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FWtT-H-SR DEVELOPMENT OF GAS-PRESSURE BONDING OF ZIRCALOY-CLAD 
F L A T - P L A T E URANIUM DIOXIDE FUEL ELEMENTS 

by 

Stan J . Paprock i , Edwin S. Hodge, Edwin H. Layer , Edwin G. Wintucky, 
Paul J . Gr ipshover , and Donald C. Carmichae l 

The effects of core barrier coatings, void spaces, and surface-cleaning 

techniques on the quality of Zircaloy-clad flat-plate U0>^ fuel elements prepared by 

gas-pressure bonding were investigated in a continuation of the development pro­

gram reported in RMI-1374. 

Techniques were developed for the application of barrier layers of chro­

mium by a vapor-deposition proces'i and of crystalline carbon by a pyrolytic proc­

ess. These coatings, together with a graphite coating developed previously, were 

then evaluated in pressure-bonded fuel elements for their effectiveness in pre­

venting core-to-cladding reaction and for their general production feasibility. 

Crystalline carbon coatings 15 to 10 pin. thick and chromium coatings 25 to 40 

p. in. thick were determined to be satisfactory. 

In the study of the flow of cladding-plate material into void spaces in the 

picture-frame assembly, it was established that excessive flow, and consequent 

thinning of the cladding, can be minimized by individually compartmentalizing the 

cores with Zircalov ribs. This design also results in maximum restriction of the 

effects of a cladding failure in service. Quantitative data on the maximum amount 

of void space resulting from manufacturing tolerances or from chipped fuel cores 

that is tolerable in elements of this design were obtained. 

Studies of surface-cleaning techniques were limited to refinement oj pro­

cedures established previously. It was found that a final multistep rinsing cycle 

,esuited in bonds consistently free of evidence of contamination. 

I N T R O D U C T I O N 

Prev ious s tud ies ( l , A of the g a s - p r e s s u r e - b o n d i n g p r o c e s s for producing p l a t e -
type uranium dioxide fuel e lements clad with Zircaioy(^~5) showed that this method has 
cons iderable p r o m i s e . The genera l techniques for p repar ing fuel e lements of this type 
were developed in this e a r l i e r work. It was found that sa t i s fac tory fuel e lements could 
be p r epa red by this method, but that the re were cer ta in difficulties which needed to be 
c o r r e c t e d before the p r o c e s s could be cons idered suitable for the routine production of 
p la te - type fuel e lements : 

(1) At bonding t e m p e r a t u r e s , a reac t ion occurs between UO2 and Zirca loy which 
r e su l t s in poor co r ros ion behavior of the fuel e l emen t s . (̂ » 6) it is essen t ia l 
to coat the UO2 with some m a t e r i a l which prevents this reac t ion and which 
itself does not r eac t de t r imenta l ly with the Zi rca loy . It was found in the 
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e a r l i e r work that , under some condit ions, sp rayed graphi te coatings p r e ­
vented the reac t ion sa t i s fac tor i ly , but the r e s u l t s obtained with sprayed 
graphi te coats were incons is ten t . F u r t h e r m o r e , it was shown that the 
graphi te can be rubbed f rom the co re s and contaminate the Zi rca loy sur faces 
to such an extent that sa t i s fac tory Z i r c a l o y - t o - Z i r c a l o y bonds a r e not 
obtained. F o r these r e a s o n s , improved b a r r i e r coating m a t e r i a l s were r e ­
quired. In the p r e sen t study, two types of b a r r i e r coats w e r e invest igated: 
coatings of pyrolyt ic carbon formed by the cracking of hydrocarbon gases at 
e levated t e m p e r a t u r e s and coat ings of c h r o m i u m deposi ted by evaporat ion. 
P r e v i o u s work had shown the efficacy of the ch romium coats p r e p a r e d by 
e lec t ropla t ing , but e lec t ropla t ing was cons idered an uneconomical method 
and was not invest igated fur ther . 

(.2) Because of the d imensional t o l e r ances of the components , some void spaces 
in the p i c t u r e - f r a m e a s semb ly will exist init ially in the bonding cycle . These 
voids must be filled by deformat ion of the cladding components of the fuel 
e lement . This some t imes leads to e x t r e m e deformation and even to rup ture 
of the cladding. An objective of the p r e sen t p r o g r a m was the de te rmina t ion 
of the conditions under which excess ive deformat ion occur s and the deve lop­
ment of p r a c t i c a l methods to prevent i t . In this work, the effects of d imen­
sional t o l e rances and of co re chipping were studied and re la ted to the design 
of the fuel e l ement . 

(3) Occasional difficulties a r o s e in the prev ious s tudies in producing sa t i s fac tory 
Z i r c a l o y - t o - Z i r c a l o y bonds that could not be a t t r ibu ted to contaminat ion by 
the b a r r i e r coating. F u r t h e r invest igat ion of the surface cleaning of Zi rca loy 
p r i o r to bonding was under taken in the p r e s e n t p r o g r a m in an a t tempt to 
e l iminate such incons i s t ences . 

COATING OF URANIUM DIOXIDE CORES 

Coatings of pyrolyt ic carbon, vacuum-evapora ted ch romium, and sprayed graphi te 
were applied to u ran ium dioxide c o r e s to evaluate the i r effect iveness in prevent ing 
react ion and the i r effect, if any, on the Z i r c a l o y - t o - Z i r c a l o y bonding in p r e s s u r e -
bonded fuel e l e m e n t s . Sat isfactory techniques for coating uran ium dioxide c o r e s with 
c rys ta l l ine carbon by a pyrolyt ic p r o c e s s and with c h r o m i u m by vacuum evaporat ion 
were developed. These p r o c e s s e s will be d i scus sed in detai l in a l a t e r sect ion. The 
applicat ion of a c h r o m i u m coating by reduct ion of a dipped chromous iodide film was 
a lso studied in this p r o g r a m . In the p r o c e s s developed, the c o r e s were dipped into a 
bath of l iquid chromous iodide contained in a r eac t ion chamber and then r emoved f rom 
the bath into an a t m o s p h e r e of hydrogen, which reduced the dipped fi lms to c h r o m i u m . 
Since this p r o c e s s did not appear to be as economical or as fully developed for coating 
as vacuum evaporat ion of ch romium, it was not used to p r e p a r e co re s for evaluat ion in 
p r e s s u r e - b o n d e d e l e m e n t s . 

Graphi te coatings were sprayed onto the c o r e s accord ing to p r o c e d u r e s developed 
in the prev ious p r o g r a m . (2) Aquadag, a suspension of graphi te in wa te r , was sprayed 
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onto the UO^ cores which were p rehea ted to approximate ly 150 F . The feed was ad­
justed so that 5 to 6 mg of graphi te was applied per in. 2 of core surface by making 
th ree to five p a s s e s per side with the spray gun. The coated co res were outgassed at 
7 50 F in vacuum to remove al l volat i les f rom the graphite coatings and were then buffed 
to a high lus t e r by rubbing them f i rmly with a soft cloth, which removed approximately 
0. 5 mg of the graphite coating per in. ^ of core sur face . The buffing t r ea tment has been 
found to d e c r e a s e the amount of dusting and flaking of the coatings that r e su l t s in con­
taminat ion of bonds; however , it was difficult to a s semble UO2 cores into the Zircaloy 
r ecep tac l e s without producing some contamination of the bonding su r faces . As a r e su l t , 
it was the intent of this study to develop a m o r e suitable coating than the sprayed and 
buffed graphi te . 

Development of the Vacuum-Evapora t ion P r o c e s s for Coating 
Uranium Dioxide Cores With Chromium 

The applicat ion of thin coatings of ch romium onto uranium dioxide co res by the 
p r o c e s s of vacuum evaporat ion, or vacuum meta l l iz ing , was studied to at tempt to 
develop a coating which would be a sa t i s fac tory b a r r i e r to core- to-c ladding react ion 
during g a s - p r e s s u r e bonding and which would not have an adverse effect on the quality 
of the bonding obtained between the Zircaloy components of the fuel e l emen t s . In this 
p r o c e s s , pure chromium is evaporated in vacuo from an e lec t r ica l ly heated molybdenum 
or tungsten boat, and condenses on the sur faces of the cooler , suitably posit ioned 
uran ium dioxide c o r e s . This coating technique was investigated because exper iments 
in a previous program(2) using e lec t rop la ted ch romium coatings on the UO^ cores had 
indicated that chromium was a suitable b a r r i e r m a t e r i a l . It was anticipated that 
vacuum evaporat ion, which is used commerc i a l l y for inexpensively coating e lec t ron ic 
components and novelt ies with very thin me ta l f i lms, would be more economical than 
e lec t ropla t ing if ch romium coatings of sufficient th ickness could be applied economical ly . 
C o m m e r c i a l appl icat ions of this p r o c e s s have normal ly requ i red only very thin f i lms , 
of the o rde r of 1 pin. thick, which were not expected to be a sufficient b a r r i e r in these 
fuel e l e m e n t s . The e lec t ropla ted coatings which had been studied were approximate ly 
500 /iin. thick, and since it would probably not be p rac t i ca l to vacuum evaporate coatingf 
to-this th ickness , it was n e c e s s a r y to de t e rmine if thinner evaporated coatings would be 
sa t i s fac tory b a r r i e r s to co re - to -c l add ing reac t ion . It was expected that the pure 
ch romium coatings would not, by thei r na tu re , have any de le ter ious effect on the 
Z i r ca loy - to -Z i r ca loy bonding in the p r e s s u r e - b o n d e d fuel e l emen t s . 

In the invest igat ion of the vacuum-evapora t ion p r o c e s s , therefore , it was n e c e s ­
sa ry to develop p r o c e d u r e s for applying compara t ive ly thick coatings of ch romium 
which were adherent and nonporous d i rec t ly onto the uranium dioxide c o r e s . A method 
for rotat ing the co re s during the coating p r o c e s s had to be developed, since vacuum 
evaporat ion r e su l t s in s t ra igh t - l ine deposit ion of the coating ma te r i a l onto those s u r ­
faces of the p ieces to be coated which a r e facing the source of the evaporat ing me ta l . 
It was a lso des i r ed to de te rmine from g a s - p r e s s u r e - b o n d i n g studies the min imum 
th ickness of ch romium which would sa t i s fac tor i ly minimize core - to -c ladd ing react ion 
and to es tab l i sh that the coating had no effect on the Z i r ca loy - to -Z i r ca loy bonding in 
p r e s s u r e - b o n d e d fuel e l emen t s . In this study the coatings of ch romium applied to 
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U02 co re s under va r ious conditions were subjected to p r e l i m i n a r y evaluation to d e t e r ­
mine the i r th ickness and adherency . The r e su l t s a r e d i scussed in this sect ion of the 
r epo r t . The conditions which yielded coatings that were sa t i s fac tory based on the 
p r e l im ina ry evaluat ions were employed to apply coatings in s eve ra l th ickness ranges to 
a l a r g e number of co re s which were then g a s - p r e s s u r e bonded in fuel e l emen t s . The 
coatings w e r e then evaluated on the bas i s of the i r behavior in the bonded e l emen t s . 

Mate r ia l s and Equipment 

An 18-in, b e l l - j a r vacuum chamber with a forepump and an oil-diffusion pump 
capable of at taining an ul t imate p r e s s u r e of 1 x 10~5 m m of m e r c u r y in the chamber 
was used in the vacuum-evapora t ion p r o c e s s and is shown in F igu re 1. 

The source m a t e r i a l for evaporat ion was pure c h r o m i u m purchased from the 
Chromalloy Corpora t ion . L e s s than 28 ppm of gaseous and meta l l i c impur i t i e s was 
detected by the vendor ' s chemica l ana lys i s of the ch romium. Because ch romium tends 
to subl ime r a the r than mel t , an important factor in the evaporat ion of ch romium is the 
t he rma l contact between it and the boat . Adequate t h e r m a l contact was at tained by 
crushing the c h r o m i u m into fine p ieces 1 m m or l e s s in d i a m e t e r . 

Molybdenum was usually employed in this p r o g r a m for the fi lament h e a t e r , or 
boat, for the evapora t ion of c h r o m i u m . The molybdenum was avai lable in sheet form 
which was mal leab le at r oom t e m p e r a t u r e and could be cut with s h e a r s ; t he re fo re , boats 
of a lmost any des i r ed shape and s ize were eas i ly formed. A molybdenum boat normal ly 
las ted for t h r e e to six evapora t ions before fai lure o c c u r r e d due to alloying with the 
ch romium. 

The d imensions of the molybdenum boats used were va r i ed . The most sa t i s fac tory 
ones were cut f rom 0 .010- in . - thick sheet and were about 4 - 1 / 2 in. long and 1 in, wide 
in o v e r - a l l d imens ions . The dep res s ion in the boat to hold the ch romium was app rox i ­
mately 1-1/2 in. long and 1.4 in. wide with 1/8-in. -high s ides . Up to 2 g of finely 
c rushed ch romium, an amount found to yield a coating approximate ly 40 /iin. thick with 
a s o u r c e - t o - s u b s t r a t e separa t ion of 18 cm, could be evapora ted f rom a boat of this d e ­
sign. Good e l ec t r i ca l contact was made by clamping the boat leads lightly to heavy 
copper e l e c t r o d e s , which were capable of ca r ry ing a cu r r en t of 100 amip. A boat charged 
with c h r o m i u m and clamped between the e l ec t rodes is shown beneath the jig holding the 
co res to be coated in F igure 2. The boats were outgassed p r i o r to loading with the 
ch romium cha rge . Outgassing was c a r r i e d out at a p r e s s u r e of about 50 /i, while r a i s ing 
the boats to the t e m p e r a t u r e at which the c h r o m i u m would be evapora ted . 

Because of the compara t ive ly l a rge amounts of c h r o m i u m to be evapora ted , the 
evaporat ion timie often exceeded 1/2 h r . During this t ime , much heat was rad ia ted by 
the f i lament hea te r with the consequent heating of the g lass bel l j a r and other components 
in the sy s t em. To prevent the bel l j a r f rom overheat ing, a 5- in. -high shield made f rom 
0 .010- in . - thick molybdenum sheet was e r ec t ed around the source to in tercept the r a d i ­
ated hea t . 

As d i scussed above, it was n e c e s s a r y for economy to develop equipment which 
would ro ta te the c o r e s in suitable posi t ion in the b e l l - j a r chamber during the evapora t ion 
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FIGURE 1. APPARATUS USED FOR COATING URANIUM DIOXIDE CORES WITH 
CHROMIUM BY VACUUM EVAPORATION 
The be l l - j a r chamber is in the r a i s ed posi t ion. 
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FIGURE 2. JIG USED TO INDIVIDUALLY MOUNT AND ROTATE THE UO2 CORES 
DURING VACUUM EVAPORATION OF CHROMIUM COATINGS ONTO 
THE CORES 

The jig pe rmi t t ed 24 co re s to be coated on four s ides during a single 
evaporat ion. The chromium charge to be evaporated is shown b e ­
neath the c o r e s in a molybdenum boat c lamped between the e l ec t rodes . 
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in o rde r that more than one side of the co re s could be coated during one operat ion. The 
jig shown in F igu re 2 was cons t ruc ted in which 24 cores could be individually mounted 
and rota ted so as to pe rmi t four s ides of each core to be coated in a single evaporat ion. 
The jig was dr iven by a va r i ab l e - speed e l ec t r i c motor located outside the vacuum 
chamber . The UO2 cores were individually held in the jig by frictional force . Rota ­
tional motion was impar ted to the co re s through interlocking gears linked to a cen t ra l 
dr ive shaft. G r e a s e l e s s bea r ings were used throughout. The ends of the cores were 
coated in separa te evaporat ions by wrapping a l a rge number of co res in aluminum foil 
and suspending them in one or m o r e c lamps above the source so that only the ends were 
exposed. 

Coating P r o c e d u r e 

The ch romium charge was placed in the previously outgassed molybdenum or 
tungsten boat, and the UO2 co re s were suitably positioned, as shown in F igure 2. The 
be l l - j a r chamber was then secured in posi t ion and the sys t em was evacuated. The 
t e m p e r a t u r e of the boat was r a i s e d by r e s i s t a n c e heating until the chromium was vapor ­
izing at an apprec iab le r a t e . After the ch romium filnns had been deposited, the sys tem 
was allowed to cool for 20 to 30 min before removing the c o r e s . The coatings were 
then evaluated. 

The amount of ch romium evapora ted was used to control the th ickness . A c h r o ­
m i u m charge weighing between 1. 5 and 2 g yielded a coating between 25 and 40 /iin. 
thick on the four exposed s ides of the co re s ro ta ted in the jig with an average s o u r c e -
t o - s u b s t r a t e separa t ion of 18 cm. Since a film deposited on a s ta t ionary surface is 
approximate ly th ree t imes th icker than the film deposited on a uniformly rotating s u r ­
face located at the saine dis tance from the source , a much smal l e r chromium charge 
could be used for coating the ends of the c o r e s . A chromium charge weighing between 
0. 3 and 0. 5 g, at a s o u r c e - t o - s u b s t r a t e separa t ion of about 15 cm, was used to yield 
the same thickness of coating on the ends of the c o r e s . 

Evapora t ions were begun when the p r e s s u r e in the be l l - j a r chamber was l e s s than 
5 X 10~5 m m of m e r c u r y , and the p r e s s u r e was not allowed to r i s e above 1 x 10~4 rnm 
of m e r c u r y at any t ime during the film deposi t ion. At higher p r e s s u r e s , the coatings 
were of poor quality. If during the evaporat ion, the p r e s s u r e rose above 1 x 10"^ m m 
of m e r c u r y because of outgassing of heated components , the hea te r was turned off and 
the sys t em was allowed to cool. When the s y s t e m pumped down below 5 x 10~5 rnm of 
m e r c u r y , the evaporat ion was begun again. 

At a boat t e m p e r a t u r e of 1300 C, slight evaporat ion of the ch romium could be 
detected. Between 1500 and 1700 C, the r a t e of evaporat ion was very rapid. T e m p e r a ­
tu r e s were m e a s u r e d with an optical p y r o m e t e r . The ra te of evaporat ion was roughly 
indicated by the ra te at which a c h r o m i u m fi lm was observed to be depositing on a glass 
nnicroscope slide mounted in the sys t em and a lso by d i rec t observat ion of the chromium 
in the boat . A modera te r a t e of evaporat ion was found to be m o r e des i rab le than a high 
r a t e , because it l e s sened the reac t ion between the molybdenum and chromium and 
thereby extended the boat l ife. 



8 

Determinat ion of the Thickness of the Coatings 

The th ickness of the coatings applied was de te rmined f rom the weight i n c r e a s e 
of the co re . It was a s s u m e d that the sur faces coated were smooth and that the density 
of the ch romium film was approximate ly the same as the density of bulk ch romium. 
Samples of the data used for the weight-gain calculat ions and the range of th icknesses 
obtained in two runs a r e shown in Table 1. 

As expected for thin f i lms , the e l ec t r i c a l r e s i s t a n c e of the coatings was found to 
vary inverse ly with the th i ckness . The r e s u l t s of r e s i s t a n c e m e a s u r e m e n t s were 
sufficiently consis tent that an e m p i r i c a l curve could be plotted which approximated a 
theore t ica l curve calculated on the b a s i s of the i nve r se var ia t ion of r e s i s t a n c e with 
th ickness . These curves a r e shown in F i g u r e 3. The r e s i s t a n c e of a coating was 
m e a s u r e d between the two clip l e ads , 1 in. apa r t , of an o h m m e t e r . No e lec t rode 
te rmina t ion was used. In the th ickness range f rom 25 to 40 /iin. , the r e s i s t a n c e m e a s ­
ured in this manner va r i ed f rom about 5 to 33 o h m s . 

Tes t s for Adherency of the Coatings 

The pr inc ipa l method for judging the quality of adherence was v isual examinat ion. 
Pee l ing , flaking, or powdering were signs of nonadherence . If these signs of non-
adherency were not evident, the coating was submit ted to a ce l lu lose - tape tes t and a 
s m e a r t e s t . The cel lulose t e s t cons is ted of placing the st icky side of o rd inary ce l lu­
lose tape against the coating and then removing the t ape . If an apprec iab le amount of 
chromium was removed , the coating was cons idered to be nonadherent . If the remova l 
was only very slight, the adherence of the coating was cons idered sa t i s fac tory , since 
the tes t is a s eve re one for this appl icat ion. The s m e a r tes t cons is ted of rubbing the 
coated core on a clean, white su r face . If a dark smudge was produced, the coating was 
cons idered nonadherent . Li t t le or no smudge was cons idered to indicate adhe rence , 

• 

Resul t s of the P r e l i m i n a r y Evaluat ion of the Coatings 

The r e s u l t s of the p r e l i m i n a r y evaluat ion of the coatings showed that by using 
developed p r o c e d u r e s adheren t coat ings up to at l e a s t 100 /iin. thick could be applied to 
the sur faces of UO2 c o r e s which had been sandblasted p r i o r to coating. Thicker 
coatings w e r e not invest igated, s ince r e s u l t s f rom ini t ia l p r e s s u re -bond ing t e s t s of 
fuel e lements containing co re s with coatings 25 to 40 /iin, thick indicated that these 
coatings were adequate b a r r i e r s to co re - to -c ladd ing reac t ion . Adherent ch romium 
coatings with th icknesses in s eve ra l r anges between 5 and 100 /iin. were applied to 
sandblasted UO2 co re s to be evaluated in p r e s s u r e - b o n d e d e l emen t s to de t e rmine the 
min imum sa t i s fac tory t h i cknes s . B a s e d on the r e s u l t s of the ini t ial spec imens , mos t 
of the coatings to be evaluated in bonded e lements w e r e approximate ly 25 to 40 /iin, 
thick and were applied to sandblas ted c o r e s , A few c o r e s , however , we re coated in 
this th ickness range of 25 to 40 /iin. without being f i r s t sandblas ted , and t e s t s revealed 
the coatings to have sa t i s fac tory adhe rence , as good as those applied on the sandblasted 
c o r e s . The r e su l t s of the p r e l i m i n a r y evaluation of the th ickness and adherency of the 
vacuum-evapora ted ch romium coat ings applied to UO2 co re s to be evaluated in p r e s s u r e 
bonded fuel e lements a r e p re sen ted in Table 2. 
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TABLE 1. SAMPLES OF DATA FOR CALCULATING^*) THE THICKNESS OF VACUUM-EVAPORATED 

CHROMIUM COATINGS 

Weight of Core Plus COftttng, 

Weight of Core, g 

Weight of Coating, g 

Thickness, cm 

Thixkness, A 

Thickness, jiin. 

Weight of Core Plus Coating, 

Weight of Core, g 

Weight of Coating, g 

Thickness, cm 

Thickness, A 

Thickness, /iin. 

g 

g 

(a) The equation used for calculating 

Position 
Al(b) 

6.22690 

6.22355 

0.0035 

6 . 9 x 10-5 

6900 

27 .2 

6.19555 

6.19125 

0.00430 

10.0 X 10-5 

10.000 

34 .9 

Position 
A7 

RunCrSl 

6.28415 

6.27995 

0.00420 

8 . 6 x 10-5 

8600 

34.0 

Run Cr32 

6.27230 

6.26730 

0.00500 

11 .6 X 10-5 

11,600 

40 .5 

the thickness, in caitlmeters, is 

t - w _ 

Position 
B6 

6.32840 

6.32425 

0.00215 

8.5 X 10-5 

8500 

33.7 

6.21420 

6.20895 

0.00525 

12.2 X 10-5 

12,200 

42 .5 

Position 
B12 

6.23320 

6.22950 

0.00370 

7.6 X 10-5 

7600 

30.0 

6.22935 

6.22435 

0.00500 

1 1 . 6 x 10-5 

11.600 

40 .5 

Ad 

where W • weight of coating, 

A =« area of surface, cm " 6. 77 cm^ 

d • density of chromium, g per cm'' » 7.19 g per cm . 

(b) Positions are the locations of the cores in the jig. Positions Al and B12 were at the ends; positions A7 and B6 were at the 

center. 
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FIGURE 3. RESISTANCE VERSUS THICKNESS OF VACUUM-EVAPORATED 
CHROMIUM COATINGS ON UO2 CORES 

The r e s i s t a n c e indicated in th is figure i s the r e s i s t a n c e 
m e a s u r e d with no e lec t rode t e rmina t ion and with the cl ip 
leads of the o h m m e t e r spaced 1 in. apa r t . 
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TABLE 2. THICKNESS AND ADHERENCY OF THE VACUUM-EVAPORATED CHROMIUM COATINGS APPLIED 

TO URANIUM DIOXIDE CORES TO BE EVALUATED IN PRESSURE-BONDED FUEL ELEMENTS 

: 'ass 

Run 

Cr6 
Cr7 

CrB 
CrlO 

C r l l 
Cr l3 
Cr l4 

Cr l5 
C r l 6 
Crl7 

C t l 8 
Cr20 

Cr21 
Cr22 

Cr23 

Cr24 
Cr24 

Cr25 
Cr25 

Cr26 
Cr26 
Cr27 

Cr27 

Cr28 

Cr28 

Cr29 
Cr29 
Cr30 
Cr30 

Cr31 

Cr31 
Cr32 
Cr32 

Cr33 

Cr33 

Cr34 

Total 

Number 

Sandblasted 

15 

15 
12 

13 
17 
17 
19 

21 
22 
21 

21 

22 
21 

18 
22 

18 

— 
17 

--
11 

--
11 

--
8 

--

12 

--
13 

--
13 

--
13 

--
13 

--

__ 

405 

— 

of Cores 
As Sintered 

. . 

--
--
--
--
--
--

--
--
--

--
--
--
--
--

.-
3 

--
2 

--
10 

--
9 

--
11 

- . 
7 

--
7 

— 
7 

— 
7 

--
7 

20 

90 

Adherence 

Good 

Good 
Good 

Good 
Good 
Good 

Good 

Good 

Good 
Good 

Good 
Good 
Good 

Good 
Good 

Good 
Good 
Good 

Good 
Good 

Fair 

Good 

Good 
Good 

Good 

Good 

Good 
Good 
Fair 

Good 

Good 

Good 

Good 
Good 
Good 

Good 

Thickness, 
^ in . 

5-10 

10-15 
65-95 
45-50 

25-30 

20-25 
30-35 

30-33 
25-30 

25-28 

35-40 
40-50 
35-40 

33-38 
35-45 

25-30 
25-30 

30-35 

30-35 
35-37 

35-37 
35-40 

35-40 

30-35 

30-35 

35-40 

35-40 

30-45 
30-45 

25-35 

25-35 

35-45 

35-45 
30-35 
30-35 

25-45 

Resistance 

Range, ohms 

44-65 
32-46 

2 . 2 - 4 . 1 
2 .1 -14 

9 .2-13 
23-29 ' 
15-21 

18-33 
11-17 
12-20 

16-25 
4 . 4 - 7 . 1 

5 . 2 - 9 . 2 
6 . 8 - 8 . 6 

7 .4-12 

13-19 
18- lS 

7.4-12 

7 .8 -11 
8.7-12 

9.7-16 

7 .3-11 
8.0-10 

5 . 9 - 7 . 8 

5 . 7 - 8 . 1 

15-18 

17-19 
4 . 9 - 9 . 0 

5 . 7 - 7 . 5 
7 .1-12 

7 .2-11 
4 . 9 - 7 . 0 

3 . 9 - 6 . 3 
6 . 9 - 8 . 6 
7 . 3 - 8 . 9 

14-29 
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Development of the Pyro ly t i c P r o c e s s for Coating Uran ium Dioxide 
C o r e s with Crys ta l l ine Carbon 

Thin coat ings of c rys ta l l ine carbon can be applied to u ran ium dioxide co re s by 
the t he rma l decomposi t ion or c rack ing of methane gas at 1025 C in a fused-quar tz 
reac t ion tube placed inside an e lec t r i ca l ly heated t e m p e r a t u r e - c o n t r o l l e d furnace. 
P u r e carbon in a c rys ta l l ine fo rm is deposi ted on the sur faces of the c o r e s , while 
hydrogen and in te rmedia te p roduc ts formed in the dehydrogenat ion of methane a r e 
vented as furnace g a s e s . This p r o c e s s was se lec ted for invest igat ion because the 
carbon coating applied was expected to be an adherent and effective b a r r i e r to reac t ion 
based on known p r o p e r t i e s and because the p r o c e s s is an inexpensive indust r ia l method 
for producing ca rbon- f i lm r e s i s t o r s . The coatings applied under va r ious conditions 
we're subjected to p r e l i m i n a r y evaluat ions to de te rmine the i r th ickness and adhe rence . 
The r e su l t s a r e r epor t ed l a t e r in this d i scuss ion . Those coatings which appeared 
sa t i s fac tory were then applied to a l a r g e number of c o r e s and evaluated on the b a s i s of 
their behavior in g a s - p r e s s u r e - b o n d e d fuel elennents, a s r epor t ed in a l a te r sect ion of 
this r e p o r t . 

Mate r ia l s and Equipment 

In the coating operat ion, a cyl indr ica l furnace which was e l ec t r i ca l ly heated by 
Carborundum e lements was employed. A Foxboro t e m p e r a t u r e con t ro l le r , connected 
to a thermocouple located in the hot zone of the furnace, mainta ined the t e m p e r a t u r e of 
1025 C, A fluctuation of ±5 C was r e c o r d e d . The cracking of the methane gas and 
deposit ion of the carbon coatings o c c u r r e d inside a fused-quar tz tube in which the longi­
tudinal axis coincided with that of the furnace . The outside d i a m e t e r of the quar tz tube 
was 1-3/4 i n . ; the inside d i ame te r was about 1-1/2 in. Rubber s toppe r s , with g l a s s -
tubing feedthroughs, were used to sea l the reac t ion tube f rom the a t m o s p h e r e . The UO2 
cores to be coated were a r r a n g e d in a wi re rack placed in a fused-quar tz boat . The 
boat could be moved into and out of the coating zone of the reac t ion tube by means of a 
long tungsten rod without opening the sy s t em to a i r . G la s s wool packed around the push 
rod furnished the s e a l . Six c o r e s w e r e coated at one t ime with the appara tus used in 
this study. 

The gase s used in the p r o c e s s were c o m m e r c i a l - g r a d e methane which had a puri ty 
of 93 per cent or g r e a t e r and c o m m e r c i a l - g r a d e dry n i t rogen . Ni t rogen se rved as a 
flushing gas for removing a i r f rom the sy s t em and as a mixing or c a r r i e r gas during 
the coating p r o c e s s to a s s i s t the flow of methane through the reac t ion tube. The CH4 
and the n i t rogen for mixing, both of which en te red at one end of the quar tz tube, had 
flow r a t e s of 50 cm3 per min and 200 cm3 pe r min, r e spec t ive ly . The n i t rogen for 
flushing en te red f rom the opposite end and had a flow r a t e of 170 cm^ pe r min . 

Sandblasting of the Cores P r i o r to Coating 

As a pa r t of the coating p r o c e d u r e s , the sur faces of mos t of the UO2 c o r e s were 
uniformly roughened by a sandblast ing operat ion, which was thought to improve the 
adherency of the coa t ings . However , some c o r e s w e r e coated with the sur faces in the 
a s - p r e s s e d - a n d - s i n t e r e d condition. The sandblast ing opera t ion was pe r fo rmed with an 
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S. S. White Indus t r ia l A i r b r a s i v e unit, Model C, using their Powder No. 1. The cores 
were b las ted inside an enc losure which was continuously exhausted during the operat ion. 
A glass sight window on the top of the enc losure provided an unobstructed view. The 
nozzle was held approximate ly 1/2 in, f rom the surfaces of the a s - s i n t e r e d cores and 
passed lightly two or th ree t imes over each point on the su r faces . This was sufficient 
to remove the shiny a r e a s observed and to uniformly roughen the sur face . After being 
sandblasted, the co re s were blown with a i r and brushed to remove dust . 

Coating P r o c e d u r e 

Studies of the deposit ion of carbon films have shown that cer ta in conditions of 
t e m p e r a t u r e and methane concent ra t ion will produce a p re fe ren t ia l c rys t a l or ientat ion, 
for which the pyrolytic carbon film will have a maximum h a r d n e s s . These conditions 
were se lec ted for the deposit ion of pyrolyt ic carbon coatings on the UO2 c o r e s . 

The coating p rocedure was as follows: F i r s t , the furnace was heated to 1025 C 
and the flow of ni t rogen from both ends of the tube was s ta r ted . The flow of ni t rogen 
was nnaintained f rom both ends during all s tages of the coating p r o c e s s . The boat was 
loaded with the co re s to be coated, and the react ion tube was then sealed from the 
a t m o s p h e r e . After 5 min in the cool zone, during which t ime the a i r was flushed out 
of the sys tem, the co res were advanced into the hot zone in the center of the tube for 
15 min of prehea t ing . The methane flow was then turned on for a suitable length of 
t ime during which the cracking of the methane and the deposition of the carbon coatings 
took p lace . The length of the deposit ion t ime was var ied to control the thickness of the 
coating. At the end of the deposit ion, the boat was moved to the cool zone and the m e t h ­
ane was turned off. After a 5 -min cooling per iod, the sys t em was opened, and the 
coated co res were removed. It was not n e c e s s a r y to cool the furnace, and, since the 
deposit ion was c a r r i e d out at a tmosphe r i c p r e s s u r e , the boat could be reloaded and a 
new run s t a r t ed immedia te ly . 

Care was taken to keep the sys t em free of oxygen during the deposition; o therwise , 
soot format ion occur red and r e su l t ed in powdery, nonadherent coat ings. The best 
coating zone was found to be in the lower half of the tube. Sooty coatings were formed 
on the por t ions of the co res extending ve ry far into the upper half. Somet imes sooty 
coatings appeared on the co re s in the f i rs t run after s tar t ing the equipment in operat ion, 
while succeeding runs would yield good-quali ty coat ings . To a s s u r e that the coating 
appara tus was functioning p rope r ly , the f i rs t run was made as a conditioning run with 
only a Vycor subs t ra t e in the boat . 

Techniques for Measur ing the Thickness of the Coatings 

The th icknesses of the pyrolyt ic c rys t a l l ine -ca rbon coatings were de termined by 
two indirect methods . One method depended upon the re la t ionship between the thickness 
of a carbon film and its r e s i s t a n c e . To m e a s u r e the r e s i s t ance of a film, s i lver e l e c ­
t rodes were painted on the ends of a coated core with a 1-in. length of film left un-
painted. The e lec t rodes were then held in the clip leads of an ohmnneter. The r e s i s t ­
ance of the film was a l so m e a s u r e d without any t e rmina l e lec t rodes by holding the core 
with the clip leads 1 in. apar t and was found to be approximately 1-1/3 t imes the r e ­
s i s tance measu red with t e rmina l e l e c t r o d e s . The film r e s i s t ance per unit a r ea was 
then calculated using the appropr i a t e d imens ions and the r e s i s t a n c e m e a s u r e d with 
e lec t rode t e r m i n a l s , or the r e s i s t a n c e m e a s u r e d without e lec t rode t e rmina l s t imes the 
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exper imenta l convers ion factor of 3 /4 , The corresponding fi lm thickness could then 
be de te rmined using published data for th ickness v e r s u s fi lm r e s i s t a n c e per unit a r e a 
for pyrolyt ic carbon f i lms , H) 

The second method used to m e a s u r e the coating th ickness was the s tandard 
method developed by Tolansky(8) for m e a s u r i n g the th ickness of thin f i lms . This 
method involved mu l t i p l e -beam in t e r f e rome t ry m e a s u r e m e n t s made of Vycor subs t r a t e s 
which had been coated s imul taneously with some of the u ran ium dioxide c o r e s . 

Tes t s for Adherency of the Coatings 

The p r i m a r y tes t for adherency of the pyrolyt ic carbon was a visual examinat ion 
of the coat ings . An adherent coating appeared uniformly grey and even. If the coating 
appeared bubbled or b l i s t e r ed , it peeled read i ly . The ce l lu lose - tape and s m e a r t e s t s 
were conducted as desc r ibed in the sect ion on ch romium coat ings . As was the case for 
the t e s t s of the c h r o m i u m coat ings , these adherency t e s t s provided only an e s t ima te of 
the quality of adherency . 

Resul ts of the P r e l i m i n a r y Evaluat ion of the Coatings 

An exp lora to ry study of the pyrolyt ic coating p r o c e s s was d i rec ted toward o b ­
taining nonporous and adheren t c ry s t a l l i ne - ca rbon coatings of different th icknesses by 
varying the deposit ion t i m e . Other v a r i a b l e s , such as methane concentra t ion and t e m ­
p e r a t u r e , we re held constant . The r e su l t s of this study a r e s u m m a r i z e d in Table 3. 
It was found that only very thin coatings approximate ly 1 ;uin. thick, cor responding to 
a deposit ion t ime of 2 min, w e r e consis tent ly adherent when deposited on co re s with 
a s - s i n t e r e d su r f aces . Thicker coatings did not adhere to shiny, glazed por t ions of the 
sur faces of the c o r e s . In o rde r to deposit th icker coatings which were adheren t , it was 
n e c e s s a r y to f i rs t roughen the sur faces of the c o r e s by sandblas t ing. Adherent coatings 
of c rys ta l l ine carbon were applied to sandblas ted c o r e s to a m a x i m u m thickness of about 
15 to 40 ^in. , cor responding to a deposit ion t ime of 20 min . Coatings much th icker 
than these were not adheren t , even on roughened c o r e s . 

Since the ini t ial p r e s s u r e - b o n d e d e lements containing sandblas ted co re s coated 
with carbon using a 20-min deposit ion t ime appeared sa t i s fac tory , a l a r g e number of 
co res were coated for this t ime in terva l and a s sembled into fuel e lements to be p r e s ­
sure bonded and evaluated. Also , a sufficient number of c o r e s with a s - s i n t e r e d s u r ­
faces were coated with about 1 fiin. of carbon using a deposi t ion t ime of 2 min to be 
evaluated in a p r e s s u r e - b o n d e d e lement . 

The r e su l t s of the p r e l im ina ry evaluation of the th ickness and adherency of the 
coatings on these c o r e s which were p r e p a r e d for a s sembly into fuel e l ements a r e i n ­
cluded in Table 3. The r e su l t s of the th ickness m e a s u r e m e n t s made of these coatings 
using the mu l t i p l e -beam in t e r f e rome t ry and the f i l m - r e s i s t a n c e techniques a r e a lso 
contained in the tab le . It was found that the r e s u l t s of the mu l t i p l e -beam in te r f e romet ry 
m e a s u r e m e n t s of the f i lms deposited in 20 min indicated them to be th inner than did the 
r e s i s t ance m e a s u r e m e n t s . The lack of complete ag reemen t is not unexpected, since 
both techniques a r e indi rec t methods of de te rmin ing the coating th ickness on the u ran ium 
dioxide c o r e s . The difference in the r e s u l t s , the re fo re , could be due to a difference in 
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TABLE 3. SUMMARY OF RESULTS OF THE PRELIMINARY EVALUATION OF THE THICKNESS AND ADHERENCE OF 
PYROLYTIC CARBON COATINGS ON URANIUM DIOXIDE CORES 

Deposition 
Time, 

min 

1 

2 

5 

10 

15 

20 

30 

45 

60 

180 

Surface Condition 
of Cores 

Sandblasted 
As sintered 

Sandblasted 
As sintered(b) 

Sandblasted 
As sintered 

Sandblasted 
As sintered 

Sandblasted 
As sintered 

Sandblasted(t>) 

As sintered 

Sandblasted 
As sintered 

Sandblasted 
As sintered 

Sandblasted 
As sintered 

Sandblasted 

As sintered 

Number of 
Cores 

Coated 

3 
3 

3 
73 

3 
3 

9 
3 

3 
3 

605 

8 

3 

8 

7 
3 

1 

Adherence 

of Coating 

Good 
Good 

Good 
Good 

Good 
Fair 

Good 
Poor 

Good 
Poor 

Good 
Poor 

Poor 

Poor 

Poor 
Poor 

Poor 

Resistance Range 

(Measured 
Without Terminals), 

ohms 

2400-4000 
2800-3800 

1200-1500 
700-1900 

220-260 
220-260 

68-90 
80-100 

50-56 
62-80 

25-70 
38-50 

18-24 

11-40 

12-20 

16-17 

7 .5 

Coating-Thickness Range, 
fiin. 

Based on Based on 
Film Resistance MBP*^ 

0 . 5 - 1 . 4 1-1,5 

is^m 15 

(a) Multiple-beam interferometry measurements. 

(b) The cores having coatings applied under these conditions were evaluated in gas-pressure-bonded fuel elements. 
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deposition r a t e on the Vycor s u b s t r a t e s used for the mul t ip l e -beam in te r f e romet ry 
m e a s u r e m e n t s as compared to the u ran ium dioxide c o r e s , or due to inherent inaccuracy 
in the r e s i s t ance m e a s u r e m e n t s of the films or the i r convers ion to film th i cknes se s . 
The r e s i s t a n c e m e a s u r e m e n t s of the films were found to be reproducib le , however , and 
this re la t ive ly s imple technique could probably be used for control purposes in a p r o ­
duction operat ion to insu re that coatings of the d e s i r e d th ickness and quality a r e being 
obtained. 

BOND-TEST RESULTS WITH PYROLYTIC CARBON, VAPOR-DEPOSITED 
CHROMIUM, AND GRAPHITE COATINGS 

In o r d e r to evaluate the va r ious types of co re coatings and to de te rmine the r e ­
producibil i ty of the Z i r c a l o y - t o - Z i r c a l o y bonds in fuel e lements p r e p a r e d with the dif­
ferent coat ings, 36 fuel e l ements were p r e p a r e d and bonded. The components used for 
these e lements and thei r p r epa ra t i on a r e desc r ibed in m o r e detai l in the sect ion on 
cleaning and assembly ; however , the type of e lement is i l lus t ra ted in F i g u r e s 4, 5, and 
6, F igu re 4 shows a drawing of the p iece-component p i c t u r e - f r a m e configuration, and 
F i g u r e s 5 and 6 a r e photographs of the components before and after a s sembly , 
respec t ive ly . 

Each fuel e lement was a s s e m b l e d containing co re s which all had the same type of 
b a r r i e r coating, and an approximate ly equivalent number of e lements were p r e p a r e d 
containing c o r e s with each of t h ree types of coat ings . The coatings employed were 
sprayed, buffed g raph i te , pyrolyt ic c rys ta l l ine carbon, and vacuum-evapora ted c h r o ­
mium. All were applied by the techniques previous ly desc r ibed . It was des i r ed to 
de te rmine the effectiveness of each of the coatings in prevent ing core - to -c ladd ing r e ­
action and thei r effect, if any, on the quality of the Z i r c a l o y - t o - Z i r c a l o y bonds in the 
e l emen t s . The sprayed and buffed g raph i t e -coa ted c o r e s were used as a bas i s of c o m ­
par i son for the coating effect iveness . This coating was studied previous ly as repor ted 
in BMI-1374.(2) It was the intent of this development study to de t e rmine if be t t e r and 
naore effective coatings could be developed. 

Of the 36 fuel e l ements p r e p a r e d in this study, 15 contained ch romium-coa ted 
c o r e s , 14 contained c r y s t a l l i n e - c a r b o n - c o a t e d c o r e s , and 7 contained graphi te -coa ted 
c o r e s . The ch romium coat ings evaluated were applied in s eve ra l th ickness ranges and 
were applied to co re s which had and had not been sandblas ted p r i o r to coating. The 
sprayed and buffed graphite coatings were applied only to co re s which had not been sand 
b las ted and were of only one th ickness , 5 mg per in. 2. Py ro ly t i c c ry s t a l l i ne - ca rbon 
coatings were bonded which were about 15 to 40 /iin, thick on sandblas ted co re s and 
about 1 jUin, thick on c o r e s which had a s - s i n t e r e d su r f aces . The e a r l i e r e lements in 
the s e r i e s were evaluated in both the as-bonded condition and after an additional 5-min 
heat t r ea tmen t at 1850 F . E a r l i e r studies{2) had indicated the added heat t r ea tmen t 
might improve the integri ty of the clad fuel e lement . It was des i r ab le and the intent of 
this study, however , to e l iminate this added t r ea tmen t , s ince it would be an expensive 
operat ion in product ion and would involve p rob lems of d imensional d is tor t ion and con­
taminat ion of the cladding. The fuel e l ements p r e p a r e d w e r e intensively evaluated by 
meta l lographic examina t ions , bu r s t t e s t s , co r ro s ion and i n t e r compar tmen ta l - l e akage 
t e s t s , and chemica l a n a l y s e s . 
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FIGURE 4, DRAWING OF THE CONFIGURATION OF THE PIECE-COMPONENT 
PICTURE FRAME CONTAINING URANIUM DIOXIDE CORES 
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FIGURE 5. THE ZIRCALOY-2 CLADDING COMPONENTS FOR A FUEL ELEMENT OF THE TYPE PREPARED IN THIS STUDY 
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Z/3X N64736 

FIGURE 6. P I C T U R E F R A M E ASSEMBLED FROM PIECE ZIRCALOY CLADDING 
COMPONENTS CONTAINING THE URANIUM DIOXIDE CORES 

Void sp.ti e s iti the p i c t u r e f r a m e w e r e e l iminated by sh imming and 
by slnftiiiij, tin c u m p o n e n t s during the final s t e p s of a s s e m b l y . 
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Metal lographic Examinat ion 

C r o s s - s e c t i o n a l s amples were taken f rom seve ra l locat ions of the fuel e lements 
containing the th ree types of coated c o r e s for meta l lographic examinat ion of the quality 
of the Z i r c a l o y - t o - Z i r c a l o y bonds and the extent of co re - to -c ladd ing reac t ion . The 
quality of the bonds in the e lements was c lass i f ied by the percen tage of a r e a s with bonds 
designated as Types A, B , and C, The or ig inal interface of a Type A bond is not vis ible 
meta l lographica l ly ; t he re is complete g ra in growth a c r o s s the en t i re or iginal bond 
interface and no vis ible contaminat ion or voids at the in te r face . An a r e a of a bond 
classif ied as Type B has grain growth a c r o s s the bond in ter face , but slight con tami ­
nation or voids a r e vis ible along the or ig ina l bond l ine . An a r e a of a bond which does 
not demons t r a t e g ra in growth a c r o s s the in te r face , with or without vis ible bond-l ine 
contaminat ion or voids , is des ignated as Type C. Typical bonds of each type a r e shown 
in F igure 7. 

As-bonded, as well as heat t r ea t ed , e l ements containing co re s with the th ree 
types of coatings exhibited excel lent Z i r c a l o y - t o - Z i r c a l o y bonds , showing gra in growth 
a c r o s s a lmos t the en t i re or iginal in terface in al l locat ions with a min imum amount of 
bond-l ine contaminat ion. Thus , the r e s u l t s showed that all t h r e e coatings genera l ly 
pe rmi t t ed equivalent, h igh-qual i ty Z i r c a l o y - t o - Z i r c a l o y bonding. The r e s u l t s of these 
meta l lographic examinat ions of the Z i r c a l o y - t o - Z i r c a l o y bonds in the as -bonded and 
a s - h e a t - t r e a t e d spec imens revea led that a l l of the fuel e l ements contained a high p e r ­
centage, normal ly about 90 to 95 pe r cent, of Type A bonds, according to the c l a s s i f i ­
cation s y s t e m desc r ibed in F i g u r e 7. Some a r e a s of bond c lass i f ied as Type B were 
observed, and smal l i sola ted a r e a s of Type C bond w e r e detected. Most of these a r e a s , 
although infrequent, w e r e observed in the bonds between the t r a n s v e r s e r ibs and the 
longitudinal r i b s , indicating the impor tance of surface p repa ra t i on and cleaning of all 
bonding sur faces of these components . None of the spec imens contained a significant 
amount of Type C bond, as would be expected on the bas i s of the excel lent s t rength r e ­
vealed by al l of the bonds which w e r e b u r s t t e s t ed . 

Since the e lements containing the th ree types of core coatings were observed to 
have equivalent bonding, it was indicated that none of the th ree had any adve r se effect 
on the bonds in the e l e m e n t s . Also , as -bonded and a s - h e a t - t r e a t e d spec imens both 
consis tent ly contained bonds of comparab le high quality, demons t ra t ing that the add i ­
tional 5 -min heat t r ea tmen t in an 1850 F sal t bath , which would be an undes i rab le 
operat ion in production, was not n e c e s s a r y . Typical a r e a s of the bonding observed in 
these spec imens a r e i l l u s t r a t ed in the pho tomicrographs of F i g u r e s 8 and 9 for s p e c i ­
mens in the a s - p r e s s u r e - b o n d e d condition and after a 5-min heat t r ea tmen t in an 1850 F 
salt bath, r e spec t ive ly . The r ep re sen t a t i ve a r e a of bonding in an a s - p r e s s u r e - b o n d e d 
e lement is shown in F i g u r e 8 using both br ight - f ie ld and po la r ized i l luminat ion, s ince 
the fo rmer bes t r evea l s any contaminat ion p r e s e n t in the bond in ter face , and the l a t t e r 
shows the extent of gra in growth a c r o s s the in te r face . 

Also bonded in this s e r i e s of e l ements was one spec imen containing sandblas ted 
co re s coated with pyrolyt ic carbon which was p r e p a r e d so as to de te rmine if the Zi rca loy 
bonding sur faces could be contaminated by the core coat ings due to mishandl ing during 
a s sembly . During a s sembly of this e lement , the c o r e s were rubbed agains t the r e l a ­
tively rough bonding sur faces of the bot tom Zirca loy cladding p la te . A l so , af ter the 
co re s and r ecep t ac l e -p l a t e components were in posi t ion, the en t i re top surface of the 
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FIGURE 7. CLASSinCATION OF BONDS AS TYPES A, B, AND C BY METALLOGRAPHIC EVALUATION 

Type A - Grain growth across entire bond interface, no visible bond-line contamination 
or voids. 

Type B - Grain growth across bond interface, bond-line contamination or voids visible. 

Type C - No grain growth across bond interface, with or without visible bond-line 
contamination or voids. 
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FIGURE 8 TYPICAL ZIRCALOY-TO-ZIRCALOY BOND OF THE EXCELLENT QUALITY OBTAINED IN GAS-PRESSURE-
BONDED FUEL ELEMENTS PREPARED BY THE DEVELOPED TECHNIQUES 

Right portion of figure (bright field illumination) shows thai there was no bond-lme contamination, and 
left portion (polarized-light illummauon) shows that there was grain growth acKMS die onginal bond 
interface. 
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FIGURE 9. TYPICAL ZIRCALOY-TO-ZIRCALOY BOND OBSERVED IN FUEL ELEMENTS WHICH WERE GAS-PRESSURE 
BONDED AND SUBSEQUENTLY HEAT TREATED FOR 5 MIN IN AN 1850 F SALT BATH 

No bond-line contamination was present, and gram growth occurred across the entire original bond 
mterface 
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co res and r ibs was rubbed using rubber gloves in an a t tempt to t r ans fe r carbon from 
the c o r e s onto the sur faces of the r i b s . Metal lographic examination revealed no con­
taminated bonds in this e lement , demons t ra t ing that these coatings were very adherent 
and sa t i s fac tory for use in a product ion opera t ion . Also , the bu r s t t es t s of this e l e ­
ment , as repor ted in a subsequent sect ion of this r epor t , did not r e su l t in any bond 
fa i lu res , indicating that the bonds were very s t rong. Chromium coatings because of 
the i r na tu re do not resu l t in contaminat ion of the bonds. Graphi te coatings would not 
be as sui table for product ion, s ince previous ly repor ted resultsv^) for severa l e lements 
which were purposely mishandled during a s sembly showed that this coating could be 
s m e a r e d by m i s t r e a t m e n t onto the Zi rca loy bonding surfaces and in ter fere with bonding. 
These e lements with the s m e a r e d graphite coatings were observed metal lographical ly 
to contain contaminated bonds exhibiting a lack of grain growth a c r o s s the interface, 
and these bonds failed during bur s t tes t ing , showing that they were weak. On this b a s i s , 
core coatings of c rys ta l l ine carbon or ch romium would be pre fe rab le in a production 
p r o c e s s to the buffed-graphite coat ings . 

No core - to -c ladd ing reac t ion was observed in as-bonded or a s - h e a t - t r e a t e d 
spec imens with p roper core coatings of c rys ta l l ine carbon, evaporated chromium, or 
buffed graphi te , except for very slight apparent reac t ion occasionally at the corner of a 
c o r e . The frequency of reac t ion at the core c o r n e r s was slightly g rea t e r for the buffed 
graphi te coatings than for e i ther of the other coat ings; however , the react ion was n o r ­
mally slight and the occu r r ence not very frequent. As-bonded and a s - h e a t - t r e a t e d 
spec imens with 25 to 100-/iin. - thick ch romium coatings on the co re s showed no c o r e - t o -
cladding react ion, although the h e a t - t r e a t e d spec imens revealed diffusion of chromium 
into the Zi rca loy . As-bonded and a s - h e a t - t r e a t e d specimens with 5 to 10-jUin. -thick 
coatings of ch romium exhibited some core - to -c ladd ing react ion in general a r e a s . 
Crys t a l l i ne -ca rbon coatings in the th ickness range of 15 to 40 fiin. prevented react ion 
in as-bonded and a s - h e a t - t r e a t e d e l ement s ; c rys t a l l i ne -ca rbon coatings only 1 /iin. 
thick, which were applied to the co re s contained in one e lement , pe rmi t t ed considerable 
reac t ion to occur during p r e s s u r e bonding. All of the sprayed and buffed graphite 
coatings were applied in the amount of 5 mg of graphi te per in. ^ of core surface (ap­
proximate ly 800 ^in. thick), which had previously been found(2) to be the optimum coatinf 
th ickness to obtain the mos t adherent coating and st i l l prevent react ion in as-bonded and 
a s - h e a t - t r e a t e d e l emen t s . 

A typical a s - p r e s s u r e - b o n d e d interface between a Z i rca loy-2 cladding plate and 
uran ium dioxide core coated with 15 to 40-jUin. - thick crys ta l l ine carbon is shown in 
F igure 10. Normal ly the re was no visible evidence of react ion even at the c o r n e r s of 
the c rys t a l l i ne -ca rbon-coa t ed c o r e s , as i l lus t ra ted by the photomicrograph in F igure 11 
of an as-bonded specimen and in F i g u r e 12 of an a s - h e a t - t r e a t e d specimen. These 
regions at the c o r n e r s of co re s evidently a r e especia l ly suscept ible to react ion, however, 
and slight react ion apparent ly occu r red in a few such a r e a s . This is i l lus t ra ted in 
F igure 13 which revea l s adjacent to the co rne r of the core a zone of Zircaloy which has 
a changed s t ruc tu r e , in te rp re ted as an indication that the zone had a high oxygen content 
as a r e su l t of core - to -c ladd ing reac t ion . The amount of react ion must have been slight, 
s ince there is no visible zone of u r an ium-z i r con ium reac t ion p roduc ts . The excellent 
Z i r ca loy - to -Z i r ca loy bonds obtained in the spec imens containing c rys t a l l ine -ca rbon 
coated cores can a lso be observed in F i g u r e s 11, 12, and 13, which show port ions of 
the bond interfaces between a Zi rca loy cladding plate and a r ib of the piece-component 
p ic ture f rame in th ree typical e l e m e n t s . 
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HGURE 10. TYPICAL AS-PRESSURE-BONDED INTERFACE BETWEEN A ZIRCALOY CLADDING PLATE AND A URANIUM 
DIOXIDE CORE COATED WITH 15 TO 40-;xIN. -THICK CRYSTALLINE CARBON 

No core-to-cladding reaction occurred. 
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FIGURE 11. TYPICAL INTERFACE BETWEEN THE ZIRCALOY CLADDING COMPONENTS AND THE CORNER OF A 
CRYSTALUNE-CARBON-COATED URANIUM DIOXIDE CORE IN A GAS-PRESSURE-BONDED FUEL 
ELEMENT 

Thickness of the crystalline-carbon coating on the core was 15 to 40^ in. Note the lack of any 
core-to-cladding reaction and the good Zircaloy-to-Zircaloy bond. 
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FIGURE 12. AREA SIMILAR TO THAT SHOWN IN FIGURE 11 IN A FUEL ELEMENT WHICH WAS HEAT TREATED 
AT 1850 F FOR 5 MIN AFTER PRESSURE BONDING 

No core-to-cladding reaction can be observed. Crystalline carbon coating on the core was 15 to 
40/xin. thick. 
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FIGURE 13. AREA IN AN AS-PRESSURE-BONDED FUEL ELEMENT SIMILAR TO THAT SHOWN IN FIGURE 11 EXCEPT 
REVEALING POSSIBLE SLIGHT CORE-TO-CLADDING REACTION 

The zone of blank structure of the Zircaloy adjacent to the core was interpreted as an indication that th 
the zone had a high oxygen content as a result of core-to-cladding reaction. Such areas were in­
frequently observed in elements containing cores with these 15 to 40-^n, -thick coatings of 
crystalline carbon Note the good Zircaloy-to-Zircaloy bond. 
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A fuel e lement was p r e s s u r e bonded containing c o r e s which had not been sand­
blas ted p r i o r to coating and onto which c rys t a l l i ne -ca rbon coatings only 1 juin. thick 
had been applied, since th icker pyrolyt ic carbon coatings were found not to be adherent 
to co re s with a s - s i n t e r e d s u r f a c e s . Sections of this e lement were examined m e t a l ­
lographical ly to de te rmine if these very thin coatings would be sufficiently adherent not 
to adverse ly affect the Z i r c a l o y - t o - Z i r c a l o y bonding in the e lement . It was observed 
that extensive reac t ion occured between the core and the cladding during p r e s s u r e 
bonding; a 0 .001- in . -wide zone of u r a n i u m - z i r c o n i u m reac t ion products was visible 
around each of the c o r e s . This spec imen was comparab le in meta l lographic appearance 
to ones containing b a r e u ran ium dioxide c o r e s , as shown in BMI-1374,(2) -phe Z i r c a l o y -
to -Z i r ca loy bonds in the e lement were of high quality, however . 

No core - to -c ladd ing reac t ion occu r r ed during p r e s s u r e bonding at 1525 F of 
ch romium-coa ted c o r e s , and no apprec iab le diffusion of the ch romium b a r r i e r into the 
Zircaloy was observed, as shown in F i g u r e 14. P a r t of the ch romium layer was not 
removed during polishing and etching and is vis ible in this photomicrograph . The 
chromium layer is m o r e readi ly observed in F igu re 15, which shows at a higher magn i ­
fication an a r e a at the co rne r of a ch romium-coa ted core is an unetched sample . 
Examinat ion of these spec imens containing cores with 25 to 100-/^in. - thick ch romium 
coatings after a postbonding heat t r e a t m e n t at 1850 F for 5 min revea led that no apparent 
co re - to -c ladd ing reac t ion occu r r ed , but that diffusion of ch romium from the b a r r i e r 
layer into the Zircaloy cladding did take p lace . The resul t ing na r row zone of c h r o m i u m -
r ich Zircaloy surrounding the co res in these e lements did not affect the i r normal ly 
good co r ros ion behavior , however , based on the r e s u l t s p re sen ted l a t e r in this r epor t . 
A fuel e lement containing c o r e s coated with ch romium only 5 to 10 /Uin. thick showed 
evidence of some core - to -c ladd ing reac t ion in mos t a r e a s in most a r e a s in both the a s -
bonded and a s - h e a t - t r e a t e d condit ions. These a r e a s in the as-bonded condition were 
s imi l a r in appearance to that shown in F igu re 13. Po r t i ons of this e lement which were 
in each condition a lso showed slight growth during co r ros ion test ing of defected c o m p a r t ­
ments , as r epor t ed in a l a t e r sect ion, demonst ra t ing that these thinner coatings were 
not sa t i s fac tory to prevent co re - to -c l add ing reac t ion . Most of the ch romium-coa ted 
co re s used in this study had coatings that were 25 to 40 /iin, thick which consis tent ly 
yielded sa t i s fac tory r e s u l t s . As expected, the Z i r c a l o y - t o - Z i r c a l o y bonds in the e l e ­
ments containing ch romium-coa ted c o r e s were consis tent ly good. 

Graphi te -coa ted co re s were a l so found not to r eac t with the Zi rca loy cladding 
during p r e s s u r e bonding or subsequent heat t r e a tmen t , except for slight apparent r e ­
act ion occasional ly at the c o r n e r of a c o r e . The sprayed, outgassed, and buffed coatings 
of graphite were applied in all c a se s in the amount of approxinaately 5 mg of graphite 
after buffing per in. 2 of core su r face . A typical a r e a of an interface between a Zircaloy 
cladding plate and a g raph i te -coa ted core is shown in F igu re 16 in the as-bonded con­
dition. Normal ly , no reac t ion was observed at the c o r n e r s of these c o r e s in the a s -
bonded or a s - h e a t - t r e a t e d condit ions, as shown in the photomicrograph in F igure 17 of 
a h e a t - t r e a t e d specimen, but occasional ly slight reac t ion , as i l lus t ra ted in F igu re 13, 
was observed in these suscept ib le r eg ions . Such a r e a s of slight reac t ion were observed 
m o r e frequently in the case of co res coated with graphi te than with the other two 
coatings; however , they did not occur frequently or have a de le te r ious effect on the 
cor ros ion behavior of the e l e m e n t s . 
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FIGURE M . TYPICAL AS-PRESSURE-BONDED INTERFACE BETWEEN A ZIRCALOY CLADDING PLATE AND A 
URANIUM DIOXIDE CORE COATED WITH 25 TO 40-;iIN. -THICK CHROMIUM BY VACUUM 
EVAPORATION 

There is no visible core-to-cladding reaction or diffusion of chromium into the Zircaloy. 

Part of the chromium layer was not removed during polishing and etching and is visible in the 

photomicrograph. 
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FIGURE 15. AREA AT CORNER OF A CHROMIUM-COATED CORE IN AN UNETCHED SAMPLE 

SHOWING CHROMIUM COATING 

Examination indicated that part of the coating was removed during polishing. 
The Zircaloy cladding adjacent to the core is not in focus. 
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FIGOW 16. TYPICAL AS-PRESSURE-BONDED INTERFACE BETWEEN A ZIRCALOY CLADDING PLATE AND A 
URANIUM DIOXIDE CORE COATED WITH 5 MG OF BUFFED CSIAPHITE PER IN. 2 OF CORE 
SURFACE 

No core-to-claddmg reacuon occurred 
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FIGURE 17 TYPICAL INTDIFACE BETWEEN THE ZIRCALOY CLADDING COMPONENTS AND THE CORNHl OF A 
URANIUM DIOXIDE CORE COATED WITH BUFFED GRAPHITE IN A PRESSURE-BONDED AND 
HEAT-TREATED FUEL ELEMENT 

The element was heat treated for 5 min in an 1850 F salt bath. The cote was coated with 5 mg of 
buffed graphite pet in 2 of core surface. This area shows no core-to-claddmg reaction, occasionally. 
similar areas revealed slight reaction Note excellent Zircaloy-to-Zucaloy bond 



29 

Cor ros ion and Interconipar tmental -Lieakage Test ing 

Cor ros ion t e s t s were conducted to de te rmine the r e s i s t ance of purposely defected 
compar tmen t s of the fuel e lements to at tack in 680 F degassed wate r . If c o r e - t o -
cladding reac t ion occu r r ed , it was indicated by at tack at the interface and by swelling 
of the c o m p a r t m e n t s . These co r ros ion t e s t s v/ere conducted in conjunction with 
i n t e r compar tmen ta l - l eakage t e s t s in o rde r to evaluate the integri ty of the bonding 
between the Zi rca loy cladding components before and after cor ros ion test ing. The 
nnanner in which the t es t s were conducted was previously repor ted . (2) In genera l , the 
co r ro s ion tes t s were conducted on compar tmen t s with 0 .040- in . -d i ame te r defect ho les , 
and the i n t e r compar tmen ta l - l eakage tes t consis ted of applying 700 psi of hel ium p r e s s u r e 
success ive ly to a l t e rna te compar tmen t s before and after each c o r r o s i o n - t e s t in te rva l . 

The r e su l t s of the co r ro s ion and in t e rcompar tmen ta l - l eakage tes t s of purposely 
defected compar tmen t s p re sen ted in Table 4 demons t ra ted that the fuel e lements showed 
good co r ros ion behavior in 680 F water and complete coinpar tment integrity when the 
co res were p roper ly coated with graphi te , c rys ta l l ine carbon, or chromium. The 
sprayed, outgassed, and buffed coatings of about 5 mg of graphite per in. 2 of core s u r ­
face were sa t is factory in minimizing core to cladding react ion. It was found that the 
evapora ted c h r o m i u m coatings must be about 25 to 40 /iin. thick and that the pyrolytic 
c rys t a l l i ne -ca rbon coatings must be about 15 to 40 /iin. thick in o rder to sat isfactor i ly 
min imize the reac t ion . Slight growth, as indicated in the table , was observed in seve ra l 
i sola ted compar tmen t s in e l ements containing co re s coated with crys ta l l ine carbon or 
ch romium during the ear ly stage of the p r o g r a m when these coating techniques were 
being developed. Since this was not observed in la te r spec imens , it was believed due 
to some inconsis tency in the coatings resu l t ing from changes in p rocedures during 
ear ly development of these coating p r o c e s s e s , as d i scussed l a t e r . Since none of the 
spec imens with any of the th ree co re coatings showed in te rcompar tmen ta l leakage, it 
appea r s that the p roper ly applied coatings do not resu l t in contaminated Z i r c a l o y - t o -
Zirca loy bonds which would p e r m i t communicat ion between compar tments before c o r ­
ros ion or as a r e su l t of bond-l ine co r ros ion a t tack. 

I n t e r compar tmen ta l - l eakage t e s t s of all of the fuel e lements before and after 
c o r r o s i o n test ing revea led no communicat ion between any of the compar tmen t s . E l e ­
men t s in the as-bonded or h e a t - t r e a t e d conditions containing cores proper ly coated 
with graphi te , c rys ta l l ine carbon, or ch romium showed negligible growth during up to 
63 days of exposure in the 680 F p r e s s u r i z e d wate r . The Z i rca loy-2 cladding of these 
fuel e lements exhibited good co r ros ion behavior , and had an adherent , shiny black c o r ­
ros ion film. In o rder to obtain this good co r ros ion r e s i s t a n c e , it was neces sa ry to 
clean the sur faces of the e lements after p r e s s u r e bonding and after heat t r ea tment by 
vapor blast ing and then pickling. A pickling t r ea tmen t alone did not provide adequate 
cleaning of the Zi rca loy . Exposed Z i r c a l o y - t o - Z i r c a l o y bonds were not visibly at tacked 
during the co r ros ion test ing of these e l emen t s . 

The e lements containing c o r e s with graphite coatings (5 mg of buffed graphite 
per in. ^ of core surface) did not show any inc rea se in thickness during the c o r r o s i o n -
test ing period employed. These r e su l t s for the graphi te -coated co res were cor robora ted 
by s imi la r co r ro s ion t e s t s of as -bonded and of h e a t - t r e a t e d e lements containing cores 
s imi l a r ly coated with graphite which were p r epa red during a previous program.(2) 
These e a r l i e r e lements did not grow significantly in 168 days of exposure . 



TABLE 4. SUMMARY OF RESULTS OF CORROSION TESTS IN 680 F WATER OF PURPOSELY DEFECTED COMPARTMENTS OF GAS-PRESSURE-BONDED ELEMENTS 

None of the compartments revealed any intercompartmental leakage before or after corrosion testing. 

Core Coating 

Graphite(^) 

Graphite 

Graphite 

Crystalline carbon (>15/i 

Crystalline carbon (>15f£ 

Crystalline carbon (>15fi 

Crystalline carbon (1 juin. 

Chromium (5-10/iin.) 

Chromium (>25/;iin.) 

Chromium (>25/iln.) 

Chromium (>25;iin.) 

Chromium (>25fiin.)('^) 

in.) 

in.) 

i n ) 

)(b) 

Postbonding 
Heat-

Treatment 
Temperature, 

F 

None 
1850 

None 
1850 

None 

None 
1850 

None 
1850 

None 

None 

None 
1850 

None 
1850 

None 
1850 

None 

None 

Number of 
Elements 

Tested 

6 
2 

4 
3 

S 

i 

s 
3 
t 

t 

X 

1 
1 

1 
1 

2 
1 

& 

2 

Total 
Number of 

Compartments 
Tested 

40 
16 

48 
32 

48 

12 
12 

36 
12 

80 

16 

8 
8 

8 
8 

24 
8 

48 

32 

Total 
Exposure 
Time in 

680 F Water, 
days 

63 
63 

56 
56 

49 

63 
63 

56 
56 

49 

35 

49 
63 

63 
88 

56 
56 

49 

49 

Number of 
Compartments 

Showing 
Growth 

0 
0 

0 
0 

0 

1 
0 

3 
1 

0 

16 

3 
8 

0 
0 

0 
6 

0 

0 

Total Growth 
In Thickness 

of Compartments, 
mils 

0 
0 

0 
0 

0 

6 
0 

2-5 
4 

0 

2-7 

2 
2-5 

0 
0 

0 
2 

0 

0 

o 

(a) All graphite coatings were sprayed, outgassed, and buffed m the amount of 5 mg of graphite per in. ^ of core surface. 
(b) Crystalline-carbon coatings only 1 fiin. thick were deposited on cores which, unlike those in other specimens, had not been sandblasted. 
(c) Chromium coatings were deposited on cores, which unlike those in other specimens, had not been sandblasted. 
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Speciinens in the as -bonded and h e a t - t r e a t e d conditions containing cores with 
p roper ly applied ch romium coatings 25 to 100 /iin. thick or with proper ly applied 
c ry s t a l l i ne - ca rbon coatings 15 to 40 /iin. thick showed no significant growth during 
co r ros ion tes t ing. Chromium coatings 5 to 10 /iin. thick were apparent ly not sufficient 
to prevent completely the co re - to -c l add ing reac t ion , and slight growth of compar tments 
containing cores with these coatings was produced during the cor ros ion exposure , 
especia l ly of the h e a t - t r e a t e d spec imen . An as-bonded element containing cores with 
the thinner c rys t a l l i ne -ca rbon coatings (about 1 /iin. thick) applied on unblasted surfaces 
showed cons iderab le growth after exposure . 

As noted above, it was observed during the cor ros ion t e s t s that slight growth, as 
indicated in the table , had occu r r ed in isolated compar tmen t s of severa l different e l e ­
ments p r e p a r e d ear ly in the p r o g r a m , which may have been due to improper ly applied 
coatings or some other va r i ab l e . In these isolated ins tances of growth, it was observed 
that the i nc rea se in th ickness o c c u r r e d during the f i rs t week of exposure . F r o m these 
r e s u l t s , it is apparent that the coating th ickness should not be minimized but should be 
in the range of 25 to 100 /iin. for ch romium and 15 to 40 /iin. for c rys ta l l ine carbon. 

Resu l t s of Bu r s t Tes t s 

Numerous b u r s t t e s t s of compar tmen t s in the fuel e lements p repa red for this 
study were conducted by the p r o c e d u r e s previously reportedv^) in o rder to evaluate the 
s t rength of the Z i r c a l o y - t o - Z i r c a l o y bonds and the s t rength and ductility of the cladding 
for the different coatings studied. The r e su l t s of these t es t s a r e contained in Table 5. 
In the total of 166 t e s t s conducted of compar tmen t s in all of the e l emen t s , failure in all 
cases involved rupture of the cladding plates at high p r e s s u r e s and normal amounts of 
deflection, r a the r than separa t ion of the bonds . These bur s t t e s t s included 36 tes t s of 
compar tmen t s containing co re s with sprayed and buffed coatings of graphi te , 62 t es t s 
of compar tmen t s containing co re s having pyrolyt ic c rys t a l l i ne -ca rbon coatings, and 68 
tes t s of compar tmen t s containing cores with coatings of vacuum-evapora ted chromium. 

Since no bond fa i lures were encountered in any of the bu r s t t e s t s , it was indicated 
that all three types of coatings were equally sa t i s fac tory and had no dele ter ious effect 
on the Z i r c a l o y - t o - Z i r c a l o y bonds in the e l e m e n t s . As can be noted in the table, the 
cladding of the fuel e lements with var ious types of core coatings failed general ly at 
s imi l a r p r e s s u r e s and deflect ions, indicating the th ree coatings to be equivalent in 
prevent ing embr i t t l emen t or weakening of the cladding. The e a r l i e r e lements p r e p a r e d 
in the study were bu r s t tes ted in both the as-bonded and h e a t - t r e a t e d conditions. The 
r e su l t s of the t e s t s with r e g a r d to cladding s t rength and ductili ty were comparable for 
both condit ions, and no bond fa i lures were encountered in e lements in e i ther condition. 
On the bas i s of the r e su l t s of these t e s t s and of other t e s t s d i scussed l a t e r , the pos t -
bonding heat t r ea tmen t at 1850 F was e l iminated from the bonding p r o c e s s , and s u b s e ­
quent fuel e lements were evaluated only in the as-bonded condition. 

Included in Table 5 a r e the r e su l t s of b u r s t t e s t s of 12 compar tments in seve ra l 
as-bonded fuel e lements which contained c o r e s that were not sandblasted p r io r to appl i ­
cation of coatings of evaporated c h r o m i u m or pyrolyt ic carbon. As d i scussed previously 
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TABLE 6. RESULTS OF BURST TESTS OF FUEL ELEMENTS BONDED AT 1525 OR 1550 F AND 10, 000 PSI FOR 4 HR 

All 166 burst tests of these elements resulted in rupture of the cladding material, rather than in 
failure of a Zircaloy-to-Zircaloy bond. 

Condition 
Tested 

As bonded(^) 
Beta treated' ' 
As bonded^c) 

Beta treated('^) 
As bonded(e) 

As bonded^*) 

Beta treatedC"^) 
As bonded(a) 

As bonded(^) 

Core Coating 

Graphite 

Graphite 

Chromium 

Chromium 
Chromium 
Crystalline carbon 
Crystalline carbon 
Crystalline carbon(0 

Crystalline catbon(8) 

Number of 
Compartments 

Tested 

28 

8 
48 

12 

8 
48 

4 
4 

6 

Average 
Burst 

Pressure, 

psi 

3800 

5300 
4200 

5000 
• 3700 

4800 
6100 
5100 

4900 

Average Cladding Deflection, mils 
Area 

of Burst 

40 

61 
32 

59 
30 

43 

61 
40 

35 

Area Adjacent 

to Burst 

34 

60 

27 

55 
24 
34 

57 
32 

26 

Measured at 

Gage Hole 

15 

31 

17 
30 

17 

15 
25 

16 
15 

(a) Specimens bonded 4 hr at 1550 F at 10, 000 psi with a coating of sprayed and buffed graphite 5 mg per in. ^ thick. 
(b) Specimens identical to (a) except they were given an additional treatment at 1850 F for 5 min. 
(c) Specimens bonded at 1525 F for 4 hr at 10,000 psi with a 40 to 100-/tin. coating of chromium. 
(d) Specimens identical to (c) except they were given an additional treatment at 1850 F for 5 min. 
(e) Specimens bonded at 1526 F at 10,000 psi for 4 hr with 40 to lOO-juin. coatings of chromium on cores which had not 

been sandblasted. 
(f) Specimens bonded as in (a) with crystalline-carbon coatings l/tin. thick on cores which had not been sandblasted. 
(g) Specimens bonded as in (a) with an attempt made during assembly to smear the crystalline-carbon coatings onto the 

Zircaloy bonding surfaces. 
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most of the co re s coated with pyrolyt ic c rys ta l l ine carbon or evaporated chromium had 
been sandblas ted to obtain the opt imum condition for adherency of the coating. However, 
the r e su l t s of the bu r s t t e s t s indicated that the coatings of chromium applied to co res 
in the a s - s i n t e r e d condition had sa t i s fac tory adherence . Therefore , it was concluded 
that the sandblast ing t r ea tmen t was not n e c e s s a r y p r io r to the application of coatings of 
vacuum-evapora ted ch romium. In o rde r to apply adherent coatings of pyrolytic c r y s t a l ­
line carbon to unblasted c o r e s , however , it was neces sa ry to reduce the thickness of 
the coating f rom about 15 to 40 /iin. to about 1 /iin. The bu r s t t e s t s l is ted in the table 
of an e lement containing these co re s indicated that the thick, pyrolytic carbon coatings 
were adheren t and did not r e su l t in contaminat ion and weakening of the bonds; however, 
these thinner pyrolyt ic carbon coatings were not effective in preventing core- to-c ladding 
reac t ion , as d i scussed prev ious ly . 

The previously desc r ibed fuel e lement containing sandblasted co res coated with 
c rys ta l l ine carbon which was purposely mishandled during assembly to de termine if 
these coatings could be s m e a r e d onto bonding surfaces and affect bonding was a lso 
bu r s t t e s ted . Six bu r s t t e s t s of this e lement , l i s ted in the table, did not resu l t in any 
bond fa i lu res , indicating that n o r m a l handling during a s sembly of cores which have 
been sandblas ted and coated with pyrolyt ic carbon probably will not resu l t in poor 
bonding. 

Resul t s of Chemica l Analyses of the Cladding 

The Zi rca loy cladding was analyzed after bonding to de termine if the cladding 
had become contaminated by the core coating or if the coating was not effective in p r e ­
venting core - to -c ladd ing reac t ion . Po r t i ons of cladding were removed from p r e s s u r e -
bonded fuel e l emen t s , c leaned, and analyzed. The r e su l t s were compared with the 
ana lyses of the or iginal cladding m a t e r i a l . The ana lyses were of cladding from e l e ­
ments in the a s - p r e s s u r e - b o n d e d condition, s ince it had been found p r io r to the t ime 
these de te rmina t ions were made that the postbonding heat t r ea tmen t at 1850 F for 5 min 
was not n e c e s s a r y in the p r o c e s s . The cladding f rom e lements with the c r y s t a l l i n e -
carbon and graphite core coatings was analyzed for carbon to de te rmine if the cladding 
had been contaminated by the diffusion of carbon during bonding. The r e su l t s were all 
comparab le to the or iginal m a t e r i a l , indicating that no carbon contamination had 
occu r r ed in the body of the cladding p l a t e s . The composi t ions of cladding samples of 
a s - p r e s s u r e - b o n d e d e lements having ch romium-coa ted c o r e s were a lso de termined, 
and the ana lyses revea led no apprec iab le diffusion of ch romium into the cladding. 
S imi la r ly p r e p a r e d samples of the cladding removed from p re s su re -bonded e lements 
containing each of th ree core coatings were analyzed for uranium to de te rmine if any 
co re - to -c l add ing reac t ion and subsequent diffusion of the uran ium into the Zircaloy 
cladding had occu r r ed . The ana lyses showed that there was no significant amount of 
u ran ium in the cladding after bonding. 

Vacuum-fusion ana lyses for oxygen and hydrogen were per formed on samples of 
the Zi rca loy cladding pla tes f rom p r e s s u r e - b o n d e d fuel e lements with the th ree types 
of core coat ings . The r e su l t s of these ana lyses and ana lyses of the base ma te r i a l a r e 
l i s ted in Table 6. The data show that t he re does not appear to be any se r ious p rob lem 
with r e g a r d to contamination of the Zi rca loy cladding with oxygen or hydrogen during 
p r e s s u r e bonding. 



34 

TABLE 6. VACUUM-FUSION ANALYSES OF ZIRCALOY CLADDING 
FOR OXYGEN AND HYDROGEN 

The samples of Zircaloy cladding were removed 
from fuel elements which had been gas-pressure 
bonded at 1525 F and 10,000 psi for 4 hr. 

Analysis, ppm 
Coating on Cores of Element Oxygen Hydrogen 

As-received material 1290 29 
Crystalline carbon 1390 23 
Graphite 1470 49 

1720 41 
1390 31 

Chromium 1200 40 

Study of Flow of Cladding During G a s - P r e s s u r e Bonding Into Void Spaces 
In P i c t u r e F r a m e s of Fue l E l e m e n t s 

A p rob l em which was encountered in g a s - p r e s s u r e - b o n d e d fuel e lements during 
the previous p r o g r a m was the occu r r ence of s eve re local ized dep res s ions and thinning 
of the cladding due to flow of the c ladding-plate m a t e r i a l during bonding into void spaces 
in the p i c t u r e - f r a m e a s s e m b l y , v^) These void spaces were p r e s e n t due to chipped c o r e s 
and other inadver tent in ternal void regions resu l t ing f rom as sembly t o l e r a n c e s . During 
g a s - p r e s s u r e bonding, the Zircaloy cladding flowed into these reg ions , filling all void 
space , which produced the cladding d e p r e s s i o n s and thinning. In c a s e s of extensive 
flow into some shapes and s i zes of void space , the cladding p la tes were ruptured , or 
the graphi te b a r r i e r l a y e r s being employed were removed f rom the c o r e s in the regions 
of excess ive flow, thus permi t t ing co re - to -c l add ing reac t ion . 

The e l emen t s p r e p a r e d in, the prev ious p r o g r a m contained seve ra l u ran ium 
dioxide p la te le t s in each compar tment , and it was usually observed that the dep re s s ions 
and thinning were seve re only when essen t ia l ly al l of the void was filled by excess ive 
flow of the cladding p l a t e s . In the p r e s e n t p r o g r a m , the re fo re , the c o r e s were individu­
ally compar tmen ta l i zed by Zirca loy r ibs in o r d e r to d e t e r m i n e if it was feasible to 
min imize excess ive flow of the cladding p la tes into voids by this technique. This design 
a l so offers m a x i m u m re s t r i c t i on of any cladding fa i lure occur r ing during s e rv i ce of the 
fuel e lement . Although this configuration necess i t a t ed the use of additional Zi rca loy 
r i b s , the amount of Zi rca loy contained in the p i c t u r e - f r a m e a s sembly was mainta ined 
constant by slightly dec reas ing the width of al l of the Z i rca loy r ibs for this p r o g r a m to 
0. 0 35 in. , a s compared with the width of 0, 040 in. used in the prev ious p r o g r a m . (2) 

It was des i r ed to de te rmine the m a x i m u m amount of void space which could be 
to lera ted using this design without resu l t ing in excess ive thinning of the cladding or 
excess ive co re - to -c ladd ing reac t ion . To study this effect, spec imens were a s sembled 
having intentional void spaces of control led geomet ry and s i z e . Severa l of these s p e c i ­
mens were bonded in pro tec t ive conta iners (2 , 9) to de t e rmine the effect of the container 
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and accompanying T i -Namel s p a c e r s on the amount of flow into a given void space , as 
compared with the edge-welded spec imen . It was cons idered in the evaluation of the 
r e su l t s of this study that dep re s s ions up to 10 mi l s in the cladding surface were p e r ­
mis s ib l e if they were not accompanied by any significant thinning of the cladding p la tes . 

F o r this study, nine spec imens were p r epa red in sets of t h r ee . Two se ts were 
p r e p a r e d by the edge-welding technique and had, respec t ive ly , graphi te -coated and 
c rys t a l l i ne -ca rbon -coa t ed c o r e s . The th ree e lements of the thi rd set contained 
graphi te -coa ted co res and were each a s sembled with accompanying space r s into a p r o ­
tect ive container for bonding. One of the th ree e lements in each set was assembled 
with the min imum poss ib le in te rna l void space , the second contained var ious m e a s u r e d 
amounts of void space at the end of each longitudinal row of compar tmented cores to 
s imula te poor d imensional control , and the thi rd contained cores from which var ious 
m e a s u r e d amounts of m a t e r i a l had been ground from one corner to s imulate chipped 
c o r e s . The des i r ed amount of longitudinal void space was obtained by using different 
s izes of sh ims at the ends of the var ious rows of c o r e s . 

These spec imens were sect ioned and evaluated in both the as-bonded and hea t -
t r ea t ed condit ions. The amounts of intentional void space at the ends of the four longi ­
tudinal rows of co res on each s ize of the e lement were 0, 10, 20, and 35 mi l s , a r r anged 
a s shown in F igu re 18. 

The s imulated chips ground f rom the c o r n e r s of the cores were the shape of a 
r egu la r t r i angula r p r i s m with the al t i tude being the thickness of the c o r e s . The s izes 
of s imulated chips studied were 10, 25, 50, and 75 mi ls as a side of the equi la tera l 
t r i ang le . These defected c o r e s w e r e a r r a n g e d in the e lements as shown in F igu re 19. 

The evaluation of the spec imens with r e g a r d to flow into voids was based p r i n c i ­
pally on visual examination of the sur faces of the e lements and on meta l lographic 
examinat ion of sect ions removed from the a r e a s of the original void spaces . M e a s u r e ­
ments were made of the meta l lographic samples to de te rmine the extent of thinning of 
the cladding and the depth of the d e p r e s s i o n s , and observat ions were made as to the 
flow pa t t e rns and for any evidence of core - to -c ladd ing reac t ion . The e lements were 
a lso evaluated by b u r s t t e s t s and by co r ro s ion t e s t s of purposely defected compar tmen t s 

Resu l t s of Visual Examinat ion 

Visual examinat ion of the e lements showed that even the l a r g e s t amounts of void 
space of e i ther type did not r e su l t in rup ture of the cladding due to excess ive thinning. 
This indicated that individually compar tmenta l iz ing the co res significantly reduced 
excess ive flow into voids , s ince defects of sma l l e r size when located between two cores 
not separa ted by a Zi rca loy r ib had produced cladding rupture in previously bonded 
spec imens . 

The surface appearance of half of each of two edge-welded e lements which con­
tained longitudinal void space and individually compar tmenta l i zed co re s is shown in 
F i g u r e 20. The a r e a indicated by the dash m a r k s in F igu re 20 is shown enlarged in 
F i g u r e 21 . It can be noted in the p ic tu res that the longitudinal rows of co re s which 
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35 20 10 0 35 20 10 0 

0-25930 

FIGURE 18. DRAWING OF THE ARRANGEMENT OF THE LONGITUDINAL VOID 
SPACES PURPOSELY INCLUDED IN SEVERAL FUEL ELEMENTS 
TO STUDY FLOW OF CLADDING DURING GAS-PRESSURE 
BONDING 
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0-25927 

FIGURE 19. DRAWING OF THE ARRANGEMENT OF THE VOID SPACES SIMULATING 
CHIPPED CORES WHICH WERE INCLUDED IN SEVERAL FUEL 
ELEMENTS TO STUDY FLOW O F CLADDING 
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2/3X N58552 

FIGURE 20. APPEARANCE OF THE SURFACES OF EDGE-WELDED AND 
PRESSURE-BONDED ELEMENTS WHICH CONTAINED 
INTENTIONAL LONGITUDINAL VOID SPACE 

The a r e a indicated by the dash m a r k s is shown at a higher 
magnification m F igu re 21 . The amount of void space in m i l s 
contained in each of the longitudinal rows of co re s is indicated 
m the photograph. Even with the maximuxn amount of in ­
cluded void space , no cladding rup tu re o c c u r r e d during 
p r e s s u r e bonding due to excess ive flow. 
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Amount of Longitudinal Void Space, mils 

35 20 10 0 

'AX 

• . ]} X- i 
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l> 1 

H I re.-. 

3X N58554 

FIGURE 21. PHOTOGRAPH SHOWING AT A HIGHER MAGNIFICATION 
THE AREA INDICATED IN FIGURE 20 

The amount of void space contained in each of the longi­
tudinal rows of cores is indicated in the figure. 
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Location A 

Location B 

Location C 

2/3X N58553 

FIGURE 22. APPEARANCE OF THE SURFACE OF EDGE-WELDED AND 
PRESSURE-BONDED FUEL ELEMENTS WHICH CONTAINED 
INTENTIONAL VOID SPACES SIMULATING CHIPPED CORES 

The a r e a indicated by the dash m a r k s is shown a t a higher 
magnificat ion in F igu re 23, The s i zes in mi l s of the s imu­
lated chips a r e indicated in the photograph and desc r ibed in 
the text . Even with the maximum amount of included void 
space , no cladding rup ture o c c u r r e d during p r e s s u r e bonding 
due to excess ive flow. 
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Size of Simulated Chip, mils 

Location B 
(two adjacent 
chips) 

[Location C 
(single chip) 

3X N58555 

FIGURE 23. AREA INDICATED IN FIGURE 22 BY DASHED LINES AT A 
HIGHER IviAGNIFICATION 

The s izes of the s imula ted chips in the a r ea shown are; 
indicated in the photograph. Locations B and C a r e 
indicated in F igu re 19. 
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contained 0 or 10 mi l s of void space had no vis ible d e p r e s s i o n s . It can also be observed 
in F i g u r e 20 that the longitudinal void space occu r r ed pr incipal ly at the end of a row of 
c o r e s cor responding to the top end of the e lement , which is the numbered end in the 
photographs . However , r ad iographs of the e l emen t s revea led that the void space was 
not always concent ra ted in that locat ion. The slight dep res s ion at the center of the 
longitudinal row of c o r e s which contained 20 mi l s of void space in the element at the 
right in F igu re 20 apparent ly resu l ted f rom void space which had been p resen t at the 
location. The e lements having longitudinal void space and which were bonded in con­
t a ine r s show even sma l l e r dep re s s ions than the edge-welded e l emen t s , as d i scussed 
l a t e r . 

The surface appearance of edge-welded e lements which were bonded containing 
co re s with s imula ted chips is i l lus t ra ted in F igu re 22. The a r e a indicated by the 
dashed l ines in F i g u r e 22 is shown enlarged in F i g u r e 23, F o r compar i son , the d e ­
p re s s ion at the location of the two adjoining 25-mi l s imulated chips at the top of 
F igu re 23 is only 5 mi l s deep. The dep re s s ions at the cen te r of the e lement c o r r e ­
sponding to the location of two chips on e i ther side of the t r a n s v e r s e Zi rca loy r ib (as 
indicated in F igu re 19) w e r e , of cou r se , of g r e a t e r depth than the dep res s ions caused 
by a single defect of the same s ize , as can be observed in the photographs . The 10-
and 2 5 - m i l - s i z e chips , located singly or in p a i r s , did not r e su l t in any deep dep re s s ions 
in the edge-welded e l e m e n t s . The e l emen t s containing co re s with s imulated chips 
which were bonded with s p a c e r s in pro tec t ive con ta iners showed even shal lower d e ­
p r e s s i o n s than the edge-welded s p e c i m e n s . This can be observed in F igure 24, which 
shows the same location in an e lement bonded in a container as is shown in F i g u r e 23 
for an edge-welded spec imen. In these e l emen t s bonded in con ta ine r s , only the double 
7 5 - and 50-mi l chips produced deep d e p r e s s i o n s . 

Resul t s of Metal lographic Examinat ion of Flow 

The flow into the intentional voids in the e lements was evaluated meta l lographica l ly 
by observing the flow p a t t e r n s , noting any evidence of co re - to -c l add ing reac t ion , and 
measu r ing the depth of the dep re s s ions and the min imum th ickness of the thinned c lad ­
ding. Samples were not examined f rom those locat ions which had contained the s m a l l e r 
amounts of void space and did not visually show any significant amount of flow. The 
m e a s u r e m e n t s made of the meta l lographic samples and observa t ions with r e g a r d to 
core - to -c ladd ing reac t ion a r e s u m m a r i z e d in Table 7 for the edge-welded e lements 
and e lements bonded in con ta iners which contained intentional longitudinal void space . 
Table 8 contains s imi l a r r e su l t s for the e lements which contained c o r e s with s imula ted 
chips . 

In Table 7, it is shown that a longitudinal void space of 20 mi l s in edge-welded 
e lements resu l ted in essen t ia l ly no thinning of the cladding and only re la t ive ly shallow 
d e p r e s s i o n s . A void space of 35 mi l s would not be p e r m i s s i b l e in edge-welded e lements 
because of the significant dep re s s ions and thinning of the cladding. F i g u r e 25 shows 
the dep res s ions and thinning of the cladding caused by 35 mi l s of longitudinal void 
space . The a r e a in the photomicrograph shows the mos t s eve re case of flow observed 
in any location in any of the spec imens p r e p a r e d . The e lement bonded in a container 
having longitudinal void space did not show any de t r imen ta l effect even f rom the 35-mi l 
void space . 
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Size of Simulated Chip, mils 

10 25 

L o c a t i o n B 

B 

Location C 

3X N58721 

FIGURE 24. SURFACE APPEARANCE OF A FUEL ELEMENT CONTAINING 
INTENTIONAL VOID SPACES SIMULATING CHIPPED CORES 
WHICH WAS PRESSURE BONDED IN A PROTECTIVE CONTAINER 

This a r e a can be compared with a s imi la r a r ea of an edge-welded 
spec imen shown in F igure 23. The s i zes of the simulated chips 
in the a r e a shown a r e indicated in the photograph. 



TABLE 7. CLADDING DEPRESSION AND THINNING AND CORE-TO-CLADDING REACTION RESULTING FROM LONGITUDINAL 
VOID SPACE IN CORE ROWS 

Locations which had contamed 10 mils of longitudinal void space showed no significant amount of flow in edge-
welded specimens or specimens bonded in containers. 

Amount of 
Longitudinal 
Void Space, 

mils 

20 

20 

35 

35 

35 

Type of 
Specimen 

Edge welded 

Edge welded 

Container 

Edge welded 

Edge welded 

Type of 
Barrier Layer 

Graphite 

Crystalline carbon 

Graphite 

Graphite 

Crystalline carbon 

Postbonding 
Heat Treatment 

None 

1850 F, 5 min 

None 

1850 F, 5 min 

1850 F, 5 min 

Normal 
Thickness of 
Cladding, 

mils 

21.3 

21.6 

21.3 

20.7 

20.2 

Minimum 
Thickness of 
Cladding at 

Comer of Core, 
rails 

21.0 

21.3 

20.4 

19.5 

12.6 

Maximtun 
Depth of 

Depression 
(One Side), 

mils 

7.0 

6.0 

6.0 

15.6 

17.4 

Core-to-Cladding 
Reaction 

None 

None 

None 

Very slight at one 
edge of core 

None 

(4̂  



TABLE 8. CLADDING DEPRESSION AND THINNING AND CORE-TO-CLADDING REACTION RESULTING FROM SIMULATED CHIPPED CORES 

Locations which had contained 10-mil chips did not show any significant amount of flow in edge-welded specimens or specimens 

bonded in containers. 

Size of 
Simulated 

Chip, 
mils 

m 

%$ 

50 

50 

m 
IB 

75 

75 

75 

75 

Location 
of Chip(*) 

BO') 

c(c) 

B 

C 

C 
B 

B 

B 

c 
C 

Type of 
Specimen 

Edge welded 

Edge welded 

Container 

Edge welded 

Container 
Edge welded 

Edge welded 

Container 

Edge welded 

Container 

Type of 
Barrier 
Layer 

Crystalline 
carbon 

Crystalline 
carbon 

Graphite 

Crystalline 
carbon 

Graphite 
Graphite 

Crystalline 
carbon 

Graphite 

Crystalline 
carbon 

Graphite 

Postbonding 
Heat Treatment 

1850 F. 5 min 

1850 F. 5 min 

None 

1850 F, 5 min 

None 
None 

None 

None 

1850 F, 5 min 

None 

Normal 
Thickness 

of 
Cladding, 

mils 

21.7 

21.7 

21.6 

21.8 

21.8 
21.8 

22.6 

21.8 

22.0 

21.0 

Minimum 
Thickness of 
Cladding at 

Cornet of Core, 
mils 

20.7 

21.6 

16.6 

15.0 

18.8 
11.3 

13.3 

16.5 

11.5 

18.7 

Maximum Depth 
of 
in 

Depression 
Cladding, 

mils 

5.0 

3.6 

9.5 

21.6 

5.0 
43.8 

42.3 

9.7 

37.5 

5.4 

Core-to-Cladding 
Reaction 

None 

None 

Slight reaction at 
one core 

None 

None 
Slight reaction at 

comer of one core 
Slight reaction at 

corner of one core 
Slight reaction at 

corner of one cote 
None 

None 

^ 
en 

(a) As idenufied in Figure 19. 
(b) Two chips facing center cross rib. 
(c) One chip at bottom cross rib. 



Zirca loy-2 
cladding plate 

Uranium dioxide 
core ( removed 
during 
polishing) 
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F I G U R E 25 . P H O T O M I C R O G R A P H O F AN A R E A SHOWING T H E MOST S E V E R E F L O W O B S E R V E D A T ANY 
L O C A T I O N IN ANY O F T H E S P E C I M E N S P R E P A R E D CONTAINING I N T E N T I O N A L VOID S P A C E S 

Note t h e d e p r e s s i o n a n d th inn ing of the c l a d d i n g r e s u l t i n g f r o m e x c e s s i v e flow in to t he l o n g i t u d i n a l 
vo id s p a c e of 35 m i l s . T h e fuel e l e m e n t w a s of t he e d g e - w e l d e d t y p e . 
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The edge-welded e l emen t s containing chipped c o r e s , a s l i s ted in Table 8, demon­
s t r a t ed excess ive thinning of the cladding and deep depress ions in regions where 50 -
and 75-mi l s imula ted chips had been located singly or in p a i r s . The specimens bonded 
in conta iners general ly showed l e s s thinning and l e s s deep depress ions than the edge-
welded e lements for the same s ize defect, and the effect of 50-mi l chips located singly, 
or , poss ibly , even in p a i r s , nriay not be de t r imen ta l . 

As indicated in Table 7 and 8, meta l lographic examination of the samples for 
evidence of co re - to -c ladd ing reac t ion revea led only smal l zones of slight react ion at 
the c o r n e r s or edges of the g raph i t e -coa ted and c rys t a l l i ne -ca rbon-coa ted co res where 
the l a r g e r voids had been located and m a x i m u m flow of the cladding occur red . Thus, 
even the max imum amount of flow did not resu l t in excess ive removal of b a r r i e r 
coatings of e i ther graphi te or c rys ta l l ine carbon. F igure 25 shows a minimum amount 
of reac t ion between the cladding and c rys t a l l i ne -ca rbon-coa t ed core in an a r ea of very 
seve re flow. Severa l a r e a s of slight reac t ion between the cladding and graphi te-coated 
co re s were observed in the regions of max imum flow. Purpose ly defected c o m p a r t ­
ments of these e lements were co r ros ion tes ted in 680 F water to a s s u r e that no d e t r i ­
mental effect would be obtained due to the slight react ion observed in some a r e a s . 
Long-tinae t e s t s of up to 63 days produced no swelling of the compar tmen t s . 

The flow pa t t e rns in regions of the e lements where the voids had been presen t 
were studied to obtain a be t te r unders tanding of the mechan i sm of flow. F igure 26 
shows a region of extensive flow of the cladding plate into a void space in an element 
bonded in a conta iner . The void space at this location was produced by cores with 
75-mi l s imulated chips placed on e i ther side of the center Zircaloy t r a n s v e r s e r ib 
(Location B in F igure 19). The flow pa t t e rns were obtained by examination of an etched 
sample at high magnification and a r e indicated in the photograph of F igure 26 by dashed 
l ines . It was noted that most of the m a t e r i a l to fill the void space flowed into the void 
region from the longitudinal r ib at the side of the region, as indicated in the f igure. 
The t r a n s v e r s e Zi rca loy r ib and the cladding pla tes had flowed only slightly. F igure 27 
shows a s imi l a r a r e a in a bonded edge-welded e lement . Flow of ma te r i a l into the void 
space occu r red p r i m a r i l y f rom the cladding plates and the t r a n s v e r s e r ib , which was 
flattened cons iderably . Only a smal l amount of ma t e r i a l flowed into the void from the 
longitudinal r ib . 

A compar i son of the flow occur r ing in the two types of e lements demons t r a t e s 
the effect of the T i -Namel s p a c e r s on flow in the e lements bonded in con ta iners . The 
s p a c e r s apparent ly tend to d is t r ibute evenly and to slow down the flow of the cladding 
p la t e s , pe rmi t t ing the p r e s s u r e ori the s ides of the container to cause cons iderable flow 
of the longitudinal r i b s . In the edge-welded e l emen t s , however , the flow of the cladding 
pla tes and the t r a n s v e r s e r ibs was predominant . It is to be noted, though, that some 
flow occu r r ed in al l d i rec t ions in both types of e lements because of the gas p r e s s u r e 
exer ted on al l s i des . 

Examinat ion of the effects of flow of the cladding into the void spaces of var ious 
s ize and geometry indicated that a longitudinal void space of 20 mils in edge-welded 
e lements and 35 mi l s in e lements bonded in conta iners resu l ted in l e s s than 1 mil of 
thinning of the cladding and a cladding depress ion of 7 mi ls or l e s s . In edge-welded 
e l emen t s , co re s with s imula ted chips of the 25-mi l s ize located singly or in pa i r s did 
not resu l t in cladding thinning g rea t e r than 1 mi l or depress ions deeper than 5 m i l s . 
In e lements bonded with s p a c e r s in conta iners even the 50 - and 75-mil s imulated chips 
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FIGURE 26. PHOTOMICROGRAPH SHOWING FLOW PATTERNS IN A REGION 
WHICH HAD CONTAINED A LARGE INTENTIONAL VOID SPACE 
IN A F U E L ELEMENT BONDED IN A PROTECTIVE CONTAINER 

The dashed l ines outline the regions of the or ig ina l void space 
which were filled by flow of the cladding m a t e r i a l f rom the v a r i ­
ous components indicated. The void space had cons is ted of two 
adjacent 75-mi l s imula ted chips in the c o r e s . 
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40X N59386 

FIGURE 27. FLOW PATTERNS IN A REGION OF AN EDGE-WELDED AND 
PRESSURE-BONDED F U E L ELEMENT WHICH HAD CONTAINED 
A LARGE INTENTIONAL VOID SPACE 

The dashed l ines outline the regions of the or iginal void space 
which were filled by flow of the cladding m a t e r i a l from the 
var ious components indicated. Two adjacent 75-mil s imulated 
chips m the c o r e s had formed the void space . This photo­
m i c r o g r a p h of an edge-welded e lement can be compared with 
F igu re 26 of an e lement bonded m a protec t ive container . 
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located singly did not cause cladding thinning of m o r e than 3 mi l s or dep res s ion of the 
cladding g r e a t e r than 6 m i l s . It was a lso found during this study that flow of the c l ad ­
ding into the defects did not r e su l t in any de t r imen ta l r emova l of the b a r r i e r l a y e r s of 
graphite or c rys ta l l ine ca rbon nor in excess ive subsequent reac t ion between the core 
and cladding. 

Cleaning and Assembly of Specimens for Bonding 

The Zi rca loy components were cleaned p r i o r to bonding by a p r o c e s s involving 
degreas ing , detergent washing, and r ins ing . It was not an objective in this p r o g r a m 
to a t tempt to simplify the cleaning p r o c e d u r e , but to follow a s tandard cycle that 
seemed to produce clean su r f aces . The components were handled with clean rubber 
gloves or tongs during al l ope ra t ions . The components were deg reased by scrubbing 
in methyl alcohol and then ace tone , followed by an u l t rasonic d e g r e a s e (5 min) in w a r m , 
pu re ethyl a lcohol . They were then scrubbed in a hot solution of Alconox, a detergent 
for meta l cleaning, and dis t i l led wa te r . After washing, the components were subjected 
to a mul t i s tep r ins ing cycle to insu re r emova l of all of the de te rgent . They were r insed 
by scrubbing in cold dis t i l led wa te r , u l t rasonica l ly r insed (5 min) in w a r m , pure ethyl 
alcohol, and then r insed by dipping in baths of hot, cold, and, again, hot dis t i l led wa te r . 
Drying of the components was accompl i shed by blowing them with dry , f i l tered a i r , and 
they were then placed in a dry box p r i o r to a s sembly . Ca re was taken to insu re that 
the components did not become dry between opera t ions , which would have left s ta ins on 
the su r f aces . Also , they were not allowed to r ema in in any of the hot solutions for too 
long a per iod of t ime . The sma l l t r a n s v e r s e r ibs of the fuel e lements were p r o c e s s e d 
through the s a m e cleaning cycle , but the scrubbing opera t ions were pe r fo rmed on 
groups of r ibs in smal l b e a k e r s of the var ious solutions to expedite scrubbing of the 
very smal l components . 

Initially in this p r o g r a m , the scrubbing and u l t rason ic r i n s e s were not included. 
These steps were added to the cycle when it appeared that all of the de te rgent f rom the 
washing opera t ion might not have been removed by the r i n s e s involving only dipping. 
The fuel co re s were a s s e m b l e d in the a s - c o a t e d condition. It was noted during cleaning 
of the cladding components that it was difficult to r emove the Alxonox detergent , which 
was used in the washing operat ion, by the r ins ing method, which cons is ted only of 
dipping the components in s eve ra l r ins ing ba ths . Since r e s idua l Alconox f rom the 
cleaning cycle was suspected to be the cause for some of the contaminated bonds, a 
specimen was p r e p a r e d with bonding sur faces intentionally contaminated with Alconox. 
Examinat ion of this spec imen after bonding revea led a badly contaminated bond i n t e r ­
face, demons t ra t ing that the p r e s e n c e of Alconox had a de le te r ious effect on bond 
quality. The contaminat ion along the bond interface and the lack of gra in growth a s a 
r e su l t of the res idua l contaminat ion a r e apparent in F i g u r e 28. 

The cycle used in cleaning of cor-^.ponents for a s s emb ly r e q u i r e s e x t r e m e p r o c ­
essing c a r e and p roper ly abraded Zi rca loy surface to obtain a reasonab le consis tency 
of good bonds during subsequent g a s - p r e s s u r e bonding. The cleaning cycle employed 
for these spec imens is being a l t e r ed and improved by s tudies being conducted at 
Bet t i s and Bat te l le . Before this p r o c e s s is used in product ion, p rope r techniques will 
be developed to a s s u r e that the bonding su r faces a r e free of contaminat ion that might 
prevent bonding . 
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FIGURE 28. POOR ZIRCALOY-TO-ZIRCALOY BOND CONTAMINATED 
WITH RESIDUAL DETERGENT DUE TO WASHING OF 
THE ZIRCALOY CLADDING COMPONENTS WITHOUT 
ADEQUATE RINSING 

Improved r ins ing operat ions included in the cleaning of 
the Zircaloy components for subsequent fuel e lements 
resu l ted in uncontaminated bonds. 

Assembly of the e lements was pe r fo rmed using clean rubber gloves. Fo r the 
e lements to be edge welded, the bot tom cladding plate was placed on a 0. 5-in. -thick 
copper p iece , which had been machined jus t slightly sma l l e r and the same shape as the 
e lement . The copper p iece , a duplicate of which was placed on top of the element after 
a s sembly , se rved as a support for the e lement during assembly and handling and as a 
cooling block during subsequent edge welding. The p i c tu re - f r ame components and cores 
were then a s sembled in posi t ion on the cladding pla te . Tweezer s were used for handling 
the smal l t r a n s v e r s e r i b s . Any res idua l void space at the end of a longitudinal row of 
co re s was filled using 0 .005- in . Zi rca loy s h i m s . The assembly of the e lements , which 
was an operat ion requi r ing grea t c a r e , is i l lus t ra ted in the photographs of F igure 29. 
The top cladding plate and copper piece were then placed on the a s sembly . La te ra l 
void space in the p i c t u r e - f r a m e a s semb ly was removed by pushing inward on the side 
plates of the f rame, and en t i re a s semb ly was then clamped m position for welding. 

Fus ion welding of the edges of the cladding plates to the side pla tes of the pic ture 
f rame was pe r fo rmed in a h e l i u m - a t m o s p h e r e tank with the e lement clamped between 
the copper cooling b locks . Only the end of the evacuation extension was not welded. 
The e lements were then tes ted to insu re that no leaks were p r e sen t in the welds . 

F o r evacuation and seal ing, the evacuation extension of the edge-welded element 
was connected to a h igh-vacuum manifold by means of an adapter and a rubber hose , 
and the e lement was evacuated for 1 to 2 h r . The extension was then sealed using a 
r e s i s t a n c e - u p s e t welding machine . After disconnecting the element from the evacuation 
sys tem, the end of the extension was sea led by heliumi-shielded a r c welding to insure 

250X 
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1/2X N64734 

a. Partially Assembled Picture Frame Showing Placement of Zircaloy Cladding Components and Uranium Dioxide Cores 

Assembly was performed on one of the cladding plates placed on a copper cooling block which was subsequently 
used during fusion edge welding of the fuel element. 

1/2X N64735 

b. Later Stage of Assembly of the Compartmented Picture Frame Containing Uranium Dioxide Cores 

Wide Zircaloy plate down the center of the fuel element was utilized to facilitate sectioning of 
these experimental elements after bonding. 

FIGURE 29. STEPS IN THE ASSEMBLY OF A TYPICAL ELEMENT FOR GAS-PRESSURE BONDING 
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1/2X N64737 

c. Completed Assembly of the Piece-Component Picture Frame Containing Compartmented Uranium Dioxide Cores 

The top cladding plate and copper cooling block for welding were placed on top of this assembly, as shown below 

1/2X 

d Assembled Fuel Element Clamped Between Copper Cooling Blocks Ready to be Fusion Edge-Welded 

FIGURE 29 (CONTINUED) 
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a gastight sea l . Initially in this p r o g r a m , the edge-welded e lements were sealed by 
induction melt ing the end of the evacuation extension while the en t i re e lement was con­
tained in a vacuum chamber . This technique resu l ted in slight heating of the e l emen t s , 
however, and the r e s i s t a n c e - u p s e t welding method was used for all l a t e r spec imens . 

The a s sembled and sea led fuel p la tes were loaded into an autoclave such as d e ­
scr ibed in BMI-1374(2) in de ta i l . In these s tudies , it was found that the edge-welded 
e lements should be loaded into the autoclave by a technique utilizing a loading tube in 
o rde r to avoid warpage of the e lements and contauiination of the cladding during the 
bonding opera t ion . 

The loading p rocedure employed in this p r o g r a m is i l lus t ra ted in F igure 30. F o r 
this p rocedu re , a rec tangular Zi rca loy loading tube is cons t ruc ted to very c lose t o l e r ­
ances and a s t ruc tu ra l Type 310 s ta in less s teel container is then fit tightly around the 
Zircaloy tube to provide s t rength at the bonding t e m p e r a t u r e . This composi te loading 
tube, closed at the bot tom, will accommodate four e l emen t s . The e lements a r e s e p a ­
ra ted by Zi rca loy s p a c e r s which a r e packed into the loading tube for each run. When 
m o r e than four e lements were to be run, the additional ones were placed in a loading 
tube ver t i ca l ly above the or iginal tube, s ince the hot zone of the autoclave furnace was 
of sufficient length to accommodate the two loading tubes . Zi rca loy chips and shiinming 
stock were placed in the top of the loading tube to help purify the a t m o s p h e r e . Two half 
cyl inders of copper were machined to fill all void space in the inside of the cyl indr ica l 
autoclave furnace except for a 1-in. - thick slot in the center into which the loading tube 
containing the e lements was placed. P i e c e s of copper bar were used to fill the r e ­
maining void space in the slot . The copper se rved to min imize t e m p e r a t u r e grad ien ts 
in the furnace . 

P r e s s u r e bonding was pe r fo rmed at 1525 or 1550 F for 4 h r using a he l ium 
p r e s s u r e of 10,000 ps i . Fue l e lements containing ch romium-coa t ed c o r e s were bonded 
at 1525 F , which is below the z i r c o n i u m - c h r o m i u m eutectoid t e m p e r a t u r e , in o r d e r to 
minimize diffusion of the c h r o m i u m b a r r i e r into the Zi rca loy cladding. Since a number 
of e lements with the th ree types of co re coatings were usually bonded at the same t ime 
in the autoclave, mos t of the e l emen t s in the p r o g r a m were bonded at 1525 F . When 
e lements having only g raph i te -coa ted or c ry s t a l l i ne - ca rbon -coa t ed c o r e s were bonded, 
a t e m p e r a t u r e of 1550 F was employed. During the p r e s su re -bond ing cycle , both the 
t e m p e r a t u r e and p r e s s u r e were i n c r e a s e d s imul taneously . Usual ly , the specified 
operat ing t e m p e r a t u r e of 1525 to 1550 F and p r e s s u r e of 10, 000 ps i w e r e at tained in 
about 1 h r , and these conditions were then mainta ined for the specified t ime of 4 h r . 
Helium gas was used for the p r e s s u r e bonding; however , other iner t g a s e s , such as 
argon, can a lso be used. 

The su r faces of the fuel e l ements after p r e s s u r e bonding were cleaned by vapor 
blast ing and then pickling in a hydrof luor ic acid solution to r emove any surface staining 
p r io r to heat t rea t ing or c o r r o s i o n tes t ing . Zi rca loy sur faces t r ea ted in this manne r 
exhibited excel lent co r ros ion r e s i s t a n c e . 
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(a) Cross Section of Autoclave Loading Assemblv 
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CONCLUSIONS 

The g a s - p r e s s u r e - b o n d i n g technique has been es tab l i shed as a feasible method 
for p repa r ing Z i rca loy-c l ad f la t -pla te fuel e lements containing compar tmenta l i zed 
uran ium dioxide fuel. Fue l e l ements p r e p a r e d during this p r o g r a m by the p r o c e d u r e s 
developed behaved well in co r ro s ion t e s t s with purpose ly defected c o m p a r t m e n t s , had 
consis tent ly s t rong Z i r c a l o y - t o - Z i r c a l o y bonds, p o s s e s s e d complete compar tment 
integri ty , revea led good d imens ional control , and demons t r a t ed s t rong, ductile cladding. 
A so l id - s t a t e bond is achieved between all of the mating Zi rca loy components but the 
UO2 co re s a r e not c rushed , s ince only a m in imum amount of deformat ion of the cladding 
components occur s to br ing the i r sur faces into in t imate contact for bonding. 

It has been found in a previous ly repor ted study(2) that an additional 5-min heat 
t r ea tment in an 1850 F sal t bath subsequent to p r e s s u r e bonding is not r equ i red when 
the e lements a r e p roper ly p r e p a r e d p r i o r to assembly for bonding. 

Techniques which a r e sui table for production have been developed for applying 
c rys t a l l i ne -ca rbon coatings to the u r an ium dioxide c o r e s by a pyrolyt ic p r o c e s s and for 
applying ch romium coatings to the c o r e s by vacuum evaporat ion to s e rve as b a r r i e r 
l aye r s to prevent co re - to -c l add ing reac t ion during p r e s s u r e bonding. Crys ta l l ine c a r ­
bon coatings 15 to 40 /iin. thick and vapor -depos i t ed coatings of ch romium 25 to 40 juin. 
thick minimized core - to -c ladd ing reac t ion during bonding. 

A study was conducted of the flow of the c ladding-plate m a t e r i a l during p r e s s u r e 
bonding into void spaces in the p i c t u r e - f r a m e a s s e m b l y , since it had been found in a 
previous program(2) that excess ive flow could r e su l t in s eve re local ized dep re s s ions 
and thinning of the cladding. It has been de te rmined in this p r e sen t study that this 
effect of flow can be sa t i s fac tor i ly min imized by individually compar tmenta l iz ing the 
c o r e s with Zi rca loy r i b s . This design a l so offers m a x i m u m r e s t r i c t i o n of any cladding 
fai lure occur r ing during se rv ice of the fuel e l ement . Since the ve r sa t i l i ty of the g a s -
p re s su re -bond ing technique p e r m i t s the use of a Zi rca loy p ic tu re f rame a s s e m b l e d 
f rom s t r ip components , the u r an ium dioxide co re s can eas i ly be sepa ra ted into indi­
vidual co inpar tments by placing Zi rca loy r ibs between each of them. By studying the 
effect of flow of the cladding into intentional void spaces of va r ious shapes and s i zes in 
the p i c t u r e - f r a m e as sembly of the fuel e l emen t s , the m a x i m u m amount of void space 
which can be to le ra ted without resul t ing in excess ive flow has been de te rmined for fuel 
e lements having individually compar tmen ta l i zed c o r e s . 

The p r o c e s s which has been developed and es tab l i shed as feasible for g a s -
p r e s s u r e bonding these fuel e l emen t s cons i s t s , t he re fo re , of using be l t - ab r aded piece 
Zirca loy components to fo rm the compar tmen ted p ic ture f r a m e , inser t ing u ran ium 
dioxide co re s with coatings of pyrolyt ic c rys ta l l ine carbon or vacuum-evapora ted 
ch romium into the c o m p a r t m e n t s , and fusion welding the edge of the p ic ture f r ame 
and cladding p l a t e s . The fuel e l ements a r e then evacuated and sea led , loaded into a 
h i g h - p r e s s u r e autoclave by a developed p r o c e d u r e , and g a s - p r e s s u r e bonded at 1525 
or 1550 F at 10, 000 ps i for 4 h r . 
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