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

Stan J. P a p r o c k i , Edwin S. Hodge, Donald C. C a r m i c h a e l , 
and Paul J, Gr ipshover 

A solid-state bonding technique involving the use of gas pressure at 
elevated temperatures was investigated for the preparation of compartmented 
Zircaloy-clad flat-plate uranium dioxide fuel elements. 'These investigations 
involved development of methods for the surface preparation and assembly of 
fuel-element components for bonding, determination of optimum bonding 
parameters, development of barrier coatings for uranium dioxide to prevent 
reaction with Zircaloy, and extensive testing and evaluation of the bonded fuel 
elements. During the course of this work, the process was continually modified 
and refined in an effort to improve the quality of the bonded element and decrease 
the cost of fabrication. 

The surface-preparation studies indicated that satisfactory bonding could 
be obtained consistently with both machined and belt-abraded components. Belt 
abrasion is more economical and was used as the standard technique in the 
development phases of the program. Initially the elements were assembled into a 
stainless steel or Ti-Namel envelope which was evacuated and sealed prior to 
bonding. Later studies showed that the quality of bonded elements could be 
improved and process costs decreased by edge welding the Zircaloy components 
to form a gaslight assembly that was then bonded without use of a protective 
envelope. Further cost reductions were incorporated into the process by the use 
of piece Zircaloy components to form the picture frame. 

Optimum bonding with a minimum core-to-cladding reaction was achieved 
by pressure'bonding at 1500 to 1550 F for 4 hr using a helium gas pressure of 
10,000 psi. A postbonding heat treatment for 5 min at 1850 F in a salt bath 
promoted additional grain growth at the bond interface during the alpha-to-beta 
transformation. 

Barrier layers of graphite, chromium, iron, molybdenum, nickel, niobium, 
palladium, and various oxides were investigated to prevent reaction between the 
UO2 ''ore and Zircaloy cladding. Graphite, in the form of a sprayed and buffed 
coating, and chromium were found to be relatively effective barriers. The graphite 
coating was easy to apply and less expensive than a chromium electroplate. 
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I. INTRODUCTION 

BACKGROUND 

A Zi rca loy-c lad f lat-plate uranium dioxide fuel e lement is being cons idered for 
use in the PWR. (1^2, 3) The oxide is spaced in compar tments sepa ra ted by Zi rca loy 
webs designed to isolate fa i lures if a cladding rupture o c c u r s . The compar tmen t s a lso 
function as individual p r e s s u r e chambers for the containment of f i ss ion gas . 

G a s - p r e s s u r e bonding is one of the methods that is being studied for the fabr i 
cation of these e l emen t s . In this m e t h o d , the Zi rca loy components a re fabr icated to 
final size p r i o r to bonding. The oxide co res a r e inse r t ed into a compar tmented Zirca loy 
p ic ture f rame which is then covered with Zi rca loy cladding p l a t e s . Final a s sembly of 
the components for p r e s s u r e bonding can be accompl ished by two different me thods . One 
method consis ts of assembl ing the components into an envelope which is then evacuated 
and sealed. The other method involves fusion welding of the edges of the Zi rca loy clad
ding plates to the Zircaloy p ic ture fraine p r io r to evacuation, seal ing, and p r e s s u r e bond
ing in an autoclave. In the f i r s t method, the differential gas p r e s s u r e between the 
h i g h - p r e s s u r e hel ium and the inside of the sealed envelope br ings the components into 
int imate contact so that diffusion can occur to form a so l id -s ta te bond. In the second 
method the gas p r e s s u r e is exer ted d i rec t ly on the Zi rca loy components , and the same 
end resu l t is obtained. Bonding is done above the r ec rys t a l l i za t ion t e m p e r a t u r e of the 
Zi rca loy. The t e m p e r a t u r e and p r e s s u r e a re mainta ined for a sufficient length of t ime 
to produce a sol id-phase bond at all in ter faces of the components . 

The gas -p re s su re -bond ing p r o c e s s is well suited to the bonding of these e lements 
because bonding is accompl ished without deformation of the uran ium dioxide. It t akes 
place with a smal l amount of deformation of the Zircaloy; the amount is only that n e c e s 
s a r y to close al l of the void space and obtain int imate contact between al l components . 
This is des i rab le from a h e a t - t r a n s f e r standpoint , but it may be undes i rable if void 
space is r equ i red for f i ss ion-gas containment. 

The p ressu re -bond ing p a r a m e t e r s of t e m p e r a t u r e , t i m e , and p r e s s u r e m a y be 
va r i ed over an extensive r a n g e , l imi ted only by the design specifications of the equip-
mient. The mos t sa t i s fac tory conditions for a pa r t i cu l a r application depend upon the 
m a t e r i a l s and configuration to be used. It was n e c e s s a r y to de te rmine p r e s s u r e -
bonding p a r a m e t e r s suitable for bonding of these e l emen t s . 

Since the p res su re -bond ing p r o c e s s involves only slight deformat ion, the method 
used to surface condition the Zi rca loy has a significant influence on the bond quality. 
Surface condition i s , of c o u r s e , impor tant in all bonding p r o c e s s e s . It is m o r e c r i t i ca l 
for g a s - p r e s s u r e bonding because extensive deformation is not available to d is rupt con
taminating l aye r s and cause r ec rys ta l l i za t ion and gra in growth. T h e r e f o r e , a study was 
conducted to de termine the effect on bond quality of var ious methods of surface finishing 
of Zi rca loy. 

Zi rca loy begins to r eac t with uranium dioxide at about 1100 F . ^ ' At the p r e s s u r e -
bonding t e m p e r a t u r e of 1500 F , extensive reac t ion occu r s . The reac t ion products p o s 
ses s poor co r ros ion r e s i s t ance in p r e s s u r i z e d w a t e r , and, in s e r v i c e , defects in the 

(1) References at end. 
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cladding would possibly r e su l t in excess ive co r ro s ion and bulging or rupture of the 
compar tmen t s . In efforts to overcome this p r o b l e m , b a r r i e r l aye r s were invest igated, 
and severa l were found to min imize or prevent the reac t ion between the uran ium dioxide 
and Zi rca loy , 

The p r o g r a m desc r ibed in this r e p o r t cons is ted of a study of p re s su re -bond ing 
conditions of t e m p e r a t u r e , t i m e , and p r e s s u r e , a study of bonding-surface p r e p a r a t i o n , 
and a study of core - to -c ladd ing reac t ion and of b a r r i e r l aye r s to prevent the reac t ion . 
These basic s tudies were followed by a p roces s -deve lopmen t study of e lements bonded 
in con t a ine r s , p r e l i m i n a r y s tudies of bonding edge-welded e lements with one-piece p i c 
tu re framies and then p iece-component p ic ture f r a m e s , and a p rocess -deve lopmen t study 
of bonding edge-welded e lements having p iece-component p ic ture f r a m e s . 

MATERIALS 

Both the r e a c t o r - g r a d e Z i rca loy-2 and the uraniiom dioxide fuel m a t e r i a l ut i l ized 
in this work were supplied by the Bett is Atomic Power Division of Westinghouse E lec t r i c 
Corpora t ion . Ini t ia l ly , the Zi rca loy was i n e r t - a t m o s p h e r e a r c me l t ed . La t e r vacuxom-
mel ted m a t e r i a l was supplied by Bett is as it was des i rab le to bond re fe rence m a t e r i a l . 
The fuel core m a t e r i a l s were h igh-densi ty UO2-AI2O3 or UO2. 

Most of the Zi rca loy cladding stock supplied by Bett is was a l ready fabr ica ted to 
final th ickness . The Zi rca loy stock fabr ica ted by Battel le was ini t ial ly hot ro l led at 
1450 F from a hel ium a tmosphe re ; however , to reduce oxidation, the roll ing t e m p e r a t u r e 
was ul t imately lowered to 1150 F . ' ^ ' 

B a r r i e r l aye r s of i r o n , molybdenum, n icke l , n iobium, and pal ladium were ob
tained from the p u r e s t foil avai lable . Ch rom i um , i ron , and nickel were a lso used in the 
form of an e lec t rop la ted coating on the core m a t e r i a l , and , to do t h i s , methods for 
e lect roplat ing c h r o m i u m , i r o n , and nickel on uranixim dioxide were developed. I ron 
and nickel were plated over a 0. 003-mi l conductive l ayer of s i l v e r , and chromiiom was 
plated over a flash e lec t ropla te of i ron or nickel applied over the conductive s i lver l aye r . 
Cores were a lso pla ted with e l e c t r o l e s s or Kanigen nickel by the Kanigen Division of the 
Amer i can Gene ra l T ranspor t a t ion Company. A b a r r i e r of graphi te was applied by 
brushing the uran ium dioxide with Neolube, a suspens ion of graphite in a lcohol , followed 
by 750 F vacuum dry ing , or by spraying the co re s with Aquadag, a suspension of g raph
ite in w a t e r , followed by vacuum drying and buffing. 

The gast ight envelopes were p r e p a r e d from Type 304 s ta in less s tee l or T i -Name l 
sheet . T i - N a m e l s p a c e r s were i n se r t ed between the container and the Zi rca loy cladding 
p la tes . Ei ther these space r s were ch romium plated or 0. 005- in . - th i ck s ta in less s tee l 
sh ims were i n se r t ed between the Zi rca loy and T i -Name l to min imize diffusion of i ron 
into the Zi rca loy . 
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PRESSURE-BONDING EQUIPMENT 

The s p e c i m e n s , except for those in the final p rocess -deve lopmen t study of edge-
welded e l e m e n t s , were p r e s s u r e bonded in a 9 - in . - ID cold-wall autoclave obtained from 
the Autoclave Engineer ing Company, A schexnatic drawing of the autoclave is shown in 
Figure 1. The ves se l was machined from a bil let of Type 410 s ta in less s teel and is 
equipped with modified Br idgeman c l o s u r e s . The l a r g e - s c a l e edge-welded e lements 
were bonded in a s imi l a r 14- in . - ID autoclave. These autoclaves a r e desc r ibed e l s e 
where in the l i t e r a t u r e . (") 

A r e s i s t ance hea t e r was located in the center of the au toc lave , and the spec imens 
to be bonded were loaded within this h e a t e r . Severa l thermocouples were spaced along 
the length of the spec imens to r e c o r d the t e m p e r a t u r e gradient . All of the void space in 
the autoclave was tightly packed with insulating m a t e r i a l to min imize hea t . t r ans fe r to the 
wall of the autoclave , which otherwise would be ex t r eme ly rapid because of the high gas 
p r e s s u r e . At a t e m p e r a t u r e of 1550 F and a helium, p r e s s u r e of 10,000 p s i , utilizing a 
3-in. - d i a m e t e r h e a t e r , it was poss ible to operate with a max imum outs ide-wal l t e m p e r 
a ture of the 9-in, -ID ves se l below 300 F without benefit of a cooling l ine r . The 
14-in. -ID autoclave has a sp i ra l -g rooved l iner incorpora ted in the inside ve s se l walls 
through which water can be c i rcu la ted to keep the outer body cool. During the p r e s s u r e -
bonding cyc le , both the t e m p e r a t u r e and p r e s s u r e were at tained in about 1 h r . These 
conditions were then mainta ined for the specified t i m e , usual ly 2 to 5 h r . 

Helium was used for p r e s s u r i z i n g in al l e x p e r i m e n t s , but other iner t gases such 
as a rgon can a lso be used. To min imize contaminat ion, the autoclave was evacuated 
and purged p r i o r to p r e s s u r e bonding. 

CLEANING AND ASSEMBLY OF COMPONENTS 

The Zirca loy components were cleaned by a s tandard p r o c e s s involving degreas ing 
in a lcohol , followed by detergent washes and cold- and ho t -wa te r r i n s e s . Fuel co re s 
were carefully in se r t ed into the compar tments of the p ic ture f r a m e , the cladding p la tes 
were applied, and the a s sembled components were then e i ther sea led in a s ta in less s tee l 
or T i -Namel container or edge welded. Fo r the spec imens bonded in a con ta iner , the 
T i -Namel s p a c e r s were in se r t ed between the Z i rca loy cladding p la tes and the conta iner 
to facil i tate decanning after p r e s s u r e bonding. E i ther these were chromium plated or a 
s ta in less s tee l shim was used to min imize diffusion of i ron into the Zi rca loy . The com
ponents for an e lement to be bonded in a container using a one-piece punched pic ture 
f rame a re shown ready for a s sembly in F igure 2. 

The s ta in less s tee l or T i -Namel conta iners were p r e p a r e d by bending l ight-gage 
sheet on a form block, and welding the edges of the sheet to form the conta iner . A 
swast ika container design was used to facil i tate welding and promote an even dis t r ibut ion 
of p r e s s u r e along the edges of the spec imen. An end plate of s imi l a r m a t e r i a l and an 
evacuation tube were welded in one end. After the fuel -e lement components were in
s e r t e d from the other end, the final end plate was welded in posi t ion. Leak tes t ing of 
the assembly was accompl ished by p r e s s u r i z i n g with heli-um followed by helium de tec 
tion. The a s sembly was then evacuated , sea led , and p r e s s u r e bonded. After bonding. 
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the ends of the container were cut off and the container and space r s were manual ly 
s t r ipped from the e lement . 

Specimens were a l so bonded without use of an envelope. The fuel -e lement com
ponents were a s sembled and the edges of the Zi rca loy were fusion welded to form a 
gastight a s sembly . To avoid contamination of the bonding s u r f a c e s , the e lements were 
c lamped between copper cooling blocks and welded in a h e l i u m - a t m o s p h e r e . Ini t ial ly, 
a smal l a r e a at one end of the e lement was not sea led in the weld in o rde r to avoid en
t r apmen t of hel ium inside the e lement . After welding, the e lement was evacuated 
through this opening and the final c losure was made by welding in a i r . It was considere 
that a smal l amount of a i r inside the e l emen t , unlike helivim, might be absorbed by the 
Zirca loy during p r e s s u r e bonding without adve r se effects . L a t e r , techniques were de
veloped for evacuating these edge-welded e lements during final seal ing. The p ic ture 
f rames for these e lements were a s sembled f rom s t r i p components . 
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FIGURE 2. ASSEMBLY OF COMPONENTS FOR GAS-PRESSURE BONDING OF A ZIRCALOY-CLAD FLAT-PLATE UO2 FUEL ELEMENT 
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II. BASIC DEVELOPMENT STUDIES 

GAS-PRESSURE-BONDING PROCESS 

The p ressure -bond ing operat ion was conducted at a t e m p e r a t u r e and gas p r e s s u r e 
which produced sufficient p las t ic flow to achieve int imate contact between the compo
nen ts . After this contact was es tab l i shed , the t e m p e r a t u r e and p r e s s u r e were m a i n 
tained until a sol id-phase bond was formed. A study was conducted in which the p r e s 
sure-bonding p a r a m e t e r s of t e m p e r a t u r e , t i m e , and p r e s s u r e were var ied in o rde r to 
de termine the optimum bonding conditions. P r e s s u r e s of 5^000 and 10,000 p s i , t imes 
of 2 and 4 h r , and t e m p e r a t u r e s from 1200 to 1600 F were invest igated. 

P rev ious studies had shown that the surface condition of the Zi rca loy had a p r o 
nounced effect on bonding. In the mos t p romis ing surface t r e a t m e n t s the components 
were : (1) belt abraded; (2) pickled with a solution consist ing of 5 pa r t s HF (by volume) , 
45 pa r t s HNO3, and 50 pa r t s w a t e r , followed by a sulfuric acid etch; and (3) pickled with 
hydrofluoric acid solution and then r insed in a boiling sodium hydroxide solution. The 
specimens uti l ized to study p res su re -bond ing p a r a m e t e r s with these surface p r e p a r a 
tions consis ted of two s u r f a c e - p r e p a r e d flat p la tes of a r c - m e l t e d Z i rca loy-2 and con
tained no c o r e s . The s u r f a c e - p r e p a r e d plates and accompanying T i -Namel s p a c e r s 
were in se r t ed in T i -Namel envelopes for p r e s s u r e bonding. After bonding and remova l 
of the Ti -Namel containers and s p a c e r s , the spec imens were heat t r ea t ed at 1850 F for 
5 min in a bar ium chloride sal t bath and rapidly cooled in a flow of hel ium. F o r mos t 
of the condit ions, additional spec imens were p r e p a r e d without the be ta -phase heat t r e a t 
ment for examination in the as-bonded condition. The heat t r ea tmen t promoted addi 
tional gra in growth a c r o s s the or iginal bond interface during the a lpha-beta phase t r a n s 
formation. It was found that many of the as-bonded spec imens exhibited only 5 to 60 per 
cent gra in growth a c r o s s the original in te r face . These same spec imens after a beta 
t r ea tmen t of 5 min at 1850 F would usually exhibit 70 to 95 per cent gra in growth. The 
spec imens in this study were evaluated by meta l lographic examinat ion, peel t e s t s of 
bonds, bend t e s t s , tensi le t e s t s , and composit ion ana lyse s . 

The r e su l t s of the meta l lographic bond evaluation of the a s - p r e s s u r e - b o n d e d 
samples a re p resen ted in Table 1 and of the be t a -hea t - t r e a t ed samples in Table 2. In 
the evaluation of the p r e s su re -bonded spec imens it was des i rab le to es tab l i sh a definite 
means of compar ison of the bonds in each of the spec imens . To do t h i s , the quality of 
the bonds as de termined using a light mic roscope with polar ized light was designated as 
Type A, B , or C. The original interface of a T y p e A bond is not visible me ta l log raph-
ically; there is complete gra in growth a c r o s s the ent i re or iginal bond interface with no 
visible contamination or voids at the bond. An a r e a of a bond classif ied as Type B has 
gra in growth a c r o s s the bond in te r face , but slight contamination or voids a r e visible 
along the original bond l ine . An a r e a of a bond which does not demons t ra te gra in 
growth a c r o s s the bond interface is classif ied as Type C, Typical bonds of each type 
a r e shown in F igure 3 for spec imens from this s e r i e s both with and without the beta heat 
t r ea tmen t . Under bright field and low magnif icat ion, it appea r s that the inclusions 
observed in these specim.ens i l lus t ra ted in F igure 3 a r e p r e sen t in a som.ewhat continu
ous manner in the bond line; however , e l ec t ron -mic roscopy studies did not detect the 
p resence of inclusions in these spec imens . The bond in t e r f aces , as evidenced by 
e lec t ron mic roscopy , seemed to contain fine vo ids , which were not in terconnected or 
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TABLE 1. METALLOGRAPfflC EVALUATION OF SPEaMENS PREPARED USING VARIOUS 
PRESSURE-BONDING CONDITIONS 

Specimens not beta heat treated. 

Surface Preparation 

Belt abraded 

HF pickle, NaOH rinse 

HF pickle, H2SO4 etch 

Pressure 

Temperature, 

F 

1500 
1500 

1450 
1400 
1350 

1350(a) 
1200 
1200(a) 

1500 
1450 
1400 

1500 
1450 

1400 

-Bonding Conditions 

Time, 

hr 

4 
4 

4 
4 
4 

4 
4 

4 
4 

4 
4 

4 
4 

4 

Pressure, 

psi 

10, 000 
5,000 

10, 000 
10, 000 
10, 000 

10,000 
10, 000 

10, 000 
10, 000 
10, 000 
10, 000 

10, 000 
10, 000 
10, 000 

Bond Evaluation, percentage oi 
interface occupied by each type 
Type A Type B 

70 
5 

10 

--
--

--

--

.. 
— 

--

30 
60 
70 
40 

60 
40 
10 

5 
94 

5 

. . 
5 

40 
10 

• bond 
of bond 

Type C 

~-
35 

20 
60 
40 

60 
90 
95 

1 
95 

100 
95 
60 
90 

(a) The assembled specimens were heated 4 hr at 1650 F after evacuation and sealing and before pressure bonding. 

TABLE 2. METALLOGRAPHIC EVALUATION OF SPECIMENS PREPARED USING VARIOUS 
PRESSURE-BONDING CONDITIONS 
Specimens heat treated at 1850 F for 5 min in a salt bath. 

Pressure-Bonding Conditions 

Surface Preparation 
Temperature, 

F 
Time, 

hr 
Pressure, 

psi 

Bond Evaluation, percentage of bond 
interface occupied by each type of bond 
Type A Type B Type C 

Belt abraded 

HF pickle, NaOH rinse 

HF pickle, N2SO4 etch 

1550 
1500 
1500 
1500 
1450 
1400 
1350 
1350*̂ )̂ 
1200 
1200(a) 
1500 
1500 
1450 
1400 
1350 
1500 
1500 
1450 
1400 
1350 

10, 000 
10, 000 
5,000 

10, 000 

10, 000 

10, 000 

10, 000 

10, 000 

10, 000 

10,000 

10, 000 

5,000 

10, 000 

10. 000 

10, 000 

10, 000 

5,000 

10, 000 

10, 000 

10, 000 

80 

80 

75 

75 

100 

25 

30 

5 

5 

90 

5 

10 

5 

30 

40 

15 

1 

20 

20 

25 

25 

75 

70 

55 

50 

30 

10 

90 

90 

95 

95 

70 

10 

60 

65 

40 
45 
70 

5 

90 

20 

(a) The assembled specimens were heated 4 hr at 1650 F after evacuation and sealing and before pressure bonding. 
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As Pressure Bonded 

250X Polarized Light RM9520 

i "v 

Type A 

TypeB 

Beta Heat Treated 

V*. v:xm....; ^ 
4 l: 

250X Polarized Light RM8593 

: • & 

SSJf 
^.••^^?s^ A " * ' ; - > % ( • ? ' 

?,'.-o 250;-: 

250X Polarized Light RM9069 

TypeC 

250X Polarized Light RM8444 

FIGURE 3. CLASSIFICATION OF BONDS AS TYPES A. B, AND C BY METALLOGRAPHIC EVALUATIOfj 

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

Type B - Grain growth across bond interface, slight 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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continuous. The preferen t ia l etch used to p r e p a r e the spec imens for l ight mic roscopy 
may account for the inclusionlike appearance of the voids in the bond l ine . 

The r e s u l t s of the meta l lographic study d isc losed that as the bonding t e m p e r a t u r e 
was dec rea sed , the consis tency of the naetallurgicaJ. bonds obtained a l so genera l ly de 
c r ea sed . T e m p e r a t u r e s in the range of 1450 to 1550 F yielded the mos t sa t i s fac tory 
bonds. It was found in one specimen bonded at 1600 F that the diffusion of i ron from the 
s p a c e r s into the Zi rca loy was exces s ive . A dec rease in bond quality was noted for one 
specimen when the bonding p r e s s u r e was reduced from 10,000 to 5,000 ps i . A l so , on 
the bas is of one spec imen , which was heat t r ea t ed after bonding, the bonding t ime 
does not appear to be c r i t i ca l in the range of 2 to 4 h r ; other s tudies have indicated this 
same r e su l t . 

A compar i son of Tables 1 and 2 shows that the amount of g ra in growth a c r o s s the 
bond interface was marked ly improved by the beta heat t r e a t m e n t . Bonds with incom
plete gra in growth a c r o s s the interface s t i l l p o s s e s s e d good co r ros ion r e s i s t a n c e and 
s t rength; however , they were cons idered unsa t i s fac tory because the interface was s u s 
pected to be a plane of weakness . T h e r e f o r e , the brief sa l t -ba th t r e a t m e n t at 1850 F 
gave added a s s u r a n c e that a sa t i s fac tory bond was obtained. 

Although this study was not designed to de te rmine the optimum surface p repara t ion 
for the bonding of Z i r ca loy , the data indicated that the be l t - ab raded surfaces produced 
the mos t consis tent bonds for the var ious conditions t es ted . However , belt abrading 
had not been sufficiently invest igated and s tandard ized at the t ime these spec imens were 
p r epa red to e l iminate some incons is tenc ies in the r e s t i l t s . The concur ren t study made 
of belt abrading and other surface p repa ra t ions is r epor t ed in the next sect ion. 

Several spec imens to be bonded at 1200 and 1350 F were heat t r ea t ed at 1650 F for 
4 h r after being evacuated and sealed and before being p r e s s u r e bonded. It was des i r ed 
to de termine if this p r io r t r e a t m e n t would produce improved bonding due to solution of 
contaminants into the Z i rca loy . Compar i son of the r e s u l t s of the meta l lograph ic in
spection of these spec imens and spec imens identical except for the 1650 F heat t r e a t 
ment before bonding revea led that no improvement had been obtained by including the 
additional t r e a t m e n t , as shown in Tables 1 and 2, 

Bend t e s t s , peel t e s t s , and tensi le t e s t s were a lso made on a port ion of the spec i 
mens bonded in this study to de te rmine if cladding embr i t t l emen t had occu r r ed during 
p r e s s u r e bonding or beta heat t rea t ing and to t e s t the s t rength of the bonds. The bend 
tes t s were conducted by using a bend- tes t die and bending samples through a 90-deg 
angle around success ive ly sma l l e r rad i i until fai lure o c c u r r e d . The r e s u l t s of these 
t es t s were e x p r e s s e d in t e r m s of the T - v a l u e , which is equal to the rad ius of the die 
preceding the final die divided by the sample th ickness . After bend tes t ing , the samples 
were meta l lographica l ly examined to de te rmine if any separa t ion of the bond had 
occu r r ed . Tens i le t e s t s were pe r fo rmed using f la t -plate tensi le spec imens in which the 
original bond interface r an longitudinally through the center of the spec imen. In add i 
tion to obtaining s t rength and ductility p r o p e r t i e s , the s amples were inspected for 
possible bond fa i lures during tes t ing . Reference s p e c i m e n s , p r e p a r e d from the same 
base m a t e r i a l , but not p r e s s u r e bonded, were a lso tensi le t es ted . In the peel t e s t s , a 
smal l V-notch was filed in the specimen with the apex at the bond in te r face . A chisel 
was then driven into the notch to a t tempt to sepa ra te the bond. 



TABLE 3 . RESULTS OF MECHANICAL TESTS OF PRESSURE-BONDED SPECIMENS 

Specimen 

STD-1 
STD-2 

FP-1 
FP-2 

FP-3 
FP-4 

FP-5 

FP-6 

FP-7 
FP-8 
FP-9 
FP-10 

FP-11 
FP-12 

STD-3 
STD-4 
FP-4A 

FP-8A 

Pressure-Bonding 

T ime , 
hr 

Conditions 

Temperature, Pressure, 
F 

Reference material ; 

Reference mater ial ; 
4 

4 
4 
4 

4 

4 

4 
4 
4 

4 
4 
4 

1550 

1500 
1500 

1450 
1450 

1450 
1450 

1400 
1400 

1500 
1500 
1500 

Reference mater ial ; 

psi 
Surface 

Preparation 

Specimens 

beta heat treated 
beta heat treated 

10,000 

10,000 

10,000 
10,000 
10.000 

10,000 
10,000 

10,000 

10.000 

5.000 
5.000 

5,000 

Abraded 

HF; NaOH 
HF; HgSO^^ 

Abraded 

HF; NaOH 
HF; H2SO4 

Abraded 
HF; NaOH 

HF; H2SO4 

Abraded 
HF; NaOH 

HF; H2SO4 

not beta hea t treated 

Reference material; not beta heat treated 
4 
4 

1450 

1400 
10,000 
10,000 

Abraded 
HF; NaOH 

0.2 Per Cent Offset 

Yield Strength 
(0 .04 In. / In . /Min) , 

10^ psi 

Elongation 
in 1 In, s 

per cent 

Bond Straigth 

During 
Tensile Test 

Bend Test, 
T-value 

Heat Treated at 1850 F for 5 Min After Pressure Bonding 

56 .3 
55 .2 

51.0 

53 ,5 
50 .0 

50 .5 

53 .9 
5 3 , 9 

52 .9 

5 1 . 1 

5 1 , 1 
5 2 . 1 
53 .9 
52 .3 

21 
22 

24 
24 

23 
24 

24 

24 
24 

23 

23 

23 
22 
21 

— 
— 

Good 

Good 
Good 
Good 

Good 

Good 
Good 

Good 

Good 
Good 
Good 

Good 

Specimens Not Heat Treated After Pressure Bonding 

4 4 . 8 
4 3 . 8 
4 0 . 9 

42 .0 

28 

28 
25 
25 

-,.. 
— 

Failed 
Failed 

2.70 
2,70 

3.05 

3.06 
2.34 
2.32 
2.34 

2 ,34 

2.33 
1.70 

2.36 
2.36 
1.54 

1.57 

2.70 

2.70 
1.50 

1,50 

Bond Strength 
in 

Bend Test 

__ 
__ 

Good 

Good 
Good 

Good 

Good 

Good 
Good 
Good 

Good 
Good 
Good 

Good 

._ 
Failed 
Failed 

Bond Strength 
in V-Notch 

Peel Test 

— 
— 

Good 
Good 

Good 
Good 

Good 

Good 
Good 
Good 

Good 
Good 

Good 
Good 

— 
Failed 

Failed 

Ro< 
Ha 

(100-

;kwell B 
.rdness 

-Kg Load) 

85 
84 

81 

81 
81 

81 
82 

81 
82 
84 

83 
82 
82 

81 

87 

88 
86 
87 
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T h e r e s u l t s of t h e s e m e c h a n i c a l t e s t s a r e g i v e n i n T a b l e 3 . T h e t e n s i l e a n d b e n d 

t e s t s s h o w e d t h e Z i r c a l o y - 2 i n t h e s p e c i m e n s t o b e s t r o n g a n d d u c t i l e a f t e r p r e s s u r e 

b o n d i n g a n d b e t a h e a t t r e a t i n g . T h e r e w a s n o t c o n s i d e r e d t o b e a s i g n i f i c a n t d i f f e r e n c e 

b e t w ^ e e n t h e p h y s i c a l p r o p e r t i e s of t h e p r e s s u r e - b o n d e d m a t e r i a l a n d t h e r e f e r e n c e 

m a t e r i a l . S e p a r a t i o n r e s u l t i n g f r o m t h e b e n d a n d t e n s i l e t e s t s w a s n o t o b s e r v e d i n a n y 

of t h e b o n d s w h i c h h a d b e e n b e t a h e a t t r e a t e d . N e i t h e r c o u l d a n y of t h e s e b o n d s b e 

c a u s e d t o f a i l d u r i n g t h e V - n o t c h p e e l t e s t s . H o w e v e r , t h e t w o s a m p l e s t e s t e d w h i c h 

h a d n o t b e e n h e a t t r e a t e d r u p t u r e d a t t h e b o n d . 

V a c u u m - f u s i o n g a s a n a l y s e s of s o m e of t h e s p e c i m e n s w e r e p e r f o r m e d by s t a n d 
a r d t e c h n i q u e s t o d e t e r m i n e t h e a m o u n t of o x y g e n a n d h y d r o g e n a b s o r b e d b y t h e 
Z i r c a l o y d u r i n g p r e s s u r e b o n d i n g a n d h e a t t r e a t i n g . T h e s e r e s u l t s a r e p r e s e n t e d i n 
T a b l e 4 . A l t h o u g h t h e r e i s c o n s i d e r a b l e v a r i a b i l i t y i n t h e d a t a , t h e r e a p p a r e n t l y w a s 
a n i n c r e a s e i n t h e h y d r o g e n c o n t e n t of t h e Z i r c a l o y d u r i n g p r e s s u r e b o n d i n g a n d a l s o 
d u r i n g b e t a t r e a t i n g i n t h e s a l t b a t h . T h e s e h y d r o g e n c o n t e n t s d i d n o t a p p e a r t o a f f e c t 
t h e d u c t i l i t y of t h e s e t h i c k s p e c i m e n s , h o w e v e r . T h e r e d i d n o t a p p e a r t o b e a s i g n i f i 
c a n t i n c r e a s e i n t h e o x y g e n c o n t e n t a s a r e s u l t of e i t h e r of t h e s e o p e r a t i o n s . 

T h e T i - N a m e l s p a c e r s u s e d f o r t h e s e s p e c i m e n s w e r e f l a s h p l a t e d w i t h c h r o m i u m 
i n a n a t t e m p t t o p r e v e n t d i f f u s i o n of i r o n i n t o t h e Z i r c a l o y - 2 . N o d i f f u s i o n w a s m e t a l l o 
g r a p h i c a l l y o b s e r v e d i n t h e s e s p e c i m e n s a n d t h e t e n s i l e p r o p e r t i e s a l s o i n d i c a t e d n o 
c o n t a m i n a t i o n of t h e Z i r c a l o y b y t h e s p a c e r s . S t a i n l e s s s t e e l f o i l 0. 0 0 5 i n . t h i c k b e 
t w e e n t h e s p a c e r s a n d c l a d d i n g w a s a l s o f o u n d t o s u c c e s s f u l l y p r e v e n t r e a c t i o n . T h e 
c h r o m i u m p l a t i n g w a s p r e f e r r e d a n d w a s u s e d f o r t h e l a t e r p r o c e s s - d e v e l o p m e n t s t u d y 
b e c a u s e of e a s i e r a s s e m b l y of t h e s p e c i m e n s . H o w e v e r , i n t h e p r o c e s s - d e v e l o p m e n t 
s t u d y i t w a s f o u n d t h a t n o n u n i f o r m c h r o m i u n a c o a t i n g s p e r m i t t e d d i f f u s i o n a n d s t a i n l e s s 
s t e e l b a r r i e r s g a v e b e t t e r r e s u l t s . 

A s a r e s u l t of t h i s s t u d y of p r e s s u r e - b o n d i n g p a r a m e t e r s , a b o n d i n g c y c l e w a s 
s e l e c t e d t h a t c o n s i s t e d of p r e s s u r e b o n d i n g a t 1 4 5 0 F t o 1 5 5 0 F f o r 2 t o 4 h r w i t h a 
h e l i u m p r e s s u r e of 1 0 , 0 0 0 p s i , w h i c h m a y b e f o l l o w e d b y h e a t t r e a t i n g a t 1 8 5 0 F f o r 
5 m i n i n a b a r i u m c h l o r i d e s a l t b a t h . 

TABLE 4. VACUUM-FUSION GAS ANALYSES OF PRESSURE-BONDED ZIRCALOY-2 SPECIMENS 

Material Condition 

Zircaloy-2 plate As received 

Heat treated at 1850 F in BaClg salt bath for: 3 min 
5 min 

10 min 

Zircalov -2 plates etched Pressure bonded 4 hr at 1400 F and 10, 000 psi 
with HF solution and Bonded and heat treated at 1850 F in BaClg salt bath for: 3 min 
pressure bonded 5 min 

10 min 

Zircaloy-2 plates belt Pressure bonded 4 hr at 1450 F and 10, 000 psi 
abraded and pressure Bonded and heat treated at 1850 F in BaGl„ salt bath for: 3 min 
bonded 5 min 

5 min 
10 min 

Analysis, ppm 

Oxygen 

1110 

1440 

1085 

1690 

1150 

1050 

812 

1230 

1430 

927 
704 

1070 

1348 

715 

Hydrogen 

24 
25 

35 
52 
66 

74 
82 
73 
116 

96 
86 

108 
140 
97 
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E F F E C T OF SURFACE PREPARATION 

The method used to condition surfaces of Z i rca loy-2 for g a s - p r e s s u r e bonding is 
c r i t i ca l because the p roces s involves only slight deformation. Extens ive deformation 
during a bonding p r o c e s s such as rol l cladding s e rves to disrupt contaminating surface 
l aye r s and cause gra in growth and r ec rys t a l l i za t ion . Because of this significant effect of 
surface p repara t ion on bond qual i ty , a study was conducted to e s t ab l i s ha method of surface 
conditioning that would consistent ly yield Z i r ca loy - to -Z i r ca loy bonds of high in tegr i ty . 

Several s e r i e s of spec imens surface finished by var ious techniques were p r e s s u r e 
bonded. Included in these s e r i e s were spec imens p r e p a r e d with co ld - ro l l ed , g r i t -vapor 
b las ted , be l t - ab raded , shot -peened, ac id-p ick led , ba r r e l - f in i shed , and machined s u r 
faces . Each su r face -p repa ra t ion p rocedure was invest igated in detail to a s s u r e that the 
optimum t r ea tmen t was used . The objective of this invest igat ion was to evaluate al l of 
the bonds and se lect the lowest cost surface-condit ioning t r ea tmen t that would con
sistent ly produce a sa t i s fac tory bond. The bonds were evaluated meta l lographica l ly to 
de termine the amount of contamination and extent of gra in growth a c r o s s the or iginal 
bond in ter face . They were a lso peel tes ted by driving a chisel into a V-notch at the bond 
in te r face , and, to de termine their co r ros ion r e s i s t a n c e , they were exposed to 750 F 
s t eam. Each sample consis ted of two flat p la tes of Z i r ca loy -2 which had been identically 
surface conditioned. P r e s s u r e bonding was per formed at 1550 F and 10,000 psi for 4 
or 5 h r . The optimum bonding condition from the concur ren t bonding-parameter study 
had not been d e t e r m i n e d a t the t ime these spec imens were p repa red ; the condition chosen 
had previously been found to produce sa t i s fac tory bonding in somewhat s imi la r 
spec imens . 

Cold-Rolled Surfaces 

F r o m a cost standpoint, the mos t des i rab le surface for bonding would be one which 
is cold rol led and cleaned without me ta l r emova l . Specimens p r e p a r e d using cold- ro l led 
stock fabricated from vapor blas ted and washed ho t - ro l led stock were cleaned by a 
s tandard degreas ing and washing t r ea tmen t and p r e s s u r e bonded. None of the bonds 
obtained with such surfaces were sa t i s fac tory . A typical bond is shown in F igu re 4. 
The interface is contaminated and there is no gra in growth .across i t . While such bonds 
a r e re la t ively strong and usually co r ros ion r e s i s t a n t , they a r e not cons idered acceptable 
because the interface is a possible plane of weakness . 

P ickled Surfaces 

The s tandard surface t r ea tmen t of ho t - ro l l ed Zi rca loy for other bonding o p e r a 
tions usually includes g r i t -vapor blast ing followed by acid pickling. In the p r e sen t work 
two pickling solutions were used; one was the no rma l Z i rca loy pickling solution con
sist ing of 5 pa r t s H F , 45 pa r t s HNO3, and 50 pa r t s w a t e r , and the other was a 
1 volume per cent solution of HF in concentra ted n i t r i c acid . Specimens p r e p a r e d with 
these two pickling solutions exhibited about 5 per cent gra in growth a c r o s s the i n t e r 
face, and there appeared to be continuous contaminat ion, as shown in F igure 5. 

To de termine whether the pickled sur faces were contanninated p r io r to bonding, 
they were examined by e lec t ron diffraction. Tin, tin oxide, and z i rconium oxide were 
found on the su r faces . During pickling of Z i rca loy , tin p resumably redepos i t s on the 
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Bond interface 

250X Polarized Light RM8817 

FIGURE 4. ZIRCALOY-TO-ZIRCALOY BOND OF SPECIMEN PREPARED BY GAS-PRESSURE BONDING AS-COLD-ROLLED ZIRCALOY 

This specimen was bonded at 1550 F and 10,000 psi for 4 hr. Note the apparent oresence of contamination and lack of 
gram growth. 

Bond interface 

250X Polarized Light RM9139 

FIGURE 5. ZIRCALOY-TO-ZIRCALOY BOND OBTAINED BY PRESSURE BONDING ACID-PICKLED ZIRCALOY 

This specimen was bonded at 1550 F and 10,000 psi for 4 hr. Contmuous contamination and low 
gram growth are evident. 
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surface by chemical r ep lacement . In an effort to improve bonding of pickled s u r f a c e s , 
an a t tempt was made to remove surface contaminants by t rea t ing the m a t e r i a l with H C l , 
HNO3, H^SO^, or NaOH solutions following the HF-so lu t ion pickle . No significant i m 
provement in bonding was obtained with any of these additional t r e a t m e n t s . A l s o , 
e lect ron-diff ract ion inspection of such sur faces st i l l d isc losed contamination by z i r 
conium oxide, t in , or tin oxide. To a t tempt to act ivate the surface of the Zi rca loy and 
thereby promote bonding, m a t e r i a l which had previously been vapor blasted and pickled 
was cathodically charged with hydrogen in H2SO4 to fo rm a thin surface l ayer of z i r 
conium hydr ide . Resul t s of p r e s su re -bonded spec imens p r e p a r e d f rom this m a t e r i a l 
showed no significant improvement in bonding. In g e n e r a l , the acid t r e a t m e n t s were not 
cons idered to be p romis ing . The r e s u l t s obtained with the var ious ac id t r e a t m e n t s a r e 
sumnaarized in Table 5. 

Miscel laneous Surfaces 

A number of other su r f ace -p repa ra t ion methods were studied. These included 
vapor b las t ing, b a r r e l f inishing, and shot peening. None of these treatm.ents was suffi
ciently promis ing to w a r r a n t extensive study. Table 6 contains a s u m m a r y of the 
r e su l t s obtained with these surface t r e a t m e n t s . 

Machined and Bel t -Abraded Surfaces 

The bes t bonds were obtained with sur faces p r e p a r e d by m.achining or belt 
abrading. The machined spec imens were finished on a shaper without a coolant. 
Excel lent bonding was obtained with machined s u r f a c e s , a s r eco rded in Table 7, but good 
machining p rac t i ce mus t be followed. F i g u r e 6 shows a typical bond achieved between 
proper ly m.achined Zirca loy su r faces . F igu re 7 i l l u s t r a t e s the type of bond that is 
obtained when the speed of machining and amount of me ta l r emova l a r e excess ive so that 
local overheating and surface oxidation occur . X - r a y ana lyses of sur faces s imi l a r to 
that shown in F igure 7 revea led the p re sence of z i rconium oxide on the sur face . How
eve r , even this bond interface exhibited good s t rength and acceptable co r ros ion r e s i s t 
ance . Use of a coolant during shaping is des i rab le to prevent overheat ing. 

The bes t and mos t consis tent bonds were obtained with sur faces p r e p a r e d by belt 
abrading . Machine belt abrading is accompl ished by pass ing the Zi rca loy on a h o r i 
zontal conveyer belt between a flat-feed bed and a fast-moving ab ras ive belt mounted in 
a ve r t i ca l posi t ion. Fo r bes t r e s u l t s , f rom 0.0005 to 0 ,001 in. of m e t a l i s r emoved 
per p a s s . The r e su l t s of a study conducted to de termine the opt imum combination of 
ab ra s ive -be l t speed, type of coolant, type and size of ab ras ive g r i t , and amount of meta l 
removal a r e tabulated in Table 8, Cold- ro l led and ho t - ro l l ed m a t e r i a l which was p r o p 
er ly abraded to avoid any embedding of ab ras ive produced excel lent bonds , as i l lus t ra ted 
in F i g u r e s 8 and 9. The best sur faces for bonding were obtained using 60-g r i t si l icon 
carbide belts operat ing at a speed of 2000 to 2700 ft per min with a sulfonated-oil coolant. 

B e t a - H e a t - T r e a t e d Specimens 

Hea t - t rea t ing studies at Bet t i s showed that a be ta -phase heat t r ea tmen t after 
p r e s s u r e bonding promoted gra in growth a c r o s s the bond in te r face , because of the l a rge 
driving force during t rans format ion . All of the growth i s apparent ly obtained during 



TABLE 5. EVALUATION OF GAS-PRESSURE-BONDED SPECIMENS PREPARED WITH ACID-PICKLED ZIRCALOY 

SURFACES 

Specimens bonded at 1550 F and 10, 000 psi for 4 hr. 

Material Surface Treatment 

Extent of 
Contamination 

Light 

Intermittent 

Light 

Light 

Light 

Light 

Light 

Amount of Gram 

Growth Across 

Interface, 

per cent 

25 

None 

None 

5 

5 

5 

10 

Results of V -Notch 
Peel Test 

Partial failure 

Failure 

Failure 

Good 

Good 

Failure 

Good 

Result of Corrosion 

Test (1 Week m 

750 F Steam) 

Slight attack 

Attack at all bonds }_ 

Attack at all bonds 

Attack at all bonds 

Slight attack 

Slight attack 

Slight attack 

Cold rolled 

(3:1) 

Hot rolled 

100 F, 5 HF-45 HNO3-5O H2O; 5 mm m 120 F 20 per cent NaOH 

100 F, 5 HF-45 HNO3-50 HgO; Wire brushed 

Boiling, 1 HF-99 HNO3. 5 mm in 120 F 20 per cent HCl and then 
20 per cent HNOg 

Boiling, 1 HF-99 HNO3 

Boiling, 1 HF-99 HNO3; 5 min in 120 F 20 per cent HCl and then 

20 per cent HNO3 

100 F, 5 HF-45 HNO3-5O HgO, 1 min in 100 F 50 per cent H2SO4 

100 F, 5 HF-45 HNO3-50 HgO, cathodically charged in H2SO4 to 

form ZrH2 surface layer 



TABLE 6. EVALUATION OF PRESSURE-BONDED ZIRCALOY SPEOMENS WITH MISCELLANEOUS SURFACE TREATMENTS 

Specimens bonded at 1550 F and 10, 000 psi for 5 hr. 

Material Surface Treatment 

Extent of 
Contamination 

Amount of Grain 
Growth Across 

Interface, Results of V-Notch Results of Corrosion Test 

per cent Peel Test (1 Week in 750 F Steam) 

Cold rolled Barrel finished, alumina abrasive 

(2:1) 
Cold rolled Barrel finished, alumina abrasive; 2 hr in 20 per 
(3:1) cent boiling NaOH 

Vapor blasted, 100- and 400-mesh alumina; 5 min each in 20 per cent 

NaOH and 20 pet cent HCl 

Vapor blasted, 100- and 400-mesh alumina 

Vapor blasted, 400-mesh alumina; 2-1 /2 hr in boiling 20 per cent NaOH 

Vapor blasted, 325 -mesh zirconia 

Shot peened, 0.040 to 0. 060-in. hardened steel shot 

Shot peened, 0.040 to 0. 060-in. hardened steel shot; 15 min in 20 per 

cent HCl 

Hot rolled Shot peened, 0.040 to 0, 060-in. hardened steel shot; 2 hr in 20 per cent 

HCl 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

5 

5 

None 

None 

None 

5 

15 

10 

Good 

Good 

Good 

Failed 

Good 

Failed 

Good 

Partial failure 

Heavy attack 

Heavy attack 

Heavy attack 

Heavy attack 

Heavy attack 

Heavy attack 

Heavy attack 

Heavy attack 

Heavy 20 Good Light attack at all bonds 



TABLE 7. EVALUATION OF PRESSURE-BONDED SPECIMENS PREPARED WITH MACHINED ZIRCALOY SURFACES 

Specimens bonded at 1550 F and 10, 000 psi for 4 hr. 

Material 

Amount of Metal 

Removed From 
Surface, in. 

Amount of Grain 

Growth Across 

Interface, 

per cent 

Extent of 

Contamination 

Results of 

V-Notch 

Peel Tests 

Results of 

Corrosion Test 

( 1 Week in 

750 F Steam) 

Cold tolled 

(3:1) 

Hot rolled 

0.003 

0.003 

0.003 

0.060 

0.060 

95 

80 

90 

95 

None 

L i ^ t 

None 

None 

Light 

Good 

Good 

Good 

Good 

Good 

No attack 

No attack 

No attack 

No attack 

No attack 
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Bond interface 

250X Polarized Light RM8942 

FIGURE 6. ZIRCALOY-TO-ZIRCALOY BOND ACHIEVED BY PRESSURE BONDING PROPERLY MACHINED ZIRCALOY 

Specimen was bonded at 1550 F and 10,000 psi for 4 hr 

Bond interface 

250X Polarized Light RM9207 

FIGURE 7. ZIRCALOY-TO-ZIRCALOY BOND ACHIEVED BY PRESSURE BONDING IMPROPERLY MACHINED ZIRCALOY 

Excessive rate of metal removal during machining caused local overheatmg and oxidation of this specimen 
bonded at 1550 F and 10, 000 psi for 4 hr. Note the inclusion at the origmal bond interface. Further 
metallographic preparation mvolvmg the removal of 1 mil of additional metal completely removed this 
inclusion. 



TABLE 8. EVALUATION OF PRESSURE-BONDED SPECIMENS PREPARED WITH MACHINE BELT-ABRADED ZIRCALOY SURFACES 

Specimens bonded at 1550 F and 10, 000 psi for 5 hr. 

Material 

Hot rolled 

Cold rolled 

Metal Removal, 

in. per side 

0.003 

0.002 

0.003 
0.005 

0 .001 

0.003 

0.005 

0.003 

0 .001 

0.002 
0.003 

0.003 

0.005 

Belt-Abrading Condi 

Abrasive 

SiC 

SiC 

SiC 
SiC 

SiC 

SiC 

SiC 

Al2°3 

SiC 

SiC 
SiC 

SiC 

SiC 

Grit 

60 

60 

180 
60 

60 

60 

60 

60 

180 
180 

60 

60 

60 

Itions 

Belt Speed, 

ft pet min 

5500 

5500 
5500 
2700 

1100 

1100 

2700 

5500 

5500 
5500 

2000 

2000 

2000 

Coolant 

Water 

Water 
Water 

Sulfonated 

oil 
Sulfonated 

oil 

Sulfonated 
oil 

Sulfonated 

oil 
Water 

Water 
Water 

Sulfonated 

oil 
Sulfonated 

oil 

Sulfonated 

oil 

Amount of 

Grain 
Growth, 

per cent 

85 

95 
85 

100 

90 

90 

100 

20 

35 
30 

95 

95 

95 

Extent of 
Contamination 

Light 
Very l i t t le 

Light 

None 

None 

None 

None 

None 

Intermittent 

Intermittent 

None 

None 

None 

Results of 
V-Notch 

Peel Test 

Good 

Good 

Good 
Good 

Good 

Good 

Good 

Good 

Good 
Good 

Good 

Good 

Good 

Results of 
Corrosion Test 

( 1 Week in 
750 F Steam) 

No attack 

No attack 
No attack 

No attack 

No attack 

No attack 

No attack 

Slight attack 

No attack 
No attack 

No attack 

No attack 

No attack 
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Bond interface 

250X Polarized Light 

FIGURE 8. BOND ACHIEVED WITH COLD-ROLLED AND BELT-ABRADED ZIRCALOY 

The specimen was pressure bonded at 1550 F and 10,000 psi for 5 hr. 

Bond interface 

Polarized Light RM9541 

FIGURE 9. BOND PREPARED FROM HOT-ROLLED AND BELT-ABRADED ZIRCALOY 

This specimen was pressure bonded at 1550 F and 10, 000 psi for 5 hr. 
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t r ans format ion and a shor t t ime the rea f t e r , so that a shor t sa l t -ba th t r ea tmen t is suffi
cient . A number of the s u r f a c e - p r e p a r e d spec imens were given a 5 to 15-min heat 
t r ea tmen t at 1850 F after p r e s s u r e bonding to de te rmine the extent of bond i m p r o v e 
ment . The t r ea tmen t was found to be especia l ly effective in spec imens lacking grain 
growth but possess ing only light bond-line contamination. F i g u r e 10 i l l u s t r a t e s a spec i -
m,en bonded with a p roper ly abraded surface and F igu re 11 shows the same bond i n t e r 
face after a beta heat t r ea tmen t . S imi lar conditions a r e shown in F i g u r e s 12 and 13 for 
a machined spec imen. This spec imen p o s s e s s e s an i r r e g u l a r , but readi ly de tec table , 
bond interface after p r e s s u r e bonding which is significantly improved by a beta heat 
t r ea tmen t . F i g u r e s 14 and 15 show a spec imen bonded with a s - r o l l e d Z i rca loy . In this 
spec imen , apprec iable gra in growth a c r o s s the interface was obtained by the beta heat 
t rea tment ; however , the contamination at the or iginal interface is c lear ly visible after 
the heat t r ea tmen t . 

As a r e su l t of these s tud ie s , machine belt abrading was chosen as the re fe rence 
method of surface p repa ra t ion . This p r o c e s s is re la t ive ly inexpensive , being of com
parable cost to an acid-pickl ing t r ea tmen t . A sho r t - t ime beta heat t r e a t m e n t after 
p r e s s u r e bonding consist ing of a 5-min i m m e r s i o n in a ba r ium chloride sal t bath at 
1850 F was a l so found des i rab le for added a s s u r a n c e of bond in tegr i ty . 

CORE-CLADDING-REACTION STUDIES 

P rev ious invest igat ions have revea led that u ran ium dioxide is reduced by 
zirconium^*' . The reac t ion products a r e alpha u ran ium and alpha z i rconium r ich in 
oxygen, plus smal l amounts of the z i r con ium-uran ium epsilon phase . Very slight r e 
action has been observed as low as 950 F , but reac t ion does not become significant until 
the t e m p e r a t u r e is above 1100 F , Although it was known that apprec iab le reac t ion would 
be obtained at the p res su re -bond ing t e m p e r a t u r e s of 1450 to 1550 F , the effects of this 
reac t ion on the p rope r t i e s of the fuel e l ement , especia l ly on the cor ros ion r e s i s t ance of 
the in te r face , were not known. A l so , suitable b a r r i e r l a y e r s which could be used to 
prevent this reac t ion had not been de te rmined . 

Z i rca loy-c l ad spec imens with bare UO2 co re s and with var ious b a r r i e r l a y e r s 
were p r e s s u r e bonded at t e m p e r a t u r e s of 1450 to 1550 F . Evaluat ions of the spec imens 
were based on meta l lographic examinat ions and cor ros ion t e s t s in 680 F water and 
750 F s t eam. The co r ros ion spec imens were e i ther sect ioned or were defected by 
dril l ing a 0. 0 4 0 - i n . - d i a m e t e r hole through the cladding. Additional p r e s s u r e - b o n d e d 
spec imens were beta heat t r ea t ed and then examined and tes ted . Square co res composed 
of Al 2O3-2I w/o UO2 and 100 per cent UO_ were ut i l ized ini t ial ly in the co re -c ladd ing-
reac t ion invest igat ion. L a t e r , because the fuel design specif icat ions were a l t e r e d , 
rec tangular co re s of 100 per cent UO2 were used . 

Specimens With B a r e Cores 

Specimens with bare fuel co res were p r e s s u r e bonded and, in some c a s e s , heat 
t r ea t ed to de te rmine the effect of the core-c ladding reac t ion and the necess i ty for a 
b a r r i e r layer between the UO2 and the Zi rca loy , F igure 16 i l l u s t r a t e s the reac t ion 
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Bond interface 

••^/? 

Polarized Light 250X Polarized Light RM8494 

FIGURE 10. ZIRCALOY-TO-ZIRCALOY BOND OBTAINED WITH BELT-ABRADED MATERIAL 

The specimen was bonded at 1550 F and 10, 000 psi for 4 hr. 

Bond interface 

250X Polarized Light RM8491 

FIGURE 11 SAME SPECIMEN SHOWN IN FIGURE 10 AFTER AN ADDITIONAL HEAT TREATMENT OF 15 MIN AT 1850 F 
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Bond interface 

^ 

250X 

^ ' M « ^ ; 

'• :5S&^ 
r 

Polarized Light RM8493 

FIGURE 12. ZIRCALOY-TO-ZIRCALOY BOND PREPARED WITH HOT-ROLLED AND MACHINED MATERIAL 

This specimen was bonded at 1550 F and 10,000 psi for 4 hr. Note lack of complete 
grain growth across bond interface resulting from improper machining. 

, j ^ - r 

Bond interface 

-m- •sff" ;,r«> 

250X Polarized Light RM8749 

FIGURE 13. SAME SPECIMEN SHOWN IN FIGURE 12 AFTER AN ADDITIONAL HEAT TREATMENT OF 
15 MIN AT 1850 F 



26 

-Hi!-

' ' ^ # ^ - ' t to^^ 

fS--

% ; . ^ ^ • 5.'̂  I .T.'^ ' ^^^ interface 

«#^ 

250X Polarized Light RM8649 

FIGURE 14. ZIRCALOY-TO-ZIRCALOY BOND ACHIEVED WITH AS-ROLLED MATERIAL 

This specimen was bonded at 1550 F and 10,000 psi for 4 hr. Note lack of 
gram growth. 

' ~^sr\ 

Bond interface 

250X Polarized Light RM8595 

FIGURE 15. SAME SPECIMEN SHOWN IN FIGURE 14 AFTER AN ADDITIONAL BETA TREATMENT OF 
15 MIN AT 1850 F 

Note gram growth across light contammation in most areas of the bond mterface. 
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between a 100 per cent UO2 core and the Z i rca loy cladding obtained during p r e s s u r e 
bonding at 1550 F for 5 h r . The effect of a be ta -phase heat t r e a t m e n t at 1850 F for 
5 min on a duplicate p r e s s u r e - b o n d e d spec imen containing a 100 per cent UO2 core is 
i l lus t ra ted in F igure 17. It is apparen t that there was considerable reac t ion after p r e s 
sure bonding and that there was a slight i n c r e a s e in the reac t ion during the shor t beta 
heat t r ea tmen t . 

The r e su l t s of the cor ros ion t e s t s a r e s u m m a r i z e d in Table 9. Extensive at tack 
was observed at the bare c o r e - t o - Z i r c a l o y interface in all of the spec imens in both 
680 F water and 750 F s t eam. In the spec imens defected with a 0 .040- in . ho le , a 
growth in th ickness of from 0.008 to 0.035 in. was observed in approximate ly 10 weeks . 
Meta l lographic examinat ion r evea led that the reac t ion zone was seve re ly a t tacked. 

F r o m the meta l lographic examinat ions and cor ros ion tes t ing , it becamie apparent 
that a b a r r i e r layer would be r e q u i r e d , and a survey of possible b a r r i e r m a t e r i a l s was 
m a d e . 

lecimens Containing B a r r i e r L a y e r s 

A s e r i e s of spec imens was p r e s s u r e bonded which contained c o r e s that had been 
coated with var ious b a r r i e r m a t e r i a l s , including g raph i te , ch romium, i ron , molybde
num, n icke l , n iobium, pa l ladium, and seve ra l oxides . Techniques for obtaining a 
sa t i s fac tory coating on the co re s had to be developed for mos t of the b a r r i e r m a t e r i a l s . 
In some ins tances p r e s s u r e bonding was followed by a heat t r e a t m e n t at 1850 F . 

Graphi te B a r r i e r 

During this phase of the p r o g r a m the graphite was applied by brushing Neolube, a 
suspension of graphi te in a lcohol , onto the sur faces of the c o r e s . To remove volati le 
hydroca rbons , the Neolube coating was baked in vacuum at 750 F , After drying, the 
cores were handled carefully during the a s sembly operat ion. Graphite in the 
Z i rca loy-Zi rca loy bond interface m u s t be avoided if good bonds a r e to be obtained. 

Specimens containing g raph i t e -coa ted co re s were p r e s s u r e bonded at 1450 to 
1550 F , and some were additionally beta heat t r ea t ed . The r e su l t s r e co rded in Table 10 
show that only a smal l th ickness i n c r e a s e or no i nc rea se was obtained for p r e s s u r e -
bonded spec imens which were defected with 0 ,040 . - d i ame te r holes and t e s ted in 
680 F water and 750 F s t e am. Metal lographic examinat ion revea led a minimura 
amount of uranium-zirconiumL reac t ion between the fuel and the cladding during p r e s s u r e 
bonding as shown in F igure 18. Examinat ion of b e t a - h e a t - t r e a t e d spec imens revea led 
that graphite a lso was excel lent b a r r i e r m a t e r i a l during a s h o r t - t i m e heat t r ea tmen t at 
1850 F (Figure 19). B e t a - t r e a t e d and defected spec imens containing g raph i t e -coa ted 
co res showed no growth during co r ros ion test ing in 680 F wa te r . As the p rocedure for 
graphi te -coa t ing of the co re s was improved^ l e s s growth of the fuel compar tmen t s 
occu r red during cor ros ion ; this can be noted in Table 10, which l i s t s the spec imens in 
the order in which they were p r e p a r e d . 

It should be noted h e r e that during the final evaluation s tudies of a l a rge number of 
spec imens bonded in conta iners with Neolube-coated c o r e s , it became apparent based on 
meta l lographic examination that the Neolube was not completely effective in preventing 



TABLE 9 . CORROSION RESULTS FOR DEFECTED SPECIMENS WITHOUT A BARRIER LAYER BETWEEN THE CORE AND ZIRCALOY CLADDING 

Fuel-Core 
Composition, w/o 

AI2O3-2IUO2 

"°2 

Specimen 

H- lOl -C 
H-114-C 

H-114-D(a) 
H 119-C 
H-119-D(a) 

G-105 
H-119-W 

H-122-A 
H-122-B 

H-123-1A 

H-123-1B 
H-123-2A 

H-123-2B 
H-201-LA 

H-201-1B 

H-201-2 

H-202-A 

H-202-B 

U-2 

U-3 

Bonding Conditions 

Temperature , T i m e , 
F 

1550 
1550 

1550 
1550 

1550 
1550 
1550 

1550 
1550 

1550 

1550 
1550 

1550 

1550 
1550 

1550 

1550 
1550 
1550 

1550 
1550 

ht 

5 
4 

4 
4 

4 

5 
4 

5 

6 
5 
5 

5 

5 
5 

5 

5 

5 
5 
4 

5 

Pressure, 
psi 

10,000 
10,000 

10,000 
lOjOOO 

10.000 
10.000 

10, 000 

10,000 

10, 000 
10,000 

10, 000 
10,000 

10,000 
10,000 
10,000 

10,000 
10,000 

10,000 

10, 000 
10,000 

Heat Trea tmai i 
Temperature , 

F 

None 

None 
None 

None 

None 

None 
None 

1650 
1650 
None 

None 
1850 

1850 

None 

None 
1850 

1650 
1650 

None 
1650 

T i m e , 
min 

None 

None 
None 

None 

None 
None 
None 

240 

240 
None 
None 

15 

15 
None 

None 

15 
240 

240 
None 

1650 

Duration of 
Tes t , weeks 

16 
15 

3 

Ig 
12 

16 
11 
10 

10 

11 
11 
10 

10 
11 

11 
10 

9 

9 
11 
10 

Corrosion 
Condition 

750 F steam 
750 F steam 

750 F steam 
750 F steam 

750 F steam 
750 F steam 
680 F water 
680 F water 

680 F water 

680 F water 
680 F water 
680 F water 

680 F water 

680 F water 
680 F water 
680 F water 

680 F water 

680 F water 
680 F water 

680 F water 

Tota l 

Growth, 
in. 

0.016 
0.029 

0.018 
0.017 
0.026 

0.012 

0.008 

0.029 
0.029 

0.011 
0.010 

0,028 

0.028 
0.020 

0.025 

0.027 
0.033 

0.035 
0.008 

0.013 

to 
00 

(a) Sectioned specimens. (Remaining specimens were defectea by drilling a 0.040-in.-diameter hole through the cladding.) 
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TABLE 10. CORROSION RESULTS FOR DEFECTED SPECIMENS WITH A GRAPHITE BARRIER BETWEEN THE 

CORE AND ZIRCALOY CLADDING 

Fuel-Core 
Composition, w/o 

AlgOj -21 UOg 

"°2 
AI2O3 -21 UOg 

UOg 

Specimen 

H-120-C 

H-120-D^^^ 

H-121-C 

C-102-A 

C-102-B 

C-103-A 

C-103-B 

U-l-W 

H-120-W 

H-121-W 

L-35(b) 

26X^^> 

Temperature: 
F 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1450 

Bonding Conditions 
T ime , 

hr 

4 

4 

4 

5 

5 

5 

5 

4 

4 

4 

4 

2 

Pressure, 
psi 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

10, 000 

10, 000 

10,000 

10,000 

10,000 

Duration of 
Test, weeks 

12 

12 

12 

16 

16 

16 

16 

10 

10 

10 

3 

2 

Corrosion 
Condition 

750 F steam 

750 F steam 

750 F steam 

750 F steam 

750 F steam 

750 F steam 

750 F steam 

680 F water 

680 F water 

680 F water 

680 F water 

680 F water 

Total 
Growth, 

in. 

0.007 

0.015 

0.007 

0.003 

0.005 

0.005 

0.003 

0.002 

0 

0 

0 

0 

(a) Sectioned specimen. (Remaining specimens were defected with a 0.040-in. hole.) 
(b) Specimens heat treated at 1850 F for 5 min. 
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250X N49937 
FIGURE 16. PRESSURE-BONDED SPECIMEN WITHOUT 

BARRIER LAYER 

This photomicrograph illustrates the reaction 
zone between the Zircaloy cladding and 100 
pet cent UO2 core pressure bonded at 10,000 
psi for 5 hr at 1550 F. Specimen L-13 is 
shown here. 

Zircaloy-2 

Oxygen-rich zirconium 
Uramum-zirconium 

epsilon phase 
Alpha uranium plus 

alpha zitcomum 
100 per cent UO^ 

> f Zircaloy-2 

Oxygen-rich zone 
Epsilon phase 
Alpha uranium plus 

alpha zirconium 

100 per cent UO2 

250X N49941 

FIGURE 17. PRESSURE-BONDED AND HEAT-TREATED 
SPECIMEN WITHOUT BARRIER LAYER 

The photomicrograph shows the reaction 
between the Zircaloy cladding and 100 pet 
cent UO2 core pressure bonded at 10,000 
psi for 5 hr at 1550 F and heat treated at 
1850 F for 5 mm. Specimen L-13-1 appears here. 
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'', -v I *v 

. , ^ j ^ , Zircaloy-2 

Graphite barrier layer 

AI2O3-2I w/o UO2 

250X RM11051 
FIGURE 18. SPECIMEN WITH GRAPHITE BARRIER LAYER 

This specimen was pressure bonded at 1550 F 
and 10,000 psi for 4 hr. Specimen H-121-A 
IS shown. 

\ \ »»•• 

N-»>* ,5"f*-v%J«». v,;C4^»w., .r.^.x>x..'-.c^^>'~^,. ™K11WA^ -«*^'-»*^i„. 
Zircaloy-2 

' • % - Graphite barrier layer 

100 per cent UOg 

f--,' 

250X 

FIGURE 

RM10971 

19. BETA-HEAT-TREATED SPECIMEN WITH GRAPHITE BARRIER LAYER 

The specimen was heat treated at 1850 F for 5 mm after pressure 
bondmg at 1550 F and 10,000 psi for 4 hr. Shown is Specimen H-5. 
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core - to -c laddmg reac t ion , although no swelling of purposely defected compar tments 
occu r red during cor ros ion tes t ing. It was d e t e r m i n e d , however , that l a t e r specimens 
bonded with cores coated at Bet t i s by spraying with Aquadag, a suspension of graphite in 
w a t e r , showed l e s s react ion in meta l lographic examination between cladding and core 
after bonding and heat t rea t ing . This p r o c e s s of spray coating was incorpora ted in la te r 
s tudies in this p r o g r a m . This type of coating is easy to apply and is ve ry inexpensive. 
Of the b a r r i e r l aye r s invest igated, graphite was de te rmined to be the e a s i e s t to apply 
with techniques cur ren t ly available and afforded consis tent protect ion against c o r e - t o -
cladding reac t ion . 

Chromium B a r r i e r 

Ini t ial ly, a t tempts were made to vapor deposit a coating of chromium on the fuel 
co res to se rve as a b a r r i e r , but the coatings were thin and were readi ly penet ra ted . In 
some a r e a s , the chromium prevented reaction^ however , and it appeared that a thicker 
coating of chromium would se rve a s a good b a r r i e r . 

Techniques were developed, t he r e fo r e , for e lectroplat ing coatings of chromium 
on the oxide c o r e s . Plat ing was accompl ished by f i r s t applying a 0 .003-mi l coating of 
s i l ve r , followed by a 0. 1-mil e lec t rodeposi ted i ron or nickel coating upon which a 
0. 5-mil coating of chromium was e lec t ropla ted . 

FIGURE 20. PRESSURE-BONDED AND HEAT-TREATED SPECIMEN 
WITH CHROMIUM BARRIER LAYER 

This specimen has an e lec t ropla ted chromium b a r r i e r 
layer between the Z i rca loy-2 cladding and AI2O3-2I 
w/o UO2 co re . This specimen was p r e s s u r e bonded 
at 10,000 psi for 4 h r at 1500 F and then was heat 
t r ea ted at 1850 F for 15 min . Specimen H-116-E 
appears h e r e . 
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Specimens containing 0, 5-mil e l ec t rop la t ed -ch romium b a r r i e r s were p r e s s u r e 
bonded at 1500 F . Dri l led cor ros ion spec imens in the as -bonded condition exhibited no 
growth in 680 F water or 750 F s team (Table 11). The chromium did not have a de le 
te r ious effect on the cor ros ion r e s i s t ance of the Z i rca loy and also p o s s e s s e d good co r 
ros ion r e s i s t ance itself. Metal lographic examinat ions showed no apparent reac t ion be 
tween the core and b a r r i e r or between the cladding and b a r r i e r during p r e s s u r e bonding. 
A specimen heat t r ea t ed at 1850 F for 15 min after p r e s s u r e bonding revea led no visible 
reac t ion (Figure 20) and did not swell when cor ros ion tes ted in 680 F degassed water 
after sectioning. 

Iron B a r r i e r 

The potential i ty of i ron as a b a r r i e r l ayer was init ial ly studied using i - m i l i ron 
foil. L a t e r , spec imens containing 0. 5-mil e lec t ropla ted i ron b a r r i e r l aye r s were p r e s 
sure bonded using t e m p e r a t u r e s of 1500 and 1550 F . Table 11 l i s t s only slight or no 
growth in 750 F s team and 680 F water for spec imens purposely defected wi tha 0. 040-in, 
hole . Sectioned spec imens in 750 F s t eam showed a slight amount of swel l ing, although 
severe rust ing of the i ron b a r r i e r occu r r ed . During p r e s s u r e bonding at 1500 F , the 
i ron diffused only sl ightly into the cladding, and the re was no visible c o r e - b a r r i e r 
reac t ion . When p r e s s u r e bonded at 1500 F , there was a l a rge amount of diffusion of i ron 
into the Zi rca loy (F igure 21). As shown in F igu re 22, the b a r r i e r diffused away ent i re ly 
during a 15-min be ta-phase anneal at 1850 F , leaving a z i r con ium- r i ch layer containing 
oxygen adjacent to the co re . A thin u r a n i u m - r i c h layer can a lso be noted. 

Nickel B a r r i e r 

On the bas i s of p re l imina ry r e su l t s obtained from feasibi l i ty s tudies with nickel 
foil as a b a r r i e r , cores were coated with 0. 5 to 1. 5-mil Kanigen nickel (nickel-8 w/o 
phosphorus) and 0. 5-mil e lec t ropla ted nickel b a r r i e r l a y e r s . Defected spec imens which 
were cor ros ion tes ted in 750 F s team or 680 F water exhibited only varying amounts of 
growth, a s can be noted in Table 11, Exposure in co r ros ion t e s t s produced a l a rge 
thickness inc rease in sectioned spec imens . Observat ion of these cor ros ion spec imens 
indicated a l ame l l a r separa t ion in the b a r r i e r - c l a d d i n g reac t ion zone. The re was no 
de t r imenta l effect on the co r ros ion r e s i s t a n c e of the cladding noted during the per iod of 
test ing from the phosphorus or nickel p r e sen t in the coat ings. Metal lographic o b s e r v a 
tions revealed no react ion at the c o r e - b a r r i e r interface and l a rge amounts of reac t ion 
between the b a r r i e r and the cladding. It was observed that extensive diffusion of nickel 
occu r r ed during a beta t r ea tmen t and dec rea sed the cor ros ion r e s i s t a n c e of the in te r face . 

Miscel laneous B a r r i e r s 

Numerous other m a t e r i a l s were invest igated as diffusion b a r r i e r s between 
Zi rca loy and ^Oys but none appeared as p romis ing as graphi te or ch romium. The co r 
ros ion r e s u l t s for spec imens p r e p a r e d with var ious b a r r i e r m a t e r i a l s a r e s u m m a r i z e d 
in Table 12. Only slight th ickness i n c r e a s e s were r eco rded for defected spec imens 
containing a molybdenum b a r r i e r . However , examination of one of these spec imens 
showed that seve re at tack had occu r red in the molybdenum-r ich z i rconium l aye r , A 
defected specimen containing a 1-mil pal ladium-foi l b a r r i e r failed ca tas t rophica l ly in 
750 F s t eam. A steady growth was observed for both sect ioned and defected spec imens 
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:.-f-'" Zircaloy-2 

250X RM9699 
FIGURE 21, SPECIMEN WITH IRON BARRIER LAYER 

This specimen has a 0.5-mil electroplated iron 
barrier, and was pressure bonded at 1550 F and 
10,000 psi for 5 hr. Shown is Specimen U-5. 

Iron-zirconium reaction 
zone 

Iron barrier layer 
(overetched) 

100 per cent UOg 

Zircaloy-2 

Iron-zirconium reaction 
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RM9462 
FIGURE 22. HEAT-TREATED SPECIMEN WITH IRON BARRIER LAYER 

This photomicrograph shows the reaction between an electroplated 
iron barrier layer and the Zitcaloy-2 cladding after a beta-phase 
anneal at 1850 F for 15 min. The specimen was pressure bonded 
at 1500 F and 10,000 psi for 4 hr prior to heat treatment. 
Specimen H-115-E appears here. 

Zirconium-rich layer 
containing oxygen 

Uranium-zirconium 
reaction zone 

AI2O3-2I w/o UOg 



TABLE 1 1 . CORROSION RESULTS FOR DEFECTED SPECIMENS WITH CHROMIUM, IRON, AND NICKEL BARRIER LAYHIS 

Fuel-Core 
Composition, 

w/o Specimen 

Barrier 

Thickness, mils Material 

Bonding Conditions 

Temperature, T i m e , Pressure, 
F hr psi 

Heat Treatment 
Temperature, T i m e , 

F min 

Duration 

of Test, 

weeks 

Corrosion 
Condition 

Total Growth, 
in. 

A l20g-21 UOg 

Al20g-21 UOg 

UOg 

AI2O3-2I UO2 

U02 

H-116-C 
H-116-D(a) 

H-116-W 

H-116-B^^^ 

H-105-C 
H-105-D^*^ 
H-115-C 

H - 1 1 5 - D ( ^ ) 

H-105-W 
H-115-W 

U.5<^> 

H-106-C 

H - 1 0 6 - D ( * ^ 

H - l l l - C 

H-112-C 
H-113-C 
H-117-C 

H-117-D^*^ 

H-117-W 
H - l l l - W 

H-112-W 
H-113-W 

H-117-W 
U-4<a) 

0.5 

0.5 

0 .5 

0.5 

1.0 
1.0 

0.5 
0.5 
1.0 

0,5 
0.5 

1.0 

1.0 

0.5 
1.0 

1.5 
0.5 

0 .5 
1.0 
0 .5 
1.0 

1.5 

0.5 
0 .5 

Electroplated Ct 
Electroplated Cr 
Electroplated Cr 
Electroplated Cr 

Fe foil 

Fe foil 

Electroplated Fe 
Electroplated Fe 
Fefoil 

Electroplated Fe 
Electroplated Fe 

Ni foil 
Ni foil 
Kanigen NI 
Kanigen Ni 
Kanigen Ni 
Electroplated Ni 
Electroplated Ni 
Ni foil 
Kanigen Ni 
Kanigen Ni 
Kanigen Ni 
Electroplated Ni 
Electroplated Ni 

1500 

1500 

1500 

1500 

1500 
1500 
1500 
1500 
1500 
1500 
1550 

1500 
1500 

1550 

1550 

1550 

1500 

1500 

1500 

1550 

1550 

1550 

1500 

1550 

4 

4 

4 
4 

5 

5 
4 
4 

5 
4 

5 

5 
5 

4 

4 
4 

4 
4 

5 
4 

4 
4 

4 
5 

10,000 

10.000 

10,000 

None 

None 

None 

10,000 1850 15 

10.000 
10,000 

10,000 
10,000 
10.000 

10,000 

10,000 

10,000 
10,000 

10,000 

10,000 

10,000 
10,000 
10,000 

10,000 
10,000 

None 
None 

None 

None 
None 

None 
None 

None 
None 

None 
None 

None 
None 
None 

None 
None 

10.000 1850 15 
10,000 1850 15 

10,000 
10,000 

None 
None 

12 

12 

11 

5 

16 
16 

12 
12 

11 
11 

5 

16 
16 

15 

15 
15 
12 
12 

11 
11 
10 
10 

11 
5 

750 F steam 

750 F steam 

680 F water 
680 F water 

750 F steam 
750 F steam 

750 F steam 
750 F steam 
680 F water 

680 F water 

680 F water 

750 F steam 

750 F steam 

750 F steam 

750 F steam 
750 F steam 

750 F steam 
750 F steam 

680 F water 
680 F water 
680 F water 
680 F water 

680 F water 
680 F water 

None 

0.006 
None 
None 

None 
0.006 

None 
0.006 
0.004 

None 

None 

0.011 
0.040 

0.002 

0.002 
0.002 
0.010 

0.027 

0.003 
None 

0.003 
0.013 
None 

None 

U1 

(a) Sectioned specimens. (Remaining specimens were defected with 0.040-iE. drilled holes.) 
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TABLE 12. CORROSION RESULTS FOR DEFECTED SPECIMENS WITH MISCELLANEOUS BARRIERS 

BETWEEN THE Al 0^ -21 w/o UO CORE AND THE ZIRCALOY CLADDING 

Specimens were not beta heat treated after bonding. 

Bonding Conditions 

Specimen Barrier 

Temperature, T ime , Pressure. 
F hr psi 

Duration of 

Test, weeks 

Total 

Corrosion Growth, 

Conditions in. 

H-107-C 

H-107-D' '^^ 

H-103-B 

H-108-C 

H-109-C 

H-llO-C 

H-102-W 

H-103-W 

Niobium 

(0.001 in.) 

Niobium 

(0.001 in.) 

Molybdenum 

(0.001 in.) 

Magnesium 

oxide 

Thorium oxide 

Zirconium 

oxide 

Palladium 

(0.001 in.) 

Molybdenum 

(0.001 in.) 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

5 

4 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

16 

16 

16 

15 

15 

15 

15 

15 

750 F steam 0.021 

750 F steam 0.022 

750 F steam 0.004 

750 F steam 0.051 

750 F steam 0.030 

750 F steam 0.036 

680 F water 0.040 

680 F water 0.005 

(a) Sectioned specimens. (Remaining specimens were defected with 0. 040-in. holes). 



37 

containing niobium-foil b a r r i e r l a y e r s in 750 F s t eam. These spec imens showed con
s iderable diffusion between the niobium and the Zi rca loy , This n iob ium-r i ch layer was 
severe ly at tacked during the exposure ; however , the low puri ty of the niobium foil 
employed was probably the cause of the co r ros ion a t tack. 

Coatings of Z r O , ^ Th02^ and MgO were applied to AI2O2-2I w/o UO2 cores by use 
of water and lacquer s l u r r i e s and f ired in hydrogen up to 2600 F . All of the coatings 
were porous and tended to flake. Specimens containing these oxide coatings were p r e s 
sure bonded, defected, and co r ros ion tes ted in 750 F s t eam, A l a rge thickness inc rease 
was observed for all of the spec imens during co r ros ion tes t ing . Metal lographic exam
ination indicated l a r g e amiounts of oxygen diffusion into the cladding and thin u r a n i u m -
r ich reac t ion zones along the in te r face . In all s p e c i m e n s , bonding was e r r a t i c as a 
r e su l t of flaking of the oxide l a y e r s and contamination of the Z i r ca loy -Z i r ca loy interface 

The r e s u l t s of the study of core-c ladding reac t ion indicated that a b a r r i e r would 
be r equ i red to prevent reac t ion during p r e s s u r e bonding and beta heat t r ea t ing . The 
data from the b a r r i e r - l a y e r invest igat ion showed that a coating of e i ther graphite or 
chromium on the c o r e s was sa t i s fac tory a s a b a r r i e r during both p r e s s u r e bonding and 
beta heat t r ea t ing . Graphite is the m o s t economiical b a r r i e r l ayer and the eas i e s t to 
apply with consis tent r e su l t s by techniques avai lable at the p r e sen t t i m e . 
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III. DEVELOPMENT OF PROCESS FOR GAS-PRESSURE BONDING OF 
FUEL ELEMENTS UTILIZING PROTECTIVE CONTAINERS 

A s e r i e s of f la t -pla te Z i rca loy-c l ad fuel e lements containing compar tmenta l ized 
uranium dioxide c o r e s was p r e s s u r e bonded, incorporat ing the techniques developed in 
previous phases of the p r o g r a m , in o rde r to obtain a comprehens ive evaluation of the 
p rocedures used. The components for these e l emen t s , with accompanying Ti -Namel 
s p a c e r s , w e r e a s sembled into T i -Namel conta iners for bonding. The cladding compo
nents for these e lements w e r e surface finished by machine bel t abrading using 60-gr i t 
si l icon carbide be l t s operat ing at a speed of 2200 ft per min with sulfonated oil coolant. 
To prevent core-c ladding reac t ion , the uranium dioxide c o r e s w e r e coated with g raph
i te , using Neolube a s desc r ibed e a r l i e r . The Ti -Namel space r s placed between the T i -
Namel container and the cladding p la tes w e r e plated with a 0. 3-mil coating of chromium 
in an at tempt to avoid diffusion of i ron into the Z i r ca loy -2 . Several of the l a t e r e lements 
contained a s ta in less s teel shim between the cladding pla tes and space r s to prevent or 
min imize diffusion of i ron . 

The components for these e lements a r e shown ready for a s sembly in F igure 2. 
The approximate ove r -a l l s ize of the e lements was 11. 25 by 2. 5 in. with a th ickness of 
0. 120 in. , consist ing of two 0. 020-in. - thick cladding pla tes and an 0. 080-in. - thick com-
par tmented p ic ture f r ame . Each e lement contained nine fuel compar tmen t s , 3 b y 0 . 5 in. , 
separa ted from each other by Zi rca loy r ibs e i ther 0. 040 or 0. 060 in. wide. Two co re s 
half the length of a compar tment were inse r t ed into each compar tment . The p ic ture 
f rames for these e lements w e r e p r e p a r e d in one piece by punching out the compar tment 
a r e a s and then abrading the f rame to final th ickness , except for severa l e lements which 
w e r e p r e p a r e d using a pieced p ic ture f rame a s sembled from s u r f a c e - p r e p a r e d s t r ip 
components . 

P r e s s u r e bonding was pe r fo rmed at 10, 000 psi for 4 hr using t e m p e r a t u r e s from 
1450 to 1550 F . Most of the p r e s s u r e - b o n d e d e lements w e r e heat t r e a t e d at 1850 F for 
5 min in a ba r ium chloride salt bath and quenched in a s t r e a m of helium; a few e lements 
were tes ted without this t r e a tmen t . After heat t r e a tmen t , the specimens were vapor 
b las ted and pickled in a hydrofluoric acid solution. The t e s t s employed to evaluate these 
e lements included visual examinat ion, meta l lographic examination of bond quali ty and 
core-c ladding reac t ion , peel t e s t s of bonds , i n t e rcompar tmen ta l leakage t e s t s , b u r s t 
t e s t s of compar tmen t s , co r ros ion of purposely defected compar tmen t s , waterlogging 
t e s t s , co r ros ion of the Z i rca loy-2 cladding, and chemical ana lyses . 

TEST PROCEDURES 

A d iagram of an e lement is shown in F igure 23, indicating the sectioning and d e 
fecting of specimens for the var ious t e s t s and examinat ions . The fuel compar tmen t s 
were a r b i t r a r i l y numbered and s imulated defects , 0. 005 in. in d i ame te r , w e r e dr i l led 
into the co re s in se lected compar tmen t s for the var ious tests^ as indicated. Holes w e r e 
dr i l led to a depth of 0. 025 in. to insure penet ra t ion to the c o r e s . Examination of the 
holes with a light mic roscope was used to es tab l i sh if the defects extended into the c o r e s . 
The samples for meta l lographic examination, peel t e s t s , and Zirca loy co r ros ion t e s t s 
w e r e removed from the port ion of the i n t e r compar tmen ta l - l e akage - t e s t spec imens which 
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Position of defects in defect
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Position of defects in inter
compartmental leakage tests 
(compartments 1,2,3,4,5,6) 
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FIGURE 23. PREPARATION OF ELEMENTS FOR EVALUATION 
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was cut off, a s shown in F igure 23. The remaining six compar tmen t s of these e lements 
were then tes ted for in te rcompar tmenta l leakage. 

Metal lographic Examination 

Cross - sec t iona l and edge samples of the spec imens w e r e removed as indicated in 
F igure 23 for meta l lographic examination of bond quali ty and extent of core-c ladding 
reac t ion . Light m ic roscopes with polar ized and br ight- f ie ld i l lumination were used with 
magnifications of 100, 250, and 500X. Bonds w e r e classif ied by the pe rcen tage of a r e a s 
with Types A, B, and C bonds , as desc r ibed in a previous sect ion and shown in F igure 3. 
Bond interfaces were examined for oxygen-r ich l a y e r s along the in te r face , extensive 
i ron diffusion, hydride need les , and the p r e s e n c e of inclusions of graphi te from the 
graphi te -coa ted c o r e s . The cladding was examined for core- to-c ladding reac t ion p rod
uc t s , for i ron or chromium contamination from the chromium-p la ted T i -Namel s p a c e r s , 
and for hydrogen contamination. The th ickness of the cladding a s a function of d imen
sional control of the s u r f a c e - p r e p a r e d and a s sembled element was a lso studied. 

Pee l Tes ts of Bonds 

Cross - sec t iona l port ions of e lements (Figure 23) w e r e peel t es ted to de te rmine the 
s t rength of the bonds along the r ibs and edges . The bonds between the r ibs of the p ic ture 
f rames and the cladding p la tes w e r e tes ted by driving a wedge into the exposed c o m p a r t 
men t s ; the s t rength of the bonds at the edges of the e lements was de te rmined by driving 
a chisel into a V-notch which had been filed into the bond interface at the edge of the 
specimen. A good tes t was cons idered one in which rupture of the cladding m a t e r i a l 
occur red instead of separa t ion of the bond. 

Bu r s t Tes ts 

Compar tments of e lements w e r e b u r s t t es ted in o r d e r to indicate the re la t ive 
s t rength and ductili ty of the cladding and s t rength of the bond. In this t e s t , one c o m p a r t 
ment of an element was subjected to increas ing in ternal p r e s s u r e until rup ture of the 
cladding occur red . The p r e s s u r e r equ i red to produce rup ture and the amount of def lec
tion of the cladding before rup ture w e r e r eco rded . It was a lso noted if any of the bonds 
between the cladding p la tes and the r ibs of the p ic ture f rame failed during the t e s t . 

Defects were dr i l led in these e lements in the center of the compar tment as shown 
in F igure 23, which placed the hole between the two cores in the compar tment . The tes t s 
were conducted in a jig designed to pe rmi t the application of gas p r e s s u r e into the d e 
fected compar tment . The p r e s s u r e was applied through a 1/4-in. -d i ame te r probe with 
a rubber O-r ing seal around the 0. 005-in. defect. Metal p la tes w e r e placed on both 
sides of the e lement . The front plate had a 1/4-in. opening to admit the p robe . The 
back plate had a 3 by 1/2-in. opening over the compar tment to be tes ted . The two pla tes 
and t e s t specimen w e r e c lamped to a supporting f rame and helium gas p r e s s u r e was a p 
plied in 100-lb i nc r emen t s . As bulging occur red , the deflection of the back side of the 
compar tment under t e s t was r e a d from a dial gage. After deflection ceased , t h e r e was 
a 15-sec delay before the next 100-lb inc rement of p r e s s u r e was applied. 
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Corros ion Tes t s of Defected Compar tments 

Corros ion t e s t s w e r e conducted to de te rmine the r e s i s t a n c e of purposely defected 
compar tments to at tack in 680 F degassed w a t e r . If core-c ladding react ion had o c 
cu r r ed , it was evidenced by at tack at the interface and swelling of the compar tmen t s . 
These e lements were defected with 0. 005-in. holes located about 1/4 in. from the top 
end of al l nine of the c o m p a r t m e n t s , as shown in F igure 23. Evaluation was on the b a s i s 
of changes in th ickness , weight, and genera l appea rance . 

In t e rcompar tmen ta l -Leakage Tes t s 

Specimens w e r e tes ted for i n t e r compar tmen ta l leakage in o rde r to evaluate the in
tegr i ty of the bonding between the r ibs of the p ic ture f rame and the cladding p l a t e s . 
There w e r e only six compar tmen t s in these spec imens ; remain ing por t ions were r e 
moved for other t e s t s . Defects w e r e dr i l led into the center of the bottom core in Com
pa r tmen t s 1, 2, and 3 and in the center of the top core in Compar tments 4, 5, and 6 
(Figure 23). A hel ium p r e s s u r e of 700 ps i was applied success ive ly to the defects in 
Compar tments 1, 3, and 5 using the same appara tus as was employed in the b u r s t t e s t s . 
The front masking plate was not used in o rde r to p e r m i t painting of the five exposed d e 
fects with soap solution. Bubbles over a defect revea led a leak between compar tmen t s 
resul t ing from imperfect bonding between the cladding p la tes and p ic ture f r ame . The 
spec imens were tes ted before and after co r ros ion tes t ing in 680 F wa te r ; they w e r e eva l 
uated on the b a s i s of i n t e rcompar tmen ta l leakage and behavior during co r ros ion . 

Waterlogging Tes t s 

Tes t s w e r e conducted on seve ra l e lements to detect water logging of the c o m p a r t -
mented c o r e s . Defects w e r e dr i l led into the cen te r of the bottom core in each of the nine 
c o m p a r t m e n t s . The spec imens w e r e weighed and m e a s u r e d p r i o r to and after co r ros ion 
tes t ing for 18 hr in 680 F w a t e r . After drying for 15 min at 140 F subsequent to c o r 
ros ion tes t ing , the e lements w e r e plunged into mol ten lead at 650 to 700 F . If the com
p a r t m e n t s contained entrapped wa te r (waterlogged), the wa te r turned to s t eam, and the 
p r e s s u r e genera ted resu l ted in bulging of the Zi rca loy cladding. 

Z i r ca loy -2 Cor ros ion Tes t s 

The genera l co r ros ion r e s i s t a n c e of the Z i r ca loy -2 was evaluated from coupons 
taken from the co rne r of the piece cut from the l e a k - t e s t spec imens , as shown in F i g 
ure 23. The coupon cons is ted of Z i r ca loy -2 cladding p la tes bonded to the Z i r ca loy -2 
p ic ture f r ame , and did not contain fuel. Specimens were shaper finished on the edges 
and pickled in 5 p a r t s HF-45 p a r t s HNO3-5O p a r t s H2O (by volume) p r io r to co r ros ion 
tes t ing in 750 F s team at 1500 ps i . Specimens w e r e evaluated on the b a s i s of weight 
change and genera l appea rance . 

Bend Tes t s 

Bend- tes t samples w e r e p r e p a r e d from var ious por t ions of the Zi rca loy cladding 
from elements exhibiting any e r r a t i c t e s t r e su l t s as de te rmined by the aforementioned 
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tes t ing methods . The bend t e s t s were conducted by success ive ly bending the sample 
through a 90-deg angle on dies with decreas ing radi i until failure occu r red The T-
value for each t e s t was equal to the radius of the die divided by the th ickness of the 
sample . The radius value employed was based on the l a s t die used when the specimen 
did not fail . 

X-Ray Tes t s 

Elements w e r e subjected to radiographic ana lys is to de te rmine if t r a n s p o r t of 
uranium oxide had occu r r ed during handling of the e lement p r i o r to the bonding o p e r a 
tion. X - r a y ana lys is was init iated la te in the p r o g r a m ; consequently, the rad iographs 
were made of as-bonded e lements or of bonded specimens that failed in an e r r a t i c 
manner in other t e s t s . The rad iographs w e r e made with a power level of 180 kv. 

Hardness Tes t s 

Specimens exhibiting core-c ladding reac t ion and oxygen-r ich alpha l a y e r s of 
Zi rca loy along the c ladding- to- r ib interface w e r e subjected to m i c r o h a r d n e s s t e s t s to 
de te rmine the ha rdness of the reac t ion l a y e r s and the extent of the reac t ion l a y e r s . 
Hardness values were a lso de te rmined for the cladding over the core and the cladding 
over the f rame at the ends of the spec imens . 

TEST RESULTS 

General Evaluation 

A la rge number of the 75 e lements p r e p a r e d in Ti -Namel conta iners for p r o c e s s -
feasibil i ty studies exhibited e r r a t i c r e su l t s during tes t ing . E r r a t i c t e s t p r o p e r t i e s w e r e 
normal ly observed as cladding embr i t t l emen t exper ienced during decanning, i n t e r c o m 
par tmenta l leaks during b u r s t tes t ing or in t e rcompar tmen ta l leak t e s t s , b r i t t l e cladding 
fai lure during bur s t tes t ing, inconsis tent co r ros ion as a r e su l t of e r r a t i c c o r e - t o -
cladding reac t ion , and major inclusions between cladding and r ib as observed during 
radiographic evaluat ions. 

One of the 75 e lements that was bonded during this feas ib i l i ty -of -process eva lua
tion is shown in Figure 24. The flow obtained during p r e s s u r e bonding is evidenced by 
the deformation along the Zi rca loy r ibs separat ing the oxide fuel c o r e s . All of the 
specimens bonded contained unders ized r i b s ; consequently, mos t of the deformation that 
was obtained was a c r o s s the r ib a r e a . The amount of deformation and cladding thinning 
is governed by the dimensional control imposed on the fuel-e lement co re s and the 
Zi rca loy r ecep tac le . If no rma l to le rances a r e mainta ined on the c o r e s , cladding p la t e s , 
and r ecep tac l e , and if the cores a r e not chipped, the effect of thinning of the cladding is 
minor . 

During the p repa ra t ion of these spec imens , the holes to rece ive the c o r e s w e r e 
punched in the Zircaloy p ic ture f r ames before the f rames w e r e bel t abraded . It was 
observed after abrading that this had resu l ted in uneven me ta l removal from the r i b s , 
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FIGURE 24. ZIRCALOY-CLAD FLAT-PLATE UO2 FUEL ELEMENT PRESSURE BONDED IN A PROTECTIVE CONTAINER FOR 4 HR AT 1550 F WITH A 
10, OOO-PSI HELIUM PRESSURE 

Fragmentation of the UO2 core occurred during the machmmg operation. 
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which were eas i ly deflected and twis ted during the finishing operat ion. Some a r e a s of 
the r ibs were not abraded at all and o thers w e r e reduced excess ive ly in th ickness . It 
would be m o r e des i rab le to abrade the p ic ture f rame before punching the holes in o rde r 
to obtain a uniform surface finish and improved t o l e r a n c e s . 

A number of the e lements p r e s s u r e bonded in pro tec t ive cans exhibited b r i t t l e 
fai lure of a port ion of the cladding when the e lements w e r e separa ted from the Ti -Namel 
space r s and the protect ive can after bonding. Core-cladding reac t ion was a lso observed 
to be seve re in many of the spec imens subjected to in t e rcompar tmen ta l l eakage , c o r r o 
sion, and bu r s t t e s t s . A complete evaluation was made of all specimens to de te rmine the 
causes of the e r r a t i c t e s t r e su l t s and to de te rmine if these causes of fa i lure could be 
el iminated by a rev i s ion of the p re s su re -bond ing p r o c e s s . 

Metal lographic Examination 

P r e t e s t meta l lographic examination was made on a l a r g e number of the specimens 
along the longitudinal edge of the e lement and a c r o s s the co re s and r ibs of the e lement . 
P r i o r to tes t ing, none of the meta l lographic evaluations could be made near the r ib a r e a s 
in the port ions of the e lements to be leak and b u r s t t es ted , since this would ruin the ad
joining compar tment for further tes t ing; consequently, the r e su l t s of the meta l lographic 
studies included in Table 13 do not indicate cladding p l a t e - t o - r i b bond c h a r a c t e r i s t i c s in 
the a r e a s which w e r e tes ted for in t e rcompar tmen ta l leakage . The major port ion of the 
bonds , as indicated in Table 13, w e r e Type A, which is an excellent me ta l lu rg ica l bond, 
as shown in F igure 25. The " s p o t s " of Type C bond noted in the table were smal l , i s o 
lated a r e a s which were found by repolishing to be ve ry shallow. Metal lographic e x a m 
inations of port ions of spec imens which had exhib.Lted in t e r compar tmen ta l leakage r e 
vealed a prevalence of Type C bond along the r ib - to -c ladd ing plate in ter face . The 
occur rence of Type C bond was bel ieved due in pa r t to the difficulty of abrading the 
f rames after punching. This resu l ted in improper abrading of the r i b , causing excess ive 
me ta l r emova l along the r ib or lack of surface p repa ra t ion as a r e su l t of insufficient 
meta l r emova l . An additional observed cause of in t e rcompar tmen ta l leakage was the 
p r e s e n c e of pa r t i c l e s of oxide and graphi te between the cladding plate and r ib . This 
oxide and graphi te w e r e t r anspo r t ed to the r ib a r e a s during handling of the a s s e m b l e d 
fuel e lement p r i o r to bonding or during excess ive flow of the cladding during bonding. 
An edge effect manifested by a poor bond extending a shor t d is tance from the edges and 
ends was observed in mos t of the spec imens . The maximum depth of such a zone was 
observed to be about 1/8 in. at the edges and 1/4 in. at the ends. The edges and ends of 
all of the specimens had good bond integri ty inside this a r e a . 

Specimens with co re s which had not been coated with graphite to prevent c o r e -
cladding react ion revea led a 0. 002 to 0. 003-in. reac t ion zone. Graphi te -coated co re s 
p roper ly p r epa red did not appear to have reac ted with the cladding (Figure 26). How
ever , some a r e a s along the in ter face , especia l ly at the c o r n e r s of mos t of the c o r e s , 
showed nar row regions of Zi rca loy with a high oxygen content. 

Peel Tes ts of Bonds 

Table 14 contains the data from the peel t e s t s . The s t rength of the bonds between 
the p i c tu re - f r ame r ibs and the cladding pla tes was found to be good in mos t of the spec i 
m e n s . However, in many of the spec imens , t he re w e r e poorly bonded a r e a s along the 
edges extending up to 1/8 in. in toward the center of the e lement , a s shown in the table. 



TABLE 13. RESULTS OF METALLOGRAPHIC EXAMINATIONS OF ZIRCALOY-CLAD FLAT-PLATE UOg FUEL ELEMENTS 

Specimen 

P-1 

P-2 
P-3 
P-4 

P-5 

P-6 

P-8 

P-9 

P-10 

P-11 

P-14 

P-21 

P-45 
P-45-B 

P-47 

P-52 

P-58 
P-58 

Core 

Coating 

None 

None 
None 

None 

Graphite 

None 

None 

None 

None 

Graphite 

Graphite 

Graphite 

Graphite 
Graphite 

Graphite 

Graphite 

Graphite 
Graphite 

Pressure-Bonding Conditions 

T ime , 

hr 

4 

4 
4 

4 

4 

4 

2 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 
4 

Temperature, 

F 

1500 

1500 
1550 
1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1450 

1450 

1500 

1450 

1500 
1500 

Pressure, 

psi 

10,000 

10,000 
10,000 
10,000 

10,000 

10,000 

10,000 

10,000 

10.000 

10,000 

10,000 

10,000 

10.000 
10,000 

10,000 

10,000 

10,000 
10,000 

Heat Treatment 

T ime , Temperature. 

min 

5 

5 

5 
5 

5 

5 

5 

5 

5 

5 

5 

5 

5 
5 

None 

None 

None 

None 

F 

1850 

1850 

1850 
1850 

1850 

1850 

1850 

1850 

1850 

1850 

1850 

1850 

1850 
1850 

Specimen 

Location 

Entire edge 

Entire edge 
Entire edge 

Edge 

Cross section 
Edge 

Cross section 

Edge 

Cross section 
Edge 

Cross section 
Edge 

Cross section 
Edge 

Cross section 
Edge 

Cross section 
Edge 

Cross section 
Edge 

Cross section 
Edge 

Edge 
Edge 

Cross section 

Edge 

Cross section 
Cross section 
Cross section 

Iron-

Reaction, 
Depth. 

in. 

None 

None 
None 
None 

None 

None 
None 

None 

None 

0.003 
0.003 

0.007 

0.007 
None 
None 

None 

None 
None 

None 

None 
None 
0.001 

0.001 

None 
None 

None 

None 
None 
None 

Type A, 

per cent 

60 

90 

70 
99 

100 

90 

90 

95 
95 
90 
90 

10 

10 

99 
95 

95 
90 
90 

95 
80 

90 

60 

95 

95 
60 

90 
80 

60 
40 

Bond Results 
TypeB, 

per cent 

40 

10 

30 

1 

10 

10 

5 

5 
10 

5 
90 

90 

1 

5 
5 

10 
10 

5 
20 

10 

40 

5 

10 

5 
10 

--
30 

T y p e C , 

per cent 

. . 
— 
-. 
--

--

„ _ 

Spots 

6 
Spots 

--

— 

--

Spots 

Spots 

. . 

. . 
5 

30 

5 
10 
40 

30 

Edge-

Effect 
Depth. 

in. 

--
--
--

None 

1/16 

1/16 

1/8 

1/64 

1/64 

1/64 

1/16 

1/16 
--
--

1/8 

1/8 
1/16 

1/16 

*-
Ui 
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Bond interface 

FIGURE 25. ZIRCALOY-TO-ZIRCALOY BOND OBTAINHJ IN FUEL ELEMENT WHICH WAS 
PRESSURE BONDED AND BETA HEAT TREATED 

This element was pressure bonded at 1550 F and 10,000 psi for 4 hr and heat 
treated at 1850 F for 5 min. Belt-abraded bonding surfaces and graphite-
coated cores were used. Bond is between the cladding plate and a rib of the 
picture frame. 
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Graphite barrier layer 

100 per COTt UOg 

FIGURE 26. INTERFACE BETWEEN GRAPHITE-COATED CORE AND ZIRCALOY CLADDING 

Same speclmea as shown in Figure 25. 



TABLE 14. RESULTS OF PEEL TESTS OF BONDS IN ZIRCALOY-CLAD FLAT-PLATE UOg FUEL ELEMENTS 

Specimen 

P-4 

P-5 

P-6 

P-8 

P-9 

P-10 

P-11 

P-14 

P-21 

P-39 

P-47 

P-52 

Core 

Coating 

None 

Graphite 

None 

None 

None 

None 

Graphite 

Graphite 

Graphite 

None 

Graphite 

Graphite 

Pressure-

Temperature, 
F 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1500 

1450 

•Bonding Conditions 

T i m e , 
hr 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

Pressure, 
psi 

10,000 

10,000 

10.000 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

10.000 

10,000 

Heat Treatment 

Temperature, 
F 

1850 

1850 

1850 

None 

None 

1850 

1850 

1850 

None 

1850 

1850 

1850 

T i m e , 

min 

5 

5 

5 

None 

None 

5 

5 

5 

None 

5 

5 

5 

Bond 

Along 

Ribs 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

FaUed 

Peel-Test Results 
Bond Along Edges 

(Excluding Edge-

Effect Zone) 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Depth of Edge 

Effect, in. 

None 

1/8 

1/32 

1/8 

1/16 

None 

None 

None 

None 

None 

1/8 

1/16 

-a 
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A sinailar zone at the ex t r eme ends of the e lements was about 1/4 in. wide. Except in 
this edge-effect region, the bond at the edge could not be separa ted in any of the spec i 
mens tes ted . 

Bend Tes ts 

A number of the p r e s s u r e - b o n d e d e lements exhibited b r i t t l e fai lure of a port ion of 
the cladding when the e lement was separa ted from the T i -Namel space r s and the p r o 
tect ive can after bonding. Many of the spec imens exhibited both ductile and b r i t t l e 
cladding a r e a s ; consequently, invest igat ions w e r e conducted using bend t e s t s of the c lad
ding in conjunction with chemical ana lyses and meta l lographic observat ions to de te rmine 
the causes of the inconsis tent ductil i ty of the cladding. 

A tabulation of bend- t e s t r e su l t s is p r e sen ted in Table 15. Resul ts of bend- t e s t 
specimens taken from cladding p la tes in the a r e a s which failed during decanning showed 
that these a r e a s were quite b r i t t l e , having an average T-value of about 5. The b r i t t l e -
ness was not caused by core-c ladding reac t ion , s ince the cladding from an e lement with 
the mos t seve re react ion (P-70) demons t ra ted ve ry ductile behavior . 

Por t ions of the cladding removed from a r e a s adjacent to b r i t t l e f r ac tu res w e r e 
subjected to meta l lographic examinat ion. Resu l t s of these s tudies indicate that these 
a r e a s have a high concentrat ion of hydr ide , as shown in F igure 27, or a r e high in i ron. 
The th ickness and integri ty of the chromium plating applied to the T i -Namel s p a c e r s to 
a t tempt to prevent diffusion of i ron into the Zi rca loy was not always suitable for this a p 
plication and local ized bonding occu r red between the space r s and cladding. F igure 28 
shows a sect ion of rup tured cladding which revea l s s eve re reac t ion between the cladding 
and s p a c e r s , and a s t ruc tu re heavily contaminated with hydrogen and i ron . 

Chemical ana lyses of these b r i t t l e e lements showed hydrogen contents of 175 to 
450 ppm. Oxygen contents w e r e genera l ly in the same range as in the a s - r e c e i v e d cover 
p la te . This content was r a t h e r high (1320 ppm) but did not seem to affect the ductil i ty of 
the cladding. A tabulation of chemical ana lyses is p re sen ted in Table 16. The r e su l t s 
indicate that ch romium, nickel , n i t rogen, and uramium did not contr ibute a significant 
amount to the b r i t t l enes s of clad fuel e l emen t s . 

A piece of b r i t t l e cladding, which was subjected to a solution heat t r e a t m e n t for 
hydrogen by heating at 750 F for 1 hr followed by quenching, showed significantly i m 
proved ductility during bend tes t ing . The beta heat t r ea tmen t and quench employed 
after p r e s s u r e bonding a lso improved the ductili ty of the cladding. 

The r e su l t s of the bend t e s t s , chemical ana lyses , and meta l lographic examination 
indicated that the b r i t t l e behavior of the cladding during decanning was due p r i m a r i l y to 
high concentrat ions of hydrogen and i ron . S t ress applied in at tempting to remove the 
s p a c e r s , which had bonded to the cladding in some a r e a s , caused rup ture of the e m 
br i t t l ed cladding. In some c a s e s , fai lure may have been aided by c r acks in the b r i t t l e 
oxygen-r ich zone of the Zi rca loy surrounding the c o r e s , which resu l ted from c o r e -
cladding reac t ion . This l a t t e r effect will be d i scussed m o r e fully in the next sect ion on 
cor ros ion t e s t s and core-c ladding reac t ion . 



TABLE 15. RESULTS OF BEND TESTS OF ZIRCALOY-2 FROM PRESSURE-BONDED ELEMENTS 

Specimen 

P-S 

P-S-1 

P-A-1 
P-A-2 
P-A-3 

P-9-6 
P-9-A 

P-9-7 

P-12-2 
P-12-3 

P-1207 

P-13-E 

P-20-1 

P-20-7 

P-20-8 

Core 

Coating 

--

--

-_ 
. . 
--

None 

None 

None 

Graphite 

Graphite 

Graphite 

None 

Graphite 

Graphite 

Graphite 

Pressure-Bonding Conditions 

Temperature, 
F 

_ „ 

1550 
1550 
1550 

1550 

1550 

1550 

1500 
1500 

1500 

1550 

1550 

1550 

1550 

T i m e . 
hr 

._ 

4 

4 
4 

4 
4 

4 

4 
4 

4 

4 

4 

4 

4 

Pressure, 
psi 

— 

10.000 
10,000 
10,000 

10,000 

10.000 

10,000 

10,000 
10,000 

10.000 

10.000 

10,000 

10,000 

10,000 

Heat-Treatment 

Temperature, 
F 

--

1550 
(in vacuum) 

1850 

1850 
1850 

None 

None 

None 

1850 
1850 

1850 

None 

None 

None 

None 

T ime , 
min 

— 

240 

5 
5 
5 

5 
5 

5 

Location 
of Sample 

Cladding 

plate 

Cladding 
plate 

End 

Center 
Edge 

Edge 

Cladding 
p la te over 
core 

Cladding 
plat» over 
core 

Edge 

Cladding 
pla te over 
core 

End 

End; away 
from failure 

End; away 

from cracks 

Cladding 
p la te over 

Bend-Test 
T-Value 

0.67 

0.76 

0.53 
0 .71 
0.53 

3.18 

16.7 

10.0 

6.S2 

6.57 

6.47 

4 .36 

2 .16 

6.75 

core; by cracks 

Cladding 
plate over 
core; away 
from cracks 

3.26 

Remarks Concerning 
Element 

As-received material 

As-received mater ial 

Cladding plates 
exposed directly to 

autoclave atmosphere 

Burst at low pressure 
during leak testing 

4^ 

Good burst test 

Brittle failure of 
cladding plate 
during decanning 

Burst a t low pressure 

in burst test; cracks 

visible in cladding 

p la te 



TABLE 15. (Continued) 

Specimen 

Pressure-Bonding Conditions 
Core Temperature. T i m e , Pressure. 

Coating F hr psi 

Heat Treatment 

Temperature . 

F 

T ime , 

hr 

Location 
of Sample 

Bend-Test 

T-Value 
Remarks Concerning 

Element 

P-20-14 

P-20-4A 

P-25-3 

Graphite 

Graphite 

Graphite 

1550 

1550 

1525 

10,000 

10.000 

10,000 

None 

None 

P-20-4 

P-21-E 

P-21-2 
P-21-4 

P-25-E 
P-25-2 

Graphite 

Graphite 

Graphite 
Graphite 

Graphite 
Graphite 

1550 

1550 

1550 
1550 

1525 

1525 

4 

4 
4 

4 

4 
4 

10,000 

10,000 
10,000 

10,000 

10,000 

10.000 

750 

(in vacuum) 

None 
None 

None 

None 

None 

None 

P-45-1 

P-45-3 

P-52-4 

P-52-8 

P-52-9 

P-57-E 

P-58-E 

P-58-A 

Graphite 
Graphite 

Graphite 

Graphite 
Graphite 

Graphite 

Graphite 

Graphite 

1450 

1450 

1450 

1450 

1450 

1500 

1500 

1500 

4 

4 

4 

4 

4 

4 

4 

4 

10,000 
10,000 

10, 000 

10,000 

10,000 

10,000 

10,000 

10,000 

1850 
1850 

1850 

1850 

1850 

1850 

1850 

None 

60 

Cladding 4 .74 

plate over 
cote; by 
burst rupture 

Cladding 5.20 

pla te over 

core by crack 
Cladding 2.47 
plate over 

cote by crack 

End 6.32 

Edge 3.10 
Cladding pla te 4 .78 
over core 

End 

Cladding pla te 
over core 

Cladding p la te 

over core 

End 
Cladding pla te 

over core 

Edge 

End 

Cladding pla te 
over core 

8.43 
4 .14 

5.78 

0 .61 
0.84 

2 .23 
1.07 

0.97 

End 

End 

Cladding pla te 

over core 

4 .39 

1.10 

0.99 

Piece of cladding 
plate ruptured during 
decanning 

Brittle failure of 
cladding plate during 
decanning 

Good burst test 

Intetcompattmental 
leakage 

Burst-test leakage 

Burst-test leakage 

O 



TABLE 15. (Continued) 

Specimen 
Core 

Coating 

Pressure-Bonding Conditions 
Temperature, 

F 
Time, 

hr 
Pressure, 

psi 

Heat Treatment 
Temperature, 

F 
Time, 

hr 
Location 
of Sample 

Bend-Test 
T-Value 

Remarks Concerning 
Element 

P-61-E Graphite 1550 10,000 

P-63-1 

P-63-2 

P-63-3 

P-67-R 
P-67-2 

P-67-5 

P-67-8 

P-67-10 

P-67-14 

P-70-1 

Graphite 

Graphite 

Graphite 

Graphite 
Graphite 

Graphite 

Graphite 

Graphite 

Graphite 

None 

1500 

1500 

1500 

1500 
1500 

1500 

1500 

1500 

1500 

1550 

4 

4 

4 

4 
4 

4 

4 

4 

4 

4 

10,000 

10,000 

10,000 

10, 000 
10,000 

10,000 

10,000 

10,000 

10,000 

10,000 

None 

None 

None 

None 

None 
None 

None 

None 

None 

None 

8.3 

0.69 

1850 

Cladding plate 
at edge 

Cladding plate 1.52 
over core 

Edge 0.13 

Rib 0.44 
Cladding plate 1.00 
over core; away 
from fracture 

Edge; away from 2.14 
fracture 

End; away from 2.09 
fracture 

Cladding plate 5.68 
over core; near 
fracture 

Edge; near 3.15 
fracture 

Cladding plate 0.75 
over core 

Brittle failure of 
cladding plate during 
decanning 

Can failure during 
bonding 

Brittle failure of 
cladding plate during 
decanning 

Severe core-cladding 
reaction 

P-71-C 

P-73-E 

Graphite 

Graphite 

1450 

1450 

10,000 

10,000 

1850 

1850 

Cladding plate 2.46 
over core 

End 1.61 

Stainless steel shims 
between cladding 
plates and Ti-Namel 
spacers 

Stainless steel shims 
between cladding 
plates and Ti-Namel 
spacers 
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TABLE 16. CHEMICAL ANALYSES OF ZIRCALOY CLADDING REMOVED 

Specimen 

P-S 

P-S-1 

P-9-7 

P-10-1 
P-10-2 

P-20-7 

Core Coating 

-

. . 

None 

None 
None 

Graphite 

Pressure-Bonding Conditions 
Temperature, 

F 

-

— 

1550 

1550 
1550 

1550 

Time, 
hr 

. . 

— 

4 

4 
4 

4 

Pressure, 
psi 

. . 

— 

10.000 

10.000 
10.000 

10,000 

Heat Treatment 

Temperature, 
F 

. . 

1550 
(m vacuum) 

None 

None 
None 

None 

T ime , 
min 

-

240 

Location 

Cladding plate 

Cladding plate 

Cladding plate 
over core 

End 
Cladding plate 

over core 

Cladding plate 

P-21-1 Graphite 1550 10.000 None End 

P-25-1 Graphite 1525 10.000 None End 

P-27-1 Graphite 1525 10,000 None End 

P-Al 1550 10,000 1850 End 

P-A2 

P-45-3 

P-52-8 

P-52-9 

P-63-1 

P-63-2 

P-67-2 

P-67-10 

^•* 

Graphite 

Graphite 

Graphite 

Graphite 

Graphite 

Graphite 

Graphite 

1550 

1450 

1450 

1450 

1500 

1500 

1500 

1500 

4 

4 

4 

4 

4 

4 

4 

4 

10.000 

10,000 

10.000 

10,000 

10.000 

10,000 

10,000 

10,000 

1850 

1850 

1850 

1850 

None 

None 

None 

None 

5 

5 

5 

5 

Center 

Cladding plate 

over core 

End 

Cladding plate 
over core 

Cladding plate 
at edge 

Cladding plate 
over core 

Cladding plate 
(ducnle area) 

Cladding plate 
(brittle area) 

P-73-1 Graphite 

P-73-2 Graphite 

1450 

1450 

10.000 1850 

10.000 1850 

End 

Cladding plate 
over core 
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FROM ELEMENTS PRESSURE BONDED IN CONTAINERS 

Vacuum Fusion, 

O H 

1320 

Fe 

24 0.09 

0.08 

Analyses of Cladding 

Spectrographic, w/o 
Cr 

0.09 

0.09 

ND 

ND 

Ni 

Fluorescent Kjeldahl 
for U, w / o for N, w/o 

<0.1 

<0.1 

<0.002 0.003 

Remarks Concerning 

Element 

As-received material 

As-received material 

1370 106 

1.1 0.09 

0.5 

<0.1 1.2 

0 .51 

0.003 

0.003 

Burst at low pressure 
during leak test 

Ductile behavior 

Same as above 

1290 300 0.48 

1260 231 0.09 

1230 450 0.17 

1160 304 

1230 130 0.09 

0.09 

0.08 

0.09 

0.09 

ND 

ND 

ND 

<0.1 

<0.1 

<0.1 

0.002 0.006 

91 

0.003 Leakage; burst at low 
pressure and showed 
cracks in the clad
ding 

0.004 Small portion of 
cladding plate rup
tured in decanning 

Brittle failure of 
cladding plate 
during decanning 

Brittle failure of 
cladding during 
decanning 

0.005 Cladding plates ex
posed directly to 
autoclave atmos
phere 

Same as above 

1240 204 0.10 0.09 Fair burst test 

— 

1690 

1160 

1040 

192 

172 

115 

109 

0.10 

0.12 

0.09 

0.09 

0.009 

0.09 

0.09 

0.09 

ND 

ND 

-

»» 

<0.1 

<0.1 

0.004 

0.002 0.003 

Leakage; ductile 

cladding observed 

Same as above 

Can failure during 

bonding 
Same as above 

1320 79 0.19 0.09 ND 

1420 175 0.39 0.07 ND 

<0.1 

<0.1 0.003 0.003 

Brittle failure of 
cladding plate 
during decanning 

Same as above 

1720 143 0.09 0.09 ND 

1930 292 

<0.1 0.004 Stainless steel shims 

between cladding 
plates and spacers 

Same as above 
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FIGURE 27. MICROSTRUCTURE OF ZIRCALOY SHOWING HIGH HYDROGEN CONTENT IN AN 
EI^MENT WHICH FAILED IN A BRITTLE FASHION DURING DECANNING 

lOOX RM11245 

FIGURE 28. PORTION OF CLADDING PLATE FROM AN ELEMENT WHICH FAILED IN A BRITTLE 
FASHION DURING DECANNING 

Evldaioe of contammatlon by iron and hydrogen can be seen. (Top side of 
cladding plate was next to spacers bottom was next to core.) 
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The hydrogen contamination and i ron w e r e apparent ly introduced pr incipal ly from 
the chromium-p la ted Ti -Namel s p a c e r s . The hydrogen did not appear to or iginate from 
the autoclave gas since chemical ana lyses of the Zi rca loy from cladding plates exposed 
d i rec t ly to autoclave gas during bonding showed the hydrogen content to be lower than in 
any of the e lements bonded in conta iners Also, this cladding behaved in a very ductile 
fashion in bend t e s t s , as is evidenced in Specimen P - A in Table 15, Several e lements 
bonded with s ta in less s tee l shimming pla tes between the cladding p la tes and space r s r e 
vealed v e r y l i t t le diffusion of i ron into the Z i rca loy and improved cladding ductil i ty . 
However, these s p a c e r s had previously been chromium plated and the cladding of the 
e lements contained a fair ly high amount of hydrogen. It a p p e a r s , t he re fo re , that c lad
ding embr i t t l ement would not be a problem in e lements p r e s s u r e bonded in conta iners if 
the integri ty of the chromium plate w e r e improved and the hydrogen removed from the 
plated s p a c e r s p r i o r to a s s e m b l y , or if s ta in less s teel shims w e r e placed between the 
cladding p la tes and uncoated s p a c e r s . 

Corros ion Tes ts of Purpose ly Defected Components 

The r e su l t s of 680 F wa te r co r ros ion t e s t s on e lements with intentionally defected 
comipartments a r e p re sen ted in Table 17 for s h o r t - t i m e t e s t s of 7 days . Additional r e 
sults of co r ros ion t e s t s of purposely defected compar tmen t s a r e contained in Table 19 
in conjunction with r e su l t s of i n t e rcompar tmen ta l - l eakage t e s t s . Fuel e lements contain
ing b a r e c o r e s exhibited ove r - a l l th ickness i n c r e a s e s ranging from 0. 003 to 0. 017 in. 
due to local ized bulging at the compar tment end far thes t away from the defect hole. Fuel 
e lements containing g raph i te -coa ted c o r e s did not bulge in 4 to 11-day t e s t s in 680 F 
wa te r . F igure 29 shows one of the e lements with g raphi te -coa ted c o r e s which was p r e s 
sure bonded and beta heat t r e a t e d and exhibited no growth during co r ros ion tes t ing . All 
e lements gained from 0. 2 to 1. 6 g during co r ros ion tes t ing , indicating the possibi l i ty of 
waterlogging or co r ros ion a t tack . 

Although e lements containing g raph i te -coa ted c o r e s showed no swelling in s h o r t -
t ime co r ros ion t e s t s , meta l lographic examination of sect ions of these e lements r e 
vealed that the Neolube coating did not completely prevent core-c ladding reac t ion . An 
oxygen-r ich zone was observed around the c i r cumference of the c o r e s . These zones 
w e r e found in e lements with and without graphi te b a r r i e r s , although the extent of the 
zone was much g r e a t e r in the l a t t e r , of cou r se . F igure 30 shows such an a r e a in a 
a specimen with a graphi te b a r r i e r . Since the meta l lographic observa t ions w e r e not in
dicative of the r e su l t s expected with g raphi te -coa ted c o r e s , it was n e c e s s a r y to c o m 
pletely evaluate these spec imens for core-c ladding reac t ion . 

The graphi te coatings w e r e applied by brushing graphi te onto the core in the form 
of Neolube, The resu l tan t coated co res w e r e outgassed in a vacuum furnace at 750 F . 
The extent of react ion of co res p r e p a r e d in this manne r with the Zi rca loy cladding during 
bonding and heat t rea t ing was studied meta l lographica l ly , by chemical ana lys i s , and by 
m i c r o h a r d n e s s m e a s u r e m e n t s of the reac t ion zones . 

The graphi te coatings applied by brushing Neolube and outgassing w e r e not suf
ficiently adherent and spal led due to a number of condit ions. P a r t i c l e s of graphi te , a s 
well as UO^ , we re apparent ly flaked off during handling of the e lements before p r e s s u r e 
bonding. Graphite may also have flaiced off during heating in the autoclave to 1550 F if 
int imate contact of the components was not obtained at low t e m p e r a t u r e s . Core coatings 



TABLE 17. RESULTS OF CORROSION TESTS IN 680 F WATER OF PRESSURE-BONDED 
FUEL ELEMENTS WITH INTENTIONALLY DEFECTED COMPARTMENTS 

Pressure-Bonding Conditions Heat Treatment 

Specimen 
Temperature, 

F 
Time, 

hr 
Pressure, 

psi 
Core 

Coatina 
Temperature, 

F 
Time, 
min 

Exposure Time. 
days 

Thickness Increase 
From Corrosion, mils Remarks 

P-3 

P-49 

P-17 

P-53 

1550 

1550 

1550 

1450 

10,000 

10,000 

None 

None 

10,000 Graphite 

10,000 Graphite 

1850 

1850 

1850 

1850 

10-15 Slight bulging of 
compartments at 
ends opposite defects 

9-12 Slight bulging of 
compartments at 
ends opposite defects 

None No apparent attack 

None No apparent attack 

U l 
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FIGURE 29. PRESSURE-BONDED AND HEAT-TREATED FUEL ELEMENT WITH PURPOSELY DEFECTED COMPARTMENTS CONTAINING GRAPHITE-COATED CORES 
THAT SHOWED NO SWELLING DURING CORROSION TESTING 

This elemait was pressure bonded at 1550 F and 10,000 psi for 4 hr and heat treated at 1850 F for 5 mio in a salt bath. Compartments were defected 
with 0.005-in. holes. Corrosion testing was for 1 days in 680 F water. 
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which w e r e adherent after heating in vacuum at 750 F have been observed to spall when 
s imi la r ly heated to 1550 F . P a r t i c l e s of UO2 have a lso been observed to be blown off 
during such a cycle . The graphite coatings along with pa r t i c l e s of UO2 w e r e a lso r e 
moved at the c o r n e r s of co re s where excess ive flow of the cladding occu r r ed to a c c o m 
modate unders ize r ibs p re sen t m all of the p r e s su re -bonded e lements . In addition to 
core-c ladding reac t ion , the remova l of the graphite and UO2 from core c o r n e r s was 
accompanied by t r anspor t of these contaminants along the interfaces between the r ibs 
axid cladding p la tes , which resu l t ed in poor bonding and in te rcompar tmenta l leakage. 
F igure 30 shows such contamination extending from the corner of a co re . The mos t ex
tens ive react ion and contamination w e r e observed m elements with the g r e a t e s t amount 
of cladding deformation. This condition is d i scussed further in connection with i n t e r 
compar tmenta l l eakage . 

UO2 core 
I ' / 

/ Itr "-< ^<„,J%« '/"•' ?"f.';> Z i rca loy-2 r ib 

Bond interface 

250X 
Zi rca loy -2 

RM10717 cladding plate 

FIGURE 30. CORE-CLADDING REACTION AT CORNER OF 
GRAPHITE-COATED UO2 CORE 

Note apparent UO2 along bond l ine . 

Microhardness studies revea led that the oxygen-r ich zones adjacent to the c o r e s 
w e r e ex t remely hard . F igure 31 is a photomicrograph of one of the spec imens tes ted 
showing the location and values of Knoop ha rdness t e s t s . It is readi ly seen that the 
oxygen-r ich zones at the c o r n e r s of the co res p o s s e s s e d much higher h a r d n e s s e s than 
the Zi rca loy away from these zones . This ha rd zone contains c r a c k s , as shown in Fig
u r e s 32 and 33, which may be a point of initiation of cladding fai lure during b u r s t t e s t 

ing, as d i scussed l a t e r . 

Chemical ana lyses of the cladding over co re s indicated that uranium was p re sen t 
m all spec imens . However, those e lements which contained coated co re s showed a 
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:-374-

213-^-

181-—. 

199— 

Zitcaloy-2 cladding plate 

164 — 

UO2 core 

75X Zlrcaloy-2 ilb N53379 

FIGURE 31. KNOOP HARDNESS VALUES AT RIB OF ELEMENT CONTAINING GRAPHITE-COATED CORES 

Note high hardness of oxygen-rich zone at comers of cores. 
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FIGURE 32. CRACKS IN BRITTLE OXYGEN-RICH ZONE OF ZIRCALOY AT CCRE-CLADDING INTERFACE 

OF PRESSURE-BONDED ELEMENT CONTAINING UNCOATED UOg CORES 

#-^ 
. ' • - * ^ 

Ziroaloy-2 

.-VMS;:- - . . " • • 

UO„ 

250X RM11233 

FIGURE 33 . CRACKS SHOWING BRITTLENESS OF OXYGEN-RICH ZONE RESULTING FROM REACTION 
BETWEEN UNCOATED UO2 CORE AND THE ZIRCALOY CLADDING 
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much smal l e r uranium content (0. 002 w/o) than did those with uncoated c o r e s 
(0. 5 to 1 w / o ) . Bend t e s t s showed that the uranium did not affect the ductili ty of the 
cladding. 

I r rad ia t ion spec imens bonded at Bat te l le containing co re s coated with graphi te by 
Bet t i s using a spray gun and Aquadag, a suspension of graphite in wa te r , did not show 
evidence of core-c ladding reac t ion , except in a few smal l a r e a s . These were a lmos t 
exclusively at the c o r n e r s of co res where excess ive flow of the cladding to fill void space 
caused the removal of the graphi te . This indicated that the use of this method of coating 
the c o r e s along with improved dimensional control to avoid void space and unders ize r ibs 
should reduce core-c ladding reac t ion and assoc ia ted p rob lems in p r e s s u re -bonded 
e l emen t s . 

Bu r s t Tes t s 

The r e su l t s of the b u r s t t e s t s a r e summar i zed in Table 18. Except where noted, 
the deflection and burs t ing were r e s t r i c t e d to the one compar tment which had been d e 
fected in each e lement . The p r e s s u r e r equ i r ed to b u r s t samples ranged from 500 to 
2800 ps i , while the maximum deflection of the cladding before burs t ing ranged from 
0. 007 to 0. 047 in. The f irst indication of deflection was observed at p r e s s u r e s as low 
as 100 ps i and as high as 2500 ps i . Deflection i nc rea sed gradual ly with inc reas ing p r e s 
sure in mos t spec imens ; however , in seve ra l spec imens , no deflection was observed 
until the burs t ing p r e s s u r e was reached . At the burs t ing p r e s s u r e , the cladding in these 
specimens gradual ly deflected until burs t ing o c c u r r e d . These types of fa i lures were 
classif ied as gradual and sudden, respec t ive ly . The sudden f r ac tu re s were c h a r a c t e r 
is t ic of spec imens containing b a r e co res in which excess ive core-c ladding reac t ion had 
resu l ted in the cladding being bonded to the co re . This bond was not broken until a r e l 
at ively high p r e s s u r e was reached , and deflection and fai lure of the cladding then fol
lowed at the same p r e s s u r e . The f r ac tu res could further be c lass i f ied by the i r location 
on the side of the compar tment containing the defect, the front, or on the side opposite 
the defect, the back. Fa i lu re of the cladding on the back s ide , which was the m o r e n o r 
mal behavior , occu r r ed e i ther by blowing off a port ion of the cladding or by fractur ing 
the cladding along the edge of the compar tmen t . F igure 34 shows an example of a 
b u r s t - t e s t e d e lement . On the front s ide , the fai lure consis ted of a smal l b r eak in the 
cladding after it had swelled in the vicinity of the seal r ing over the defect. The r e su l t s 
in Table 18 indicate that the s t rength and ductili ty of the cladding w e r e significantly i m 
proved in spec imens which had rece ived a beta heat t r ea t inen t . 

Metal lographic examination of e lements which demons t ra ted poor behavior during 
b u r s t test ing indicated that a major cause for the e r r a t i c r e su l t s was the b r i t t l e oxygen-
r i ch zone in a r e a s surrounding the c o r e s . These zones were observed mos t frequently 
at the c o r n e r s of c o r e s , where the graphi te coating as well a s pa r t i c l e s of UO2 had a p 
parent ly been removed from the core during flow of the cladding to accommodate under 
size r i b s . The b r i t t l e n e s s of these zones is demons t ra ted by the c r a c k s visible in such 
a r e a s , as shown in F igu re s 32 and 33. Mic rohardness m e a s u r e m e n t s in these zones 
show a ha rdnes s m o r e than twice that of the Zi rca loy in adjacent a r e a s (Figure 31). The 
examination of meta l lographic sect ions indicated that the b u r s t - t e s t fa i lures init iated 
from cracks in the br i t t l e zone at core c o r n e r s , where the s t r e s s from the applied gas 
p r e s s u r e was a lso the highest . F igure 35 shows the p r o g r e s s i o n of cracking in an a r e a 
adjacent to where total fa i lure occu r r ed at a low p r e s s u r e . F igure 36 is a pho tomic ro 
graph of the co rne r of a co re in another e lement showing c r a c k s where fai lure could 
or ig ina te . 



TABLE 18. RESULTS OF BURST TESTS OF PRESSURE-BONDED FUEL ELEMENTS 

Specimen 

BondingConditions 
Temperature, Time, Pressure, Core 

F hr psi Coating 

Heat Treatment 
Temperature, 

F 
Time, 
min 

Bursting Conditions 
Bursting Maximum 
Pressure, Deflection. 

psi in. 
Type of 
Failure 

Location of 
Burst Failure 

Occurrence of 
Intercompart
mental Leakage 

P-2 

P-12 

P-44 

p.74(a) 

1500 

1550 

1450 

1450 

10.000 None 

10,000 Graphite 

1850 

1850 

P-20 

P-30 

P-36 

P-40 

1550 

1525 

1500 

1550 

4 

4 

4 

4 

10,000 

10,000 

10,000 

10,000 

Graphite 

Graphite 

Graphite 

None 1850 

10.000 Graphite None 

1900 

1600 

10,000 Graphite 1850 

800 

1500 

0.042 

0.038 

0.029 

0.035 

Gradual 

Gradual 

None 

None 

None 

5 

700 

800 

1100 

2500 

0.009 

0.014 

0.044 

0.019 

Sudden 

Gradual 

Sudden 

Sudden 

Sudden 

P-45 

P-46 

P-50 
P-57 

P-58 

1450 

1500 

1450 
1500 

1500 

4 

4 

4 

4 

4 

10,000 

10,000 

10.000 

10,000 

10,000 

Graphite 
Graphite 

Graphite 

Graphite 

Graphite 

1850 

1850 

1850 

1850 

None 

5 

5 

5 

5 

1100 

1500 

2800 

500 

700 

0.047 

0.038 

0.046 

0.007 

0.027 

Gradual 
Gradual 

Gradual 
Gradual 

Gradual 

Gradual 

Back; 80 per cent of None 
cladding blown off 
compartment 

Back; 80 pet cent of None 
cladding blown off 
compartment 

Back; burst along one None 
edge of compartment 

Back; burst along one None 
edge of compartment 

Back; burst along one None 
edge of compartment 

Back; 80 per cent of None 
cladding blown off 
compartment 

Back; burst along one None 
edge of compartment 

Front; burst at seat Leakage 
Back; 40 pet cent of None 

cladding blown off 
compartment 

Front; burst at seal Leakage 
Front; burst at seal Leakage 
Back; edge of com- Leakage 

partment and ad
jacent compartment 

Back; burst along one None 
edge of compartment 

SSI 

(a) Element contained stainless steel barrier between the spacers and cladding. 
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FIGURE 34. PRESSURE-BONDED ELEMENT WHICH WAS BURST TESTED 

Failure of claddmg occurred along the edge of a compart
ment at 1100 psi after 0.044 in. of deflecuon. This 
element contamed graphite-coated cores. It was pressure 
bonded at 1500 F and 10, 000 psi for 4 hr and was not heat 
treated. 
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FIGURE 35. PROGRESSION OF CRACKING AT THE CORNER OF A CORE ADJACENT TO CORNER WHERE 

TOTAL FAILURE OCCURRED DURING BURST TESTING 

This core was not graphite coated. Part of the core was removed during sectioning. 
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FIGURE 36. CRACKS AT A CCRNER OF A GRAPHITE-COATED CORE 

Failure could imtiate at these cracks if stress were 
applied. The core was removed during sectioning. 
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Only one of the be ta -annea led e lements (P-58) demons t ra ted very poor behavior 
during b u r s t tes t ing . This e lement leaked between all compar tmen t s , which resu l ted in 
bulging of an en t i re end of the e lement . After cons iderable deflection, fa i lure occu r r ed 
at a low p r e s s u r e due to i nc rea sed s t r e s s produced by the l a rge section of bulged c lad
ding. Bend t e s t s showed this cladding to be very duct i le . The b e t a - t r e a t e d e lements , 
other than the one which failed in assoc ia t ion with in te rcompar tmen ta l leakage, demon
s t ra ted reasonably good behavior during bu r s t t es t ing . However, the values of p r e s s u r e 
and deflection at fai lure w e r e not as high as should be achieved if the br i t t l e oxygen-r ich 
zone and thinning and contamination of the cladding w e r e not p r e sen t . 

Thus , the inconsis tent b u r s t - t e s t r e su l t s w e r e p r i m a r i l y obtained due to b r i t t l e 
oxygen-r ich Zi rca loy zones surrounding the c o r e s and due to d e c r e a s e d c ladding ' th ick
nes s as a r e su l t of flow to accommodate unders ize r i b s . The excess ive flow of the 
cladding m a t e r i a l in these a r e a s may a l so have i nc rea sed the extent of the b r i t t l e oxygen-
r ich zone by rubbing away the graphi te coating and pa r t i c l e s of the UO2 c o r e . Contam
ination of the cladding by hydrogen and i ron a l so lowered the values obtained in bu r s t 
tes t ing . 

In t e rcompar tmen ta l -Leakage Tes t s 

The r e su l t s of i n t e rcompar tmen ta l - l eakage t e s t s of e lements before and after 
cor ros ion test ing a r e p resen ted in Table 19. Three of the fourteen specimens tes ted 
allowed p r e s s u r i z e d gas to escape from one compar tment into another . Two of the 
spec imens leaked before co r ros ion tes t ing while the th i rd did not leak until after 4 days 
of exposure in 680 F w a t e r . These leaks w e r e bel ieved due to contamination of the bonds 
with graphite and oxide and to improper abrading of the r i b s , since abrading was p e r 
formed after the p ic ture f r ames were punched. Those e lements which contained b a r e 
co re s exhibited swelling after co r ros ion tes t ing while those containing graphi te -coa ted 
co re s did not swell . These r e su l t s a r e the same as those observed in the other defected-
compar tment co r ros ion t e s t s . 

In te rcompar tmenta l leakage between two or m o r e compar tments was observed in 
approximate ly 25 pe r cent of the spe.cimens tes ted for in t e rcompar tmen ta l fai lure or 
b u r s t tes ted . A detai led study was made of the th ree specimens that failed by i n t e r c o m 
par tmen ta l leakage, and a pa r t i a l study was made on the r ema inde r of these spec imens . 
The major d i rec t causes of fai lure appeared to be unders ized r ibs with subsequent d e 
formation and thinning of the cladding and l a rge pa r t i c l e s of oxide and graphi te between 
the cladding and c o r e , which resu l ted in poor bonding. A fourth specimen that did not 
exhibit i n t e rcompar tmen ta l leakage was examined in a s imi l a r manner to de te rmine if 
this specimen lacked any of the poss ib le causes of defects observed in the e lements that 
leaked between the compar tmen t s . This specimen did not contain any naajor defects , and 
was completely sa t i s fac tory except for ve ry light contamination in some a r e a s between 
the cladding and r i b , which was observed to a g r e a t e r or l e s s e r degree in all of the 
specimens as a r e su l t of improper graphite coating and unders ized r i b s . It appeared 
that graphite had been t r a n s f e r r e d to some a r e a s of the bonds from the graphi te coatings 
on the co re s during handling or during heating in the autoclave. 

Radiographs w e r e taken of these th ree spec imens and pa r t of the other bonded 
specimens in an a t tempt to verify the deposit of uranium between the cladding and rib in 
the form of pa r t i c l e s of uranium oxide. A s e r i e s of 14 spec imens was examined in this 
m a n n e r . Eight of these exhibited spots of oxide along the r ib with some of the r i b s being 
heavily contaminated. Oxide was observed the full width and, in some c a s e s , the full 



TABLE 19, RESULTS OF INTERCOMPARTMENTAL-LEAKAGE TESTS OF PRESSURE-BONDED FUEL ELEMENTS 

BEFORE AND AFTER CORROSION TESTING IN 680 F DEGASSED WATER 

Specimens contained intentional defects. 

Specimen 

P-68 

P-4 

P-5 
P-6 

P-8 
P-10 

P-11 
P-14 

P-39 

P-47 

P-52 

P-71 
P-73 

P-74 

Bonding 

Temperature, 

F 

1550 

1550 

1550 
1550 

1550 

1550 
1550 
1550 

1550 

1500 

1450 

1450 
1450 

1450 

Conditions 

T i m e , 
hr 

4 

4 

4 
4 

2 

4 
4 
4 

4 

4 

4 

4 
4 

4 

Pressure, 

psi 

10,000 

10.000 

10.000 
10,000 
10.000 

10.000 

10,000 
10,000 

10,000 

10,000 

10,000 

10,000 
10,000 

10,000 

Core 
Coating 

Graphite 

None 

Graphite 

None 
None 

None 

Graphite 
Graphite 

None 

Graphite 

Graphite 

Graphite 
Graphite 

Graphite 

Heat Treatment 

Temperature , 
F 

1850 

1850 
1850 

1850 
1850 
1850 

1850 

1850 

1850 

1850 
1850 

1850 

None 

None 

T i m e , 
min 

5 

5 
5 

5 

5 
5 

5 

5 

5 

5 
5 

5 

Intercompartmental 

Leakage 
Before 

Corrosion 

No 

No 

No 
No 
No 

No 

No 
No 

No 

Yes 

Yes 

No 
No 

No 

After 

Corrosion 

Yes 

No 

No 
No 
No 

No 

No 
No 

No 

Yes 

Yes 

. . 
~-
""" 

Time on Test 

in 680 F Water, 
days 

4 

10 

11 
11 
11 

10 

11 
10 

11 

4 

4 

None 
None 

None 

Thickness Increase 

from Corrosion, 
mils 

None 

11-13 

None 
6-15 

3-7 

11-17 
None 
None 

8-11 

None 

None 

.~ 
— 
"*" 

o^ 
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length of the compar tment . Since all of the specimens examined had been subjected to 
some type of tes t ing , it was felt that some of the oxide may have been introduced during 
tes t ing r a the r than during a s sembly or bonding. Examination of an as-bonded specimen, 
however, revealed sufficient contamination to produce in te rcompar tmen ta l fai lure during 
leak or b u r s t tes t ing by complete fai lure of the c ladd ing- to- r ib bonds . 

A dimensional study was made of these spec imens which had exhibited i n t e r c o m 
par tmenta l leakage and was a lso made on a punched recep tac le that had been abraded for 
bonding. In some ins tances , r ibs w e r e found to have been excess ively abraded in some 
a r e a s until they w e r e only 57 to 58 mi l s in height, as compared to an intended height of 
80 to 82 m i l s . Unders ized r ibs were observed in all of the spec imens and w e r e very ob
vious in the defective spec imens . The excess ive flow n e c e s s a r y to fill the void space of 
a r ib 20 mi l s unders ize r e su l t s in thinning of the cladding and rubbing of the graphite 
and oxide from the c o r n e r s of the co re s as flow o c c u r s . Also , the effective p r e s s u r e 
may be reduced to a point whe re it is no longer adequate to produce bonding between the 
r ibs and cladding, and a complete change in the surface condition of the cladding may 
occur during the excess ive flow. The effect of thin cladding on b u r s t - t e s t r e su l t s has 
been d i scussed . The rubbing off of the oxide during the excess ive flow is apparent from 
the pa t te rn of the oxide-containing l aye r s between the r ibs and cladding p l a t e s . E x c e s 
sive oxide was pushed into the in ter faces n e a r e r the core and l e s s e r amounts further 
away from the co re . If an extensive amount of flow is r equ i red to fill a void space , the 
effective p r e s s u r e exer ted through the can, s p a c e r s , and the c ladding- to- r ib interface 
may approach a value insufficient to produce flow. In pointing out the se r iousness of the 
problem of unders ized r i b s , it should be kept in mind that this is not encountered in r e 
ceptac les punched from previously abraded stock and is not a se r ious problem in bonding 
piece components , which will be d i scussed in a l a te r sect ion. 

The cause of the defects observed in the specimens exhibiting in te rcompar tmenta l 
leakage can be min imized or e l iminated by improving the graphite coat ings, using r ibs 
abraded to the p rope r th ickness , and assembl ing the specimens in a horizontal plane and 
handling the spec imens in a like manner until they a r e inse r ted for p r e s s u r e bonding. 
The r ib dimensions can be control led by abrading before punching or using piece c o m 
ponents . Improved graphite coatings can be obtained by spraying Aquadag instead of 
brushing Neolube on the c o r e s . 

Waterlogging Tes ts 

Waterlogging t e s t s w e r e conducted on two fuel e lements bonded 4 hr at 1500 F and 
10,000 ps i . The co re s in one e lement w e r e coated with graphite axid those in the other 
e lement were b a r e . Both spec imens w e r e heat t r ea t ed for 5 min in a sal t bath at 1850 F 
after bonding. The e lements w e r e cor ros ion tes ted 18 h r in 680 F wate r p r io r to i m m e r 
sion in 700 F mol ten lead. 

All fuel compar tmen t s in the spec imens with b a r e co res w e r e bulged after c o r r o 
sion test ing as a r e su l t of co r ros ion of the reac t ion zone between the cladding and the 
c o r e s . Thickness i n c r e a s e s ranged from 0.009 to 0.011 in. Total weight gain of the 
element was in excess of 3 g, indicating the possibi l i ty of water logging. When the e l e 
ment was plunged into the mol ten lead , sufficient s team was r e l e a s e d to cause a quantity 
of the lead to bubble out of the conta iner . Fo r this r eason , the top th ree compar tments 
were not covered by the lead. Severe swelling occu r red in the r ema inde r of the c o m 
p a r t m e n t s , resul t ing from s t eam being genera ted in the water logged c o r e s . Thickness 
i n c r e a s e s of the element ranged from 0. 032 to 0. 074 in. 
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There was no detectable swelling after cor ros ion test ing of the e lement containing 
graphite b a r r i e r l a y e r s . However, the element exhibited a weight i nc rease of about 
0. 8 g, indicating the possibi l i ty of waterlogging of the c o r e s . Upon i m m e r s i o n in the 
molten lead, t h ree of the nine compar tmen t s bulged. Over -a l l th ickness i n c r e a s e s over 
these compar tments ranged from 0.010 to 0. 044 in. It is felt that , even with no c o r e -
to-cladding react ion and a min imum amount of void space in the compar tmen t s as a 
r e su l t of me ta l flow during p r e s s u r e bonding, the co res m a y s t i l l wa te r log . However, it 
should be kept in mind that this t es t is much m o r e seve re than can be expected in r eac to r 
operat ion. Heating and cooling of the e lements during r eac to r operat ion a r e slow enough 
to p e r m i t some of the s team to flow from the defect hole . In the water logging tes t , the 
element is plunged into the lead bath and the p r e s s u r e buildup is ve ry rapid. 

Z i rca loy-2 Corros ion Tes t s 

Corros ion r e su l t s obtained in 750 F 1500-psi s t e am for the Z i rca loy-2 coupons 
taken from a corner of the fuel e lements a r e s u m m a r i z e d in Table 20. After 7 days of 
exposure , all but two samples w e r e covered with adherent black films and had weight 
gains of l e s s than 20 mg pe r dm^. This behavior is no rma l for Z i r ca loy -2 exposed 
under these condit ions. The other two samples exhibited a gray film and weight gains of 
42 mg per dm^. These coupons came from fuel e lements which had not been beta heat 
t rea ted ; all other specimens were from fuel e lements which had been heat t r ea t ed for 
5 min at 1850 F . 

TABLE 20. CORROSION RESULTS OBTAINED IN 750 F 1500-PSI STEAM FOR ZIRCALOY-2 
COUPONS CUT FROM PRESSURE-BONDED FUEL ELEMENTS 

Specimen 

P-8 
P-9 
P-4 
P-5 
P-6 
P-10 
P-11 
P-14 
P-39 
P-47 

Bonding 
Temperature, 

F 

1550 
1550 
1550 
1550 
1550 
1550 
1550 
1550 
1550 
1500 

Conditions 
Time, Pressure, 

hr 

2 
4 
4 
4 
4 
4 
4 
4 
4 
4 

E v a l u a t i o n 

psi 

10.000 
10.000 
10,000 
10,000 
10.000 
10,000 
10,000 
10,000 
10,000 
10,000 

of G a s - P : 

Heat Treatment 
Temperature, 

F 

None 
None 

1850 
1850 
1850 
1850 
1850 
1850 
1850 
1850 

r e s s u r e - B o n d 

Time, 
min 

5 
5 
5 
5 
5 
5 
5 
5 

.ed 3 -

Exposure Time, 

- F t -

days 

7 
7 
7 
7 
7 
7 
7 
7 
7 
3 

- L o n g F u e l 

Total Weight 
Gain, mg per dm 

42 
42 
18 
19 
13 
19 
8 

11 
14 
11 

E l e m e n t 

Appearance 

Gray mottle 
Gray film 
Black film 
Black film 
Black film 
Black film 
Black film 
Black film 
Black film 
Black film 

One element of the same configuration as the other e lements bonded in protec t ive 
cans except for g r e a t e r length was p r e s s u r e bonded to de te rmine p rob l ems which might 
be encountered during bonding of a long e lement . This e lement was approximate ly 3 ft 
in length and had be l t - ab raded cladding components that were punched p r i o r to belt 
abrading. Stainless s teel shims were placed between the Zi rca loy and the c h r o m i u m -
plated Ti-Namel space r s to min imize diffusion between the cladding and the space r s 
This element , shown in Figure 37, gave very encouraging r e s u l t s . No difficulties were 
p resen ted in bonding or removing the element from its envelope and s p a c e r s , and no 
warping occur red . There was also no apparent edge effect or cladding embr i t t l ement in 
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FIGURE 37. ZIRCALOY-CLAD FLAT-PLATE UO2 FUEL EUEMMT PRESSURE BONDED AT 1450 F FOR 4 HR WITH A 10, OOO-PSI HELIUM PRESSURE 

Approximate leagih of d.ement was 3 ft. Element was pressure bonded in a protective container. 
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this spec imen. Metal lographic examination of the element revea led good bonding; a 
sample which was bend tes ted showed no separa t ion of the bond. 

Investigation of Bonding Fuel E lements P r e p a r e d 
With P iece Zirca loy Components 

Three specimens were p r e s s u r e bonded in protect ive conta iners using s t r ip com
ponents to form the compar tmented p ic ture f rames of the e lements ; this type of p ic ture 
f rame has an economic advantage over the one-piece punched f r ame . The spec imens 
were p r e p a r e d to de te rmine if good bonds could be obtained between all s ides of the 
var ious components to produce e lements without any in te rcompar tmenta l leakage . Each 
of the specimens had a different f rame configuration as shown in F igure 38. Components 
for a p ic ture f rame of this type a r e shown as sembled in Figure 39. The spec imens had 
machined bonding surfaces for this cu r so ry study. Stainless s teel shims w e r e placed 
between the Ti-Namel con ta iners , as i l lus t ra ted in F igure 39. P r e s s u r e bonding was 
per formed at 1450 F and 10, 000 ps i for 4 h r . After p r e s s u r e bonding, the e lements 
w e r e heat t r ea t ed for 5 min in a salt bath at 1850 F . 

The e lements w e r e visual ly inspected for improper shifting of components during 
bonding, and apparent ly no such difficulties had occu r r ed . The e lements w e r e all t es ted 
for in te rcompar tmenta l leakage by the p rocedure a l ready desc r ibed . No leaks w e r e 
found in any of the spec imens , indicating a high degree of bond integr i ty . The bonds 
between the p i c tu r e - f r ame r ibs and the cladding p la tes could not be caused to fail in peel 
t e s t s , nor could the bonds along the edges . A very nar row edge effect, detected by peel 
tes t ing, was p r e sen t only along one side of one of the e l emen t s . An element which was 
bu r s t tes ted exhibited good behavior , failing at 1400 ps i after 0. 035 in. of deflection of 
the cladding. The fai lure did not extend to compar tments other than the one under tes t , 
demonstra t ing no in te rcompar tmenta l leakage. No cladding embr i t t l ement was observed 
in these e lements , which had s ta in less s tee l b a r r i e r s between the s p a c e r s and cladding. 

Metal lographic examination revealed general ly good bonds between the r ib s and 
the cladding p la t e s . Although light contamination was visible in some a r e a s along these 
bond in te r faces , grain growth had occu r red a c r o s s the in ter face . The bonds of the 
var ious sheared ends of the r ib s and edge s t r ips to each other showed discontinuous 
a r e a s where the re was no grain growth a c r o s s the bond l ine . This was caused by not 
subjecting the sheared surfaces to an additional su r f ace -p repa ra t ion t r ea tmen t . 

The r e su l t s of this study demons t ra ted that s trong leaktight bonds could be obtained 
using a f rame composed of p iece components . The meta l lographic evaluation, however , 
indicated that all mat ing surfaces of the element components should be surface p r epa red 
to avoid a r e a s without bond-l ine grain growth. 
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FIGURE 38. CCNFIGURATIONS OF PIECE-COMPONENT PICTURE FRAMES 
USED IN THREE PRESSURE-BONDED F U E L ELEMENTS 
PREPARED IN PROTECTIVE CONTAINERS 
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FIGURE 39. PHOTOGRAPH OF A PICTURE FRAME ASSEMBI£D FROM PIECE COMPONENTS AND CONTAINING UO2 CORES 

Specimen is shown assembled into protective container. After the top cladding and spacer plates were added, 
the final side of the container was welded in position. 
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IV. GAS-PRESSURE BONDING OF EDGE-WELDED ELEMENTS 

Severa l s e r i e s of the f la t -pla te Z i rca loy-c l ad fuel e lements containing c o m p a r t -
mented uran ium dioxide c o r e s were p r e s s u r e bonded without use of a pro tec t ive con
t a ine r . The edges of the components were fusion welded to form a gast ight a s sembly . 
Where applicable, techniques developed in previous phases of the p r o g r a m were i nco r 
pora ted in the p repa ra t i on of these e l emen t s . Edge-welding of the cladding components 
of an e lement was studied because it affords s eve ra l d is t inct advantages as compared 
with assemibling the components into a container for bonding. Because the edges a r e 
welded, e lements p r e p a r e d by this technique should not be suscept ible to an edge effect. 
Also, contamination of the cladding m a t e r i a l with i ron from the T i -Namel space r s i s , 
of cou r se , e l iminated. The p i c tu re f r ames for these e lements were a s sembled from 
s t r ip Zi rca loy components , except for a number of p r e l i m i n a r y e lements which were 
p r e p a r e d using one-piece punched p ic ture f r a m e s . The use of p iece-component p ic ture 
f r a m e s is advantageous because of the difficulty of punching l a rge f r ames to p rope r 
to le rances and because l e s s Z i rca loy is r equ i r ed . 

Based on the p r o c e s s study of the e lements p r e s s u r e bonded in con ta iners , s ev 
e r a l modifications in addition to edge welding and p iece-component p ic ture f r ames were 
incorpora ted into the study. The graphi te coatings applied to the uran ium dioxide co re s 
to se rve as a b a r r i e r to core-c ladding reac t ion were sprayed onto the c o r e s using 
Aquadag, a suspension of graphi te in water , ins tead of brushing on a coating of Neolube, 
a suspension of graphi te in alcohol . As d i scussed e a r l i e r , r e s u l t s of a few spec imens 
containing co re s with the sprayed Aquadag coatings indicated that this coating was m o r e 
adherent and uniform. Also, in these spec imens the th ickness of the r ib s was control led 
so that they were as thick, or s eve ra l thousandths of an inch th icker , than the c o r e s in 
o rde r to prevent excess ive flow of the cladding p l a t e s . 

Fusion edge welding of these e lements was pe r fo rmed in a he l i um-a tmosphe re 
tank to avoid contamination of the Zi rca loy during welding. The spec imens for the p r e 
l iminary s tudies and the ini t ial spec imens in the p roces s -deve lopmen t study were not 
evacuated before final sealing and contained an a tmosphe re of a i r . La te r , it was 
es tabl ished that evacuation would be n e c e s s a r y , and two techniques were developed for 
evacuating the e lements during final seal ing, as d i scussed in a subsequent sect ion. 

The investigation of the p repa ra t i on of e lements by the edge-welding technique 
utilizing a p iece-component p ic ture f rame consis ted of p r e l i m i n a r y studies and a 
p roces s -deve lopmen t study. The purpose of the p r e l i m i n a r y s tudies was to de te rmine 
the feasibil i ty of the technique and to de te rmine if the bas ic s tudies of surface p r e p a r a 
tions and bonding p a r a m e t e r s for spec imens bonded in conta iners were applicable for 
edge-welded spec imens . The p roces s -deve lopmen t study consis ted of bonding a l a rge 
number of e lements in o r d e r to develop techniques for producing consis tent ly s a t i s 
factory e lements by this method. The e lements were evaluated in both the as-bonded 
condition and after a 5-nain heat t r ea tmen t in an 1850 F sal t bath . The t e s t s used for 
the evaluation of these s e r i e s of specimens included v isual examination, meta l lographic 
examination of bond quality and core-c ladding reac t ion , pee l t e s t s of bonds, 
i n t e rcompar tmen ta l - l eakage t e s t s , b u r s t t e s t s of compar tmen t s , co r ros ion t e s t s of 
purposely defected compar tmen t s , and chemica l ana lyses . 
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PRELIMINARY STUDIES OF EDGE-WELDED ELEMENTS 

Two p re l im ina ry s e r i e s of e lements were p r e s s u r e bonded utilizing fusion welding 
of the edges of the cladding p la tes to the edges of the p ic tu re f rame in o r d e r to d e t e r 
mine the feasibil i ty of this technique. Explora tory invest igat ions of bonding p a r a m e t e r s 
and surface p repa ra t ion were included to a s s u r e that r e su l t s obtained in previous studies 
with specimens bonded in conta iners were a lso applicable to edge-welded spec imens . 
The f i r s t s e r i e s of spec imens was p r e p a r e d using one-piece punched p ic tu re f r ames ; 
the second s e r i e s ut i l ized p iece-component p ic ture f r ames to de te rmine the feasibil i ty 
of bonding leaktight spec imens by this method. 

Specimens With One-P iece Punched P i c tu re F r a m e s 

Eleven edge-welded specimens incorporat ing punched p ic ture f r ames were g a s -
p r e s s u r e bonded. The components for these e lements were the same as those which 
were used for the p rocess -deve lopment study of e lements bonded in conta iners (shown 
in F igure 2). Five of the eleven e lements had cladding p la tes and p ic ture f r ames which 
were belt abraded under the same conditions as the enveloped spec imens . The r e m a i n 
ing six e lements were p r e p a r e d with components which had been pickled in 5 volume per 
cent HF-45 volume per cent HNO3-5O volume per cent H2O. The c o r e s for these e l e 
ments were not graphite coated, since it was des i r ed to e l iminate a l l poss ible sources 
of contamination in o rde r to isolate the effect of the welding opera t ion . After fusion 
welding the edges of the e lements in a he l ium-a tmosphe re tank, the final c losure was 
made with a i r instead of helium sealed inside the e lement , as desc r ibed in the previous 
section on assembly of components . It was considered that entrapped a i r would be pref
erable to hel ium, since p a r t of the a i r might be absorbed by the Zi rca loy during bonding. 
It was des i r ed to de te rmine f rom the p r e l i m i n a r y s tudies whether evacuat ion of the e l e 
ments would be n e c e s s a r y . The six pickled e lements were bonded using var ious con
ditions of t e m p e r a t u r e and p r e s s u r e as desc r ibed in Table 21; the be l t - ab raded e lements 
were bonded at 1550 F and 10,000 ps i for 4 h r . All of the e lements rece ived a 5-min 
heat t r ea tmen t in an 1850 F sal t bath after bonding. 

Information obtained from meta l lographic evaluation of the bonds in some of these 
e lements is tabulated in Table 21 . The bonding obtained using be l t - ab raded components 
appeared very p romis ing and is i l lus t ra ted in F igure 40. Bonding in the p ick led-
component specimens was not consis tent , as was found in the su r f ace -p repa ra t ion study, 
but was genera l ly of fair quality at the higher bonding t e m p e r a t u r e s . There was no edge 
effect vis ible in the samples examined, such as had been found in the spec imens bonded 
in a protec t ive container , and apparent ly no contamination of the bonding surfaces of 
the components had resu l ted from the welding opera t ion. The core-c ladding reac t ion , 
as observed meta l lographica l ly , was excess ive due to the b a r e c o r e s . No vis ible hy-
driding or other contamination had occu r r ed . 
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TABLE 21. METALLOGRAPHIC RESULTS OF EDGE-WELDED SPECIMENS WITH ONE-PIECE PICTURE FRAMES 

All samples heat treated for 5 mm at 1850 F subsequent to pressure bonding. 

Specimen 

AR-2 
AR-1 
AR-5 
AR-6 
AR-3 
AR-4 
AR-39 

Surface Preparation 

Pickled 
Pickled 
Pickled 
Pickled 
Pickled 
Pickled 

Belt abraded 

Pressure 
Temperature, 

F 

1200 
1350 
1400 
1400 
1500 
1500 
1550 

-Bonding Conditions 
Time, 

hr 

4 
4 
4 
4 
4 
4 
4 

Pressure, 
psi 

3,500 
3,500 
5,000 
5,000 
5,000 
5,000 

10, 000 

Type A. 
per cent 

0 
6 

80 
40 
70 
5 

75 

Bond Results 
Type B, 
per cent 

3 
90 
20 
60 
30 
95 
25 

Type C, 
per cent 

97 
4 

. . 
--
— 
— 

• " 
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Bright Fie ld RM10329 

Bond interface 

FIGURE 40, ZIRCALOY-TO-ZIRCALOY BOND IN ELEMENT PREPARED 
BY EDGE WELDING THE COMPONENTS PRIOR TO 
PRESSURE BONDING INSTEAD OF INSERTING THEM 
INTO A PROTECTIVE CONTAINER 

The bond between cladding plate and r ib of the one-piece 
p ic ture f rame is shown h e r e . The e lement contained be l t -
abraded cladding components , and was p r e s s u r e bonded a t 
1550 F and 10,000 ps i for 4 hr and heat t r ea t ed at 1850 F 
for 5 min in a sal t bath. 



76 

One of the be l t - abraded spec imens was tes ted for in t e rcompar tmen ta l leakage in 
the manner descr ibed previous ly . The re was no leakage between compar tmen t s ei ther 
before or after co r ros ion test ing in 680 F water for 11 days , although 0.008 to 0. Oil in. 
of swelling occur red in co r ros ion because no b a r r i e r layer was used. Another one of 
these be l t - ab raded spec imens was b u r s t tes ted by the method d i scussed e a r l i e r , and 
burst ing occu r red at 2500 ps i after 0.019 in. of deflection. This was m o r e deflection 
than anticipated, since the lack of a b a r r i e r layer between core and cladding has been 
found to reduce the amount of deflection during b u r s t test ing, due to the cladding sticking 
to the c o r e s . This e lement after test ing is shown in F igure 4 1 . The ductil i ty of the 
cladding of an e lement at the end, edge, and r ib , and of the cladding plate over a co re , 
was also examined by bend testing to de te rmine if any emibrit t lement had occu r r ed due to 
the m a t e r i a l being exposed to the autoclave a tmosphe re . The spec imens demons t ra ted 
excellent ductili ty giving T-values (die r a d i u s / s p e c i m e n thickness) of l e s s than 1. 5 in 
al l a r e a s . Vacuum-fusion ana lyses of the Zi rca loy cladding showed a hydrogen content 
of 91 to 130 ppm and an oxygen content of about 1230 ppm. In a peel t e s t of a be l t -
abraded specimen, the cladding itself failed before the bond along the r ib s or edges 
could be ruptured . No edge effect was observed in the t e s t . During a 7-J.ay co r ros ion 
t e s t in 750 F steana, a p iece of Z i rca loy-2 from an edge-welded specimen showed good 
cor ros ion behavior , forraing a typical black film cha rac t e r i s t i c of c o r r o s i o n - r e s i s t a n t 
Z i rca loy . The r e su l t s thus showed that the technique of fusion edge welding the e lements 
p r io r to p r e s s u r e bonding was feasible for the p repa ra t ion of this type of fuel e lement . 

Specimens With P iece-Component P i c t u r e F r a m e s 

Eight smal l edge-welded spec imens were g a s - p r e s s u r e bonded util izing p ic tu re 
f r ames assembled from s t r ip components . The purpose of these p r e l i m i n a r y spec imens 
was to de te rmine the feasibil i ty of p repar ing leaktight e lements by this technique. Each 
of these smal l specimens contained four u ran ium dioxide c o r e s , which were 1. 500 by 
0. 500 by 0. 100 in. , separa ted by 0. 100-in. -wide Zi rca loy r i b s . The r i b s were p r e 
pa red 0. 002 in. thicker than the c o r e s . A drawing of the a s sembled f rame and cores is 
shown in F igure 42. The specimens had al l be l t - ab raded components , al l pickled c o m 
ponents , or abraded cover p la tes in contact with pickled f rame components . The pick
ling solution used was 5 volume per cent HF-45 volume pe r cent HNO3-5O volume pe r 
cent alcohol. The c o r e s were coated with a thin layer of graphi te applied by spray 
coating with Aquadag and outgassed at 750 F , as desc r ibed in detai l in a subsequent 
section. The average amount of coating applied was approximate ly 1. 0 mg of graphi te 
per in. ^ of core surface . After edge welding, the spec imens were sealed containing a i r , 
as desc r ibed previous ly . P r e s s u r e bonding was pe r fo rmed at 10, 000 ps i for 4 hr at a 
t e m p e r a t u r e of 1550 or 1750 F . Some of the e lements were heat t r ea t ed at 1850 F for 
5 min in a sal t bath after bonding. 

Sections of the spec imens were examined mietallographically for quality of bonding 
and extent of core-c ladding reac t ion . The r e su l t s of the meta l lographic study of the 
bonds a r e contained in Table 22. As was found for the enveloped e l emen t s , the spec i 
mens with all be l t - abraded components showed genera l ly good bonding at 1550 F , e s 
pecial ly after the additional 5-min heat t r ea tmen t at 1850 F . The bonds of the f rame 
components to each other were comparable with those between the f rame components 
and the cladding p la tes , which indicated that piece-com.ponent f r ames could be s a t i s 
factor i ly bonded. The bonds obtained between the be l t - ab raded components a r e 
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FIGURE 41 . BURST-TESTED PRESSURE-BONDED ELEMENT PRH'ARED UTIUZING EWSE WEIDING 

Failure of cladding occurred along edge of compartment and across it at 2500 psi 
after 0.019 in. of deflection. The element contained a one-piece picture frame 
and bare cores, and was heat treated at 1850 F for 5 min after pressure bonding 
at 1550 F and 10.000 psi for 4 hr. 



78 

End plate 

Longitudinal rib 

Side plate 

Transverse rib 

A-3I5I9 

FIGURE 42. DRAWING SHOWING CONFIGURATION OF PIECE-COMPONENT 
PICTURE FRAMES USED IN PRELIMINARY EDGE-WELDED 
ELEMENTS (ACTUAL SIZE) 



TABLE 22. METALIjOGRAPHIC EVALUATION OF PRELIMINARY EDGE-WELDED SPECIMENS HAVING PIECE-COMPONENT HCTURE FRAMES 

All specimens were pressure bonded at 10, 000 psi for 4 hr at temperatures listed. 

Specimen 

G-2-1 

G-2-2 

G-2-3 

G-3-1 

G-3-2 

G-3 -3 

G-4-1 

G-4-2 

G-5-1 

G-5-2 

G-6-1 

G-6-2 

G-8-1 

G-8-2 

G-8-3 

Pressure-Bonding 

Temperature, F 

1550 
1550 

1550 

1550 
1550 

1550 

1550 

1550 

1750 

1750 

1750 

1750 

1750 

1750 
1750 

Heat Treatment 
Temperature, 

F 

1850 
1850 

1850 

None 
None 

None 

1850 
1850 

1850 

1850 

None 

None 

None 

None 
None 

Time, 

min 

5 

5 
5 

__ 

- -

- -

5 

5 

5 

5 

- . 

— 

- -

- -
- -

Surface Preparation 

Cover Plates 

Abraded 

Abraded 
Abraded 

Abraded 
Abraded 
Abraded 

Abraded 

Abraded 

Abraded 
Abraded 

Abraded 

Abraded 

Pickled 

Pickled 
Pickled 

Frames 

Abraded 
Abraded 

Abraded 

Abraded 

Abraded 

Abraded 

Pickled 

Pickled 

Pickled 
Pickled 

Pickled 

Pickled 

Pickled 

Pickled 
Pickled 

Location 

of Sample 

At rib 
At core 

At rib 

At core 

At rib 
At core 

At rib 

At core 

At rib 
At core 

At rib 
At core 

At rib 
At core 

At rib 

Frame-to 
Type A, 

per cent 

90 
80 

80 

50 

70 
50 

. -

50 

95 

90 

- -

25 

- -

25 
- -

-Cover Bond Evaluation 
Type B, Type C, 

per cent 

9 
20 

19 

50 

30 

50 

100 

50 

5 
10 

90 
50 

20 

25 

80 

per cent 

1 
. . 

1 

- -

- -

- -

- -

- -

- -

- -

10 

25 

80 

50 
20 

Rib-to-
Type A, 

per cent 

90 
- -

80 

. . 

70 

- -

— 

- -

100 

- -

._ 

- -

_ . 

— 
- -

Rib Bond Eva 
Type B, 

per cent 

10 

- -

19 

__ 

30 

- -

100 

- -

. . 

- -

10 

- -

— 

- -
- -

luation 
Type C, 

per cent 

_ „ 

. . 

1 

- -

- -
- -

— 

- -

._ 

- -

90 

- -

100 

. . 
100 
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i l lus t ra ted m F igure 43 . The specimen with abraded cladding p la tes and pickled f rame 
components which was bonded at 1750 F and heat t r ea t ed showed good bonding a l so . 
However, the lower bonding t empera tu r e of 1550 F , which produced sa t i s fac tory bonds 
between al l be l t - abraded components , is m o r e des i rab le to min imize co re -c laddmg 
reac t ion . The bond a r e a s l i s ted as Type B m Table 22 exhibited smal l spher ica l voids 
along the bond in ter faces , indicating entrapped a i r or entrapped res idua l hel ium. No 
contamination of the bonds by graphite or UO2 was observed meta l lographica l ly m this 
s e r i e s of spec imens . Also, radiographic examination of these spec imens revea led no 
UO2 m the bond in te r faces . Narrow zones of oxygen-r ich Zi rca loy were observed along 
some of the bond in te r faces . The cause for these zones could not be isolated; poss ib le 
causes a r e d i scussed in a subsequent sect ion. The meta l lographic examination revealed 
no visible u ran ium-z i rcon ium reac t ion zones m the spec imens , but bands of oxygen-
r ich Zi rca loy were p r e sen t m some a r e a s around the c o r e s m al l spec imens . These 
bands, which were about 0 .001 to 0.002 m. wide, were mos t p reva len t at the c o r n e r s 
and edges of co re s and m the spec imens bonded at 1750 F . 

Cover P la te 

Bond interface 

Longitudinal r ib T r a n s v e r s e r ib 

250X 
Bond interface 

Bright Fie ld 
RM11419 

FIGURE 43. ZIRCALOY-TO-ZIRCALOY BONDS IN ELEMENT PREPARED 
UTILIZING EDGE WELDING AND A PIECE-COMPONENT 
PICTURE FRAME 

Bonds between longitudinal r ib and t r a n s v e r s e r ib and between 
the r ib s and the cladding plate a r e shown m the photomicrograph. 
This e lement contained be l t -abraded cladding components and 
was p r e s s u r e bonded at 1550 F and 10, 000 ps i for 4 hr and 
heat t r ea t ed at 1850 F for 5 m m m a sal t bath. 
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In te rcompar tmenta l leakage, as revea led in the 700-psi leakage t e s t s or bu r s t 
t e s t s , did not occur in any of the eight spec imens . The r e s u l t s of the 700-psi i n t e r 
compar tmen ta l leakage t e s t s a r e contained in Table 23 in conjunction with the defected-
compar tment co r ros ion t e s t s in 680 F wa te r . The r e s u l t s of these long- t ime cor ros ion 
t e s t s indicated that core-c ladding reac t ion apparent ly had not been sufficiently reduced 
in al l a r e a s by the thin graphi te coatings on the c o r e s , especia l ly in the spec imens 
bonded at 1750 F , The spec imens bonded at 1550 F exhibited extrem.ely low growth after 
4 months of co r ro s ion tes t ing . The cladding p la t e s of a l l of the spec imens appeared 
ductile during b u r s t tes t ing, as shown in Table 24. The ductil i ty was improved s o m e 
what by the 1850 F heat t r e a t m e n t . 

The evaluations of these p r e l i m i n a r y spec imens thus demons t r a t ed the feasibil i ty 
of p repar ing leaktight edge-welded spec imens with p iece-component p ic ture f r ames by 
g a s - p r e s s u r e bonding. Be l t - ab raded cladding components p r e s s u r e bonded at 1550 F 
for 4 hr at 10,000 ps i produced the bes t r e s u l t s . The coatings of sprayed Aquadag in 
the amount of 1 mig p e r in. ^ did not appear to r e su l t in contamination of the bond i n t e r 
faces . P r e p a r i n g the f rame components seve ra l thousandths of an inch thicker than the 
c o r e s min imized flow of the cladding pla te and accompanying p rob lems with bonding 
which had been encountered in the enveloped spec imens made with punched f r ames that 
had unders ized r i b s following surface p repa ra t ion by ab ras ion . The r e s u l t s indicated, 
however, that the th ickness of the graphi te coating on the c o r e s should be i nc rea sed in 
o rde r to a t tempt to d e c r e a s e the zones of oxygen- r ich Z i rca loy surrounding the c o r e s , 
and that the technique by which the e lements were sealed containing a i r would not 
produce optimum bonding. 

GAS-PRESSURE BONDING OF EDGE-WELDED ELEMENTS 
FOR PROCESS DEVELOPMENT 

A s e r i e s of 39 l a r g e - s c a l e eleraents was p r e p a r e d uti l izing edge welding of the 
components and p iece-component p ic tu re f r a m e s in o rde r to obtain a comprehens ive 
evaluation of the p r o c e d u r e s used . P r e p a r a t i o n of these elem.ents was based on the r e 
sults of the e a r l i e r s tudies in this p r o g r a m . It was des i r ed to de te rmine any u n s a t i s 
factory p r o p e r t i e s of the e lements p r e p a r e d by this technique and to a t tempt to e l iminate 
any such undes i rab le c h a r a c t e r i s t i c s . 

P r e p a r a t i o n of E lements 

The e lement design chosen for this study was s imi l a r to Design (a) shown in 
F igure 38 except that the notches were removed from the side p la tes and the s ize of the 
element was i nc rea sed . It was de te rmined l a t e r that to improve d imensional control it 
was n e c e s s a r y to el iminate the notches from the head p la tes a l so . The final design of 
the element , which consis ted of 115 cladding components and c o r e s , is shown in F i g 
u re 44. The approximate o v e r - a l l s ize of these e lements was 15.0 by 4. 3 in. , with a 
thickness of 0. 146 i n . , consist ing of two 0. 023-in. - th ick cladding p la tes and a 0. 100-
in. - thick compar tmented p ic ture f r a m e . A 0. 25 by 2-in. extension was machined as an 
in tegra l p a r t of the top end plate of a l l except the f i r s t four e lements of the s e r i e s to 
provide a means for evacuating the spec imens . Each p ic tu re f r ame cons is ted of twenty 
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TABLE 23. RESULTS OF INTERCOMPARTMENTAL LEAKAGE AND DEFECTED-COMPARTMENT CORROSION TESTS 
OF PRELIMINARY EDGE-WELDED SPECIMENS HAVING PIECE-COMPONENT PICTURE FRAMES 

All specimens were pressure bonded at 10, 000 psi for 4 hr at temperatures listed. 

Specimen 

G-1 
G-3 
G-4 

G-5 
G-6 

G-7 

Pressure-Bonding 
Temperature, F 

1550 
1550 
1550 

1750 
1750 
1750 

Heat Treatment 
Temperature, 

F 

1850 
None 

1850 
1850 

None 
None 

Time, 

min 

5 

— 
5 

5 

. . 
" " • 

Total Time 
on Test, days 

126 
119 

112 

119 
112 

56 

Total 

Growth, 
mils 

2 to 4 

2 
0 

4 

5 to 6 
3 to 13 

Intercompartmental 
Leakage 

Before 

Corrosion 

None 
None 

None 
None 

None 
None 

After 

Corrosion 

None 

None 
None 

None 

None 
None 

TABLE 24. RESULTS OF BURST TESTS OF PRELIMINARY EDGE-WELDED SPECIMENS WITH 
PIECE-COMPONENT PICTURE FRAMES 

All specimens were pressure bonded at 10, 000 psi for 4 hr at temperatures listed. 

Specimen 

G-2 

G-2 

G-3 
G-4 

G-5 

G-6 

G-8 

G-8 

Pressure-Bonding 
Temperature, 

1550 
1550 

1550 
1550 

1750 
1750 

1750 

1750 

F 

Heat Treatment 

Temperature, 

1850 
1850 

None 
1850 

1850 

None 
None 

None 

F 

Time, 

min 

5 

5 

--
5 

5 

--
--

Bursting 

Maximum 

Deflection, 

mils 

40 

40 
30 

52 

45 
32 

34 

32 

Conditions 

Pressure, 

psi 

4300 
1500 

1200 

2400 
2500 

3000 

1000 

1200 

Intercompartmental 

Leakage 

None 

None 
None 

None 

None 

None 

None 

None 



00 

1/2X N58035 

FIGURE 44. PHOTOGRAPH OF ASSEMBLED PIECE-COMPONENT PICTURE FRAME AND CORES 

This picture-frame design was used to prepare pressure-bonded fuel elements for 
process developmatt utiUzmg the edge-weldmg technique. The lateral void 
space visible m some areas of the photograph was removed from the elements 
durmg assembly by usmg side pressure and then clampmg. 
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0. 25 by 3-in. and ten 0. 25 by 6-in. fuel compar tmen t s , separa ted from each other by 
0. 040-in. -wide Zi rca loy r i b s . A 0, 330-in. -wide s t r ip of Zi rca loy was placed longi
tudinally down the center of each p ic ture f rame to facil i tate sectioning after bonding. 
All cladding components were surface finished by machine belt abrading using 60-gr i t 
silicon carbide bel ts operat ing at a speed of 2200 ft per min with sulfonated oil coolant. 

Each e lement contained 80 graphi te -coa ted c o r e s with d imensions of 0. 100 by 
0. 250 by 1. 500 in. Coating of these c o r e s was accompl ished by spraying Aquadag, a 
suspension of graphite in water , onto the UO2 co re s p rehea ted to approximate ly 150 F . 
The mos t adherent coatings were obtained when four p a s s e s pe r side were made with 
the spray gun. The feed was var ied so that amounts of coating from 1 to 9 mg of g r a p h 
ite per in. ^ of core surface were applied. The coated c o r e s requ i red an outgassing 
t r ea tmen t at 700 F in vacuum to remove al l volat i les from the graphi te coat ings . Since 
the specimens bonded in the p re l imina ry study showed that coatings of 1 mg per in. ^ 
were not sufficient to min imize core-c ladding reac t ion , the f i r s t s eve ra l spec imens in 
this s e r i e s contained co re s that were graphi te coated with 2 to 3 mg pei in. ^ of sur face . 
When examination of these spec imens revea led that this amount of coating did not c o m 
pletely prevent reac t ion , two specimens containing control led amounts of coating from 
1 to 9 mg pe r in. 2 were p r e p a r e d . La t e r e lements contained c o r e s coated with 5 to 6 
mg per in. 2 of g raphi te . It was found during the la t te r p a r t of the study that a buffing 
t r ea tmen t after outgassing was n e c e s s a r y for coatings g r e a t e r than 3 mg per in. 2 in 
o rder to prevent contamination of the bonding su r faces . The co re s for the l a s t th ree 
specimens p r epa red were coated with 5. 5 mg per in. ^ and were buffed to a high lus t e r 
after coating by rubbing them f i rmly with a soft cloth; approximate ly 0. 5 mg pe r in. ^ of 
the coating was removed from the co re s by this operat ion. 

Fusion edge welding was pe r fo rmed in a he l i um-a tmosphe re tank with the e lements 
clamped between copper cooling b locks . In the init ial e lements of this s e r i e s , a smal l 
opening was left in one end through which the hel ium could be evacuated. Air was then 
allowed to enter the e lements and final sealing was done in a i r to a t tempt to prevent 
helium from being entrapped in the e lement . After the f i r s t few e lemen t s , two methods 
for evacuating and sealing e lements containing a vacuum were developed and s u c c e s s 
fully emiployed. Both methods uti l ized a 0. 25 by 2-in. project ion of the head p la tes at 
the top of each specimen as shown in F igure 44. A groove 0. 015 in. deep and 0. 060 in. 
wide was machined in the surface of the head plate to provide a channel for the evacua
tion of the entrapped gas . The e lements were fusion welded in the he l i um-a tmosphe re 
tank on all s ides so that only the end of the evacuation extensions r ema ined open. 

The f i r s t method of evacuation involved the use of a vacuum manifold and a 
res i s tance-weld ing machine . The evacuation extension of the edge-welded e lement was 
connected to a vacuum manifold by means of an adapter and a rubber hose . The spec i 
men was evacuated to l e s s than 1 jU and then sealed by r e s i s t a n c e - u p s e t welding at a p 
proximate ly the center of the evacuation extension. The specimen was then disconnected 
from the vacuum manifold and the tip of the extension was sealed by he l ium-shie lded 
a rc welding to insure a gast ight sea l . In the second technique developed, the edge-
welded e lement was placed in a vacuum chamber which contained a high-frequency induc
tion coil . The e lement was held in a jig which posit ioned the tip of the extension so that 
it was in the center of the induction coil . The ent i re chamber was evacuated and the 
final seal of the specimen was accompl ished by melt ing the tip of the extension by means 
of the induction coil . 
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Although both techniques produced sa t i s fac tory r e s u l t s , the induct ion-seal ing 
imethod was used on mos t of the spec imens , since complete evacuation is m o r e probable 
by this technique. In the r e s i s t ance -upse t -we ld ing technique, as soon as evacuation b e 
gins , the cover p la tes a r e p r e s s e d tightly against the p ic tu re f r ame , and this r e s t r i c t s 
the passage of gas from one compar tmen t to another during evacuation. The induction-
sealing method, however , since the ent i re chamber is evacuated, tends to allow the 
cover p la tes and p ic ture f rame to r e m a i n slightly separa ted so that m o r e complete 
evacuation can be accompl ished . 

The e lements in this s e r i e s were p r e s s u r e bonded at 1550 F for 4 hr at a p r e s s u r e 
of 10,000 ps i in the la rge autoclave desc r ibed e a r l i e r . Init ial e lements in the s e r i e s 
were separa ted by Zi rca loy shimming pla tes and were completely surrounded with 
tightly packed m i c r o q u a r t z when loaded into the autoclave. Since the spec imens loaded 
in this fashion showed poor d imensional control and contaminated cladding, the 
autoclave-loading technique was rev i sed so that no insulating m a t e r i a l would be near the 
specimens and the spec imens would be given r igid s t ruc tu ra l support . This r ev i sed 
loading scheme is i l lus t ra ted in F igure 45. To provide adequate jigging for the e lements 
during bonding, a rec tangula r Z i rca loy loading tube was cons t ruc ted to very close t o l e r 
ances and a Type 310 s ta in less s teel tube was then fit c losely around the Zi rca loy 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 contained 
a bottom but the top was left open for loading. Four spec imens , separa ted by Zi rca loy 
s p a c e r s , we re tightly packed into the loading tube for each run. Z i rca loy chips were 
placed in the top of the loading tube to ge t ter the a t m o s p h e r e . Two ha l f -cy l inders of 
copper were machined to fill a l l void space in the inside of the autoclave furnace except 
for a 1-in. -wide slot in the center into which the loading tube containing the e lements 
was placed. P i e c e s of copper ba r were used to fill the remaining void space in the slot . 
The copper in the a s sembly se rved to min imize t e m p e r a t u r e gradients in the furnace . 

After p r e s s u r e bonding, each e lement was sectioned longitudinally through the 
cen te r . One of the halves of each e lement was then heat t r ea t ed for 5 min in a ba r ium 
chloride sal t bath at 1850 F and cooled between flattening dies in a s t r e a m of hel ium to 
prevent d is tor t ion and excess ive oxidation. After bonding and after heat t r ea tmen t , the 
specimens were vapor b las ted and pickled in a hydrofluoric acid solution to clean the 
su r faces . 

Tes t P r o c e d u r e s 

Each p r e s s u r e - b o n d e d e lement was longitudinally sect ioned p r i o r to evaluation. 
One half of the e lement was evaluated in the as-bonded condition, while the remaining 
half was evaluated after being heat t r ea t ed at 1850 F for 5 min . In the tables of r e su l t s 
p resen ted , the suffixes A and B to the e lement number designate the as-bonded and the 
b e t a - h e a t - t r e a t e d por t ions , respec t ive ly . The t e s t s used for evaluation included visual 
examination, meta l lographic examination of bond quality and core-c ladding react ion, 
peel t e s t s of bonds, in tercomipar tmenta l - leakage t e s t s , bu r s t t e s t s of compar tmen t s , 
co r ros ion t e s t s of purposely defected compar tmen t s , and chemica l ana lyses . Tes t s 
were conducted in essent ia l ly the same manner as desc r ibed in the section on p r e s s u r e 
bonding of e lements in conta iners for p r o c e s s development. In the leakage, co r ros ion , 
and bu r s t t e s t s , the d iamete r of the dr i l led holes was changed from 0. 005 to 0.040 in. 
and the p r e s s u r e used in the leakage t e s t s was inc reased from 200 to 700 p s i . 
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Copper Bar 

(a) Cross Section of Autoclave Loading Assembly 

Type 310 Stainless 
Steel Furnace Liner 

Machined Copper 
Filler Pieces 
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of Inner Zircaloy Tube 
and Outer Type 310 
Stainles Steel Tube 

FIGURE 45 . 

(b) Longitudinal Section of Autoclave Loading Assembly 
A-mSZQ 

SECTIONAL DRAWINGS OF AUTOCLAVE LOADING ASSEMBLY 
USED TO GAS-PRESSURE BOND EDGE-WELDED ELEMENTS 
FOR PROCESS DEVELOPMENT STUDY 
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Most of the e lements in this s e r i e s were bu r s t tes ted in two compar tmen t s of the 
lower port ion of the e lement ; the remaining por t ions were tes ted for i n t e rcompar tmen ta l 
leakage and defec ted-compar tment co r ros ion behavior . Metal lographic and p e e l - t e s t 
spec imens were usual ly obtained from the lower por t ion of the e lement after b u r s t t e s t 
ing, but other port ions of the e lements were a lso per iodica l ly checked by these t ech
niques . In la te r e lements in the s e r i e s , the impor tance of the b u r s t t e s t to r evea l weak 
bonds became apparent , and additional compar tmen t s from other sect ions of the e l e 
men t s were tes ted in this m a n n e r . 

Tes t Resul t s 

Genera l Evaluation 

E a r l i e r edge-welded e lements in this s e r i e s exhibited a number of untsatisfactory 
p r o p e r t i e s which were e l iminated in l a te r spec imens . The p r o b l e m s encountered in 
these e lements were wrinkling of the cladding, warping and bowing of the e lements , 
contamination of the cladding, entrapped gas in the e l emen t s , and weak bonds in e l e 
men t s which contained thick graphi te coat ings . The f i r s t two p rob lems l i s ted a r e d i s 
cussed in the section on gene ra l evaluation, while the th i rd and fourth a r e d i scussed in 
the section on meta l lographic examinat ion. The p rob lem of weak bonds is d i scussed in 
connection with both meta l lographic and b u r s t - t e s t evaluat ions . 

Initial edge-welded spec imens ut i l ized the notched-head-pla te design with the 
thickness of the r ib s being g r e a t e r than that of the co re s by 0 .004 in. It was observed 
after bonding that the cladding p la tes contained wrinkles in a r e a s over the longitudinal 
r ibs and that the e lements had inc reased in th ickness up to 0. 020 in. in these a r e a s . 
Analysis of this phenomenon indicated that it was caused by the flow of excess cladding 
plate nnaterial in a l a t e r a l d i rec t ion which built up along the slightly elevated longitudinal 
r i b s . It was de te rmined that d imensional to l e rances needed for machining the notches 
in the head p la tes caused excess ive l a t e r a l void space in the a s sembled e l emen t s . This 
allowed the e lements during p r e s s u r e bonding to d e c r e a s e in width in the co re a r e a s 
while retaining the or ig ina l width dimension a c r o s s the solid head p l a t e s . This effect 
caused poor dimensional control and resu l ted in excess cover plate m a t e r i a l over the 
c o r e s . Since the edges of the cladding p la tes were welded to the side p la tes , they were 
forced to flow inward as the l a t e r a l void space was filled, thereby causing wrinkling of 
the cladding p l a t e s . This wrinkling o c c u r r e d at the location of the ove r s i ze longitudinal 
r ib s since these points offered the g r ea t e s t r e s i s t a n c e to the l a t e r a l flow of the cladding 
m a t e r i a l . This p rob lem was not encountered in the longitudinal d i rec t ion since mos t of 
the void space in this d i rec t ion was removed by placing smal l sh ims at the top of each 
row of c o r e s . 

Based on the above ana lys i s , it was n e c e s s a r y to a l te r the design of the p i e c e -
component p ic ture f r a m e s . The notches were removed from the head pla tes and the 
width of the head p la tes was reduced to coincide exactly with that of the a s sembled co re s 
and r ibs with no void-space a l lowances . With the notches in the head plates removed, 
the co re s and f rame components were free to move l a t e ra l ly and it was poss ib le to r e 
move a lmos t al l of the void space during a s sembly . With this modified design, it was 
cons idered des i rab le to place a 0. 040- in . - th i ck shim, not exceeding the width of the 
c o r e s , at each end of each row of cores to form a "pieced notch". This technique made 
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allowances for c o r e s which were overs ize in length and which might o therwise have held 
the headplate away from the ends of the longitudinal r i b s , thereby prevent ing bonding 
from occur r ing . Additional 0 .005- in . - thick sh ims were p laced at the top end of a row 
of co res if needed to fill longitudinal void space . The th ickness of the p i c t u r e - f r ame 
components was also reduced to the exact th ickness of the c o r e s . 

E lements containing p ic ture f r ames of the modified p iece-component design were 
p r e p a r e d and p r e s s u r e bonded. Examination of these specimens showed that the cove r -
plate wrinkling prob lem and d imens iona l -cont ro l p rob lem had been el iminated. One of 
these p r e s s u r e - b o n d e d e lements is shown before sectioning in F igure 46, It was a lso 
found in the in t e rcompar tmen ta l leakage t e s t s , d i scussed l a t e r , that leaktight c o m p a r t 
ments could be formed using this p i c tu r e - f r am e design. 

Slight warpage and longitudinal camber occu r r ed during the p r e s s u r e bonding of 
the init ial e l emen t s . As desc r ibed e a r l i e r , l a te r e lements were bonded using a different 
autoclave-loading technique. The incorpora t ion of the s ta in less s tee l loading tube p r o 
vided s t ruc tu ra l support for the e lements during bonding and vir tual ly e l iminated longi
tudinal camber and warpage in subsequent spec imens . Slight warpage of some of the 
e lements which had been sealed by induction welding st i l l occu r r ed , however , due to the 
smal l bulbs of flowed me ta l that were formed on the ends of the extensions during the 
induction seal ing. When these e lements were placed side by side in the loading envelope, 
the bulbs p r e s s e d against the extensions of the adjacent e lements producing a sufficient 
force to cause warping at bonding t e m p e r a t u r e s . The use of thicker shim m a t e r i a l b e 
tween e lements in the loading tube prevented contact of the extensions and e l iminated 
the difficulty. This problem was not encountered in the e lements sealed by the 
r e s i s t a n c e - u p s e t welding technique. 

In these e lements , a p rob lem was exper ienced with the excess ive flow of the c lad
ding plates into void a r e a s in the p ic ture f rame due to chipped co re s or excess ive 
a s sembly to le rances in the longitudinal d i rec t ion . This r e su l t ed in undes i rab le cladding 
dep re s s ions , and, in ex t reme c a s e s , in thinning of the cladding. When l a rge void 
spaces were p r e s e n t between two c o r e s not sepa ra ted by a Z i rca loy r i b , the cladding 
was thinned to rup tu re , a s shown in F igure 47. 

Void space due to a s semb ly to l e rances in the longitudinal d i rec t ion was min imized 
by placing a sufficient number of the 0. 005-in. - thick sh ims at the end of the row of 
cores to fill the space . Void space l e s s than 0.005 in. in one location did not r e s u l t in 
any depress ion , even when located between two c o r e s not sepa ra ted by a r i b . Void 
space in the p ic ture f rame due to chipped c o r e s can be el iminated only by select ion of 
unchipped co re s for a s sembly . It would be des i rab le to de te rmine the max imum amount 
of void space of both types which is p e r m i s s i b l e in the f rame a s sembly of e lements to 
be p r e s s u r e bonded, and also to de te rmine a method of miinimizing this effect in a 
manner such that el imination of void space is not as c r i t i ca l . These aspec t s a r e being 
investigated in a newly init iated study. 
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FIGURE 46. PHOTOGRAPH OF EDGE-WELDED FUEL ELEMENT PRESSURE BONDED AT 1550 F AND 10, 000 PSI FOR 4 HR 

The element was pr^ared usmg a piece-component picmre frame of the improved design shown m 
Figure 44. 
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^ C ~ i - Z i r c a l o y - 2 
;'^-%.*»5";^-, ^ c l add ing p l a t e 

UO2 c o r e 

lOOX Z i r c a l o y - 2 R M 1 1 2 7 4 
c l a d d i n g (flowed) 

F I G U R E 4 7 . A R E A O F AN E L E M E N T IN WHICH T H E CLADDING P L A T E 
F L O W E D E X C E S S I V E L Y DURING P R E S S U R E BONDING I N T O 
A L A R G E VOID S P A C E B E T W E E N TWO C O R E S CAUSED BY 
A C H I P IN O N E O F T H E C O R E S 

The e x c e s s i v e flow p r o d u c e d th inn ing a n d , e v e n t u a l l y , 
r u p t u r e of the c l add ing p l a t e . 

A n a l y s e s of C ladd ing 

A n a l y s e s of t h e h y d r o g e n , n i t r o g e n , and o x y g e n c o n t e n t s of p o r t i o n s of t h e Z i r c a l o y 
c l add ing r e m o v e d f r o m somie of the e l e m e n t s w e r e m a d e in o r d e r to d e t e c t c o n t a m i n a t i o n 
of the Z i r c a l o y d u r i n g b o n d i n g . S a m p l e s of t he c l a d d i n g w e r e a l s o a n a l y z e d a f t e r the 
a d d i t i o n a l h e a t t r e a t m e n t a t 1850 F for 5 m i n . T h e r e s u l t s of t h e s e d e t e r m i n a t i o n s a r e 
in T a b l e 2 5 . 

Z i r c a l o y s h i m m i n g p l a t e s a c c o m p a n i e d the e l e m e n t s in a l l r u n s in the a u t o c l a v e . 
Af te r bond ing , t h e s e p l a t e s w e r e b e n d t e s t e d to d e t e r m i n e t h e i r r e l a t i v e d u c t i l i t y , a n d , 
in s o m e c a s e s , a p o r t i o n w a s a n a l y z e d fo r g a s c o n t e n t . A l t h o u g h e m b r i t t l e m e n t of t he 
Z i r c a l o y c l add ing h a d n o t b e e n e n c o u n t e r e d in t he p r e l i m i n a r y s p e c i m e n s , i t w a s found 
t h a t t he s h i m m i n g p l a t e s accomipanying the f i r s t few l a r g e - s c a l e e l e m e n t s w e r e v e r y 
b r i t t l e . B u r s t t e s t s of t h e s e e l e m e n t s , a s d i s c u s s e d l a t e r , r e v e a l e d r a t h e r b r i t t l e 
b e h a v i o r of the c l a d d i n g p l a t e s . V a c u u m - f u s i o n a n a l y s e s of c l add ing r e m o v e d f r o m one 
of t h e s e e l e m e n t s ( T - 4 B - E a n d T - 4 B - C in T a b l e 25) s h o w e d h igh h y d r o g e n c o n t e n t s of 
120 to 140 p p m and an oxygen c o n t e n t wh ich c o m p a r e d to t h e b a s e m a t e r i a l b e f o r e b o n d 
ing . The m a j o r d i f f e r e n c e b e t w e e n the p r e p a r a t i o n of t h e l a r g e - s c a l e e l e m e n t s and the 
p r e l i m i n a r y e l e m e n t s w a s t h a t t he l a r g e e l e m e n t s w e r e b o n d e d in a d i f f e r e n t , l a r g e r 
a u t o c l a v e . I n v e s t i g a t i o n s h o w e d t h a t t h i s a u t o c l a v e c o n t a i n e d m o i s t u r e , e s p e c i a l l y in 
the i n s u l a t i n g m a t e r i a l , w h i c h a c t e d a s a d e s i c c a n t . To e l i m i n a t e t he m o i s t u r e , t h e 
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TABLE 25. RESULTS OF GAS-CONTENT ANALYSES OF ZIRCALOY CLADDING FROM ELEMENTS 

PRESSURE BONDED UTILIZING THE EDGE-WELDING TECHNIQUE 

Elements were bonded 4 hr at 1550 F and 10, 000 psi. 

Specimen 

S-l(^> 
S-2(a) 

T-4B-E 
T-4B-C 

T-6A-C 

T-6B-C 

T-8A-E 
T-8A-C 

T-8B-C 

C-8 

T-14A-C 

T-14A-R 

T-14B-C 

T-15A-C 

T-15B-E 

T-15B-R 

T-15B-C 

Heat Treatment 

Temperature, F 

--
--

1850 

1850 

None 

1850 

None 
None 

1850 

None 

None 

None 

1850 

None 

1850 
1850 

1850 

Time, 
mm 

--
--

5 
5 

5 

5 

5 

5 

5 

5 

Location 

Cladding plate 
Cladding plate 

End 
Cladding plate 

over core 

Cladding plate 
over cote 

Cladding plate 
over core 

End 

Cladding plate 
over core 

Gladding plate 
over core 

Zircaloy shim tun 
with T -8 m 
autoclave 

Cladding plate 

over core 
Rib 

Cladding plate 

over core 

Cladding plate 

over core 

End 

Rib 
Claddmg plate 

over core 

Vacuum-Fusion Analysis 

of Cladding, ppm 
Oxygen 

1300 
2200 

.-
1000 

670 

1600 

- . 
1070 

1600 

1600 

1200 

1400 

1800 

1300 

1500 

1500 

Hydrogen 

9 
36 

120 
140 

11 

40 

19 
18 

32 

38 

50 

55 

62 

27 

33 

68 

71 

Kjeldahl Analysis 
for Nitrogen, ppm 

--

._ 

"' 

— 

--

.-
50 

60 

60 

— 

--

--

(a) As-received material, not bonded. 
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autoclave was emptied and dr ied , and al l of i ts contents were baked completely dry b e 
fore replacing them. Afterwards , the autoclave was sealed from ex te rna l mo i s tu re b e 
tween r u n s . In addition, the method of loading the e lements in the autoclave was m o d i 
fied, as d i scussed previously , in o rde r to min imize contamination of the Zi rca loy and 
warpage of the e l emen t s . In this method, the e lements were loaded along with Zi rca loy 
shim pla tes and Zi rca loy chips into a s ta in less s tee l loading tube with an in terna l 
Zi rca loy l ine r . The auxi l iary Zi rca loy in this loading a s sembly ge t te red the autoclave 
gas , and the loading tube served to p ro tec t the e lements from convective c u r r e n t s of gas 
which had not been ge t te red . 

These modifications of the p res su re -bond ing p r o c e s s e l iminated embr i t t l ement of 
the cladding as evidenced by bend and b u r s t - t e s t s , and reduced the hydrogen content, as 
shown in Table 25. It can be noted in the table that the amount of hydrogen in the 
Zi rca loy was inc reased during the 5-min heat t r ea tmen t in an 1850 F ba r ium chloride 
sal t bath. It is bel ieved that this i n c r e a s e can be avoided by utilizing a degassed salt 
bath under an i n e r t - a t m o s p h e r e blanket . 

In te rcompar tmenta l -Leakage Tes t s and 
Cor ros ion Tes t s of Purpose ly Defected 
Compar tments 

In te rcompar tmenta l - l eakage t e s t s were conducted as desc r ibed previous ly by d e 
fecting the compar tments of an e lement with 0. 0 4 0 - i n . - d i a m e t e r holes , p r e s s u r i z i n g 
the compar tments success ive ly with 700 ps i of heliuna, and detecting any pas sage of gas 
to other compar tmen t s . After the p r e s s u r e t e s t s , the e lements were subjected to 
defec ted-compar tment co r ros ion t e s t s in 680 F wa te r . Per iod ica l ly , the e lements were 
removed from cor ros ion test ing and m e a s u r e d for growth in th ickness . They were 
again p r e s s u r i z e d to detect i n t e rcompar tmen ta l leakage, and then were exposed to 
further cor ros ion tes t ing . About 175 compar tmen t s were tes ted for leakage in these 
e l emen t s . 

There was no evidence of in tercomraunicat ion between any of the compar tmen t s 
before co r ros ion tes t ing . After co r ros ion exposure , t h ree of the e lements which con
tained co re s with thick graphite coatings that were not buffed exhibited i n t e r c o m p a r t 
menta l leakage. This leakage was apparent ly assoc ia ted with p re fe ren t i a l , s eve re 
co r ros ion of bonds contaminated by graphi te from the c o r e s . This bond-contaminat ion 
problem and its el imination in l a te r e lements by buffing the coated co res is d i scussed 
in connection with the b u r s t - t e s t and meta l lographic r e s u l t s . The co r ros ion t e s t s of the 
defected compar tments produced no swelling of the e lements for exposure t imes up to 
105 days , demonst ra t ing that the graphi te coatings had min imized core-c ladding reac t ion 
to an acceptable level . The r e su l t s of these leakage and co r ros ion t e s t s a r e l i s ted in 
Table 26. Except in a r e a s of some of the e lements which had not been sufficiently 
cleaned, during cor ros ion exposure the Zi rca loy cladding of the e lements formed the 
shiny black film cha rac t e r i s t i c of c o r r o s i o n - r e s i s t a n t Z i rca loy , An element with p u r 
posely defected compar tmen t s which was cor ros ion tes ted for 70 days in 680 F water is 
shown in F igure 48. 
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TABLE 26. RESULTS OF CORROSION TESTS AND INTERCOMPARTMENTAL-LEAKAGE TESTS OT GAS-PRESSURE-BONDED ELEMENTS PREPARED 

UTILIZING EDGE WELDING AND PIECE-COMPONENT PICTURE FRAMES 

Elements were bonded 4 hr at 1550 F and 10, 000 psi 

Specimen 

T- IB 
T-4B 

T-6A 
T-8A 

T - l l A 

T - l l B 

T-13A 
T-13B 

T-14A 
T-14B 

T-15A 

T-15B 
T-16A 

T-16B 

T-23B 
T-28A 

T-37A 
T-37B 

Heat Treatment 

Ten^Brature, 

F 

1850 
1850 

1850 

1850 

1850 

1850 

1850 
1850 

1850 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Time, 
min 

5 
5 

5 

5 

5 

5 

5 

5 

5 

Amount of Graphite 

coating, mg per in. 2 

2 

3 

3 

3 

3 
3 

5 to 9 
1 t o 5 

3 
3 

1 t o 5 

5 to 9 
5 

5 
5 

5 

5 (buffed) 

5 (buffed) 

Number of Compartments 
Tested 

22 

22 

10 

10 

10 

10 
10 

10 

5 

5 
10 

10 

5 
5 

10 

10 

5 
10 

Results of Corrosion Tests 

Total Exposure 

Time, days 

105 

98 

77 
77 
70 

70 

70 
70 

70 

70 

70 
70 

70 
70 

70 
70 

63 

63 

Total Increase m 

Thickness of Element, 

mils 

Negligible 

Negligible 

Negligible 

Negligible 
Negligible 

Negligible 

Neghgible 

Negligible 

Negligible 

Negligible 
Negligible 

Negligible 

Negligible 
Negligible 

Negligible 

Neghgible 
Negligible 

Negligible 

Evidence of Intercompart
mental Leakage 

Before 

Corrosion 

None 
None 

None 

None 

None 
None 

None 

None 

None 
None 

None 

None 

None 
None 

None 

None 
None 

None 

After 

Corrosion 

None 
None 

None 

None 

None 

None 
None 

None 

None 
None 

Yes 
None 

Yes 
None 

Yes 
None 

None 

None 

vO 

u> 
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FIGURE 48. PRESSURE-BONDED ELEMENT WITH PURPOSELY DEFECTED COMPARTMENTS CORROSION TESTED FOR 70 DAYS IN 680 F WATHl 

This dement was prq>ared utilizing the edge-wd.ding technique and a piece-component picture frame, and was pressure bonded at 
1550 F aM 10,000 psi for 4 hr and heat treated at 1850 F for 5 min. The element showed no swelling during corrosion exposure 
and developed a shiny black film typical of corrosion-resistant Zircaloy. 
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B u r s t Tes t s of Compar tments 

Compar tments in al l of the e lements evaluated were subjected to bu r s t t e s t s , 
conducted as desc r ibed in a prev ious sect ion. In this tes t , the purpose ly defected c o m 
p a r t m e n t s were subjected internal ly to increas ing p r e s s u r e until rup ture of the cladding 
plate or fai lure of a bond interface occu r r ed , and the p r e s s u r e and deflection resul t ing 
in fai lure were m e a s u r e d . F igure 49 shows the as-bonded por t ion of an e lement which 
failed through the cladding in a no rma l nnanner. 

Bu r s t t e s t s of compar tmen t s in the e lements which were bonded before mo i s tu re 
was el iminated from the autoclave and the loading method was modified, as d i scussed in 
the section on chemica l ana lyses , produced only smal l amounts of deflection on the 
cladding before rup ture o c c u r r e d . In Table 27, which contains the r e su l t s of a l l of the 
bu r s t t e s t s , this b r i t t l e behavior of the cladding can be noted for Specimens T - I B and 
T-4B, which were bonded before the d i scussed modificat ions were made . Bend t e s t s 
confirmed that embr i t t l emen t of the Z i rca loy cladding had occu r r ed and chemica l an
a lyses revea led the high hydrogen content of the cladding as desc r ibed prev ious ly . R e 
sul ts of the e lements following Specimen T-4B, as shown in Table 27, revea led i m 
proved ductil i ty of the cladding due to the desc r ibed modificat ions which were made at 
that t ime . Bend t e s t s and chemica l ana lyses , d i scussed e a r l i e r , substant iated these 
r e s u l t s . 

The mos t frequent and se r ious p rob lem encountered in these e lements was the 
re la t ive ly weak bonds in some a r e a s of some of the e lements which failed at high p r e s 
su res during bu r s t tes t ing. This type of fa i lure , ins tead of rup ture of the cladding-
plate m a t e r i a l itself, r e su l t ed in i n t e r compar tmen ta l l eakage . It can be noted in 
Table 27 that no bond fai lure o c c u r r e d in the b u r s t t e s t s below 1000 ps i , and that in 
mos t c a s e s the fa i lure r e su l t ed well above 2000 p s i . Thus , the bond fa i lu res during 
b u r s t test ing were evidence of weak bonds and indicate that or iginal ly there had not been 
a complete lack of bonding or voids permi t t ing leakage between c o m p a r t m e n t s . Most of 
the b u r s t - t e s t bond fa i lures were encountered in e lements tes ted in the a s - p r e s s u r e -
bonded condition; a sma l l e r numiber of e lements which had rece ived the 5-min heat 
t r ea tmen t at 1850 F after bonding exhibited bond fa i lure . Thus, the additional heat 
t r ea tmen t appeared to improve bond s t rength, but did not e l iminate the p rob lem of con
taminated bonds. Resul t s of peel t e s t s of bonds substant ia ted these b u r s t - t e s t r e s u l t s . 

In o rde r to el iminate the bond fa i lures as r evea led in b u r s t tes t ing, it was n e c e s 
s a r y to de te rmine the cause for the weak bonds. The b u r s t - t e s t r e s u l t s were c o r r e 
lated with meta l lographic examination of bonds in good and failed a r e a s . In addition, 
e lec t ron mic roscopy and X - r a y diffraction were ut i l ized to identify the cause of the 
weak bonds observed during b u r s t tes t ing . The r e su l t s of these s tudies , which a r e d i s 
cussed in a la te r sect ion on meta l lographic exaraination, indicated that the weak bonds 
were caused by contamination of the bond in te r faces with graphi te from the g r aph i t e -
coated c o r e s . It can be noted in Table 27 that bond fa i lures were not encountered until 
the amount of graphi te coating on the co re s was inc reased above 5 mg pe r in. ^, indica t 
ing that the fa i lures were assoc ia ted with the thicker graphi te coat ings , which had been 
observed to flake and dust m o r e readi ly than the thinner coat ings . 

To obtain a compar i son with the b u r s t - t e s t behavior and meta l lographic a p p e a r 
ances of the e lements reveal ing bond fa i lures during bu r s t tes t ing, two e lements were 
p r e p a r e d with bonding surfaces which were intentionally s m e a r e d with a very thin layer 
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FIGURE 49. PHOTOGRAPH (X AS-PRESSURE-BONDED PORTION OF ELEMENT WHICH FAILED THROUGH THE CLADDING IN A NORMAL MANNER DURING BURST TESTING 

This element was prepared utilizing the edge-welding technique and a piece-component picture frame and was gas-pressure bonded at 1550 F and 10,000 psi 
for 4 hr. 



97 

TABLE 27. RESULTS OF BURST TESTS OF GAS-PRESSURE-BONDED ELEMENTS PREPARED UTILIZING 
EDGE WELDING AND PIECE-COMPONENT PICTURE FRAMES 

Elements were bonded 4 hr a t 1550 F and 10, 000 psl. 

Burst-Test Results 

Specimen 

Heat Trea tment 

Temperature , T ime , 

F min 

Amount of Graphite 

Coating, mg per in . 2 

Pressure 

of Failure, 

psi 

Tota l Deflection 

Before Failure, 

mils 

Type of 

Failure 

T - IB 

T-4B 

T-6A 

T-8A 

T - l l A 

T - l l B 

T-13A 

T-13B 

T-14A 

T-14B 

T-15A 

T-15B 

T-16A 

T-16B 

T-21A 

T-21B 

T-22A 

T-22B 

T-23A 

T-23B 

T-24A 

T-24B 

1850 

1850 

1850 

1850 

1850 

1850 

1850 

1850 

1850 

1850 

1850 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

3 

3 

3 

3 

3 

5 to 9 

1 t o 5 

3 

3 

1 to 5 

5 to 9 

5 

5 

5 

5 

5 

5 

5 

5 

5 

2600 

2900 

2800 

3800 

3800 

4600 

4900 

4600 

4900 

3800 

4300 

4800 

5000 

3500 

3400 

4900 

4900 

4200 

4400 

5900 

4700 

4000 

4200 

4900 

5000 

2300 

3300 

4700 

4400 

3900 

4800 

5000 

3700 

2700 

5500 

5200 

3500 

2100 

5400 

4600 

2800 

1000 

2800 

5400 

5000 

4600 

2200 

3 

6 

3 

4 

7 

15 

15 

17 

19 

20 

32 

27 

27 

21 

21 

25 

34 

11 

19 

24 

34 

12 

21 

28 

31 

28 

38 

24 

12 

27 
33 
23 

26 
32 

31 
31 
27 
28 
30 

Clj 

CL 

Cli 

Cli 

C I 

Cli 
Cli 

Cli 

CI; 

Cli 

Cli 

Cli 

Cli 

Cli 

Bond 

CL 

Cli 

Cli 

Cli 

Cli 

Cli 

Cli 

Cli 
Cli 

Cli 

Bond 

Ci 

c; 
c 

adding 

adding 

adding 

Bond 

adding 

adding 

adding 

c: 
c: 
c 
Bond 

adding 
adding 
adding 

Bond 
adding 
adding 

Bond 
Bond 
Bond 
Cladding 
Cladding 
Cladding 
Bond 
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TABLE 27. (Continued) 

Specimen 

T-26A 

T-26B 

T-28A 

T-28A 

T-29A 

T-29B 

T-30A 

T-30B 

T-34A(a) 

T-34B(a) 

T-35A(a) 

T - 3 5 B ( * ) 

T-36A 

T-36B 

T-37A 

T-37B 

T-C8A 

T-38B 

T-39A 

T-39B 

Heat Trea tment 

Temperature, T ime , 

F m m 

None 

1850 5 

None 

1850 5 

None 

1850 5 

None 

1850 5 

None 

1850 5 

None 

1850 5 

None 

1850 5 

None 

1850 5 

None 

1850 5 

None 

1850 5 

Amount of Graphite 

Coating, mg per m . ^ 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 (buffed) 

5 (buffed) 

5 (buffed) 

5 (buffed) 

5 (buffed) 

5 (buffed) 

None 

None 

Burst' 

Pressure 

of Failure, 

psi 

3600 

3500 

3400 

3500 
2500 

1000 

5300 

4000 

4000 

5300 

5500 

3100 

3300 

5900 

5100 

3700 

4200 

5700 

5300 

2400 

2600 

5400 

5100 

2500 

2200 

5700 

5100 

3700 

3700 

3600 

3700 

3700 

3700 

4900 

4800 

3800 

410C 

3800 

4100 

5800 

5200 

3700 

3800 

3700 

3600 

5100 

5200 

4300 

4300 

4300 

4600 

4100 
4100 

5400 

4500 

-Test Results 

Tota l Def lecuon 
Before Failure, 

mils 

10 

8 

8 
10 

— 
— 
26 

27 
12 

27 

27 

--
16 

32 

29 

11 
4 

24 

21 

_. 
--
32 

28 

--
--
23 

36 

15 

11 

12 

16 

14 

9 

39 

37 

17 

12 

18 

7 

28 

37 

17 

18 
14 

15 

35 

31 
14 

24 

17 
12 

19 

13 

25 
34 

Type of 
Failure 

Cladding 

Cladding 

Cladding 

Cladding 
Bond 

Bond 

Cladding 

Cladding 
Cladding 

Cladding 

Cladding 

Bond 

Bond 

Cladding 

Cladding 

Cladding 

Cladding 

Cladding 

Gladding 

Bond 

Bond 

Cladding 

Cladding 

Bond 

Bond 

Cladding 

Claddmg 

Cladding 

Claddmg 

Cladding 

Cladding 

Cladding 

Cladding 

Claddmg 

Cladding 

Cladding 

Cladding 

Cladding 

Cladding 

Cladding 

Claddmg 

Cladding 

Cladding 

Cladding 

Gladding 

Cladding 

Cladding 
Claddmg 

Cladding 

Claddmg 

Cladding 

Cladding 

Gladding 
Gladding 

Cladding 

(a) Zircaloy bonding surfaces were purposely smeared with graphite. 
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of graphi te during a s sembly . These e lements (T-34 and T-35 in Table 27) both ex 
hibited in t e r compar tmen ta l leakage in the as-bonded condition but not after an additional 
1850 F heat t r e a t m e n t for 5 min; these r e s u l t s indicated behavior c h a r a c t e r i s t i c of the 
other failed spec imens . Metal lographic examinat ions , which revea led a s imi la r com~ 
pa r i son with r e g a r d to bond-l ine contamination, a r e d i scussed in the next sect ion. 

Based on the evidence that graphi te contamination of the bond interface had caused 
the weak bonds that failed during b u r s t tes t ing, four spec imens were p r e p a r e d to a t 
tempt to e l iminate this defect. Three of these spec imens were bonded containing cores 
which were spray coated with graphi te using Aquadag and outgassed , as had been done 
for the previous e l emen t s . A buffing t r ea tmen t , which was desc r ibed e a r l i e r in this 
sect ion, was then incorpora ted into the p repa ra t i on of the coated c o r e s for these th ree 
e lements in o r d e r to r emove loose g raph i te . The fourth e lement was p r e p a r e d with 
c o r e s that had not been graphi te coated so that graphi te would not be p r e s e n t in the e l e 
men t . Contamination of the bonds in this e lement would have indicated that graphite was 
not the single cause of the bond weakness in these e l emen t s . These e lements were 
handled very carefully in an a t tempt to avoid any bond-l ine contaminat ion. The r e su l t s 
of the bu r s t t e s t s of these e lements (T-36 , T-37 , T-38 , and T-39) a r e contained in 
Table 27. A tota l of 20 compar tmen t s in the th ree e lements containing the buffed 
g raph i te -coa ted c o r e s were b u r s t tes ted in the a s - p r e s s u r e - b o n d e d condition and after 
the additional 1850 F heat t r ea tmen t , and no bond fai lures occu r r ed . Bur s t t e s t s of 
eight compar tmen t s in the e lement with uncoated c o r e s r e su l t ed in no bond fa i lu res . 
Resul t s of the meta l lographic examination, which revea led good bonds , a r e d i scussed 
in following p a r a g r a p h s . Thus, based on a smal l number of e l emen t s , buffing of the 
sp rayed-graph i te coatings on the c o r e s e l iminated the p rob l em of fai lure of g r aph i t e -
contaminated bonds during b u r s t tes t ing . 

Metal lographic Examinat ion 

Sections from the e lements were examined meta l lographica l ly to de te rmine the 
quality of the bonds and the extent of core-c ladding reac t ion . With r e g a r d to reac t ion 
between the cladding and the graphi te -coa ted c o r e s , no u r an i um -z i r con ium react ion 
zones were visible in any of the sec t ions , indicating that the graphi te coatings on the 
c o r e s had min imized reac t ion . A r ep resen ta t ive a r e a of an in terface between the c lad
ding and a g raphi te -coa ted core is i l lus t ra ted in F igure 50. Zones of oxygen-r ich 
Zi rca loy were observed, however, in some a r e a s around some of the co res which sug
ges ted that slight reac t ion had o c c u r r e d . These zones were mos t p reva len t at the edges 
and c o r n e r s of c o r e s where the graphi te coating was the thinnest . F igure 51 shows 
c o r n e r s of two graphi te -coa ted co res in an 1850 F hea t - t r e a t ed specimen; one of the 
c o r n e r s has an adjacent zone of alpha g ra ins in the o therwise p r i o r - b e t a s t ruc tu re of 
the Z i rca loy . The exis tence of alpha g ra ins after the 1850 F heat t r ea tmen t was a p p a r 
ently a r e su l t of the ra i s ing of the a lpha- to -be ta t r ans fo rmat ion t e m p e r a t u r e due to the 
high oxygen-content of the Z i rca loy . The smal l e lements bonded in the p r e l i m i n a r y 
study which had 1 mg p e r in. ^ of graphi te coating had shown such oxygen-r ich zones; 
the re fore , the f i r s t few l a r g e - s c a l e e lements were bonded containing c o r e s coated with 
2 to 3 mg per in. ^ of su r face . This amount of coating st i l l r e su l t ed in zones of oxygen-
r i ch Zi rca loy about 0 .001 in. wide in some a r e a s adjacent to the c o r e s . Two e lements 
were then p r e p a r e d containing c o r e s which had graphi te coatings ranging from 1 to 9 
mg pe r in. 2 to de te rmine the amount n e c e s s a r y to min imize the zones of oxygen-r ich 
Z i rca loy . Metal lographic examination of these bonded e lements showed that coatings 
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lOOX RM1X824 

Zircaloy cladding 
plate 

Graphite barrier 
layer 

UO2 core 

FIGURE 50. REPRESENTATIVE AREA OF INTERFACE BETWEEN CLADDING AND GRAPHITE-COATED CORE SHOWING NO 
EVIDENCEbp REACTION 

This element contained cores coated with 5 mg of graphite per in. 2 of cote surface and was pressure 
bonded at 1550 F and 10,000 psi for 4 hr and heat treated at 1850 F for 5 min. 

Bond interface 

Corner of graphite-
coated UO2 core 

" Zircaloy cladding 

Comer of graphite-
coated UO2 core 

RM11818 Zircaloy rib 

FIGURE 51. TWO CORNERS OF GRAPHITE-COATED CORES, ONE OF WHICH HAS AN ADJACENT ZONE OF ALPHA GRAINS IN 
THE ZIRCALOY INDICATING SUGHT CORE-CLADDING REACTION 

Note the alpha grains in the otharwise prior-beta Zircaloy structure at corner of core on the right, indicating a 
zone of oxygen-tich Zircaloy. Such zones had no apparent adverse effect on the corrosion behavior of purposely 
defected compartments. This element contained cores coated with 3 rag of graphite per in. 2 of core surface 
and was pressure bonded at 1550 F and 10,000 psi for 4 hr and heat treated at 1850 F for 5 min. 
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of 5 mg per in. 2 and g r e a t e r appeared to be effective b a r r i e r s . With these thicker 
coat ings, the zones of oxygen-r ich Zi rca loy were r e s t r i c t e d to na r row bands in only a 
few sca t t e red a r e a s , pr inc ipa l ly at c o r n e r s of c o r e s . Subsequent e lements , p r e p a r e d 
with coatings from 5 to 6 mg pe r in. 2̂  yielded s imi la r r e s u l t s . In the final set of 
e lements in this s e r i e s in which the graphi te -coa ted co re s (5 mg pe r in. 2) were buffed 
before a s sembly , as d i scussed e l sewhere , the amount of oxygen-r ich Zi rca loy was 
fur ther reduced, apparent ly due to improved quality and uniformity of the coating 
p r e s e n t . As noted e a r l i e r , the r e su l t s of the co r ros ion t e s t s of purposely defected 
compar tments showed that the oxygen-r ich Z i rca loy zones had no de le te r ious effect on 
co r ros ion behavior . 

Small spher ica l voids had been observed in the p r e l i m i n a r y s e r i e s of spec imens , 
indicating entrapped r e s idua l hel ium or entrapped a i r in the e lement . The f i r s t four 
l a r g e - s c a l e e lements were sealed by a he l ium-sh ie lded a r c after a prolonged evacuation. 
The final weld was applied as quickly as poss ible in an a t tempt to obtain a smal l pa r t i a l 
p r e s s u r e from the a tmosphere with a min imum amount of hel ium introduced into the 
e lement . Metal lographic examination of the bonds obtained with these e lements st i l l 
r evea led the p r e s e n c e of smal l spher ica l voids, and it became apparent that the e l e 
men t s would have to be sealed while being evacuated. Two techniques were developed 
for accomplishing th is ; these techniques were desc r ibed in the sect ion on the p repa ra t ion 
of this s e r i e s of e l emen t s . Subsequent e lements were sealed containing a vacuum by 
r e s i s t a n c e - u p s e t welding or induction-welding techniques , both of which proved to be 
sa t i s fac tory . Examinat ion of the bonds in these evacuated e lements showed that the 
cha rac t e r i s t i c bond-l ine voids had been el iminated. 

Zones of alpha g ra ins of Z i rca loy were observed along some of the bonds in some 
of the b e t a - h e a t - t r e a t e d spec imens , indicating a r e a s of high oxygen content. The l oca 
tion of these zones was not r e s t r i c t e d to any pa r t i cu la r a r e a of the e lement , nor could 
they be co r r e l a t ed with any known p r o c e s s va r i ab l e . Such zones were not p r e sen t in 
the spec imens which had buffed graphi te -coa ted c o r e s , however . The oxygen could 
have or iginated from co re -g raph i t e or core-c ladding reac t ion , core outgass ing, ad
sorbed mo i s tu re on c o r e s , entrapped a i r , or the Zi rca loy itself. 

Elements containing co re s which had been spray coated with 5 to 6 mg of graphi te 
per in. ^ of co re surface and had not been buffed were observed meta l lographica l ly to 
have bond-l ine contamination in some a r e a s and resul t ing lack of gra in growth a c r o s s 
the in ter face . The bonds in these e lements in the a s - p r e s s u r e - b o n d e d condition a v e r 
aged about 50 p e r cent Type A and 50 pe r cent Type C, c lass i f ied according to F igure 3. 
Thus, about half of the bond a r e a s did not exhibit g ra in growth a c r o s s the in terface , in
dicating that the bonds would be weak in those a r e a s . The amount of gra in growth 
a c r o s s the interface was improved by the 1850 F heat t r ea tmen t ; however, the p rob lem 
was not el iminated in a r e a s which apparent ly had re la t ive ly l a rge amounts of bond-l ine 
contamination. These bonds were c lass i f ied, on the ave rage , as 70 per cent Type A, 
10 pe r cent Type B, and 20 pe r cent Type C. These observa t ions c o r r e l a t e d with the 
fa i lures of weak bonds in the e lements during b u r s t tes t ing, which was d i scussed p r e v i 
ously. Examination of these bonds in the e lec t ron mic roscope confirmed that the d e 
fective a r e a s contained contamination, r a t h e r than voids. The contaminant was p o s i 
tively identified as graphi te by X - r a y diffraction. Contaminated bond a r e a s which were 
examined by this technique d isc losed the z i rconium carbide phase , which had been shown 
to be the product formed during p r e s s u r e bonding by the Z i rca loy cladding and the g raph 
ite from the coated c o r e s . Also , in other s tudies , meta l lographic examination has 
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shown that a graphi te film only 200 A thick on Zi rca loy bonding sur faces can prevent 
bonding. (7) To further confirm the adve r se effect of graphi te in the bond in te r faces , 
the two eleinents having bonding sur faces intentionally s m e a r e d with graphi te , which 
were descr ibed in connection with the b u r s t - t e s t r e s u l t s , were p r e p a r e d . Meta l lo
graphic study of the bonds in these e lements showed bond-l ine contamination s imi la r 
in appearance to that observed in the other e lements containing weak bonds. 

Based on the es tab l i shment of graphi te as the cause for weak bonds, four e lements 
were p r e p a r e d in an a t tempt to avoid this bond-l ine contamination. These e lements 
were desc r ibed in the d iscuss ion of the b u r s t - t e s t r e s u l t s ; three of the e lements con
tained co re s which were spray coated with graphi te and buffed to remove loose graphi te , 
and the fourth contained uncoated c o r e s . The bonds in these e lements were examined 
meta l lographica l ly for contamination and extent of g ra in growth a c r o s s the bond i n t e r 
face. The bonds averaged g r e a t e r than 90 pe r cent Type A, classif ied according to 
F igure 3. The remaining 10 per cent or l e ss of the bond a r e a s were genera l ly Type C 
in the as-bonded e lements and Type B in the 1850 F hea t - t r ea t ed e l emen t s . R e p r e s e n t 
ative a r e a s of good bonds in these e lements a r e shown in F i g u r e s 52 and 53 for a s -
bonded and hea t - t r ea t ed e lements , r espec t ive ly . The bonding in these e lements , 
there fore , was cons idered to be good meta l lographica l ly ; the bu r s t r e su l t s showed the 
bonds to be consis tent ly s t rong. Bond-line contamination in these e lements was s ig 
nificantly reduced to an apparent ly acceptable level; ve ry smal l dots of contaminant 
were observed in only a few a r e a s of the bonds in the four e l emen t s . Since these smal l 
dots were p r e sen t in the e lement with uncoated c o r e s , the contamination mus t have o r i g 
inated from the UO2 co re s or the Zi rca loy bonding su r faces . It was concluded that the 
buffing t r ea tmen t pe r fo rmed on the g raphi te -coa ted c o r e s significantly improved the 
bond quality in this l imited number of e l emen t s . 

The r e su l t s of this p rocess -deve lopmen t study indicated that with r e g a r d to bond 
s t rength, co r ros ion r e s i s t a n c e , compar tment integri ty, cladding ductil i ty and s t rength, 
and dimensional control , sa t i s fac tory e lements could be produced by g a s - p r e s s u r e 
bonding utilizing the edge-welding technique, p iece-component p ic ture f r ames , and 
cores sprayed with a graphi te coating and buffed. 
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Zucaloy cladding 
plate 

Bond interface 

Zircaloy rib of 
piece-componait 
picture frame 

250X Polarized Light RM11687 

FIGURE 52. ZmCALOY-TO-ZmCALOY BOND IN AS-PRESSURE-BONDED ELEMENT WHICH WAS PREPARED UTIUZING THE 
EDGE-WEIDING TECHNIQUE, PIECE-COMPONENT PICTURE FRAME, AND BUFFED GRAPHITE-SPRAYED CORES 

This element was pressure bonded at 1550 F and 10,000 psi for 4 hr. Note that the approximate location of the 
bond interface can be observed by the dlffereaace m gram size of the componaits, which origmated m the dif
ferent materials from which the various componaits were prepared. 
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-?:%'X^- ^->—"l^^^^H //^^:^-..,;?Xr-^r^. 

*̂ *»-«' * ;^' Zircaloy claddmg 
plate 

•P''^'-'l_yf'v'' ~— ^» Bond interface 

-""^".l Zircaloy rib of 
- ^ -^st^-ia, piece-component 
•C5S:*4»*™„ picture frame 

250X Bright field RMH821 

FIGURE 53. ZmCALOY-TO-ZKCALOy BOND IN 1850 F HEAT-TREATED PORTION (X ELEMENT SHOWN IN FIGURE 52 

Subsequent to pressure bonding, this portion of element was heat treated for 5 min in an 1850 F salt bath. 
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V. SUMMARY AND CONCLUSIONS 

The gas -pressure -bonding technique appears to be a feasible method for the p r e p a 
ra t ion of Z i rca loy-c lad f la t -plate uranium dioxide fuel e l emen t s . A so l id -s ta te bond is 
achieved between the Zi rca loy p ic ture f rame and the cladding without f ragmentat ion of 
the br i t t le uranium dioxide cores if reasonable to le rances a r e mainta ined. The mos t 
sa t i s fac tory p ressu re -bond ing conditions for this type of fuel e lement consis t of bonding 
at 1550 F and 10,000 ps i for 4 h r . P r o c e d u r e s have been developed for p repar ing the 
var ious components that r e su l t in excel lent me ta l lu rg ica l bonding in the as-bonded con
dition. An additional heat t r ea tmen t for 5 min in a sal t bath at 1850 F subsequent to 
p r e s s u r e bonding s e rves to induce inc reased gra in growth a c r o s s the bond interface and 
to s t rengthen the bonds in spec imens containing components which have not rece ived the 
optimum type of p repa ra t ion . This heat t r e a t m e n t does not remove bond-l ine contami
nat ion, however . In product ion, the additional hea t - t r ea t ing operat ion would be costly 
and could introduce p rob lems with surface contamination and dimensional cont ro l . The 
r e su l t s of this p rob lem indicate that the heat t r e a t m e n t is not n e c e s s a r y when the com
ponents for the e lements a re p r e p a r e d according to developed techniques; new studies 
have been init iated to confirm these r e s u l t s . 

Since bonding is achieved with a min imum amount of deformat ion, the quality of 
the bonds is p r i m a r i l y dependent on the method used to p r e p a r e the sur faces of the 
Zi rca loy . Studies concerned with the evaluation of var ious surface p repa ra t ions have 
indicated that the bes t bonds a r e obtained with t r e a t m e n t s such as machining and ab
rading that expose new m e t a l and produce a d is turbed and roughened surface l aye r . 
Machine belt abrading is favored because m o r e consis tent bonds have been obtained with 
Zi rca loy p r e p a r e d by this p r o c e s s , and because it is re la t ively inexpensive. 

Extensive reac t ion occurs when ba re uran ium dioxide cores a r e g a s - p r e s s u r e 
bonded at 1450 to 1550 F . B a r r i e r m a t e r i a l s such as graphite and chromium were 
effective in preventing reac t ion during p r e s s u r e bonding and beta heat t r ea t ing . The 
co r ros ion r e s i s t ance of purposely defected compar tments in e lements containing cores 
with p roper ly applied coatings of graphite and chromium were found to be sa t i s fac tory . 
Graphite may be m o r e p r e f e r a b l e , based on coating methods available at the p r e sen t 
t i m e , because it is e a s i e r to apply and lower in cost . Techniques have been developed 
to provide consis tent protec t ion of the co res during bonding and heat t rea t ing by spray 
coating the co res with 5 to 6 mg of graphi te pe r in.^ of core sur face . These coatings 
a r e then outgassed and buffed, removing about 0. 5 mg of graphite per in. ^ to prevent 
contamination of the bonds. A new study has been ini t iated to a t tempt to develop a s a t i s 
factory and econoinical method for coating the co res with c h r o m i u m , since a me ta l l i c 
b a r r i e r would probably requ i re l ess careful handling of the coated c o r e s . A method for 
coating the co res with crys ta l l ine carbon is a l so being invest igated which may be m o r e 
economical and produce be t t e r -qua l i ty coatings than sprayed graphi te . 

Two techniques for the a s sembly of the e lements have been invest igated in this 
p r o g r a m . In the f i rs t technique , the cladding components and cores and accornpanying 
T i -Namel space r s a r e a s sembled into a protect ive s ta in less s tee l or T i -Namel con
ta iner which is evacua ted , sea led , and then p r e s s u r e bonded. To l imit contamination 
of the Zi rca loy cladding by the T i -Namel s p a c e r s , s ta in less s tee l sh ims a r e placed be 
tween them as a b a r r i e r . The second technique involves fusion welding the edges of the 
p ic ture f rame and cladding plates in a he l i um-a tmosphe re tank. Methods have been de
veloped for accomplishing the final sea l while the e lement is under evacuation. 
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The edge-welding technique is p r e f e r r e d , since it e l imina tes some of the p rob lems en
countered with the e lements bonded in con t a ine r s , such as diffusion of i ron into the 
Zi rca loy and poor bonds at the ex t r eme edges of the e lement . The use of a compar tment 
p ic ture f rame consist ing of s t r ip components ins tead of a one-piece punched f rame is 
des i rab le because of i ts economic advantage. The optimiun design for e lements with 
compar tmented p iece-component p ic ture f r ames employed t r a n s v e r s e r ibs the width of 
one UO2 c o r e , and longitudinal r ibs the total length of the fuel which fit flush to the un-
notched top and bottom p l a t e s . 

A method of loading the edge-welded e lements into the h i g h - p r e s s u r e autoclave for 
g a s - p r e s s u r e bonding has been developed which prevents warpage of the e lements and 
sa t i s fac tor i ly nninimizes contaminat ion of the Zi rca loy cladding by the autoclave gas . 

Waterlogging of the compar tments in these spec imens was encountered even though 
a min imum of void space is p r e s e n t in e lements p r e p a r e d by g a s - p r e s s u r e bonding. 
This effect s eems to be inherent with this type of fuel e lement . A problem encountered 
with these spec imens which has not r ece ived a final solution is the excess ive flow of the 
cover plates into void spaces in the p i c tu r e - f r am e resul t ing from fuel which has been 
chipped or from poor d imensional control of the components . Determinat ion of a method 
for minimizing this effect and de te rmina t ion of the max imum allowable void space in the 
a s sembled fuel plate a r e being a t tempted in a new p r o g r a m . 

The mos t feasible p r o c e s s for g a s - p r e s s u r e bonding these fuel e l e m e n t s , t h e r e 
f o r e , cons is t s of assenabling be l t - ab raded piece Zi rca loy components to form the com
par tmen ted p ic ture f r a m e , inser t ing buffed sp rayed -g raph i t e - coa t ed co res into the 
c o m p a r t m e n t s , fusion welding the edges of the p ic ture f rame and cladding p l a t e s , evacu
ating and sealing the e l emen t , g a s - p r e s s u r e bonding at 1550 F and 10,000 ps i for 4 h r , 
and heat t r ea t ing for 5 m i n at 1850 F to improve bonding. 
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