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Summary and Conclusions 

A Pebble Bed Reactor fuel element specimen { i . e . a 1 1/2 inch 
graphite sphere fueled with vapor deposited alumina coated UO2) achieved 
a burnup of 3 . 3 a /o U235 during 84 days of i r rad ia t ion in Sweep Capsule 
SP-5 at 1.5 KW and 1400°F average t e m p e r a t u r e . Up to about 2»5 a /o 
burnup the fission product leakage factors { i . e . r a t e of r e l e a s e / r a t e of 
production) for ten isotopes varying in half life from 5.27d Xe l33 to 1.7s 
Xel41 ranged between 10"^ and 10-5 . These leakage factors were somewhat 
t empera tu re dependent. Since the leakage factors were approximately 
equal for isotopes having such a var ia t ion in half life, it i s concluded that 
the " leakage" was due to t r ace amounts of uranium contamination outside •^' 
the par t ic le coat ings . During the la t te r p a r t of the qua r t e r , the leakage 
factor for the longer l ived Xe l33 rose to 10"-^ while severa l shor te r l ived 
fission products inc reased to a l e s s e r extent . It i s concluded that this 
indicates measurab le diffusion s tar t ing to occur through the fuel par t ic le 
coatings due to a radiat ion damage effect to the a lumina . This pa t t e rn of 
fission product leakage could sti l l prove to be acceptable to a l a rge scale 
r eac to r since prac t ica l ly all of the non-volati le fission products which cause 
ttiaintenance p rob lems in p r i m a r y loop equipment a r e daughters of the 
shor t e r - l ived gaseous fission p roduc t s . 

The excellent r e su l t s obtained from this specimen has fulfilled the 
ear ly p romise shown by this new type of coating ma te r i a l which can be 
called a "molecular ly deposited c e r a m i c " . In addition to vapor deposited 
alumina, pyrolyt ical ly deposited carbon coatings on fuel pa r t i c l e s have also 
been studied. It i s probable that these two miaterials a r e fo re runners of a 
var ie ty of ce ramic ma te r i a l s which will m.ake it possible to produce high 
t e m p e r a t u r e s while at the same t ime achieving the low activity levels of 
meta l clad fuel elemient s y s t e m s . 

Fu r the r development work with alum.ina coatings has shown no apparent 
p rob lems in coating thor ia bear ing p a r t i c l e s . The f i r s t a t tempts were 
successful in fabricating a coated par t i c le containing a porous inner layer 
of alumina which could provide additional r es idence space for fission product 
g a s e s . Some react ion has been found between alumina and graphite at^ 
2500°F which indicates that t e s t s will have to be per formed at lower 
t e m p e r a t u r e s to es tabl ish the safe miaximum t e m p e r a t u r e . The fission 
product retention abil i ty of a lumina above 1500' 'F r ema ins to be explored " 
in Furnace Capsule S P F - 3 . An impact tes t on a sphere fueled with thick 
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alumina coating {coating thickness approximiately equal to the par t ic le 
d iameter) which were m.ade by a previously studied s inter ing p r o c e s s 
(3) showed no damage to the par t ic le coatings after sphere f r ac tu re . 

Pyroly t ic carbon coated fuel pa r t i c l e s a r e of i n t e re s t because the re 
will be no temiperature l imitat ion im.posed by reac t ion with the graphite 
ma t r ix , and the re is no displacement of modera to r by the p re sence of the 
coating. UC2 pa r t i c l e s coated with pyrolytic carbon at 2000"F have been 
shown to have good fission product retent ion by the Neutron Activation 
screening tes t up to EOOO^F. Less than 4 . 5 x 10"^ of the Xe l33 was 
r e l ea sed in a 4 h r t e s t . Beyond the deposition t e m p e r a t u r e , the coatings 
a r e found to c rack because of the higher expansion coefficient of the UC2. 
One solution to this problem i s the use of higher deposition t e m p e r a t u r e s . \ 
Thermal cycle t e s t s of pa r t i c l e s coated at 2450®F showed significantly l e s s 
fai lures when heated to 3600°F compared with the pa r t i c l e s coated at 2000®F. 
A more rapid deposition ra te and an absence of excess soot formation was 
also noted in fabricating the 2450°F m a t e r i a l . Som.e damage to the 2000*F 
pyrolytic carbon coated fuel pa r t i c l e s was noted when these pa r t i c l e s were 
mixed and molded into graphite s p h e r e s . Although these pa r t i c l e s were 
i r r e g u l a r in shape, further work on the effect of each fabricat ion step on 
par t ic le coating integri ty is wa r ran t ed . 

Graphite bodies in excess of 2 .0 gm./cc density have been p r e p a r e d 
without resor t ing to carbonaceous re impregnat ion by using na tura l graphite 
powder as the fil ler ma te r i a l . Best r e su l t s were obtained with a 
Madagascar c rys ta l l ine graphite and smal l amounts of phenolic r e s in b inder . 
Crushing s t rengths of these natural graphite pel le ts were of the same o rde r 
a s crushing s t rengths of AGOT {synthetic) g raphi te . The suitabili ty of 
na tura l graphite in the form of graphite spheres r emains to be explored 
next q u a r t e r . 

Subassembly fabrication of an in-pi le loop to study the behaviour of 
fission products in a recycled helium s t r e a m was completed this q u a r t e r . 
I r radia t ion of a graphite sphere fueled with alumina coated UO2 will begin 
next q u a r t e r . 

Resul ts to date in the Pebble Bed Reactor Fuel Element Development 
P r o g r a m have shown that the concept of a s imple , rugged graphite sphere 
as a economical high t empera tu re fuel e lement has been given major impetus 
by the use of m^olecularly deposited ce ramic coatings on the fuel pa r t i c l e s to 
re ta in f ission p roduc t s . This concept will continue to rece ive major 
emphasis during the remainder of the p resen t P r o g r a m . 
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,1.0 Introduction 

The basic objective of the Pebble Bed Reactor Fuel Element Develop­
ment Program is to develop and/or evaluate fuel elements which would be 
suitable for the economic operation of a large scale Pebble Bed Reactor. 
The characteristics of a reference design fuel element have been based on 
design studies of a 125 eMW Pebble Bed Reactor Steam Power Plant {1^, Z). 
This reactor is a high temiperature, al l -ceramic, helium-cooled reactor, 
consisting of a randomtly packed static bed of fueled graphite spheres. Fuel 
element characteristics have been completely described in the Phase I 
Report on the PBR Fuel Element Development Program {3̂ ) and are sum­
marized 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 formi of either the 
oxide or the carbide. 

3. The maximum power density is 3 KW per sphere. Maxittiumi 
surface and center temperature are 1800°F and 2100°F respec­
tively. The design burnup is 5500 KWH per sphere which is 
equivalent to 6 a/o of total uranium or 40, 000 MWD/metric ton 
of uranium. 

4. Fission product retention should be such that the external act­
ivity level is less than 10-° of the activity which would result 
fromi the complete release of all isotope chains containing 
volatile fission products. 

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

6. Other pertinent features are that adjacent fuel elements should 
not self-weld, fuel element coatings should withstand internal 
pressure buildup of gaseous fission products, and fuel element 
surfaces should not dust, abrade of erode. 

The PBR Fuel Element Development Programi has been arranged to 
evaluate these various characterist ics . In general, fuel element specimens 
are subjected to pre-irradiation testing, followed by irradiation tests to 
measure fission product retention characteristics and/or the effects of 
irradiation on physical propert ies. Final steps in the program include 
the operation of an in-pile loop to simulate problems in the primary loop 
of a Pebble Bed Reactor, The test apparatus used in this program has been 
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descr ibed in reference {3 )̂. All phases of the evaluation p r o g r a m up to and 
including the capsule i r rad ia t ions a r e being conducted at the Battel le 
Mem^orial Ins t i tu te . The in-pi le loop p r o g r a m is being conducted by the 
Nuclear Science and Engineering Corporat ion. 

The p r e sen t r epor t desc r ibes the r e su l t s of the PBR Fuel Element 
Developmient P r o g r a m during the per iod from May through July, I960 
which was the fifth quar te r ly per iod of a two year p r o g r a m . Prev ious 
per t inent r epo r t s a r e the Phase I Report {3) covering the f i r s t two q u a r t e r s , 
the th i rd quar te r ly r epor t {4]|, and the fourth quar t e r ly r epor t (5), 

A significant shift in eitiphasis within the PBR Fuel Elem.ent 
Development P r o g r a m had occu r r ed during the previous q u a r t e r . Whereas 
a wide var ie ty of surface coatings for the graphite spheres which might 
re ta in fission products were being evaluated, severa l developments caused 
the emphasis to shift to coatings on individual fuel pa r t i c l e s as the p r i m a r y 
b a r r i e r to fission product leakage {5). The advantages of coatings on fuel 
pa r t i c l e s include retent ion of fission products at the i r source ; the l a rge 
th i ckness - to -d iamete r ra t io of the ceramiic m a t e r i a l makes it l e s s subject 
to physical damiage; and the f rac ture of a PBR fuel e lement will not expose 
uncoated fuel p a r t i c l e s . 

One impor tant cha rac t e r i s t i c of the par t i c le coatings in the PBR 
Fuel Element P r o g r a m is thei r method of fabr icat ion. These par t i c le 
coatings r ep re sen t a new type of ce ramic miaterial which could be cal led a 
"molecular ly deposited c e r a m i c " . In genera l , these new c e r a m i c s appear 
to have much lower permieability and miuch higher s t rength than conventional 
c e r a m i c s . Most of the work to date has been with vapor deposited alumina 
{A1203) on UO2 p a r t i c l e s . Another m a t e r i a l under development i s pyrolyt ic 
carbon on UC2 p a r t i c l e s . Both of these coating m a t e r i a l s a r e deposited 
on the fuel pa r t i c le surfaces from a gas phase reac t ion . 

Most of the work during this qua r t e r involved these two types of coated 
p a r t i c l e s . Several PBR fuel e lement speciroiens have been made with these 
coated p a r t i c l e s . A descr ipt ion of these spec imens together with e a r l i e r 
specimens st i l l under evaluation is given in Table 1-1 . The manufacturer 
and per t inent cha r ac t e r i s t i c s of the fuel e lements a r e l i s t ed . Each type of 
specimen has been ass igned a type numiber. 
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TABLE I r l 

Summary of PBR Fuel E lement Types 

Numiber 

Mfgr. 

FUEL 
Loaded As 
Final F o r m 
Pa r t i c l e Size.fx 

MATRIX 
Re impreg . 
Net Density 
Shell Thick. 
Bake Temp, "F 

COATING 
Location 
Mater ia l 
Thickness 

FA-1 

Nat C a r b . 

UO2 
UO2 
100/150 

no 
1.62 
0 
2560 

FA-20 

Nat C a r b . 

UO2 
UC2 
100/150 

no 
1.65 
0 
4800 

Surf, 
P y r o - C 
,002" 

FA-2 2 

Nat Carb 

UO2 
UO2 
100/150 

no 
1.57 
0 
2300 

P a r t . 
AI2O3 
50u 

FA-23 

f̂ > 3M 

UO2 
UC 
100/200 

y e s 
1.75 
. 1 2 5 " 
3600 

Surf, 
SiC-Si 
. 0 0 3 " 

FA-24 

Carbo . 

UC2 
UC2 
100/150 

no 
1,55 
0 
2000 

P a r t , 
P y r o - C 
40 |i 

{1) Fuel pa r t i c l e s coated by Battel le Memoria l Ins t i tu te . 

Numbers a r e ass igned se r i a l ly and have no special s ignif icance. 
Occasionally, when i t is des i r ed to identify a pa r t i cu la r ball within a group, 
an additional identification numiber in pa ren theses will be added to the type 
number . 

Work on alumina coated pa r t i c l e s i s desc r ibed in two sec t ions : fabricat ion 
and screening t e s t s in Section 2 ,0 and high level i r r ad ia t ion . t e s t s in Section 4 , 0 . 
Work on pyrolyt ic carbon coated pa r t i c l e s i s desc r ibed in Section 3 . 0 . Two 
other facets of the PBR Fuel E lement P r o g r a m a r e a lso desc r ibed . These, 
a r e the development of high density graphite bodies made from na tura l 
graphite r a the r than the m o r e common synthetic graphite {Section 5.0) and 
an in-pi le loop where the behaviour of f ission products in a recyc led helium 
s t r e a m will be studied {section 6 .0 ) . 
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Fig . 2 - 1 . Batch 6F showing AI2O3 Coatings on 
UO2 (lOOX). 

A 

Fig . 2 -2 , Batch 7H showing AI2O3 coatings 
on Th02 /U02 pa r t i c l e s {50X), 
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T h 0 2 / U 0 2 par t i c l e s a r e somewhat i r r e g u l a r , all pa r t i c l e s a r e seen to be 
adequately coated with no evidence of gaps between success ive coating 
l a y e r s . 

Batch 8G was p r epa red with two special fea tures in miind: {1) a 
l a rge UO2 par t i c l e s was used {297/350 micron) so that a thick coating 
could be applied and not exceed l imitat ions on carbon modera to r displacement 
when d i spersed in a graphite sphere , and {2) a porous inner layer of alumina 
was used which would have the advantage of providing a r e s e r v i o r for fission 
gases and a cushion to prevent the rmal cycle f rac ture of the ou te rmost 
impermeable alumina coating. A thin 2 mic ron coating was f i rs t deposited 
at 1830®F so that any uranium contamination ar i s ing from dusting of the 
ba re UO2 par t i c l e s during the ea r ly s tages of fluidization could be leached 
away. Next, a 20 mic ron layer of porous AI2O3 was deposited at 1380°F. 
Additional impermeab le alumina was deposited at 1830"F until a total 
alumina thickness of 150 mic rons was r eached . 5 gm, samples were 
removed fromi the batch at coating thickness of 30, 50, 77, 106, 122 and 
150 microns in o rder to evaluate the effect of coating thickness of the rmal 
cycle rup tu re . F ig . 2-3 shows a par t ic le from batch 8A which has been 
coated with only the thin impermeab le layer and the porous layer of 
a lumina. F ig , 2-4 shows seve ra l pa r t i c l e s fromi the final batch, 8G. The 
dark band near the UO2 par t i c le i s the porous a lumina . Some evidence of 
annular porosi ty in the UO2 par t i c l e s can be noted. Occasional growths 
of alumina can be seen to pro t rude from 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 the alum.ina growths . Similar growths have been noted in pyrolyt ical ly 
deposited carbon coatings which were a lso bel ieved to a r i s e fromi soot 
p a r t i c l e s . 

This completion of batch 8G concludes the explora tory work on alumina 
fabrication under the Pebble Bed Reactor P r o g r a m . During the next 
qua r t e r , severa l batches of alumina coated enr iched UO2 pa r t i c l e s will be 
p r e p a r e d for i r rad ia t ion tes t ing , 

2.2 P r e - I r r a d i a t i o n Testing of Alumina Coated P a r t i c l e s 

A number of s tandard screening t es t s a r e used for a lumina coated fuel 
p a r t i c l e s . In genera l , each batch of pa r t i c l e s which has been fabricated 
is subjected to the following t e s t s : 

1. Alpha Assay: Uraniumi contamination on the surface of the pa r t i c l e s 
i s detected by placing a thin layer of the coated pa r t i c l e s in a 2ir proport ional 
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F i g . 2 - 3 . Batch 8A showing thin impermeab le layer of 
AI2O3 and porous layer of AI2O, on UO2 
par t ic le {500X). 

F ig . 2 -4 . Batch 8G showing AI2O3 coating with porous 
inner layer on UO2 {50X). 
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gas flow counter and measur ing the alpha emiission r a t e . 

2 . Coating Integrity: Coated pa r t i c l e s a r e exposed to a i r at 1200°F. 
Any faults in the coating cause the underlying UO2 to be oxidized to U3O8 
which further rup tures the coating due to expansion of the fuel p a r t i c l e . 
Thus, weight gain after this tes t i s a mieasure of lack of coating in tegr i ty . 
An ent i re batch of pa r t i c l e s can be subjected to this t es t so that faulty 
pa r t i c l e s can be subsequently remioved by leaching. 

3. Thermal Cycling: P a r t i c l e s a r e the rmal cycled between room 
tempera tu re and 2500°F in an iner t a tmosphere to de te rmine 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 Examinat ion: Routine metal lography is done up to 
500X, On occasion, e lec t ron microscopy is used for more detai led study. 

An additional screening tes t which was s t a r t ed during the previous 
quar te r is the carbur iza t ion tes t in which alumina coated pa r t i c l e s mounted 
in a graphite ma t r ix a r e heated at 2500' 'F for varying lengths of t ime to 
de termine the extent of react ion between alumina and var ious types of 
graphi te , 

Batches 6F and 6H, A s u m m a r y of the p r e - i r r a d i a t i o n evaluation 
resu l t s for the enr iched UO2 pa r t i c l e s coated with alumiina a r e given in 
Table 2 - 2 . 

TABLE 2-2 

Evaluation of Batches 6F and 6H, Fueled with Enr iched UO2 

Batch No. 
Coating Thickness , jx 
UO2 Content, w/o 
Coating Integrity Test : 

Batch Size, gms 
Weight Change in 5 h r s , gms 

Alpha Assay, A s - F a b : 
Net c cpmi/gm. sample 
Equiv. U, m g / g m sample 

6F 
42 
27 .3 

109 
+0,0004 

0 ,4+1,2 
,00011 

6H 
48 
26.6 

125 
-0 .0410 

0 .4+1.2 
.00011 
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As can be noted in Table 2-2 , the quality of these coatings is excel lent . 
The weight changes after the a i r oxidation tes t a r e insignificant . It should 
be reca l led that s imi la r testa on other types of pa r t i c l e coatings would 
often show 1% to 10% weight ga ins . The slight weight loss seen for batch 
6 H is unexplained but most probably due to de volat i l izat ion of a i r or mois tu re 
adsorbed p r i o r to the heating t e s t . No physical significance can be at tached 
to the r e su l t s of the alpha a s say except that the uran ium contannination is 
so low that it i s at or below the l imit of m e a s u r e m e n t by this method. It 
should be noted that if the re were to be complete fission product r e l e a se 
from only the 0.00011 mg . U pe r gm of sample , the fission product leakage 
factor (R/B) would be 10-7 . 

Batches 7H and 7J . A summary of the p r e - i r r a d i a t i o n evaluation resu l t 
for the T h 0 2 / U 0 2 pa r t i c l e s coated with alumina is given in Table 2 - 3 . 

TABLE 2-3 

Evaluation of Batches 7H and 7 J, Fueled with ThOz/UOg 

Batch No. 
Coating Thickness^|jt 
UO2 Content, w/o 
Th02 Content, w/o 
Coating Integri ty Test : 

Batch Size, gms 
Weight Change in 5 h r s , gms 

Alpha Assay , A s - F a b ; 
Net a cpm/gm sample 
Equiv. U, m g / g m sample 

Alpha Assay, After Thermal Cycle: 
Net a cpm/gm sample 
Equiv. U + Th, m g / g m sample 

7H 
40 
2.43 
33.0 

89 
-0.0005 

2.0+0. 
.0027 

5.9+2. 
.0079 

4 

0 

7J 
44 
2.39 
32.1 

132 
nil 

0.5+1.0 
.00067 

0.4+0.8 
.00054 

Again, the quality of the coatings on batches 7H and 7 J according to 
both the a i r oxidation tes t and the alpha a s s a y is seen to be excel lent . The 
the rma l cycle t es t has shown no significant effect on these coa t ings . F r o m 
these examinat ions , it can be concluded that thor ia bear ing pa r t i c l e s can be 
sat isfactor i ly coated with a lumina . 

Batches 8A-8G. A s u m m a r y of the p r e - i r r a d i a t i o n evaluation resu l t s 
for the UO2 pa r t i c l e s coated with alumina containing a porous inner layer 
of alumina is given in Table 2 - 4 . 
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TABLE 2-4 

Evaluation of Batches 8A through 8G Which Incorporate a 
Porous Inner Layer of Alumina 

Batch Coating Weight Alpha Count Rate , cpm/gm sample 
No. Thick, ;.i Gain, %i^) A s - F a b . ~ Hot Air(t>) Thermal CycleCcT 
8A 22(a) 2 .8 5 3 . 0 + 3 . 3 
8B 30 0 .5 1 . 4 + 0 . 7 
8C 50 0.03 0 . 4 + 0 . 5 1 0 6 + 5 90.6 + 4 .3 
8D 77 0.003 0 . 2 + 0 . 4 5 1 . 8 + 3 . 3 
8E 106 0.04 0 . 8 + 0 . 6 1 0 . 8 + 1 . 6 6 . 4 + 1 . 4 
8F 122 0 .04 0 . 4 + 0 . 5 5 . 0 + 1 . 2 
8G 150 0.0003 1 . 0 + 0 . 6 0 . 6 + 0 . 7 3 . 4 + 1 . 2 

(a) Includes 2 mic ron flash coat ( impermeable AI2O3) and 20 mic ron 
coat of porous AI2O3. 

(b) After exposure to 1200"'F a i r for 5 h r s . 
(c) After nine cycles between 550' 'F and 2500°F in a reducing 

a t m o s p h e r e . 

A re la t ively high weight gain can be noted in batch 8A which contains 
a 2 mic ron impermeab le alumina^ layer which probably has c racked , and 
a 20 microt i porous l a y e r . However, improvement can be seen in subsequent 
coating th i cknesses . The alpha a s say of the a s - f ab r i ca t ed batches showed 
uniformly good quality once the f i r s t impermeab le layer had been placed 
over the porous ma te r i a l (batches 8B through 8G). The hot a i r t es t showed 
uniformly good quality from batch 8C through 8G by the weight gain method. 
However, the somewhat m o r e sensi t ive alpha a s s a y technique showed a 
decreas ing contamination with increas ing coating th ickness .Some surface 
uranium was covered by success ive coating l a y e r s . In the the rmal cycle 
tes t , the re was some evidence of fai lure in batch 8C, but batches 8E and 8G 
showed no significant effect. In genera l , the batches with the thickest 
coatings passed al l t e s t s wel l . Chemical analys is of batch 8G gave a Value 
of 4 2 . 8 w/o UO2. 

Batch 4E . P a r t i c l e s from this batch were used to fuel the FA-22(47IE) 
specimen cur ren t ly being i r r ad i a t ed in Sweep Capsule S P - 5 (see Section 4 . 0 ) . 
A 5000X e lec t ron photomicrograph of a pa r t i c l e from this batch was 
p r e p a r e d in o rder to study the s t ruc tu re of the coating in m o r e de ta i l . F ig . 
2-5 shows a 500X view of a whole pa r t i c l e and a 5000X view of a smal l sect ion 
of the a lumina-U02 in te r face . The dark band in the coating is now believed 
to be a porous alumina region which was inadvertent ly deposi ted during the 
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U02 

Impermeable 

AI2O3 

Porous A1,0_ 
i- 3 

f.. ^'^ 

AI2O3 coated UO2 par t i c l e 
from Batch 4E {500X). 

5000X magnification at 
AI2O3-UO2 in ter face . 
Unetched. 
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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 clearly noted in the UO2. The absence 
of any such boundaries in the alumiina phase is the major reason why this 
type of coating has shown such good fission product retention. 

Compression Test. The effect on particle coating integrity due to 
crushing of a graphite sphere fueled with coated particles was measured. 
Portions of a specimen which had previously been broken into several 
pieces were checked for uraniumi contamination by alpha assay. The 
particles in this specimen were coated with sintered alum^ina by a process 
which had been under study prior to development of the vapor deposition 
process . {3̂ ) The particles were somewhat larger than the vapor deposited 
alumina coated particles presently being studied, being of the order of 
1000 microns diameter and 300 microns thick coatings. Portions of the 
fractured surfaces were alpha assayed. The count rates were found to 
b e 0 . 6 _ + 0 . 5 , 0.2+^0.4, and 1. 2 + 0.7 cpm. This low alpha count indicates 
that no damage occured to these thick particle coatings. It is planned to 
repeat this test on spheres fueled with vapor deposited alumina coated 
part icles . 

Reactioa With Graphite. The examination of several types of alumina 
coated UO2 heated in graphite at 2500*F for periods of 168, 500, and 1000 hrs 
were completed this quarter. The three types of samples which were tested 
are described in Table 2-5. 

Sample 
Type No. 

1 
2(a) 
3(a) 

Samples 

P a r t i c l e 
Batch No. 

I B 
I B 
2A 

Ui 

T A B L E ; 2-5 

sed in Carbur iza t ion Test 

Graphite 
F i l l e r 
AGOT 
2301 
2301 

Pi tch 
Binder 
B a r r e t t 
Coal Tar 
Coal Tar 

Max, Bake 
T e m p , , "F 

1700 
2300 
2300 

{a) Pieces 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 
nitride, and/or iron silicide in addition to an unidentified phase. It is 
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believed that the silicon and the alumina came from the MuUite insulation 
tube, the iron from the graphite, and nitrogen from the furnace atmosphere. 
The unidentified phase was found on both the furnace walls and the specimen 
surfaces. 

Typical results of this test are shown in Figures 2-6 through 2-15. 
Table 2-6 lists the samiple.number and heating time for each of these 
figures. 

Lis t of F igures Showing 

F igure 
N o . 

2 -6 
2 -7 
2 - 8 
2 -9 
2-10 
2-11 
2-12 
2-13 
2-14 
2-15 

Samiple 
Type No. 
Type 1 

II 

Type 2 
II 

11 

11 

Type 3 
It 

II 

11 

TABLE 2-6 

Resul t s of Graphi te-

Heating Time 
at 2500 *F 

none 
168 h r s . 
none 
168 h r s . 
500 h r s . 
500 h r s . 
none 
500 h r s . 
1000 h r s . 
1000 h r s . 

Alumina Reaction Test 

Location of P a r t i c l e 
in the Sam.ple 

surface 

center 
center 
surface 

cen te r 
center 
surface 

No effect can be noted on the particle coatings in the as-fabricated 
condition except that some of the coatings in the Type 1 sample are 
cracked which undoubtedly influenced some of the results obtained for this 
type. After 168 h rs , several particles in Type 1 were attacked {see Figure 
2-7)j and there was essentially no attack to Type 2 {see Figure 2-9) and 
Type 3. After 500 hrs the coatings in Type 1 were comipletely destroyed; 
som.e thinning of the coatings in Type 2 was noted {see Figure 2-10); and 
some attack was beginning to occur to the Type 3 coatings {see Figure 
2-13). Figure 2-11 is a view of the 500 hr . test on Type 2 except the 
particle shown was near the edge of the sample rather than at the center 
of the sample as in Figure 2-10, The coating is completely gone in Figure 
2-11 which indicates a miuch greater reaction on particle coatings near the 
samiple surface. The bright regions in the remaining fuel particle in 
Figure 2-11 are unidentified metallic appearing phases, possibly containing 
aluminuin, which were also noted in the Type 1 fuel particle. After 1000 hrs , 
the particles in Type 1 were almost completely converted to a metallic phase; 
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and the coatings in Type 2 were almost entirely destroyed, with greater 
attack being noted at the edge of the samiple. Coatings near the center of 
Type 3 samples were generally intact although there was some deterioration 
of the alumina {see Figure 2-14). Near the surface of the sample, comiplete 
coating attack was again noted {see Figure 2-15). It is possible that the 
spurious deposits noted in the furnace tube were responsible for 
accelerating the attack on particle coatings near the surfaces of the 
graphite samples. 

Previous tests using sintered alumina in graphite had shown no 
reaction at 2500•F with graphites using coal tar pitch binders and severe 
reaction when resin binders were used. In the present tests , the resin 
binder material {Type 1) again showed the greatest degree of attack. 
However, the initial crackings in the coatings of Type 1 and the thin coatings 
of both types 1 and 2 could have been factors in the more rapid deterioration 
of these coatings by early exposure of the UO2 part icles . Since there 
was some evidence of attack even in the thickest alumina coating in graphite 
having a coal tar pitch binder, the maximum safe temperature must be 
below 2500''F and will be established by further tes t s . 
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i^^ 
Fig . 2 -6 . Graphite-AI2O3 Specimien Type 1, as 

fabricated {50X). 

• % . 1.V 

4 

l ' . 

Fig . 2 -7 . Graphite-AI2O3 Specimen Type 1, after 
168 h r s at 2500^F {250X). 
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Fig . 2 - 8 , Graphi te -Al203 Specimen Type 2, as 
fabricated {50X), 

F i g . 2 - 9 . Graphite-AI2O3 Specimen Type 2, after 
168 h r s at 2 5 0 0 ' F . View at center of 
specimen {250X). 
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Fig . 2 -10 . Graphite-AI2O3 Specimen Type 2, after 
500 h r s at 2500°F. View at center 
of specimen {250X). 
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Fig . 2 - 1 1 . Graphite-AI2O3 Specimen Type 2, after 

500 h r s at 2500°F. View near surface 
of specimen (250X), 
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Fig . 2-12 . Graphi te-Al203 Specimen Type 3, a< 
fabricated (50X), 
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Fig . 2 -13 . Graphi te -Al203 Specimen Type 3, after 
500 h r s at 2500°F. View at center of 
specimen (250X). 
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Fig , 2-14. Graphi te -Al203 Specimen Type 3, after 
1000 h r s at 2500' 'F. View at center of 
specimen {250X). 

F ig . 2 -15 , Graphi te -Al203 Specim,en Type 3, after 1000 h r s 
at 2500*'F. View near surface of specimen {E50X), 
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3.0 Pyroly t ic Carbon Coated Fue l P a r t i c l e s 

In teres t in pyrolyt ic carbon {Pyro G) fuel pa r t i c les s t ems from p r e ­
vious experience with low permeabi l i ty P y r o C coatings on the surface of 
PBR fuel elemient specimens (5^), F u r t h e r m o r e , the use of a P y r o C coat­
ing on fuel pa r t i c l e s would remove the tem.perature l imitat ions imiposed by 
the chemical react ion between me ta l oxide par t ic le coatings and the graphite 
m a t r i x and would not effectively displace moderat ing m a t e r i a l when d i s ­
pe r sed in graphi te . 

An explora tory p r o g r a m on P y r o C coatings on UC^ par t i c les was 
continued at the Battelle Memor ia l Insti tute during this q u a r t e r . The bas ic 
p r o c e s s consis ts of fluidizing a bed of UC- pa r t i c l e s in a hel ium s t r e a m 
containing a hydrocarbon gas such as methane or ace ty lene . The fludized 
bed is external ly heated which causes the hydrocarbon gas to decompose 
and deposit carbon on the UC_ par t ic le surfaces {7). 

During the previous qua r t e r , UC- pa r t i c l e s were coated at deposit ion 
tem.peratures of 1800 to 2000*F. The UC_ par t i c l e s used in these batches 
were i r r e g u l a r in shape and the re was some evidence of cracking at sha rp 
c o r n e r s . When additional coating l aye r s were applied to Py ro C coated 
pa r t i c l e s , the coating in terfaces w e r e readi ly apparaent in cont ras t to the 
lack of visible boundar ies between adjacent a lumina coat ings . The p y r o ­
lytic carbon as deposited on the par t i c les appeared dense and imperm.eable. 
However, when the par t i c les w e r e heated above the coating deposition t e m ­
pe ra tu r e , coatings were found to c rack due to the higher expansion coeffi­
cient of the UC- pa r t i c l e . 

During this qua r t e r , additional evaluation was per formed on these 
pa r t i c l e s , s eve ra l graphite spheres fueled with these pa r t i c l e s were p r e ­
pa red , and spher ica l UC_ shot was coated at a higher t e m p e r a t u r e . 

3. 1 Fabr ica t ion of Pyro ly t ic Carbon Coated F u e l P a r t i c l e s 

Batches P y C - 1 and PyC-2 which were made during the previous 
quar t e r were l imited in coating th ickness by carbon soot formation which 
tended to plug the d i scharge l ines from the reac t ion v e s s e l . Severa l 
a t tempts w e r e made to e l iminate this p rob lem by introducing CO_ to reac t 
with the excess carbon but no significant effect was found. 
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Batch PyC-5 showing l60 mic ron 
pyrolytic carbon coatings on UC2 {80X), 

F ig . 3-2 . Batch PyC-6 showing 80 micron 
pyrolytic carbon coatings on UC2 (lOOX), 
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3. 2 Evaluation of Pyrolytic Coated Fuel Particles 

The procedures used to evaluate pyrolytic carbon coated particles 
were generally similar to those used for alumina coated particles except 
that a nitric acid leach test was used to determine coating integrity rather 
than the hot air oxidation test . 

The leach test is perform.ed by im.m.ersing the coated particles in a 
hot nitric acid solution for several hours and analyzing the leach solution. 
In the cases of both batches PyC-5 and PyC-6 as-fabricated, the amount 
of uranium, found in th^ leach solution was equal to or less than the 
detection limit of 10" % of the uranium contained in the particles indicating 
excellent coating integrity. The uranium content of these batches were 
found by chemical ainalysis to be 22, 9 w/o and 53. 8 w/o respectively for 
batches PyC-5 and PyC-6. 

Because of an interest in using this type of pyrolytic carbon coating 
as a reaction barr ier between the fuel particles and a silicon carbide coat­
ing which could be applied to the outer surface of a fueled graphite sphere, 
therm.al cycle tests were performed on these particles to 3600 °F in an argon 
atmosphere. Three such cycles were performed on each batch with the 
particles being allowed to cool to room, temiperature after each heating cycle 
while in the furnace. The results of this test are given in Table 3-2 where 
alpha assays before and after thermal cycling are comipared, 

TABLE 3-2 

Thermal Cycle Test Results on Batches PyC-5 & PyC-6 

Batch 
No. Condition 

PyC-5 As-Fab, 
PyC-5 After TC. 
PyC-6 As-Fab. 
PyC~6 After TC. 

Previous thermal cycle test results on batches PyC-i and PyC-2 
under similar conditions which had coatings applied at only 2000°F showed 
a 3 order of raagnitude increase in exposed uranium. This increase is 
significantly lower for batches PyC-5 and PyC-6 which were fabricated 
at 2450""F and had thicker coatings. A leach test on hatch PyC-5 after 
thermal cycle indicated that 0. 6% of the particles had cracked, on the a s -
suinption that all uranium was leached from, ciracked particles. Thus, the 

Net Alpha Count Equivalent Uranium, 
Rate, cpm/gmi sBunple mg/gm sam.ple 

1.9 J 1.3 ,0026 
21,4 1 3 . 7 ,030 

1.9 I 1.3 .0026 
6 5 . 6 - 5 . 2 .088 
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safe upper l imit for this type of P y r o C coated UC- will s t i l l be som.ewhat 
below 3600 " F . 

During this qua r t e r , fission product retent ion t e s t s w e r e completed 
on pa r t i c l e s from batch P y C - l and on a graphi te sphere fueled with these 
p a r t i c l e s . These mtaterials w e r e subjected to the neutron activation t e s t 
which consis ts of a shor t netotron i r r ad ia t ion followed by heating in a l a b ­
o r a t o r y furnace. The escape of Xe 133 as function of heating t ime and 
t empe ra tu r e can be m e a s u r e d . The r e su l t s a r e shown in Table 3 -3 . 

TABLE 3-3 . 

Neutron Activation Tes t s on Batch P y C - I . 

Tes t T ime , F rac t i ona l Release 
Temp, "F Min. of Xe 133 

A. P a r t i c l e s only 1600 160 <4 .5 x l O ' ^ {̂ j 
2000 93 <4 ,5 X l O ' ^ *̂̂  
2400 65 4 . 7 X 10 

B . P a r t i c l e s in 1000 30 1 . 7 x 1 0 * ^ 
Graphi te Sphere 1700 30 3.4 x lO""* 

2100 65 6 . 8 x l 0 ' 3 
2500 35 1 . 5 x 1 0 " ^ 
2700 15 4 . 9 X 10" 

{a) Limi t of detect ion. 

The r e su l t s on the pa r t i c l e s show that up to 2000*F { i .e . the coating 
deposition tenaperature) , the pyrolyt ic carbon coating exhibits excellent 
fission product re tent ion. At 2400*F, the sudden Inc rease in Xe 133 r e ­
lease indicates that some of the par t ic le coatings have c racked which con*-
f l rms the r e su l t s from previous t h e r m a l cycle t e s t s . The r e su l t s on the 
graphi te sphere fueled with P y r o C coated pa r t i c l e s indicates that the 
coatings have undergone som.e damage during e i ther the mixing, molding, 
a n d / o r baking opera t ions of sphere fabricat ion. Actually, an alpha a s s a y 
of the sphere surface p r io r to neutrori act ivat ion t e s t indicated a surface 
uranium concentrat ion of about 0. 09 mg of uranlupi which Is 1. 9 x 10* % 
of the total u ran ium in the s p h e r e . Thus It appears that u ran ium contam.-
Inatlon mus t have been spread throughout the tentlre s p h e r e . 

During the neai qua r t e r , it is planned to t es t f ission product r e t e n ­
tion of pa r t i c l e s from batch PyC-6 and to explore pyrolyt ic carbon p a r t ­
icle coatings at t e m p e r a t u r e s higher than 2450 *F . 
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4 . 0 I r rad ia t ion Test ing 

The major i r rad ia t ion t e s t conducted duping this qua r t e r was the 
continuation of the Capsule S P - 5 i r r ad ia t ion in the Bat te l le Resea rch 
Reac to r . The design of this capsule has been descr ibed in the previous 
Quar t e r ly Report {5). Briefly, the capsule cons is t s of two sec t ions . The 
top sect ion i s divided into two com,partmients, one containing an FA-22 
spec imen {fueled with alumina coated UO_) and the other an FA-23 specimen 
(coated with Sl-SlC). Each compar tment nas hel ium inlet and outlet l ines 
to pe rmi t m e a s u r e m e n t of f ission product leakage r a t e s In a gas analysis 
t r a in located on the floor abo^e the BRR pool. The bottom sect ion of the 
capsule contains 4 speclro.ens in a common com.partm.ent with no provis ion 
for measur ing fission product l eakage . These spec imens a r e one additional 
FA-22 and FA-23 together with two FA-20 specimens (pyrolytic carbon 
surface coating). All s ix speolinens a r e ful l -scale PBR fuel e l emen t s , 
1-1/2 Inches in d iamete r , and loaded with 4 . 7 5 gm.s of highly enr iched 
u ran ium. Specimen t e m p e r a t u r e is a function of the t h e r m a l r e s i s t ance 
of the capsule p a r t s andvthe nuclear heat genera t ion r a t e . Specim.en tem.­
p e r a t u r e s and heat generat ion r a t e s a r e calculated from data obtained from. 
thermocouples located In specia l graphi te blocks used to hold the specimien 
within the capsu le . 

I r r ad ia t ion of Capsule S P - 5 was s t a r t ed on Apr i l 6, I960. Normal 
operat ion continued through the p resen t qua r t e r and Is scheduled to con­
tinue through the next q u a r t e r . Typical operat ing conditions for the s p e c i ­
mens in Capsule S P - 5 which prevai led throughout this quar te r a r e given in 
Table 4 - 1 . 

TABLE 4 - 1 

Operating Conditions for Capsule S P - 5 Speclm.ens 

Specimien 
No. 

Measured 
Block T e m p . °F 

Sweep: 
FA-22{471E) 
FA-23{E8-7) 

Static: 
FA*22{470E) 
FA*20(338E) 
FA-23{E8-12) 
FA«20{345E) 

1090 
1010 

Heat Gen, 
Ra te , KW 

1.5 
1.6 

1.4 
1.3 
1.0 
0.8 

Gale. Surface Gale. Centra l 
T e m p . , °F T e m p . , °F 

1360 
1300 

1360 
1360 
1309 
1360 

1550 
1440 

1540 
1460 
1390 
1420 
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Another type of irradiation test which has been used in the PBR Fuel 
Element Program is called the Furnace Capsule test . In this test , fission 
product leakage can be continuously measured while a specimen is under 
low level irradiation. Specimen temperatures are controlled by an electric 
heater. Furnace Capsule SPF-3 containing an FA-22 specim.en had been 
started during the previous quarter while using the off-gas train now in use 
on Capsule SP-5 . A new off-gas train for Furnace Capsule operation was 
constructed during this quarter. Additional data from. Capsule SPF-3 will 
be obtained during the next quarter. 

4 .1 Data for Alumina Coated UO Fueled Specimen {FA-22). 

The FA-22 specimens in Capsule SP-5 were fueled with alumina 
coated TJ02 particles from, batch 4E (see Table 2-1) which were m.ade by 
Battelle. The particles were incorporated in graphite by the National Carbon 
Co. After mixing, molding and baking, no further treatment was given to 
the spheres. No attem^pt was made to minimize or remove molding bands 
in order not to disrupt the fuel particle coatings. Pre-irradiat ion evaluation 
of these spheres was described in the previous Quarterly Report (5). 
Briefly, an alpha assay of the as-fabricated particles from batch 4E in~ , 
dicated a uranium, contamination on the particle surfaces of about 3 x 10~ % 
of the total uranium in the part icles. An alpha assay of the surface of the 
FA-22 (47IE) specim.en selected for the sweep compMtm.ent of SP-5 in­
dicated a urainium concentration at the surface of 10* % of the uranium in 
the sphere. 

On July 25, i960, the eighth cycle of Capsule SP-5 irradiation in the 
BRR was concluded. At an average irradiation time of 10-1/2 full power 
days per cycle, the radiation exposure to FA-22 (471E| at this point was 
3000 KWH. This ^>osu re is equivalent to 21, 600 MWD/metric ton of 
uranium., 1.3 x 10 fissions/cc of specimen volume, or 3.3 a/o of U 235 
atoms fissioned. During this quarter, nine sam.ples of the off-gas streaasi 
from. specim.en FA-22 (4T1E) were taken and analyzed for fission products. 
Data were obtained for 5 long-lived fission product gases: Kr 85m, Kr 87, 
Kr 88, Xe 133 and Xe 135, Occasionally, one or more of these isotopes 
would be below the lim.its.af sensitivity. Leakage factors (R/B) were cal­
culated for each isotope by dividing the Kieasured leakage rate by the equil-
iljsrittm production rate for that isotope. 

All data including three gas sajmples taken prior to this quarter are 
plotted in Figure 4-1 as R/B vs . exposure. Variations in specim.en surface 
temLperature are also shown in this figure. It can be noted that from the 
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38th day to the 72nd day no data is shown. During this period, certain 
revisions relating to the general operation and safety features of the gas 
train were performed. Although there was no heilnnx flow through the 
capsule, it remained under full power irradiation while the gas train was 
being modified. Several of the Kr 87 data points are not shown in Figure 
4 - 1 , ( i . e . from about the 20th to the 40th day) since the Kr 87 leakage 
factors a t these points were below the limit of detection which is estimated 
to be 10 . Occasionally, several Kr 88 readings were not obtained since 
the gamma peak used to identify Kr 88 was masked by high activity from 
other isotopes. The two sets of data points shown at the 83rd day are for 
two successive gas saumples which were taken to check reproducibility. 

Leakage factors for five other fission products were measured in a 
special experiment performed during this quarter . These fission products 
included three short-lived isotopes (3. 2m Kr 89, 16s Xe 140, 1.7s Xe 141), 
8d I 131 and 2lh I 133. These isotopes are not normally measured in the 
off-gas train located above the pool since their half-life is so short, several 
of their non. volatile daughters are only beta emitters, and/or the amiotint of 
plateout in the piping leading to the analytical t rap is unknown. Consequently 
a special non-volatile fission product t rap was used to obtain these data 
points. This trap consisted of a stainless steel container 2-1/2 " OD filled 
with layers of stainless steel m,esh to a length of 40 inches. The trap was 
located in the BRR pool near the sweep helium outlet connection on Capsule 
SP-5 . Transit time from the Capsule to the t rap was 2 seconds and the 
residence tim.e in the t rap of the helixmi containing fission products was 90 
seconds during which timie non-volatile fission products and iodine deposit 
on the stainless steel mesh. In normal capsule operation, helium flow by­
passes the non-volatiles t rap. 

On the 30th day of Capsule SP-5 operation, helium flow was diverted 
through this trap for a 48 hour period. The trap was then dismantled and 
subjected to a radiochemical analysis. Sr 89, Ba 140, Ce 141, I 131, I 133, 
Te 132 and Cs 137 were detected in the t rap . Quantitative data was obtained 
for the first five Isotopes. 

Isotope concentrations were measured as a function of pad position in 
the t rap . A few spot checks showed that less than 2% of the Sr 89, Ba 140 
and Ce 141 were on the walls of the trap so that wall effects were neglected. 
The relative pad activities as a function of travel time through the t rap were 
plotted in Figure 4-2 (Sr 89, Ba 140, Ce 141) and Figure 4-3 (I 131 and 
I 133). 
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If it is assumed that non-volatile daughter products deposit on the 
stainless steel mesh immediately upon the decay of its volatile parent 
isotope, then the concentration of the non-volatile daughter product through 
the trap should be a function of the half-life of the gaseous precursor . 
These predicted deposition curves are also shown in Figure 4-2. As can 
be noted, there is excellent agreement between the theoretical curves and 
the actual data. Essentially all of the Ba 140 and Ce 141 was deposited in 
the t rap . Only about 30% of the Sr 89 was deposited in the trap with the 
remainder passing out of the trap as undecayed Kr 89, There is prac­
tically no decay of the I 131 and I 133 during their passage through the t rap. 
The assumption of a constant removal efficiency per inch of trap would 
explain the exponential nature of the iodine curves seen in Figure 4 -3 . 
Essentially all of the iodines are removed by the t rap . The leakage factors 
summarized in Table 4-2 are based on these data. These leakage factors 
are of the same order of magnitude as for the other isotopes shown in 
Figure 4-1 at the 30th day. 

TABLE 4-2 

Summary of Non-Volatiles Trap Data for Specimen FA-22(47IE) 
in Capsule SF-5 

Trapped Species ___»._„_ Precursor 
Isotope Half- Life Isotope Half-Life Leakage Factor 

Sr 89 54 day Kr 89 3.2 min. 3.0 x 10"!J 
Ba 140 12.8 day Xe 140 16 sec. 1 ,1x10"^ 
Ce 141 32 day Xe 141 1.7 sec. 1 . 3 x l 0 " J 
1131 8.05 day ~ — 1 . 2 x 1 0 ' ^ 
1133 20.8 day 1.4 x l O " 

Several interpretations can be made concerning the data shown in 
Figure 4-1 and Table 4-2 . 

1. During the early part of the irradiation, no significant dependence 
of leakage factor on isotope half-life can be noted. If the measured leak­
age had been due to a diffusion mechanism through the alumina coatings on 
the UO2 particles, lower leakage rates for the short-lived isotopes should 
have been found because of the more rapid decay rate of these isotopes to 
non-volatile daughters during diffusion. Since this does not appear to be 
the case, it strongly suggests that the "leakage" being measured actually 
ar ises from slight amounts of uranium contamination external to the 
alumina coatings. The existence of some cracked coatings can be com­
pletely discounted except to note that the complete release of any isotope 
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from, only one of the, 500, 000 particles in the specim.en would correspond 
to an R/B of 2 x lO" . 

2. Somte evidence of leakage factors being dependent on tem.perature 
can be noted during the early part of the irradiation. One explanation could 
be the effect of tem.perature on diffusion through the graphite matrix. 

3. The significant leakage factors found for the iodine isotopes in ­
dicate that all leakage factors for the xenons must include contributions 
from, the direct leakage of xenon as well as from, iodine which leaked from 
the specim.en,deposited on a convenient surface, and subsequently decayed 
to xenon. 

4. During the latter part of the irradiation, an increase in leakage 
factor for Xe 133 and Kr 85m is noted in relation to the leakage factors for 
the relatively shorter-lived Kr 87 and Kr 88. This spectrum of leakage 
factors could be indicative of m.easurable diffusion through the alum.ina 
coatings starting to occur. This could be due to either a saturation effect 
in the alum.ina or else neutron dam.age has begun to affect the permieability 
of the alumina. Data from, the next non-^volatile trap which is scheduled to 
be operated during the next quarter should add further to the evaluation of 
this point. 
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4 . 2 Data for Si-SiC Coated Specimen (FA*23). 

The FA-23 specim.ens in Capsule SF-»5 consis t of a fueled graphi te 
sphere 1-1/4" in disraieter surrounded by an unfueled graphite shel l 1/8" 
thick. The outer surface of this sphere is coated with a . 0 0 3 " thick layer 
of si l iconized sil icon carbide (Si-SiC). 

As descr ibed in the las t Quar te r ly Report (5), the fission product 
r e l ea se r a t e s from this specim.en were found to be ex t remely low during 
the f irs t two cycles of operat ion. However, as the specimiens were brought 
up to power at the beginning of the th i rd cycle , a sha rp r i s e in fission 
product r e l e a s e was noted. A s u m m a r y of the long-l ived volat i le f ission 
product r e l e a se data i s given in Table 4 - 3 . 

TABLE 4-3 

Sixmmary of Long-Lived Volatile Fissiog. Produc t Release 
Data from Specimen FA-23(E8-7) in Capsule S P - 5 . 

Saniple Days of 
No. I r r ad ia t ion 

1 11 

4 21 
5 21 
6 21 
7 32 

(a) Sample collected over 22 hour per iod ( ra ther than2 hour period) 
because of low r e l e a s e r a t e . 

(b) These species decayed out during long cooling per iod necess i ta ted 
by high activi ty in this s ample . 

Sample No. 4 was taken just after Capsule S F - 5 was brought up to 
power for the th i rd cyc le . Jus t p r io r to s t a r tup , gas flow throught the com-
partm.ent containing the FA-23(E8-7) spec imen showed no evidence ®f high 
fission product l eakage . It i s t he re fo re a s sumed that whatever the type oi 
coating failure which caused the l a rge i n c r e a s e in leakage factor , it was 
associa ted with the i n c r e a s e in in te rna l temiperature gradient a s the s p e c i ­
m e n came up to power . The exact na ture of the coating fai lure wil l not be 
known until Capsule S F - 5 is opened in the Hot Cell for examinat ion. 

E / B , (Rate of R e l e a s e / R a t e of Production) 
Kr'"8gm K r U Kr 88 "Xe 133 Xe""l35 

Nil Nil Nil Nil Nil 
Nil _ Nil Nil Nil „ Nil 

2 .6x10"^ Nil 1.5x10"^ 5.7x10""^ 1.5x10"^ 
(b) (b) (b) 7 . 9 x 1 0 - ; (b) 

6.6x10*1 2 .0x10"* 1.7x10*4 3.OxlO"^ 1 . I x l O ' * 
3 . 8 x 1 0 ' ^ 1,2x10*^ 6.6x10* 6.3x10"^ 9.3x10" 
3.8x10 1.3x10 2.0x10 5.2x10*" l .OxlO" 
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No further gas samples were taken for the purpose of m.easuring long-
lived fission product re lease . The helium, inlet and outlet valves for the 
FA-23(E8-7) specim.en were shut off. During the day of irradiation when 
the large increase in fission activity was first noticed, a non-volatile 
fission product trap was put on-stream. for a two hour period. The pro­
cedures used were similar to those used for the non-volatiles t rap experi­
ment with the FA-22 specim.en described in Section 4-1 except that the 
helium transit time through the t rap was 125 seconds. 

Due to the long delay tim.e betweem. sampling and the radiochem.ical 
analysis, no iodine activity was found. Isotopes which were detected in­
clude Sr 89, Ba 140, Ce 141 and Cs 137. Plots of isotope concentration 
as a function of travel time through the trap again showed excellent agree­
ment with the theoretical prediction based on the half-lives of the volatile 
precursors . The leakage factors shown in Table 4-4 were calculated from 
these data. 

TABLE 4-4 

Sumro.ary of Short-Lived Volatile Fission Product Release 
Data from Specimen FA-23(E8-7) in Capsule SF-5 . 

Note: Saaaiple taken during 21st day of irradiation 

Trap 
Species 

Cs 137 
Sr 89 
Ba 140 
Ce 141 

The leakage factors in Table 4-4 are in rather good agreeraent with 
the long-lived fission product leakage factors on the 21st day shown in Table 
4«3. A trend to sm.aUer leakage factors with shorter half-life can be noted 
in Table 4-4. This indicates som.e sort of delay in the escape of these 
fission products which causes a greater fraction of the shorter-lived fission 
products to decay within the sphere thus preventing further escape of their 
non-volatile daughters. If it is assumed that there is a fault in only the 
Si-SiC coating in this specim.en, then the 1/8" unfueled graphite shell on 
this specimen could be the prim.ary diffusion bar r ie r which is retarding 
the escape of the shorter-lived volatile fission products. 

Species 

Xe 137 
Kr 89 
Xe 140 
Xe 141 

Precursor 
Half-Life 

3. 9 lain. 
3. 2 m.in. 
16 sec. 
1,7 sec. 

R/B 

4.0x10*^^ 
7.2x10" 
3.4x10'"^ 
4.6x10" 
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5.0 Natural Graphite 

An inherent characteristic of the Pebble Bed Reactor concept is the 
fixed 39% voidage in the ball bed region. One method 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 posts . 
This increases the amount of carbon in the core but at the same time 
decreases the amount of heat transfer surface in the core. Another 
method of increasing the amount of carbon moderator is to increase the 
graphite density of the fueled spheres. 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 necessary 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/ec 
graphite spheres were used with no fixed graphite posts, thus increasing 
the thermal capacity by about 33% for the same total core size. 

The general method of achieving high density graphite is by successive 
carbonaceous reimpregnations and regrapMtisations 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 starting materials which can be 
molded and baked to directly form a high density graphite body in only one 
step. One such material is natural graphite powder. 

An exploratory program on the fabrication of graphite bodies using 
natural graphite as the filler material was continued at the Battelle 
Memorial Institute during this quarter . Densities in excess of 2.0 g/cc 
had been achieved using natural graphite powder with no binder. However, 
these bodies had little strength. One of the major objectives of the program 
was to determine whether suitable strength characteristics could be 
achieved by the addition of a binder without a serious decrease in density. 
During this quarter, a variety of natural graphites,,biiidersj and binder 
contents were explored. 

Three types of purified natural graphite powder were obtained from 
the Charles Pettinos Graphite Corp. as described in Table 5 -1 . 
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TABLE 5-1 

Natural Graphite Mater ia l s 

Grade No. Impur i t ies P a r t i c l e Size 
138 Mexican, amorphous 0,9% 99%, -325 mesh 

6387 Madagascar , c rys ta l l ine 0 . 1 % 100%, - 200 mesh , avg. 
(B < 1 ppm) par t i c le s ize , '^ 10. 6 JA 

6405 Madagascar , c rys ta l l ine 0 . 1 % 0.03%, +100 mesh 
2 ,03%, -100, +200 mesh 
17.98%, -200, +325 mes 
79.96%, -325 m e s h . 

A s e r i e s of 1/2" x 1/2" cyl indr ical pe l le ts were p r e p a r e d using the 
th ree types of na tura l graphite shown in Table 5 - 1 . Four types of binder 
were used, including two types of phenolic r e s in , a coal t a r pitch, and 
furfural alcohol . Binder content ranged from 0 to 40 gms per 100 gms of 
natural graphi te . After mixing, the pel le ts were cold p r e s s e d , cured at 
400*F, prebaked in vacuum at ISOO^F, and finally baked at 2500 "F in a rgon . 
Density measu remen t s were taken at each s tage of fabricat ion and crushing 
s t rengths of the finished pel le ts were m e a s u r e d . A sunamary of the r e su l t s 
i s given in Table 5 -2 . 

Several t rends can be noted in Table 5-2 . Lower densi t ies r e s u l t 
with a high binder content . .Lowest densi t ies resu l ted with coal t a r pi tch 
b inder . The s t rengths of the r e s i n bound pel le ts were general ly higher 
than for the pitch bound pe l l e t s . F o r compar i son pu rpose s , two 1/2" x 
1/2" cy l inders were machined from AGOT graphi te of 1,70 g /cc densi ty . 
The compress ive s t rengths for these p ieces w e r e found to be 3,139 ps i 
and 3,445 p s i . 

The highest densi t ies were achieved with the 6405 and 638? gxsgMt&^a 
with the lower BV1600 binder contents . Consequently an additional s e r i e s 
of pe l le ts were p r e p a r e d to explore this range in somewhat more de ta i l . 
The use of the rmax carbon black was a lso invest igated using the same 
fabricat ion and t e s t p rocedure s used for the pel le ts in Table 5 -2 . The 
re su l t s a r e shown in Table 5 - 3 . 
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TABLE 5-2 

Density and Strength of Natural Grai?hite Pellets (1st Series) 

Graphite . . 
Composition 

6387-none 
6387-BV1600 
6387-BV1600 
6387-BV1600 
6387-pitch 
6387-pitch 
6387-pitch 
6387-79L 
6387-79L 
6387-FA 

6405-none 
6405-BY1600 
6405-BV1600 
6405-BV1600 
6405-pitch 
640S-pitch 
640 5-pitch 

138-none 
138-BV1600 
138-BV1600 
138-BV1600 
138-pitch 
138-pitch 
138-pitch 
i38-79L 
138-79L 
138-FA 

G m s . binder 
p e r 100 gms 
of fil ler 

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 

Green 
Density, 
g /cc i^^ 

2.14 
2.00 
1.66 
1.74 
1.87 
1.86 
1.81 
1.91 
1.78 
1.72 

2.03^^^ 
2 .02 
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 

Baked 
Density, 
R/CC (^) 

1.95(b) 
1.92 
1.55 
1.77 
1.60 
1.49 
1.45 
1.85 
1.67 
1,68 

2.06 
2 .02 
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 

Compress ive 
Strength 
ps i (c) 

i,ooo(«^) 
5,000 
4,700 
5,200 
3,900 
3,200 
2,700 
3,800 
2,500 
2,600 

1,900 
2,900 
3,400 
3,400 
2,400 
3,300 
3,000 

2,400 
4,800 
5,200 
5,300 
3,500 
4,900 
5,100 
1,600 
2, 100 

600 

(a) The first part designates the type of natural graphite described 
in Table 5 -1 . The second part designates the binder material 
as follows: BV1600: Bakelite phenolic resin; 79L: phenolic 
resin supplied by Old Ironsides Co; pitch: Barret t No. 2 
medium hard pitch; FA: furfural alcohol. 

(b) Average of 3 samples. 
(c) Average of 2 samples. 
(d) One sample tested. 
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TABLE 5-3 

Density and Strength of Natural Graphi te Pe l l e t s (2nd Ser ies ) 

Graphite 
Composition ^^' 

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 

G m s . binder 
p e r 100 
of fi l ler 

0 
5 

10 
15 

0 
5 

10 
15 

20 
35 
40 
35 

gms 
Green 
Density 
g/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/ccC^) 

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 ive 
Strength, 

f-^""^. 
1, 000(d) 
1,800 
4,800 
3,300 

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

2,200 
2,700 
2,500 
2,200 

(a) Designations a r e same as used in Table 5-2 except that - lOT 
and 20T designate 10% and 20% the rmax carbon black added to 
f i l le r . 

(b) Average of 3 s a m p l e s , 
(c) Average of 2 saBpiples. 
(d) One specimen tes ted . 

As can be noted in Table 5 -3 , the re has been some d e c r e a s e in 
s t rength below the values shown in Table 5-2 for the higher binder contents . 
Maximum st rengths in the lower binder content range appear to be at 
10 p a r t s binder with the 6387 graphite and 5 p a r t s binder with the 6405 
graphi te . Additions of the the rmax carbon black had l i t t le effect on the 
s t rength but did dec rease the final densi ty . 

During the next qua r t e r , i t i s planned to p r e p a r e some 1 1/2" sphe res 
using the 6387 and 6405 graphi t ies with 5 and 10 p a r t s binder so that the 
impact s t rength, compres s ive s t rength, and abras ion r e s i s t ance of these 
m a t e r i a l s can be de te rmined . 
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6.0 In-Pile Loop 

The design and construction of an in-pile loop to study the 
behaviour of fission products escaping from a PBR fuel element was 
continued during this quarter under a subcontract to the Nuclear Science 
and Engineering Corp. The purposes of this loop are to study the 
equilibrium activity levels in a recycle helium stream; methods of 
lowering gas stream activity level; the amount, location, and nature 
of deposited fission products; and methods of decontaminating equipment 
surfaces. In addition to testing low-release PBR fuel element specimens, 
aiSBtuncoated uranium,-graphite specimen will be tested to simulate problems 
of a "dirty" primary loop. 

The in-pile portion of the loop will be inserted in experimental hole 
W-11 of the Brookhaven Graphite Reactor with the blowers, heat exchangers, 
sampling stations, etc. located on the adjacent floor space. Design 
characteristics of the loop are as follows: 

Circulating Fluid 
Operating Pressure 
Flow Rate 
Max. Helium Temp. 
Min. Helium Temp. 
Max. Specimen Temp. 
Max. Specimen Power 

Helium 
14 psia 
8 scfm 
1250*F 
250''F 
1800*F 
0.25 KW 

Two major variables, the system pressure and the specimen power, 
have been selected with a view to minimizing the cost of the loop. The 
use of sub-atmospheric pressure eliminates the need for double 
containment while the modest power level in the specimen will provide 
measurable activity yet minimize the gas flow requirements and shielding 
costs . 

Figure 6-1 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 is designed for easy 
replacement of the tube coil so that deposition on the tube surface as a 
function of temperature can be studied. An intermediate Dowtherm loop, 
which transports heat from this exchanger to a water-cooled sink, has been 
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included to pe rmi t adequate control of the helium outlet t e m p e r a t u r e . The 
helium next p a s s e s through a remiovable 550°F tes t section and a p recoo le r 
to lower the t empera tu re to 250"F which enables the use of an economical 
low t empe ra tu r e b lower . Before enter ing the blower, provis ion is made 
for in- l ine or bypass operat ion of an analyt ical t r a in which will gather 
data on fission product r e l e a se ra te and activi ty levels in the gas s t r e a m . 

Two Dexter-Conde posit ive displacement b lowers a r e provided, 
although only one is r equ i red for normal opera t ion. Each blower and i t s 
drive motor a r e mounted in a canned enclosure to provide a zero 
leakage sy s t em. Flow var ia t ion is achieved by powering the dr ive motors 
from a var iab le frequency motor genera tor se t . A bypass charcoal t r ap 
is provided from the blower d ischarge back to the blower inlet so that 
the effect of continuous gas decontamination can be studied. After leaving 
the blower, the helium t empera tu re is r a i s e d to 1200"F by an e lec t r i ca l 
r e s i s t ance hea te r and then en te r s the in-pi le sec t ion . 

The in-pi le section is designed for accommodat ion in a four inch 
square exper imenta l ho le . Co-axia l flow i s used in the in-pi le region, 
while separa ted pipes a r e poss ib le in mos t of the shield plug. A flange 
near the point where the inlet and outlet pipes become co-axia l p e r m i t s 
removal of the tes t specimen and high t empe ra tu r e p la te-out coupons. A 
vacuum jacket insulates the co-axia l section while fibrous insulation is 
used for the inlet and outlet p ipe s . The tes t specimen, a fueled 1-1/2 
inch graphite sphere , i s surrounded with por t ions of dummy spheres to 
s imulate the flow pa t t e rn in a ball bed. Two thermocouples will be 
imbedded in the t e s t specimen to pe rmi t accu ra t e t empera tu re 
m e a s u r e m e n t . 

During this qua r t e r , fabrication and subassembly of all components 
of the loop was completed and the components were shipped to BNL for 
final a s s e m b l y . The out-of-pi le por t ion of the loop was a s sembled in th ree 
sect ions at NSEC to facili tate shipment to BNL. P r i o r to inser t ion in 
the BNL reac to r , the in-pi le section will be connected to the out-of-pi le 
sect ion for p re -opera t iona l tes t ing . A(speciaJ graphite sphere containing 
a minia ture 0.25 KW e lec t r i ca l hea ter will be used to simiulate nuclear 
heat ing. This special sphere will a lso be used during the f i r s t cycle 
of operat ion so that loop compatibil i ty with BNL operat ing r equ i remen t s 
can be demons t ra ted in the absence of fission product act iv i ty . In-pile 
operat ion will commence during the next q u a r t e r . 
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The first fuel element to be irradiated in the loop will be an 
FA-22(E) specinaen fueled with alumina coated UO2 from batch 6H 
(see Table 2-1). This specimen will be otherwise similar to the FA-22 
specimens being irradiated in Capsule SP-5 except for the provision 
of two thermocouple holes in the in-pile loop specimen. During fabrication 
of these specimens, small graphite plugs were molded into the sphere. 
After baking, thermocouple holes were drilled in these plugs so that 
none of the alumina coatings on the fuel particles would be damaged. 
Pr ior to insertion in the loop, a neutron activation screening test will be 
performed on the test specimen. Data on fission product leakage rates 
and volatile fission product concentration in the helium stream will be 
obtained. It is probable that the low release rates from the FA-22 
specimen will make it difficult to obtain meaningful data on fission 
product deposition. 

The second fuel element to be irradiated in the in-pile loop will, be 
an FA-1(E) specimen fueled with uncoated UO2 shot. Leakage factors 
of the order of 10""^ are expected from this type of specimen so it should 
be possible to obtain data on the efficiency of the bypass clean-up trap and 
fission product deposition in addition to measuring leakage rates and 
volatile fission product activity levels. 
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