9 X 10-3 

1 X 10-3 
2 X 10-3 

3 X 10-3 
20 X 10-3 
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7. 5 Strength Charac te r i s t i cs of Unfueled Graphite Spheres 

Due to the relatively small number of fueled graphite spheres of a 
par t icular type which were received for evaluation, it was not possible to 
conduct numerous destructive tes ts on a given type of fuel e lement . 
Usually only one impact and one compress ion tes t were made on a single 
type although occasionally two or three such tes ts were made . In order to 
explore the s tat is t ical variat ions in these types of t e s t s , 50 unfueled graphite 
spheres were procured . The spheres were 1-1/Z" in diameter and were 
machined frona Speer Carbon Co. Moderator Grade B stock having a density 
of 1.64 g m / c c . Half of the spheres were subjected to the compress ion test 
and the other half to the impact t e s t . 

The compress ion tes t resu l t s a re l is ted in Table 7 -11 , The minimum 
and maximum loads at failure were 2270 l b s . and 3360 lbs respect ively . 
The mean value was found to be 2932 +_ 113 lbs based on a 95% confidence 
range . 

The impact tes t resu l t s a re l is ted in Table 7-12. The mean value of 
the impact load at failure was 16.4 +_ 0.4 ft~lbs based on a 95% confidence 
range . The impact tes ts were performed by dropping a steel weight on the 
graphite sphere and increasing the impact energy in 0.5 ft-lb increments 
until failure was noted. Three additional spheres were used to evaluate 
the effect of the start ing impact energy on the load at fa i lure . These xesultSs 
together with one of the data points from Table 7-12, a r e given in Table 7 -13 . 
A slight increase in the load at failure can be noted. 

TABLE 7-13 

Effect of Starting Impact Energy on Load at Fa i lure 

Starting Impact 
Energy, f t - lbs . 

2 ,0 
11,5 
16.5 
16,5 

Typical load-deflection curves obtained from compress ion tes ts on 
uncoated graphite spheres a re shown in F ig , 7 -8 . In these t e s t s , the 

Load at 
Fa i lure 

1 3 . 
16. 
19, 
18 . 

, ft-

5 
4 
5 

,0 

4 b s 
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TABLE 7-11 

Statist ical Compression Tests on Unfueled Graphite Spheres 

Load 
Modulus, lbs/in(a-) 

26,500 
24,500 
25,000 
26,500 
24,500 
23,500 
23,000 
24,000 
23,500 
25,000 
24,000 
25,500 
26,000 
26,500 
26,500 
31,500 
27,000 
21,000 
25,000 
26,500 
21,500 
24,500 
25,000 
26,000 
24,500 

25,000 

(a) Based on best s t raight- l ine portion of the load deflection curve, 
(b) Based on a 95% confidence range . 

Load at 
Fa i lu re , l b s . 

3235 
2795 
2900 
2910 
2940 
2980 
2570 
2765 
2645 
3090 
3110 
3125 
3140 
3020 
3245 
3360 
3200 
2415 
3255 
2925 
2270 
2825 
2980 
2580 
3015 

Mean values 
2932+113(l>) 

Deflection at 
Fa i lu re , Lbs . 

0.136 
0.125 
0.129 
0.122 
0.138 
0.139 
0.122 
0,127 
0.125 
0.137 
0.141 
0.135 
0.137 
0,130 
0,136 
0.119 
0.133 
0.126 
0,143 
0,119 
0.117 
0,123 
0.129 
0.114 
0.137 

0.130+0, 003(b) 
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TABLE 7-12 

Statistical Impact Tes ts on Unfueled Graphite Spheres 

Starting Intipact 
Energy, ft-

10.5 
11.5 
U . O 
11.5 

l b s . (a) 

Mean 

Impact Energy 
at Fa i lu re , f t - lbs . 

value 

16.0 
14.5 
15.5 
17.0 
16.5 
15.0 
17.5 
17.0 
17.5 
16.5 
16.0 
15.0 
16.5 
18.0 
16.5 
16.5 
17.5 
17.0 
17.5 
16.5 
14.5 
16.5 
1 6 . 4 + 0.4^^^ 

(a) Impact energy was increased in 0.5 ft-lb increnaents, 
(b) Based on a 95% confidence range . 
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graphite spheres were loaded between two flat steel sur faces , A more 
rapid deflection ra te can be noted as the compress ive load is f i rs t applied. 
This is followed by a l inear relationship between load and deflection up to 
the point of sphere fa i lure . The slope of this l inear portion of the curve 
was found to be dependent on the type of graphite which was used . This 
slope has been a rb i t r a r i l y defined as the "load modulus" and has units of 
l b s / i n . The values of load modulus for the specimen types shown in 
Figure 7-8, a r e given in Table 7-14. 

TABLE 7-14 

Load Modulus of Uncoated Graphite Spheres in 

Sphere 
Type 
FI-1 
Mod. B(a) 
FA-19 
FA-1 
FA-22 

Compression Test 

Final Bake 
Tenraperature, "F 

>4800 
>4800 

4400 
2560 
2300 

s 

Compressive Load 
Modulus, l b s / i n . 

25,000 
25,000 
30,000 
60,000 
70,000 

(a) Unfueled spheres machined from Speer Carbon Co. 
Moderator Grade B stock. 

The lowest load moduli were found for the FI -1 specimens and the 
unfueled Speer Carbon Co. Moderator Grade B spheres both of which a re 
fully graphitized m a t e r i a l s . The FI -1 specimens were made by uranyl 
ni trate infiltration of spheres machined from National Carbon Co. Grade 
AGOT graphite stock. The highest load moduli were"found for the par t ia l ly 
graphitized FA-1 and FA-22 spec imens . These specimens were made 
with a graphite powder filler but their pitch binder constituent was not 
fully graphitized in order to avoid carburizat ion of their UO2 and AI2O3 
loadings. The FA-19 specinaens consisted of FA-1 specimens which had 
been baked at about 4400"F thu^ converting the UO2 to UC2 and more 
completely graphitizing the binder constituent. This resul ted in a 
corresponding decrease in load modulus. 

A higher load modulus is due to the increased hardness and lower 
resi l iency of the par t ia l ly graphitized mat r ix ma te r i a l . This same effect 
was. also found in pos t - i r rad ia t ion compress ion tes t of fueled graphite 
sphe re s . 
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8. 0 Equipment for Fiss ion Product Release Exper iment . 

Three types of experiments have been used to measure fission 
product re lease ra tes from PBR fuel element spec imens . In Neutron 
Activation t e s t s , the quantity of re leased Xe 133 is measured after 
subjecting the specimen to a low level neutron activation. In Furnace 
Capsule t e s t s , the ra te of fission product re lease is measured while the 
specimen is under low level i r radia t ion at a selected tennperature. In 
Sweep Capsule t e s t s , the ra te of fission product re lease is measured while 
the specimen is under high level i r radia t ion at a set t empe ra tu r e . The 
equipment design for each of these tes ts i s descr ibed in the following sect ions . 

One incidental advantage of the PBR fuel elemient concept is the ease 
of testing full scale fuel elenaents under conditions closely approaching 
those of a large power reac tor with the use of relat ively simple capsule 
i r r ad ia t ions . By replacing the thorium in the reference fuel elenaent 
with additional enriched uraniuna, a relat ively low powered r e s e a r c h 
reactor such as the 2 MW Battelle Research Reactor can produce power 
densit ies in tes t specimens up to 75% of the des i red maximum power density. 
Thus, i r radia t ion damage effects a re included in the resu l t s of Sweep 
Capsule T e s t s . Occasionally, separa te static compartments and /or 
static capsules , having no sweep gas connections, were used. The design 
of Static Capsules and the operating his tory of all Static and Sweep Capsules 
operated under the present Contract a re included in the following sec t ions . 
Two capsules were operated p r io r to this Contract . These were Static 
Capsule SP-1 and Sweep Capsule S P - 2 . The design and operation of these 
capsules were descr ibed in ref, (2) and pert inent resul t s a re included in 
the p resen t r epor t . 

Table 8-1 has been p repared to show the various specinaens which 
were subjected to the three types of fission product re lease exper iments , 

8,1 Neutron Activation 

Neutron activation tes t s have been used as an inexpensive and rapid 
method for determining the relative fission product retention ability of 
numerous types of spec imens . The specimen is f i rs t i r rad ia ted at ambient 
tempera ture to a thermal neutron exposure of up to 10^^ nvt. This activation 
is sufficient to produce a measurable amount of fission products yet pe rmi t 
convenient handling in laboratory faci l i t ies . The activated specimen is 
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TABLE 8-1 

Specimens I r radia ted in the PBR Fuel Element Development P r o g r a m 

Specimens 
A, Fueled Spheres 

F I - l 
FA-1 
FA-2 
FA-4 
FA-5 
FA-6 
FA-7 
FA-8 
FA-10 
FA-11 
FA-14 
FA-16 
FA-20 
FA-21 
FA-22 
FA-2 3 
FA-24 
FA-2 5 
FA-2 6 
FA-2 7 
FL-2 

B , Coated Pa r t i c l e s 

Neutron 
Activation 

2 
4 

1 
1 
1 
3 

1 
1 
3 
3 
1 
4 
1 
1 
2 
1 
1 
1 

Furnace 
Capsules 

1 

1 
1 

Static 
SP-1 SP-

2 2 
2 2 

2 

k 
• Z 

Sweep Capsules 
SP-3 

2 

2 

SP-4 SP-5 

1 
1 
1 

1 
1 

1 2 

2 
2 

The following batches of coated fuel par t ic les were subjected to the 
neutron activation t e s t . 

Bare UO2-I batch 
Sintered AI2O3 coated UO2: 1 batch 
Vapor Deposited AI2O3: Batches IB , 2A, 12H 
Pyrolytic Carbon Coated UC2: Batches P y C - 1 , 5 , - 6 . 
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allowed to decay for 3 to 7 days to pe rmi t bet ter resolution of the 5,27d 
Xe 133 isotope which is the only isotope measured in this type of exper iment . 

A schematic diagram of the laboratory apparatus used to measure 
the Xe 133 re lease is shown in F ig . 8 - 1 , After the decay period, the 
specimen is instal led in the vycor furnace tube. An induction heating coil 
is used which is capable of heating the specimen to 2500*^ in 10 minutes . 
Atnnospheric p r e s s u r e helium is passed over the specimen which is heated 
at various selected t empera tu res , carrying the escaping Xe 133 to the 
collection t ra in , 

A dry ice cold t rap f irs t removes condensibles such as mois ture 
and non-gaseous fission products which may come off the specimen. The 
Xe 133 is adsorbed in a quartz wall charcoal t r a p . This t r ap and a well-
type scintillation crys ta l a r e mounted in dry i ce , A continuous r eco rde r 
is provided so that a record of activity re leased as a function of t ime can 
be obtained. A backup t rap and exhaust system a re also provided. 

The detection l imit on the fraction of Xe 133 re leased is a function 
of the activation level , decay t ime, and background count. Fract ional 
Xe 133 re leases as low as 10" ' have been detected with this appara tus . 
Fur the r details of the apparatus can be found in reference (17), 

8,2 Furnace Capsules 

The f irst measurements of fission product re lease ra tes ( i . e . r a ther 
than the re lease fraction measured in neutron activation tes ts ) were in the 
high level Sweep Capsule SP-2 which contained uncoated specimiens. 
Experience with this capsule indicated that a s impler , l e ss expensive 
technique of getting fission product re lease ra tes would be des i rab le . 
Consequently, the Furnace Capsule experiments were conceived which 
would involve low radioactivity levels , pe rmi t s tar tup and shutdown 
independant of the BRR cycles , and permi t operation at a var ie ty of selected 
t empera tu res , although i r radia t ion damage effects would not be significant. 

F ig . 8-2 is a drawing of a typical furnace capsule . A 1 1/2" PBR 
fuel element specimen is supported in the center of an inner container . 
Helium inlet and outlet l ines a re provided to c a r r y escaping fission product 
gases to an external trapping sys tem. An e lec t r ica l heater is located 
in the annulus between the internal and external containers which pe rmi t s 
the specimen to operate at any selected tempera ture up to 2000®F, The 
capsule operates in the pool adjacent to the BRR c o r e . The location of the 
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capsule can be var ied to pe rmi t i r radia t ion in any des i red thermal neutron 
flux up to a maximum of 3x1 Ol2 ^y^ The leakage ra tes of Xe 133, Xe 135, 
Kr 85ms Kr 87, and Kr 88 a r e normally measured in Furnace Capsule T e s t s . 
The gas t ra in which was built for use with Sweep Capsules was used with 
Furnace Capsules SPF-1 and SPF~2, A descript ion of this gas t ra in is given 
in Section 8 , 3 . A separa te gas t ra in was built for use with Furnace Capsule 
S P F - 3 , Fur the r design and operating details can be found in reference (18). 

Test resu l t s can be found for Capsule SPF-1 (containing a pyrolytic 
carbon coated FA-20 specimen) in Section 3 . 2 . 3 , for Capsule SPF-2 
(containing an Si-SiC coated specimen) in Section 3 . 1 , 3 , and for Capsule 
S P F - 3 (containing an AI2O2 coated UO2 fueled specimen) in Section 4 . 4 , 2 . 

8, 3 Sweep Capsule SP-3 

The p r i m a r y purpose of this i r radia t ion was to investigate the 
fission product retention charac te r i s t i cs of two types of Si-SiC coated 
spec imens . These were types FA-6 and F A - 8 . 

The design features of Capsule SP-3 a r e shown in F ig , 8 -3 . The 
capsule was designed without auxil iary e lect r ic hea t e r s , depending solely 
on nuclear heat generation and thermal r e s i s t ances in the capsule to achieve 
the des i red specimen t empera tu r e . Each specimien is mounted in a split 
graphite cyl inder . A 30 mil annulus is provided around each specimen. 
This annulus is filled with a free-flowing graphite powder which minimizes 
the thermial res i s tance of the gap while permit t ing the specimen to expand 
or contract without r e s t r a i n t . A finned inner capsule is fitted over the 
graphite cy l inders . Two inner capsules a r e provided, one containing two 
FA-6 specimens and the other containing two FA-8 spec imens . A single 
outer capsule is fitted over the finned inner capsules and heat is rejected 
from this outer capsule wall direct ly to the BRR pool wate r . Thermocouples 
a r e located in the graphite cylinders adjacent to each specimen. 

Separate sweep hel ium'inlets and outlet l ines a r e connected to each of 
the inner capsu les . The gas flow is directed through the powder annulus 
surrounding each specimen. Escaping fission products a re c a r r i e d to an 
off-gas t ra in located on the main floor above the BRR pool, 

A schematic dlagrann of the off-gas t ra in used to nneasure fission 
product leakage ra tes is shown in F ig . 8-4. Two independent gas t ra ins 
a r e included. Sweep helium flow is niaintained continuously throughout 
the i r rad ia t ion . The flow is normally through a doubly-contained bypass 
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line direct ly to the final activity rem.oval t r a p s . Fiss ion product 
concentrations in this helium s t ream a re measured by diverting a portion 
of the flow through the analytical t r a in for a per iod of about 2 hour s . 

Capsule SP-3 was inser ted in the BRR core on May 6, 1959 and was 
removed on August 3, 1959. During this period, several intentional low 
power runs were made to pe rmi t fission product re lease data to be obtained 
because higher than anticipated re lease ra tes were found as descr ibed in 
Section 3 , 1 . 3 . Much of the timie. Capsule SP-3 was operated as a static 
capsule with both the helium inlet and outlet valves shut off. The capsule 
was i r rad ia ted at the full BRR power level of 2 MW for 6l days of the total 
elapsed calendar t ime of 83 days . During one 31 h r . per iod (June 17-18)j 
the BRR operated at a power level of 2 .5 MW when the es t imated specimen 
surface t empera tu res rose to 1850°F for FA-6 and 2300°F for F A - 8 . The 
average operating conditions during the i r radia t ion a re summarized in 
Table 8-2. 

TABLE 

Summary of Capsule SP-

Measured 
Block 

Specimen Temp. °F 

FA-6 (18E) 1000 
FA-6 (20E) 1000 
FA-8 (E4) 1200 
FA-8 (E5) 1200 

Calc . Spec 
Surface 

Temp. "F 

1300 
1300 
1600 
1690 

8-

-3 

» 

^ 

-2 

Operating Conditions 

Calc . Spec. Calc . Ht. 
Center Gen. Rate 

Temp. "F KW/Ball 

1450 1.7 
1450 1.7 
1700 2.2 
1700 2.2 

Total 

Calc . 

2500 
2500 
3200 
3200 

Exposure 

Dosim. 

2400 
1950 
2400 
2600 

The fission product re lease data for these specimens a r e given in 
Section 3 ,1 .3 and the resu l t s of the pos t - i r rad ia t ion hot cell examination 
a re given in Section 3 , 1 , 2 . 

8.4 Static Capsule SP-4 

The p r i m a r y purpose of this i r radia t ion was to investigate the 
stability of UO2 fueled graphite spheres under high tempera ture i r rad ia t ion . 
Four 1 1/2" diameter uncoated graphite spheres fueled with different 
types of UO2 were included. These specimens and the experimental resul t s 
on them a re described in Section 7 . 3 . Two additional coated specimens were 
included. These were coated with Si-SiC and pyrolytic carbon and a re 
descr ibed in Sections 3 .1 .2 and 3 .2 .2 respect ively . 
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The design features of Capsule.SP-4 a re shown in F ig , 8 -5 . 
Since this experiment was concerned solely with the effects of i r rad ia t ion 
on physical proper t ies of the specimens, no helium lines were included 
for detecting fission product leakage. The method of mounting each 
specimen in a split graphite cylinder is the same as descr ibed for Capsule 
S P - 3 . A finned inconel inner capsule was fitted over the six graphite 
cy l inders . The number of fins and fin thickness were selected to achieve 
a specimen surface tempera ture of 1900®F which would resul t in specimen 
centra l t empera tu res of 2000 to 2100®F. A s ta inless steel outer capsule 
was fitted over the fins. A total of 13 thermocouples were instal led in the 
capsule . Two thermocouples a r e located in the graphite cylinder just outside 
the equator of each specimen. In addition, a hole was dri l led to the center 
of the upperKiost specimen (Type FA-1) and a thermocouple instal led there in . 
The specimen power level actually obtained can be calculated from the 
measured tempera tu res in the graphite cylinder^ the pool water temperature^ 
and the effective thermal conductivity of the capsule p a r t s . Using this power 
level, the specimen t empera tu res can then be calculateds again s tar t ing 
from the measu red graphite cylinder t e m p e r a t u r e . 

Capsule SP-4 was inse r ted into the BRR on August 25, 1959. 
operating conditions a re summar ized in Table 8 -3 . 

Typical 

Specimen 

FA-1(E82) 
FA-8(E6) 
FI-1(E8) 
FA-2(E8) 
FA-20(336E) 
rA-10(E5) 

Operating 

TABLE 

Conditions 

Measured Graphite 
Block Temp. ' 

1300 
1400 
1400 
1400 
1250 
1300 

' F 
Ht, G 
Rate, 

1.9 
2 . 2 
2 . 3 
2 . 2 
2 . 0 
1.7 

8-3 

for Capsule SP-4 

•en. 
KW 

Calculated 
Surface Temp, 

1600 
1750 
1750 
1750 
1550 
1600 

Central 
T e m p . , °F 

1750^*^ 
1850 
1850 
1900 
1750 
1700 

(a) Measured t empera tu re . One thermocouple is imbedded in the 
center of this specimen only. All other central t empera tu res 
a re calculated. 

As can be noted, the ta rge t t empera ture of 1900®F surface tem.perature 
was not achieved. Several factors were investigated in an attempt to explain 
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or improve the situation. Since no auxiliary e lect r ica l hea te r s were 
included, the target t empera ture was to have been achieved by proper 
selection of the thickness and mater ia l of the various thermal b a r r i e r s 
with respect to the anticipated flux leve ls . One factor was uncovered 
when laboratory measurements of the thermal conductivity of the Inconel-X 
used for the inner capsule showed that the l i t e ra ture value used in design 
was 20%low. An attempt was made to increase the neutron flux by 
rearranging fuel elements in the BRR c o r e . However, there was no significant 
i n c r e a s e . Several plans were studied to apply an external thermal b a r r i e r to 
the capsule to increase the t empera tu re . However, the close tolerance 
required at the capsu le -ba r r i e r interface appeared impract ica l to achieve 
with renciote handling devices under 23 ft, of pool wate r . 

The i r radia t ion of Capsule SP-4 was terminated on March 7, I960. 
The accumulated full power operating t ime was 139.5 days . During the 
course of the i r radia t ion, 6 thermocouples failed, 2 each for the FA-10 
and FA-20 specimens, and 1 each for the FA-2 and FI -1 specimiens. 
However, there was sufficient operating t ime with all thermocouples 
working so that t empera tu res where thermocouples had failed could be 
est imated with confidence based on thermocouple readings at other 
locat ions. 

The es t imated i r radia t ion exposures for the specimens given in 
Sections 7 . 3 , 3 . 1 . 2 , and 3 .2 ,2 were based on the calculated power levels 
l is ted in Table 8-3 and the equivalent full power operating time of 139.5 
days . Analysis of the cobalt-nickel dosimieter wires for several of the 
specimens gave somewhat lower va lues , A comparison of these values 
is given in Table 8-4, 

TABLE 8-4 

Comparison of Es t imated Exposures to 
Specimens In Capsule SP-4 By Two Methods 

Est imated Exposure , ,KWH/sphere 
Specimen Fromi'' Thermal Data F rom Dosinaetry 
FA-1 6400 ' 3700 
FI-1 7700 4400 
FA-2 7400 4400 
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Based on previous experience, burnups calculated from^ thermal, 
data a re usually within+_ 30% of the dosimetry data. As noted in F ig , 8-5^ 
the dosimeter wires a r e located on the outside wall of Capsule S P - 4 . 
The unperturbed thermal neutron flux in the experimental hole was about 
S.SxlO^-^ and a per turbed flux at the capsule wall should have been about 
2 x l 0 l 3 , The flux level corresponding to the dosimetry data was only 
IxlO-^-^. Thus, it is felt that the dosimetry data is probably low>ut the 
source of the discrepancy is unexplained. 

8. 5 Sweep Capsule SP-5 

The p r i m a r y purpose of this i r radia t ion was to investigate the fission 
product retention charac te r i s t i c s of promising fuel eletnent specimens 
under high level irradiation^ The two most promising specimens selected 
for Capsule SP-5 were the Si-SiC coated specimen (FA-23) and a specimen 
fueled with vapor deposited AI2O3 coated UO2 (FA-22). 

The design features of Capsule SP-5 a r e shown in F ig . 8-6, The 
general miethod of nnounting each specimen in a graphite cylinder and using 
a doubly contained capsule with fins on the inner capsule i s the same as for 
Capsule S P - 3 . However, the outer capsule of SP-5 is divided into two 
independant compar tments . The upper compartment , called the sweep 
compartment , contained two separate inner capsu les . Separate helium 
inlet and outlet l ines were brought to each inner capsule . Gas flow, which 
was upwards through the graphite powder annulus surrounding each 
specimen, scavenged any fission products which leak from the specimens 
and c a r r i e d them to trapping apparatus outside the capsule . An FA-22 and 
an FA-23 specimen were located in the two inner capsules of the sweep 
compartnient . 

A separate static compartment was located below the sweep compar tment . 
No helium lines were connected to the static compar tment . An additional 
FA-22 specimen, an additional FA-23 specimen, and two FA-20 specimens 
were included in the static compartment , A simple threaded connection 
joined the sweep compartment and the static compartment so that if it 
became desirable to examine the sweep com^partment specimens ( i . e . if 
large inc reases in fission product re lease ra tes indicate failure of both 
specimens), the upper compartment can be disengaged and the lower 
compartment left in the reac tor for further i r rad ia t ion . No thermocouples 
were included in the static compartment because of this disconnect feature . 
Tempera tures and power levels for these specimens were es t imated from 
tempera ture data in the sweep compartment and the axial flux profile in the 
experimental hole. 
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I r r a d i a t i o n of C a p s u l e S P - 5 was s t a r t e d on A p r i l 6s, I960 and 
t e r m i n a t e d on N o v e m b e r 14, I 9 6 0 . On O c t o b e r 15 , f u r t h e r r e s p o n s i b i l i t y 
for C a p s u l e S P - 5 w a s t r a n s f e r r e d to B a t t e l l e ' s Coa ted P a r t i c l e P r o g r a m 
u n d e r C o n t r a c t W - 7 4 0 5 - e n g - 9 2 . Typ ica l oper^^ting cond i t ions du r ing the 
i r r a d i a t i o n a r e l i s t e d in Tab le 8 - 5 . 

T A B L E 8-

Typica l O p e r a t i n g Condi t ions for 

S p e c i m e n No . 
Sweep: 

FA-22C471E) 
F A - 2 3 ( E 8 - 7 ) 

S t a t i c : 
FA-22(47 0 E | 
F A - 2 0 ( 3 3 8 E ) 
F A - 2 3 ( E 8 - 1 2 ) 
FA-20(345E) 

M e a s u r e d 
B lock 

T e m p , ®F 

1090 
1010 

-
_ 
_ 
„ 

H t , G e n 
Ra te 
KW 

1.5 
1.6 

1,4 
1,3 
1.0 
0 . 8 

-5 

' S p e c i m e n s 

C a l c . 
Su r face 
T e m p , * F 

1360 
1300 

1360 
1360 
1300 
1360 

in C a p s u l e S P - 5 

C a l c . 
C e n t r a l 
T e m p , T 

1540 
1440 

1540 
1460 
1390 
1420 

B u r n u p , 
KWH 

5400 
5900 

5400 
4500 
3600 
2700 

Spec i a l u n d e r w a t e r t r a p s for the n o n - v o l a t i l e d a u g h t e r p r o d u c t s of the 
s h o r t - l i v e d noble f i s s ion p r o d u c t g a s e s w e r e i n s t a l l e d a s shown i n F i g . 8 - 4 . 
T h e s e t r a p s c o n s i s t of a s t a i n l e s s s t e e l c o n t a i n e r 2 1/2 i n . OD by 36 i n . 
long f i l led with l a y e r s of s t a i n l e s s s t e e l m e s h . The s w e e p h e l i u m flow 
n o r m a l l y b y p a s s e s t h e s e t r a p s . A s a m p l e i s t a k e n by a c t u a t i n g the u n d e r w a t e r 
v a l v e s and d i v e r t i n g the full flow t h r o u g h the t r a p . S e g m e n t s of the s t a i n l e s s 
s t e e l m e s h c a n b e r e i n o v e d f rom the t r a p and r a d i o c h e m i c a l l y a n a l y z e d 
for such i s o t o p e s a s Sr 89, Ba 140, Ce 1 4 1 , and I 1 3 1 . 

Da ta ob ta ined for the l o n g - l i v e d vo l a t i l e f i s s i on p r o d u c t r e l e a s e and 
f rom the n o n - v o l a t i l e t r a p i s g iven in Sec t i on 3 . 1 . 3 for the F A - 2 3 s p e c i m e n 
and i n Sec t ion 4 , 4 , 3 for the F A - 2 2 s p e c i m e n . F u r t h e r d e t a i l s on the d e s i g n 
o p e r a t i o n of C a p s u l e S P - 5 wi l l be found in ref. ( 23 | . 
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9.0 In-Pi le Loop 

An in-pile loop program to study the behaviour of fission products 
escaping from a PBR fuel element was conducted under a subcontract to 
the Nuclear Science and Engineering Corp. The objectives of the Loop 
P rog ram were to study the fission product radioactivity levels in a recycled 
helium streanri; methods of lowering gas s t ream activity levels ; the amount, 
location, and nature of deposited fission products ; and methods of 
decontaminating equipnaent sur faces . In addition to testing low re lease 
PBR fuel element specimens, it was planned to i r rad ia te an uncoated uranium-
graphite specimen to simulate problems of a "dir ty" p r i m a r y loop. 

A complete summary of the design, operation and resu l t s from the 
In-Pi le Loop program can be found in a Topical Report p repared by NSEC 
(26). The highlights of this work a re descr ibed in the following sect ions . 

9.1 Loop Design 

The In-Pi le Loop was designed for use at the Brookhaven Graphite 
Reactor . The in-pile section was inser ted in experimental hole W-11 while 
the blowers , heat exchangers , sampling stations, etc. were located on the 
adjacent floor space . Design charac te r i s t i c s of the Loop were as follows: 

Circulating Fluid Helium 
Operating P r e s s u r e 14 ps ia 
Flow Rate 8 scfm 
Max. Helium Temp, 1250°F 
Min, Helium Temp. 250*F 
Max. Specimen Temp. ISOO^F 
Max. Specimen Power 0.25 KW 

Two major var iab les , the system p r e s s u r e and the specimen power, 
were selected with a view to minimizing the cost of the loop. The use 
of sub-atmospheric p r e s s u r e eliminated the need for double containment 
and the modest power level in the specimen provided measurable activity 
while minimizing the gas flow requirements and shielding c o s t s . 

Figure 9-1 is a schematic diagram of the in-pile loop. Gas leaves 
the in-pile section at 1250'*F and enters the shell side of a coiled tube 
heat exchanger where it is cooled to 550°F. The exchanger was designed 
for easy replacemient of the tube coil so that deposition on the tube surface 
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FIG. 9-1 Schematic Diagram of In-Pi le Loop 



as a function of tempera ture could be studied. An intermediate Dowtherm 
loop, which t ranspor t s heat from this exchanger to a water-cooled sink, 
was included to pe rmi t adequate control of the helium outlet t empera tu re . 
The helium, next passes through a removable 5 5 0 T test section containing 
deposition coupons and a precooler to lower the tempera ture to 250°F which 
enables the use of an economical low tempera ture blower. Before entering 
the blower, provision was made for in-line or bypass operation of an 
analytical t ra in in order to obtain data on fission product re lease ra te and 
activity levels in the gas s t r e a m . 

Two Dexter-Conde positive displacement blowers were provided, 
although only one was required for normal operat ion. Each blower and i ts 
drive motor were mounted in a canned enclosure so that leaktightness would 
not depend on a rotating sea l . Flow variat ion was achieved by powering the 
drive motors from a variable frequency motor generator se t . A bypass 
charcoal t rap was provided from the blower discharge back to the blower 
inlet so that the effect of continuous gas decontamination could be studied. 
After leaving the blower, the helium tempera ture is ra i sed to 1 2 0 0 ^ by an 
e lectr ical res i s tance heater and then enters the in-pile sect ion. 

A drawing of the in-pile section is shown in Figure 9-2 . Inlet helium 
flows through the annulus of the co-axial pipe section, through the tes t 
specimien holder located at the innermost end of the center pipe, and re turns 
through the center p ipe . Separate offset inlet and outlet lines were used 
through the fixed shield plug. The specimen holder and hot leg coupons were 
replaceable through a flanged connection on the front end of the center pipe 
and a remiovable shield plug. A 3/4" OD x 15 ft long s ta inless steel sheathed 
tubtilar e lectr ic heater was located in the center pipe to make up for heat 
losses from the in-pile section. F ig . 9-2 reflects the design changes which 
were made pr ior to the fabrication of a second in-pile section which was 
necessa ry due to the developmient of a leak in the vacuum insulation annulus 
of the first in-pile section as discussed in Section 9 . 2 . The principal change 
involved the addition of 0 .4" of flexible "Min-K" blanket (Johns-Manville) 
in the vacuum annulus to replace the s tainless steel foil radiation shie lds . 
The p r imary purpose of this insulation annulus was to prevent overheating 
of the moderator blocks in the Brookhaven Graphite Reac tor . 

A mockup of the tes t specimen holder is shown in Figure 9 - 3 . Por t ions 
of unfueled graphite spheres were mounted in each half of a split graphite 
cylinder and all graphite surfaces were coated with siliconized silicon carbide . 
The fueled specimen was mounted between the unfueled graphite spheres to 
simulate a packed bed a r rangement . Two thermocouples were imbedded in the 
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FIG. 9-3 Mockup of Tes t Specimen Holder 
For In-Pi le Loop 



surface of the fueled specimen to pe rmi t accurate t empera ture measuremen t . 

Subassemblies of the loop components were p repa red and tes ted for 
leaktightness pr ior to shipment to BNL. on Aug. 1, I960. The final 
a s sembly including the auxil iary water , a i r and Dowtherm systemis was 
completed at BNL. A photograph of the assembled loop on the floor adjacent 
to hole W-11 at the Brookhaven Graphite Reactor is shown in Figure 9-4 , 
The in-pile section is seen facing away from the pile face in order that 
shakedown tes ts could be performed pr ior to i r rad ia t ion . During these 
out-of-pile t e s t s , an unfueled graphite sphere containing a miniature 0.25 KW 
elect r ica l heating element was used in place of the fueled specimen in order 
to simulate nuclear heating. 

During the course of the shakedown t e s t s , several problems a r o s e . 
Excess ive float bounce in the p r i m a r y helium flow mete r was cor rec ted by 
the addition of a damping orifice at the mete r outlet. An accumulation of 
a greasy substance in the blower casings caused the graphite vanes in the 
blower to seize and break during the s tar tup of one of the b lowers . The 
grease was found to have leaked in through a shaft seal because of ei ther a 
faulty initial seal installation or a period of extended blower operation against 
i ts maximum rated head. After replacing the vanes and a thorough degreasing, 
the blower performance improved noticeably and smooth operation was 
achieved over the range of 2 to 24 scfm at 14 psia discharge p r e s s u r e . One 
se r i e s of t es t s was run to measure the t empera ture difference between the 
specimen and the helium s t ream as a function of helium flow r a t e . At 0,2 KW 
input to the dummiy specimen, t empera ture difference ranged from 140®F at 
23 scfm to 330®Fat6.1 scfnx, A tempera ture difference of 550 ®F had been 
est imated at 8 scfm and 0.25 KW ubing heat t ransfer corre la t ions from packed 
bed data. The lower tempera ture differences actually obtained were at tr ibuted 
to additional conduction losses to the adjacent unheated support sphe re s . It 
was planned to achieve the design tempera ture difference by operating the 
specimen at 0 .3 KW and using reduced helium flow ra te s of 5 scfm or lower . 

A serious deficiency in the thermal capacity of the system was also 
uncovered during the shakedown t e s t s . At low helium flowrates, the heat 
capacity of the circulating helium was insufficient to maintain gas t empera tures 
throughout the hot leg piping and the in-pile sect ion. This required the 
addition of auxil iary hea ters to make up heat losses froni the system;. 
Flexible heating cable consisting of nichrome wire insulated with f iberglass , 
asbestos and stainless steel bra id was wrapped on high tempera ture sections 
of the out-of-pile piping. Temporary heating coils were wrapped on the 
in-pile section so that i ts vacuum insulation annulus could be degassed at 1100°F. 
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S FIG. 9-4 
09 In-Pile Loop Assembly Shown at the BNL Reactor with In-Pile Section Arranged for Pre-

Irradiation Shakedown Tests 



A 3/4" diameter s tainless steel sheathed e lect r ica l heater was instal led 
in the in-pi le sect ion. With these naodifications^ unifortn pipe t empera tu res 
were achieved in the out-of-pile section and helium tempera tu res of 
l lOO'F to 1125*^ were achieved at the specimen holder in the in-pile section 
which was slightly below the design helium tempera ture of 1200°F. The 
surface tempera ture of the in-pile section was about 320®F which was well 
below the l imit of 482*^ imposed by BNL. 

With the completion of these t e s t s , approval was received to s t a r t 
in-pile operations with the provision that the unfueled e lectr ical ly )ieated 
specimen be used for one cycle to pe rmi t a final tes t of the loop in the 
absence of fission product act ivi ty. 
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9.2 In-Pi le Operation 

The In-Pi le Loop program was conceived at a t ime when the 
reference Pebble Bed Reactor fuel element was a fueled graphite sphere 
having a surface coating for fission product retention. Three types of 
fuel element i r radia t ions in the Loop were planned: a whole coated 
specimen (low fission product re lease) , a specimen with a cracked coating 
(intermediate fission product re lease) , and a specimen broken completely 
in half (maximum fission product r e l ease ) . With the advent of the coated 
fuel par t ic le , this plan was changed to two types of fueled specimens, as 
l is ted below. 

1. Minimum re lease : Specimen FA-2Z(550E) fueled with 105/149 micron 
UO2 par t ic les coated with 48 microns of vapor deposited AI2O3 ( i . e . 
Batch 6H, descr ibed in Section 4 ,0 ) . 

2 . Maximum re lease : Specimen FA-1(90E) fueled with 105/149 
micron UO2 shot. 

These two fueled specimens together with the unfueled e lectr ical ly 
heated specimen were operated in the Brookhaven Graphite Reactor over 
a period of five cyc les . A diagram schedule of the operating cycles and 
shutdown periods is shown below. 

Cycle 1 " Cycle 2 - Cycle 3 
17 19 1 3 

Nov. Dec. 
23 

Cyc 4 
3 12 14 

Jan. 

Cycle 5 
26 

The in-pile section containing the unfueled e lectr ical ly heated 
specimen was installed in Hole W-11 during the shutdown p r io r to Cycle 1, 
Exceptional difficulty was encountered in fitting the in-pile section into 
the experimental hole . A previous t r ia l inser t ion and withdrawal during 
the shakedown period had been successfully completed. During the 
November 4th installation, the in-pile section was found to be slightly 
warped, probably due to the relief of s t ra ins in the tubing by annealing 
during the high tempera ture degassing r u n s . Numerous at tempts were made 
to straighten and inser t the in-pile section and the installation was finally 
made just before Reactor s ta r tup . 
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Due to inser t ion difficulties, only a cu r so ry check of the vacuum 
annulus integrity was made before s ta r tup . After s tar tup, it was found 
to be impossible to obtain a vacuum in the insulation annulus. No leaks 
were found in accessible portions of the vacuum system and conclusive 
evidence was found that no leak existed between the p r i m a r y helium system 
and the vacuum annulus. During the remainder of Cycle 1, it was found 
that the in-pile section could not operate at design t empera tu res without 
exceeding the 482"F l imit on skin tempera ture imposed by BNL to protect 
the Reactor graphi te . It was experimental ly determined that the safe gas 
tenaperature in the in-pile section could be about 500°F and the safe fuel 
t empera ture could be about 800"F in order not to exceed the skin tempera ture 
l imitat ion. 

During Cycle 1, a procedure was devised to locate the leak and 
provision was made to r epa i r the leak if it were found in an accessible 
location. The leak detection procedure consisted of a long tube of cal i ­
bra ted length to pass helium over d iscre te port ions of the outside of the 
in-pile section. This procedure was ca r r i ed out on November 18th during 
the Reactor shutdown and the leak was found to be within 2" of the inner ­
most end of the in-pile section. It was concluded that the leak was a resul t 
of the difficulties associa ted with inser t ion of the in-pile sect ion. Due to 
the extensive neutron activation of this region, repai r was not feasible at 
BNL. 

The defective in-pile section and the unfueled specimen were left in 
place during Cycle 2, On November 22nd, it was decided that the best 
course of action would be to fabricate a new in-pile section and in the 
meantime operate the Loop with a "low r e l e a s e " FA-22 specimien during 
Cycle 3 . Approval was received on Novem.ber 30th and immediate steps 
were taken to procure and fabricate the necessa ry par t s so that the 
new in-pile section could be instal led during the extended Reactor shutdown 
at the end of Cycle 3 . Several miinor design changes were incorporated in 
the new in-pile section as descr ibed in Section 9 . 1 . 

Meanwhile, the unfueled specimen was discharged from the Reactor 
during the Dec. 1 shutdown and specimen FA-1(550E) was inser ted in i ts 
p lace . During the f i rs t two days of full power reac tor operation, t es t s were 
performed to determine the extent of tempera ture t rans ients in the fuel 
element and on the surface of the in-pile section due to a loss of flow 
incident and to establish the minimium emergency helium purge flow 
required to maintain safe operating t empe ra tu r e s . These t e s t s were 
requested by BNL as a resul t of the par t ia l loss of thermal insulation in 
the in-pile sect ion. The tes ts showed that the fuel t empera ture rose to a 
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value in excess of l l O C F . At this t empera tu re , the skin tempera ture 
approached the limiting value of 482 °F at which the loop em.ergency 
shutdown system will s c ram the r eac to r . The tes ts established that a 
purge flow of 1 - 2 scfm helium was required to l imit the skin tempera ture 
to a value that would insure no unnecessary reac tor s c r am incident. After 
these tes ts were concluded, continuous flow operations were initiated at 
a heliumi flow rate of 5.1 scfm. The tempera ture of the in-pile section and 
the hot leg and intermediate leg of the out-of-pile section were ra i sed to 
between 500®F and 550°F, the maximum tempera ture permiss ib le without 
danger of inducing a reac tor s c r a m . Sampling procedures for fission 
product gases were initiated after steady state t empera tu res were achieved. 

Reactor operations were interrupted on December 12, due to highly 
inclement weather . No interruption in helium flow in the Loop occurred, 
but the tempera tures of the fuel were ser iously decreased . After full-power 
reac tor operation and steady state loop operation were again achieved, the 
gas sampling procedures were again initiated. Several samples were taken 
throughout the remainder of the reac tor cycle . The fuel t empera ture reached 
a maximum value of 900°F at a reactor power of 19 MW. This t empera ture 
then dropped to about SOCF at the same power level on Decero.ber 20. It is 
believed that this reduction was due to a s e r i e s of reac to r control rod pat tern 
shifts which occurred during this per iod. 

A total of five gas samples were taken during Cycle 3 for the purpose 
of measuring the concentration of Xe 133, Xe 135, Kr SSm, Kr 87 and 
Kr 88 in the helium s t r e a m . The resul ts of these samples a r e given in 
Section 9 . 3 . 

As scheduled, the defective in-pile section was replaced with the new 
in-pile section during the extended shutdown per iod after Cycle 3 and 
"high r e l e a s e " specimen FA-1(90E) was inser ted . Initial operation during 
Cycle 4 was with 8 scfm helium flow and no external heat applied to the 
sys tem. 

Installation of the side concrete shielding blocks was completed by 
January 5, External heat was applied on January 6, ra is ing the hot-leg and 
intermediate- leg portions of the system to 500®F. Over the weekend of 
January 7-8, experiments located on the concrete balcony above the Loop 
repor ted a significant r i se in their background count. A review of this 
situation resul ted in the conclusion that delayed neutron emi t t e r s , a r is ing 
from such isotopes as 55s Br 87 and 22s I 137, were p resen t in the out-of-pile 
portion of the Loop since the high count appeared only when helium was 
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be ing c i r c u l a t e d th rough the L o o p . S teps w e r e i m m e d i a t e l y t a k e n to add 
a p a r a f f i n - c a d m i u m - l e a d s h i e l d on top of the l o o p . T h e s e mod i f i ca t ions 
w e r e m a d e with no h e l i u m flow t h r o u g h the Loop s ince i t h a d b e e n found tha t 
u n d e r s t a t i c cond i t ions wi th no a t ix i l i a ry h e a t , the m a x i m u m t e m p e r a t u r e s 
w e r e l lOO^F in the fueled s p e c i m e n and 3 4 0 ° F on the s u r f a c e of the i n - p i l e 
s e c t i o n . 

By the end of Cyc le 4 , suff ic ient sh ie ld ing h a d b e e n added to m e e t 
r a d i o l o g i c a l sa fe ty r e q u i r e m e n t s bu t the n e u t r o n b a c k g r o u n d w a s s t i l l 
u n s a t i s f a c t o r y . Consequen t ly , BNL r e q u e s t e d tha t s p e c i m e n F A - 1 ( 9 0 E ) 
be r e m o v e d a t the end of Cyc le 5 u n l e s s fu r the r sh ie ld ing ef for ts du r ing the 
f i r s t w e e k of Cyc le 5 w e r e s u c c e s s f u l . Only a s l igh t bu t insuf f ic ien t 
i m p r o v e m e n t could be m a d e . The r e d u c t i o n s in g a m m a and n e u t r o n l e v e l s 
by the top sh ie ld ing can be s e e n in Tab le 9 - 1 . S ince n e u t r o n coun t s w e r e 
s t i l l h igh enough to i n t e r f e r e wi th e x p e r i m e n t s on the ba l cony , s p e c i m e n 
r e m o v a l was s chedu led for J a n . 2 7 . H o w e v e r , p e r m i s s i o n for o p e r a t i o n 
( i . e . with h e l i u m flow) du r ing the s econd week of Cycle 5 w a s o b t a i n e d . 

Date 

1 /10 /61 
1 /10 /61 
1 /17 /61 
1 /17 /61 

Rad ia t ion 

He l ium 
F low 

no 
yes 
no 
y e s 

T A B L E 9-1 

Survey Data on Ba lcony Above 
C y c l e s 4 & 5 

Top 
Shie lding 

no 
no 
y e s 
yes 

G a m m a 
Rad ia t ion , 

m r / h r 

1 
19 

1 
2 

Loop Dur ing 

F a s t 
N e u t r o n s , 

c p m 

12 
84 

9 
34 

T h e r m a l 
N e u t r o n s , 

c p m 

43 
292 

60 
105 

Rad io log ica l t o l e r a n c e 7 90 17 ,000 

It had b e e n p l anned to i n s t a l l the b y p a s s c l eanup t r a p du r ing the s h u t ­
down a f t e r Cyc le 4 , In v iew of the sh ie ld ing e f fo r t s , t h i s could not be 
d o n e . H o w e v e r , gas samiples w e r e t a k e n to mieasure the ac t i v i t y l e v e l s 
a r i s i n g f rom both l o n g - l i v e d and s h o r t - l i v e d vo l a t i l e f i s s ion p r o d u c t s and 
a l a r g e n u m b e r of coupons and loop s e c t i o n s w e r e to be m a d e a v a i l a b l e for 
depos i t ion and decontaroiination s t u d i e s . A l s o , two remiote r e a d i n g ion i za t ion 
c h a m b e r s w e r e i n s t a l l e d to m e a s u r e the g a m m a r a d i a t i o n f ie ld in the v i c in i t y 
of the f l owmete r and of the out le t f rom the i n - p i l e s e c t i o n . 

No f u r t h e r e x p e r i m e n t a l o p e r a t i o n s w e r e s c h e d u l e d a f t e r J a n , 26 . The 
loop w a s d i s m a n t l e d for d i s p o s a l . Depos i t ion coupons and c e r t a i n p ipe 
s e c t i o n s w e r e r e t r i e v e d for l a b o r a t o r y exam.inat ion a s d i s c u s s e d in Sec t ion 9 . 3 , 
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9, 3 Experimental Resul ts 

The "low r e l e a s e " specimen FA-22(550E) was i r rad ia ted during 
Cycle 3 . Due to the loss of vacuum in the insulation annulus of the in-pile 
section, this specimen could not be operated at t empera tures above 1000°F. 
Four gas samples were taken during Cycle 3. The resu l t s of the analyses 
of these samples a re given in Table 9-2. The re lease ra tes a re calculated 
from the measured isotope concentrations on the assumption that equilibrium 
has been achieved ( i . e . that the escape ra te of the isotope into the reci rcula t in 
helium s t ream is equal to the decay rate of the isotope in the helium s t r eam) . 

F i 

Sample 
No. 

1 

2 

3 

4 

ssion Pr( 

Date 

12/9 

12/16 

12/19 

12/20 

sduct Re 

Fuel 
Temp, 

955 

850 

880 

880 

TABLE 9--2 

;lease Data from Specimen 
Durin g Cyc 

"F Isotope 

Xe 133 

Xe 

Xe 
Xe 

Xe 
Xe 
Kr 
Kr 
Kr 

133 

133 
135 

133 
135 
85m 
87 
88 

le 3 

Cone, 
Atoms/ft3 

2 .7x l09 

<9.0xl08 

3.1x10^^ 
9.9xl09 

5.0x1010 
9.5x109 
4.7x10^ 
1.4x10^ 
5.2xl08 

FA-22(550E) 

R<-' 

2.2x10^ 

<5.0xl05 

1.8x10'^ 
5,8x10"^ 

2,6x10"^ 
5.5x10"^ 
5.7x10^ 
5.9x10^ 
9.9x10^ 

R/B^^^ 

6.0x10-8 

<2.0x10-8 

4.9x10"'^ 
1.7x10-^ 

7.0x10-7 
1.6x10-6 
1.0x10-6 
4.2x10-*^ 
5.0x10-7 

(a) R = Release Rate, a toms/min ; B= Production Rate, a t o m s / m i n . 

The data in Table 9-2 a re consistant with data for specimen FA-22(449E) 
obtained in Furnace Capsule SPF-3 and given on page 4-30 . An alpha 
assay of the AI2O3 coated UO2 in batch 6H indicated a surface uranium 
contamination of 4 .5x10 - ' of the contained uranium and an alpha assay of 
the surface of specimen FA-22(550E) indicated a surface uranium; contamina­
tion of 9x10"' of the uranium contained in the specimen. As also noted in 
previous t e s t s , the fission product "leakage" measured for this type of 
specimen is actually due to the slight amount of uranium contamination 
external to the par t ic le coatings ra ther than fission product diffusion through 
the par t ic le coatings. 
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The "high r e l e a s e " specimen FA-1(90E), fueled with uncoated UO2 
shot, was i r rad ia ted during Cycles 4 and 5. Nine gas samples were 
analyzed for medium and long-lived fission gases and three gas samples 
were acquired for subsequent radiochemical analysis to determine the 
concentrations of the short-lived fission gases . 

Eight of the gas samples were analyzed for Xe 133 and Xe 135, The 
concentrations of Kr 85m, Kr 87, Kr 88, and Xe 138 in the gas s t r eam were 
also determined in several of these samples . One special sample was 
analyzed directly for Kr 89. The resul ts of these analyses for the medium-
and long-lived fission gases a re given in Table 9 -3 , 

The three shor t - l ived isotope samples were radiochemiically analysed. 
Assays were performed for the non-volatile daughters of the following 
gaseous isotopesi 

Gaseous P r e c u r s o r Non-Volatile Daughter 

3.2m Kr 89 54d Sr 89 
9 .8s Kr 91 58d Y 91 
3.9m Xe 137 2 6 . 6 y C s l 3 7 
I6s Xe 140 12. 8d Ba 140 

The resu l t s of these analyses for the concentration of short- l ived 
gaseous fission products result ing from the i r radia t ion of specimen 
FA-1(90E) a r e given in Table 9-4 . 

The leakage factors for the short lived gaseous fission products 
Kr 89 and Xe 137 were about an order of m.agnitude lower than the leakage 
factors for the longer lived gaseous fission products . The upper l imi ts 
for the other two short- l ived gaseous fission products (Kr 91 and Xe 140) 
were substantially higher due to the detection l imits for their non-volatile 
daughters . The data obtained by direct analysis of the gas s t ream for 
Kr 89 and by analysis for i ts decay product, Sr 89, were in fair agreement . 

The average leakage factors for both the long-lived and the shor t - l ived 
gaseous fission products from specimen FA-1(90E) a r e summar i sed in 
Table 9-5 , and a r e compared with s imi lar data from three other capsule-
i r rad ia ted specimiens which were ei ther uncoated or had defective coat ings. 
These other specim,ens were FA-1(81E) containing uncoated UO2 shot just 
as in FA-1(90E), specimen FA-23(E8-7) fueled with uncoated UC2 and having 
a cracked Si-SiC surface coating, and specimen FA-22(47IE) after near ly 
10% of i t s AI2O3 par t ic le coatings were cracked. 
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T A B L E 9-3 

M e d i u m - a n d L o n g - L i v e d G a s e o u s F i s s i o n P r o d u c t 
R e l e a s e f rom S p e c i m e n F A - 1 ( 9 0 E ) d u r i n g Cyc le 4 and 5. 

Samiple 
No . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Date 

1/6 

1/9 

1/12 

1/12 

1/23 

1/24 

1/25 

1/25 

1/26 

F u e l 
T e m p , "F 

850 

850 

850 

850 

980 

980 

980 

980 

980 

I so topes 

Xe 133 
Xe 

Xe 
Xe 

Xe 
Xe 
Xe 
K r 
Kr 

135 

133 
135 

133 
135 
138 
85m 
87 

K r 89 

Xe 
Xe 

Xe 
X.e 
Kr 

Xe 
Xe 
Kr 
Kr 
Kr 

Xe 
Xe 
Kr 
Kr 

Xe 
Xe 
Kr 
Kr 

133 
135 

133 
135 
85m 

133 
135 
85m 
87 
88 

133 
135 
85m 
87 

133 
135 
85m 
87 

C o n e . , 
A t o m s / f t ^ 

2 . I x l 0 l 4 
2 .9x10^3 

3 . 0 x l 0 l 4 
3 .4x1013 

3 . I x l 0 l 4 
2 . 4 x l 0 l 3 
7 .9x10^^ 
2 . 3 x 1 0 ^ ^ 
3 . 7 x l 0 l l 

< 5xl0 l® 

1.9x10^^ 
3 . I x l 0 l 3 

1 . 0 x l 0 l 4 
1 . 3 x l 0 l 3 
8 .4x10^1 

1 . 5 x l 0 l 4 
1.2x1013 
3. Ix lO^^ 
1. 6x10^2 
1 . 7 x l 0 l 2 

2 . 9 x l 0 l 4 
2 .5x1013 
4 . 7 x l 0 l 2 
1 . 2 x l 0 l 2 

S.Oxlol^ 
3 . 3 x l 0 l 3 
3 . 7 x l 0 l 2 
5 .2x10^^ 

R<>' 

2 , 3 x l 0 l l 
1 . 6 x l 0 l l 

2 , 3 x l 0 l l 
1 . 9 x l 0 l l 

1 . 9 x l O l l 
l . S x l o l l 
l . S x l o l l 
2 .9x1010 
1.5x1010 

< 5x l0 lO 

1.4x10^^ 
1 . 7 x l 0 l l 

7 . 2 x l 0 l 0 
7 . 5 x l 0 l 0 
l . O x l o l O 

9 . 7 x l 0 l 0 
7 . 0 x l o l O 
3 . 9 x l 0 l 0 
6 . 5 x l 0 l 0 
3 . 5 x l 0 l 0 

1 . 9 x l 0 l l 
1 . 4 x l 0 l l 
5 . 7 x l 0 l 0 
4 . 9 x l 0 l 0 

2 . 6 x l 0 l l 
1 . 9 x l 0 l l 
4 . 6 x l 0 l 0 
2 . 2 x l 0 l 0 

R/B^^^ 

6 . 2 x 1 0 - 3 
4 . 6 x 1 0 - 3 

6 . 2 x 1 0 - 3 
5 . 4 x 1 0 - 3 

5 . 2 x 1 0 - 3 
4 . 2 x 1 0 - 3 
4 . 7 x 1 0 - 3 
5 . 1 x 1 0 - 3 
1 .1x10-3 

< 2x10-3 

3 . 7 x 1 0 - 3 
4 . 9 x 1 0 - 3 

2 . 0 x 1 0 - 3 
2 . 2 x 1 0 - 3 
1 .8x10-3 

2 . 6 x 1 0 - 3 
2 . 0 x 1 0 - 3 
7 . 0 x 1 0 - 3 
4 . 6 x 1 0 - 3 
1 .7x10-3 

5 . 0 x 1 0 - 3 
4 . 1 x 1 0 - 3 
l.OxlO--^ 
3 . 4 x 1 0 - 3 

7 . 0 x 1 0 - 3 
5 . 4 x 1 0 - 3 
8 . 2 x 1 0 - 3 
1 .6x10-3 

(a) R = R e l e a s e R a t e , a t o m s / m i n ; B = P r o d u c t i o n R a t e , a t o m s / m i n . 
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The leakage factors for the Loop specimen a re in good agreement 
with the other uncoated UO2 fueled specimen and the UC2 fueled specimen. 
A very slight dependency of leakage factor on isotope decay constant can 
be noted which implies a relat ively short diffusion time through the graphite 
ma t r ix . Although about 10% of the AI2O3 coatings were cracked in the FA-22 
specimen, relat ively more holdup of the shor te r - l ived gas fission products 
can be noted implying that the condition of the c racks still caused a significant 
delay t ime in fission product diffusion. 

Short-Lived Gas' 

Sample 
No. 

1 

2 

3 

Date 

1/24 

1/25 

1/26 

TABLE 9 _4 

eous Fiss ion Product Release from 

Fuel 
Temp, ^F 

980 

980 

980 

During Cyc 

Isotope 

Kr 89 
Kr 91 
Xe 137 
Xe 140 

Kr 89 
Kr 91 
Xe 137 
Xe 140 

Kr 89 
Kr 91 
Xe 137 
Xe 140 

le 5 

Cone. 
a toms/f t3 

1.1 x I Q I ^ 
<3 X lOl l 

8,3 X 109 
<1 X lOlO 

1 . 5 x l 0 l 0 
<1 X IOI2 

8.8 X 109 
<3 X lOlO 

1.3 X lOlO 
<6 X lOl l 

2 .1 X lOlO 
<2 X I Q I ^ 

Specimen FA-1 

R(a) 

1.1 X lOlO 
<3 X IOI2 

6.8 X 109 
<7 X lOlO 

1.5 X I Q I ^ 

<l X 10l3 
7 .1 X 10*̂  
<2 X lOl l 

1.3 X IQIO 

< 6 x IOI2 
1.7 X lOlO 

< 1 . 5 X IQll 

(90E) 

R/B^"^ 

4 .4 X 10-4 
<8 X 10-2 

2 .0 X 10-4 
<2 X 10-3 

5.7 X 10-4 
< 0 . 3 

2 .0 X 10-4 
<6 X 10"3 

5,2 X 10-4 
<0.2 

5.0 X 10-4 
<5 X 10-3 

(a) R = Release Rate, a toms /min ; B - Production Rate, a t o m s / m i n . 

The significant amount of deposited radioactivity which would resul t 
from the re lease of short- l ived fission product gases from an uncoated fuel 
specimen was measured in the Loop by two ionization c h a m b e r s . One was 
located in the vicinity of the flowmeter and the other in the vicinity of the 
outlet pipe from the in-pile sect ion. Radiation fields of 1. 5 r / h r and 
7 .5 r / h r , respectively, were measu red during steady state operation at the 
end of Cycle 5, These values dropped sharply just after helium flow was 
stopped and then decreased at a slower ra te to values of 0.2 r / h r and 1,8 r / h r , 
respect ively, eighteen hours after helium flow was stopped. There was no 
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Comparison of Fiss ion 

Specimen 

Ir radia ted in 

Fuel Type 

Burnup, a /o U235 

Tempera ture , °F 

Leakage 

Isotope 

Xe 133 

Xe 135 

Kr 85m 

Kr 88 

Kr 87 

Xe 137 

Kr 89 

Xe 140 

Kr 91 

Xe 141 

Factors^*^ 

Decay Cons 

1.52x10"^ 

2,11x10"^ 

4 .41x10 '^ 

6.95x10"^ 

1.48x10"'^ 

2,96x10"^ 

3.63x10"^ 

4.33x10"^ 

7.08x10"^ 

4.08x10"-^ 

TABLE 9-5 

Product Leakage Fac tors for 

FA-1(81E> 

SP-2 

UO, 

0 . 1 

1200 

It. 

-

1,2x10' 

5.8x10' 

-

-

-

-

-

-

-2 

-2 

FA-23(E8-7) 

SP-5 

uĉ '̂ ' 

6 . 5 

1100 

3.8x10"^ 

6.0x10"^ 

1.2x10"^ 

4.6x10"^ 

2 .7x10 '^ 

-

2.5x10"^ 

7.3x10"'^ 

9 .8x10 '^ 

6.8x10"^ 

Several Uncoated Specimens 

FA-1(90E) 

Loop 

UO2 

0 . 1 

900 

4.6x10"^ 

3 .4x10 '^ 

8.2x10"^ 

1.7x10'^ 

3 .2x10 '^ 

3.0x10"^ 

5.1x10"^ 

-

-

FA-22(471E) 

SP-5 

AI .OJUO,^ ' ' ^ 
2 3 2 

5 . 3 

1150 

1,2x10'^ 

2.1x10"'* 

3.6x10"'^ 

1.1x10"'* 

2.6x10"^ 

7.1x10"^ 

8.9x10"^ 

9.2x10'"^ 

4.0x10"^ 

1,4x10'^ 

(a) R/B = Release Rate /Product ion Rate . 

(b) Si-SiC surface coating on this specimen was cracked, 

(c) Approximately 10% of the Al .O par t ic le coatings were cracked. 
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noticeable change in the rate of activity decrease when the helium was 
evacuated from the system one hour after circulat ion had stopped. Actually, 
a sharp burs t of activity was detected at the outlet pipe from the in-pile 
section as the gas was evacuated past this point. 

A number of gamma scans were made at various locations on the out-
of-pile portion of the Loop after shutdown. These data a re summar ized in 
Table 9-6 . A t rend of decreasing activity level in the direction of gas flow 
can be noted. The unusually high reading at the flowmeter was subsequently 
found to be caused by an accumulation of radioactivity on the flowmieter float. 
A somewhat higher activity was also found on the orifice, located just down­
s t ream from the flowmeter, compared with surrounding sur faces . During 
the following two week period, the activity level at the first heat exchanger 
was monitored and found to decay with an apparent half-life of about fourteen 
days . 

The sharp drop in activity in the out-of-pile section of the loop when 
helium circulation was stopped implies that much of the activity was due 
to the presence of short- l ived activity ca r r i ed in the gas s t r e a m . This 
fact is further borne out by the decrease in residual activity with increasing 
distance from the fuel element . The contribution of noble fission product 
gases to the total activity about 1 hour after helium circulat ion stopped was 
insignificant since there was no noticeable change in the ra te of decay when the 
helium was removed from the sys tem. 
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R a d i a t i o n F i e l d s Along Loop 

M e a s u r e m e n t 
P o s i t i o n ( 

1. U p s t r e a m of f i r s t 
h e a t e x c h a n g e r 

2 . F i r s t h e a t e x c h a n g e r 

3 . D o w n s t r e a m of f i r s t 
h e a t e x c h a n g e r 

4 . R e m o v a b l e p ipe 
s e c t i o n 

TABLE 9-6 

After O p e r a t ion With S p e c i m e n 

Scan N o . 1^^^ 
[1400 - 1 /27/61) 

700 

1030 

320 

132 

F A -

Scan N o . 2 
(1400 - 1 /28 /61 

600 

860 

183 

124 

1(90E)^^^ 

Scai 
(1430 

. N o . 3^^> 
- 1 /31 /61) 

1200^^^ 

1060^^^ 

170 

5 . In le t to s e c o n d h e a t 
e x c h a n g e r 87 

6 . F l o w m e t e r 2000 , 1500^^^ 

7 . B lower N o . 1, 
in le t p ipe 40 28 25 

8 . B l o w e r N o , 1, 
e x h a u s t p ipe 62 40 28 

9 . In le t to m a i n h e a t e r 70 43 37 

(a) All v a l u e s have un i t s of m r / h r . 
(b) He l ium and r a d i o a c t i v e g a s e s r e m o v e d a t ~1900 , 1 / 2 6 / 6 1 . 
(c) Read ing a t ~1600, 1 / 2 8 / 6 1 . 
(d) R e a c t o r o p e r a t i n g dur ing th i s s c a n . 
(e) I n c r e a s e d r e a d i n g s due to r a d i a t i o n f rom u n s h i e l d e d r e a c t o r f ac i l i ty . 
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A number of coupons and pipe sections were re t r ieved fromi the 
Loop, as l is ted in Table 9 -7 . These components were re t r ieved in order 
to study fission product deposition as a function of surface mate r ia l ( i . e . 
s tainless s teel , carbon steel , Si-SiC), flow perturbat ions ( i . e . pipe sections, 
stagnant regions at blind flanges, and orif ices) , and distance from; the fuel 
element, and also to study methods of decontaminating these su r faces . Due 
to t ime and fund l imitat ions, it was not possible to conduct these studies 
under the present Contract . However, the Oak Ridge National Laboratory 
agreed to examiine these components as par t of their p rogram on gas-cooled 
loops and gas cooled r e a c t o r s . The comiponents were delivered to ORNL 
who will publish resu l t s when avai lable. 
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TABLE 9-7 

Sections Retr ieved from In-Pi le Loop 

1. Coupons 

2. Coupons 

3. Coupons 

Description 
(a) 

(a) 

(a) 

(a) 
4 , Coupons 

5, Pipe Coil 

6, Pipe Coil 

7, Removable Pipe Section 
( incls . straight section, 
elbow, flanged joint), 

8, Misc . Pipe Sections 

9, Blind Flanges 

Quantity 

6 

5 

3 

4 

1 

1 

1 

Material 

SS 

Si-SiC 

SS 

CS 

CS 

SS 

CS 

Location in Loop 

Hot Leg, In-Pi le Section 

Hot Leg, In-Pi le Section 

Intermiediate Leg 

Intermediate Leg 

Heat Exch. #1 

Heat Exch. #2 

Intermediate Leg 

SS 

SS 

Various locations in out-
of-pile sect ion. 

Heat Exchs . #1 and #2; 
2nd in-pile sect ion. 

0. Flowmeter 

1. Damping Orifice 

2. Bellows 

1 

1 

1 

SS 

SS 

SS 

Cold Leg 

Flowmeter Outlet. 

Blower inlet 

13, Solenoid Valves 

14. In-Pile Heater 

SS 

SS 

Helium supply and blower 
containment vesse l s 

5" length at each end 

(a) 1.9" ODx . 0 8 " wall X 2« long 
(b) SS = s tainless steel; CS = carbon steel; Si-SiC = Si-SiC coated graphite 
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