
R e p o r t N o , B M I - 1 2 4 4 
C - 2 5 M e t a l l u r g y and C e r a m i c s 

( M - 3 6 7 9 , 20th E d . , R e v . 1) 

Contract No, W-7405-eng-92 

T H E CLADDING O F D E L T A - P H A S E 
ZIRCONIUM HYDRIDE 

by 

S tan J . P a p r o c k i 
E d w i n S. Hodge 
C h a r l e s B . B o y e r 

1 cawllw! f'f f!iai*i fl.lCLiS$JIEU__D 

D e c e m b e r 27, 1957 

R E S T R I C T E D . D A T A , 

This docmepi^^tktRi resoic^w^ d<ta as defmeil m the Atomic 
E n e r ^ ^ ^ ^ ^ ^ 4 . Its^»ji^<al or dfsetoswfc of its contents 
m a i ^ i ^ ^ e t to an uirtfithotized petsoo/ts prohibited. 

B A T T E L L E M E M O R I A L I N S T I T U T E 
505 King Aveni le 

• C o l u m b u s IJ Ohio 

I'Ol 

lllirmAfiSIFiEl' 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



CONFIDENTIAL 

3 and 4 

TABLE OF CONTENTS 

Page 

ABSTRACT . . . . . . . . . . . . . . . 5 

INTRODUCTION 5 

EXPERIMENTAL TEST PROCEDURES 6 

P r e s s u r e - B o n d i n g P r o c e s s and Equipment 6 
Mate r ia l s . , 11 
P r e p a r a t i o n of Specimens for P r e s s u r e Bonding 11 
Fabr ica t ion of Cans for P r e s s u r e Bonding . 12 
Cleaning Techniques 13 
Assembly and Evacuation of Compacts for P r e s s u r e Bonding 13 

CLADDING AND BOND EVALUATION 14 

Evaluation P r o c e d u r e s for Clad Specimens . , . . , . . . . , 14 
P r e l i m i n a r y Bonding Studies 15 
Thermal -Cycl ing Tes ts 26 
Hydrogen-Retent ion Studies 27 
General Conclusion F r o m the P r e l i m i n a r y Bonding Studies 31 

DEVELOPMENT STUDIES FOR DIRECT CLADDING OF SOLID 
DELTA-PHASE ZIRCONIUM HYDRIDE WITH STAINLESS STEEL . . . . 31 

F l a t - P l a t e Specimens . 32 
Di rec t Cladding of Powder -Meta l lu rgy Zirconium Hydride 

With Stainless Steel 32 

SUMMARY AND CONCLUSIONS . 37 

CONFIDENTIAL 

SteeleB
Pencil

SteeleB
Pencil



CONFIDENTIAL 

5 

THE CLADDING OF DELTA-PHASE ZIRCONIUM HYDRIDE 

Stan J. Pap rock i , Edwin S. Hodge, and Cha r l e s B . Boyer 

A study has been made of the cladding of solid ami powdered delta-
phase zirconium hydride in both rod and flat shapes with stainless steel. The 
program included investigations of metallurgical bonding, both with and without 
the use of metallic barrier materials. Types 304 and 347 stainless steel were 
used for cladding material. The intermediate barrier-layer materials used were 
niobium, molybdenum, a combination of copper and molybdenum, and a combination 
of copper and niobium. 

The pressure-bonding techniques, involving the use of gas pressure at 
elevated temperatures, was employed in this study. Variable times and temper­
atures with a constant pressure of 10,000 psi were utilized to produce bonding. 

In this study, the best results were achieved in cladding delta-phase 
zirconium hydride directly with Types 304 or 347 stainless steel. Good bonds 
were obtained by pressure bonding at 1600 F for 3 or 4 hr subsequent to pressure 
bonding at 1900 F for 1 to 2 hr at a pressure of 10,000 psi. Partial bonding was 
achieved between niobium and zirconium hydride and molybdenum and zirconium 
hydride. 

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

The init ial r e fe rence design for the GCRE imposed re la t ive ly severe l imi ta t ions 
on the core size and fuel loading. A survey of suitable m o d e r a t o r m a t e r i a l s was con­
ducted and meta l l ic hydr ides were found mos t appl icable . The de l ta -phase z i rconium 
hydride was chosen as the re fe rence hydr ide . 

The z i rconium hydride had to be clad with a m a t e r i a l that p o s s e s s e s high-
t e m p e r a t u r e p r o p e r t i e s to s t ruc tu ra l ly r e -en fo rce the hydride and to p ro tec t it fromi 
at tack by the r e a c t o r coolant. In addition, a me ta l lu rg i ca l bond or a bond nea r ly 
equivalent in h e a t - t r a n s f e r c h a r a c t e r i s t i c s had to be formed between the cladding and 
hydride to prevent excess ive t e m p e r a t u r e s from occur r ing in the hydr ide , which would 
r e su l t in hydrogen dissocia t ion . The bond a lso had to p o s s e s s r e s i s t ance to t he rma l 
cycling, as extensive t h e r m a l cycling of the m a t e r i a l was ant ic ipated. 

An invest igat ion was d i rec ted toward the cladding of de l ta -phase z i rconium 
hydride to give a finished m o d e r a t o r e lement which would be capable of withstanding the 
proposed GCRE operat ing condit ions. The p r o g r a m included the cladding of both solid 
and powdered z i rconium hydride in both rod and flat shapes . The invest igat ions in ­
cluded me ta l lu rg ica l bonding, both with and without the use of mLctallic b a r r i e r 
m a t e r i a l s . 

Types 304 and 347 s ta in less s teel were used for cladding d i r ec t or with b a r r i e r 
l aye r s of molybdenuna, niobium, a combination of copper and niobium, and a combina­
tion of copper and molybdenum. 
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The technique of p r e s s u r e bonding, which is m o r e adaptable to the cladding of 
br i t t le m a t e r i a l s than conventional methods , was ut i l ized in the cladding of the z i r c o ­
nium hydride s. 

EXPERIMENTAL TEST PROCEDURES 

P r e s s u r e - B o n d i n g P r o c e s s and Equipment 

The p re s su re -bond ing p r o c e s s employed in this cladding study makes use of a 
gas p r e s s u r e at elevated t e m p e r a t u r e s to br ing about int imate contact of the cladding 
and core to achieve a bond between the two. 

This technique was ut i l ized because of ce r t a in unique advantages it has for the 
cladding of br i t t le m a t e r i a l s over conventional bonding p r o c e s s e s . There is no signifi­
cant reduct ion or deformation of the components and the p r e s s u r e is uniform over the 
en t i re specimen. 

In genera l , the p re s su re -bond ing p r o c e s s involves the fabricat ion of the cladding 
and core components to approximate ly final s ize . These components a re cleaned and 
as sembled into a can which is evacuated and sealed. The canned a s sembly is then 
loaded into an autoclave where hel ium gas p r e s s u r e at e levated t e m p e r a t u r e s is applied 
for a ce r ta in length of t ime . At the end of this t ime , the canned bonded e lement is 
taken from the autoclave. The a s sembly technique used in p repa r ing rod- type e lements 
for p r e s s u r e bonding is shown in F i g u r e s 1 and 2, 

A h i g h - p r e s s u r e autoclave acqui red from the Autoclave Engineer ing Company and 
modified by Battel le pe r sonne l was used in conducting this study. The autoclave body, 
machined f rom a Type 410 s ta in less s teel forging, is 6 1 - 3 / 4 in. long with a 9-in. ID 
and a 13. 650-in. OD. The body is open on both ends and a tight sea l is mainta ined 
against leakage of helium gas by employing top and bottom heads which uti l ize a 
modified Br idgeman seal . The unit is designed to opera te at a p r e s s u r e of 10,000 ps i 
with a wall t e m p e r a t u r e of 700 F . F igure 3 shows a sect ional view of the autoclave unit. 

A r e s i s t a n c e in te rna l hea te r is incorpora ted in the cen te r of the autoclave. 
F ibe r f r ax fiber insulat ion packed around the hea te r p reven t s rapid heating of the au to­
clave wall . Two thermocouples a r e employed to control the t empe ra tu r e inside the 
autoclave, one placed next to the windings of the furnace, and the other next to the 
specimen. T e m p e r a t u r e s of 1925 F at 10,000 ps i have been at tained with the outside 
wall of the autoclave not exceeding 250 F . This t e m p e r a t u r e is well within the design 
wall t e m p e r a t u r e of 700 F . 

The h i g h - p r e s s u r e autoclave unit is shown in F igure 4. 
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FIGURE 1. ASSEMBLY TECHNIQUE FOR THE ROD-TYPE SPECIMENS 
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FIGURE 2. SECTIONAL VIEW OF A ROD SPECIMEN 
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FIGURE 3. SECTIONAL VIEW OF THE HIGH-PRESSURE AUTOCLAVE 
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FIGURE 4. THE HIGH-PRESSURE AUTOCLAVE UNIT 
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Mate r i a l s 

The solid de l ta -phase zi rconium hydride specimens were p r epa red at Battel le 
using r e a c t o r - g r a d e z i rconium bar stock that was machined to s ize . The method for 
p repar ing this m a t e r i a l is desc r ibed in BMI-1243. The composit ion of the z i rconium 
hydride spec imens employed in this study var ied from ZrH|_ 5 ^Q j ^ g ^-^H = 5 . 5 - 7 . 0 ) . 

The z i rconium hydride power , used to produce c o r e s , was obtained f rom Metal 
Hydr ides , Incorpora ted . The composit ion is p re sen ted below: 

Analys is , w/o 
Al Ca CI Hi Fe Mg N2 Si Z r Ti 

0.277 0.01 0 .003 2.08 0.015 0.05 0,30 0 .032 96 .5 0.075 

This z i rconium hydride powder was also decomposed under control led conditions at 
Battel le to produce ZrHi_ 4 to 1.6 powder f rom which c o r e s were also p r e p a r e d . 

Type 347 and Type 304 s ta in less s tee ls were se lected as the potential cladding 
m a t e r i a l s on the bas i s of their co r ros ion r e s i s t a n c e to the n i t rogen-p lus -wa te r vapor 
coolant. 

The 0. 005-in. - thick niobium and molybdenum sheet for use as b a r r i e r - l a y e r 
m a t e r i a l s were both obtained from the F a n s t e e l Meta l lurg ica l Corpora t ion . 

The phosphorized copper used as an in te rmedia te b a r r i e r - l a y e r m a t e r i a l was 
obtained from the Amer i can B r a s s Company. This m a t e r i a l was cold rol led from a 
0. 647-in. - thick sheet to a th ickness of 0. 005 in. 

P r e p a r a t i o n of Specimens for P r e s s u r e Bonding 

It was de te rmined in the ea r ly phase of this cladding study that in o rde r to obtain 
sa t i s fac tory r e su l t s during p r e s s u r e bonding, ca re had to be observed in the p r e p a r a ­
tion and fabricat ion of the specimens to obtain adequate dimensional control between 
the components . 

During the p repa ra t ion of solid z i rconium hydride uneven growth of the specimen 
occur red , and it was difficult to p r ede t e rmine actual size of the hydrided specimen or 
have any dimensional control over the finished spec imens . A technique was developed 
for l imi ted machining of the solid de l ta -phase z i rconium hydride spec imens , and, as a 
r e su l t , it was possible to m o r e c losely control the co re - to -c ladd ing t o l e r a n c e s . All 
rod spec imens were machined on the d iamete r and both ends . The f la t -plate specimiens 
used in this cladding study were all produced with the c o r e s r e s t r a i n e d inside of a 
s ta in less s tee l f r a m e . These r e s t r a i n e d z i rconium hydr ides were machined on the top 
and bottom to var ious th icknesses to obtain flat su r f aces . 

In the ea r ly s tages of this study, al l emphas i s was on solid hydride spec imens 
and these were used exclusively. La t e r , excel lent succes s was encountered with 
hydride specimens produced by powder -meta l lu rgy techniques and p r e s sed -powder 
c o r e s were ut i l ized. 
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Powdered z i rconium hydride c o r e s were fabr ica ted by cold p re s s ing minus 
325-mesh ZrH^ and ZrH|^ 4 to 1,6 powder at 60 t s i . Rod specimens p r e p a r e d in this 
manner were 1/2 in. in d iamete r by 1/2 in. in length. F la t -p la te specimens 1 by 1 by 
0. 250 in. were also produced by this technique. These specimens were general ly a 
few thousandths of an inch overs ize and were hand ground to size using 600-gr i t pape r . 

The main effort in the p repa ra t ion of powder -meta l lu rgy z i rconium hydride co res 
was to improve the green densi ty . The effects of va r ious die lubr ican ts were inves t i ­
gated. Lubr ican ts which were evaluated included Ce remu l " C " , paraffin in e ther , 
paraffin in benzene, camphor in e the r , s t ea r i c acid, m i n e r a l oil , zinc s t ea ra t e , oleic 
acid, benzoic acid, MoSi2, m i c a , Oildag, vernaiculi te , Dag 217, and camphor in 
alcohol. The mos t effective of these m a t e r i a l s was Ce remu l " C " , Densi t ies of 4 ,6 to 
4. 7 g per cm.-̂  were obtained at 60 ts i using this lubr icant . 

Fabr i ca t ion of Cans for P r e s s u r e Bondin I 

The f la t -plate spec imens requ i red an outer protect ive p r e s s u r e - t i g h t can to 
envelope the components for p r e s s u r e bonding. Different s tyles of cans were designed 
to suit des i r ed condit ions. The swast ika design, an example of which is shown in 
F igure 5, appeared to give the bes t r e s u l t s for this application. Type 304 s ta in less 
s tee l sheet m a t e r i a l approximate ly 0 .018 in. thick for the s ides and 0,080 in. thick for 
the end plugs was used for these cans . 

RMS 121 

FIGURE 5. SWASTIKA PACK AFTER PRESSURE BONDING 

Cans were fabr ica ted by shear ing the side p la tes and end plugs to s ize , dri l l ing 
one end plug to accept the evacuation tube, and forming a 90-deg flange 3/16 in. wide 
on the side p la tes , as shown in F igure 5. All pa r t s were degreased , a ssembled , and 
clamped to a naachined form block p r e p a r a t o r y to welding. After Hel ia rc welding the 
side p la tes , the evacuation tube, and one end plug into p lace , the form block was r e ­
moved and the specimen was p r e a s s e m b l e d into the can to a s s u r e p rope r fit. The 
specimen was then removed and the can and end plug were rec leaned p r e p a r a t o r y for 
final a s sembly . 
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Cleaning Technic^ues 

The p re s su re -bond ing p r o c e s s r e q u i r e s careful surface p repa ra t ion to effect 
bonding. The min imum amiount of surface deformation produced by p r e s s u r e bonding 
is insufficient to b reak up any surface f i lms p r e s e n t on the comiponents; the re fore , 
clean surfaces a r e n e c e s s a r y to min imize these f i lms . 

After machining and jus t before assembl ing , the s ta in less s tee l components , 
including the a s sembled tubes and cans , were scrubbed with s teel wool in acetone and 
placed in a hot t r ichlore thylene bath for degreas ing . After degreas ing , the s ta in less 
s tee l components were washed in cold Alconox solution, r i n sed in cold running wate r , 
and subjected to a s e r i e s of washings and r i n s e s as follows: 180 F Alconox solution 
wash, co ld- running-water r i n s e , 180 F water r i n s e , co ld- running-water r i n s e , and a 
ZOO F water r in se followed by drying with forced f i l tered a i r . 

The solid z i rconium hydride was cleaned after machining in a solution consis t ing 
of 10 p a r t s hydrofluoric acid and 90 p a r t s wa te r . The core was then r in sed in cold 
running water and subjected to the same s e r i e s of w a s h - a n d - r i n s e cycles as the 
s ta in less s tee l . 

The powdered z i rconium hydride was polished with 600A-gri t si l icon carbide 
paper and wiped dry with clean paper to-wels. 

The molybdenum b a r r i e r l a y e r s were taken from clean a s - r o l l e d sheet stock, 
deg reased with acetone, pickled in a solution consis t ing of 10 p a r t s hydrofluoric acid 
and 90 p a r t s wa te r , r insed in cold running water , and subjected to the same s e r i e s of 
wash-and- r inse cycles as used for the s t a in less s t ee l . 

The niobium b a r r i e r l a y e r s were taken f rom clean a s - r o l l e d sheet and subjected 
to the same cleaning cycle as the s t a in less s tee l . 

The copper b a r r i e r - l a y e r miaterial was p r e p a r e d f rom a s - r o l l e d phosphorus -
deoxidized copper sheet . The copper was pickled in a solution of 10 p a r t s of sulfuric 
acid and 90 p a r t s water , r i n sed in cold water , and subjected to the same wash cyc le as 
the niobium and s ta in less s teel . 

During the cleaning p r o c e s s , all components were handled with clean rubber 
gloves during washing and with clean white cloth gloves during the drying and a s s e m ­
bling opera t ions . This was done to p reven t r e contamination of the cleaned su r faces . 
After cleaning, the components were immedia te ly a s sembled . 

Assembly and Evacuat ion of Compacts for P r e s s u r e Bonding 

Immediate ly after cleaning, the components were careful ly a s sembled into tubes 
or cans , depending upon the type of spec imen. The canned a s s e m b l i e s were d i rec t ly 
placed into a con t ro l l ed -a tmosphere weld tank for welding of the end p lugs . Two 
welding p a s s e s using s ta in less s tee l f i l ler rod were made on the end plugs of both the 
tubes and cans . 
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The welded compacts were unloaded from the welding tank and tes ted for l eaks . 
A h i g h - p r e s s u r e hose was c lamped to the evacuation tube of each compact and 50 to 
75 psi of helium p r e s s u r e •was applied to the inside of each compact . The compacts 
were then immei"sed into hot water and obse rved for possible l eaks . This method was 
found to be m o r e re l iab le than the use of a m a s s spec t rograph with hel ium at a t m o s ­
pher ic p r e s s u r e . 

If no leaks were observed , the compacts were immedia te ly evacuated for at leas t 
24 hr to a p r e s s u r e of 5 x 10"-^ m m of m e r c u r y or l e s s . The evacuated compacts were 
then sealed and placed into the furnace inside the h i g h - p r e s s u r e autoclave for p r e s s u r e 
bonding. 

CLADDING AND BOND EVALUATION 

Evaluat ion P r o c e d u r e s for Clad Specimens 

A port ion of the spec imens clad in this study were evaluated immedia te ly after 
p r e s s u r e bonding. The r e m a i n d e r were t h e r m a l cycled between 700 and 1500 F at 
var ious t e m p e r a t u r e and t ime differentials before being evaluated. The clad specimens 
were evaluated on the bas i s of ineta l lographic examinat ion, mechan ica l peel t e s t s , and 
hydrogen- re ten t ion s tud ies . 

The meta l lographic inspect ions for bond uniformity and continuity were made on 
both the t r a n s v e r s e and longitudinal sect ions of the clad spec imens . 

A mechanica l pee l t es t to evaluate the bonds between components was conducted 
as outlined below: 

(1) The rod spec imens were cut in half t r a n s v e r s e l y . The evacuation-tube 
end was then cut in half longitudinally and one of these q u a r t e r s was 
used in the peel t es t . The f la t -plate specimens were cut in half 
t r a n s v e r s e l y and a 1/4-in. section cut from the evacuation-tube end. 
The cladding on one side of the 1/4-in. sect ion was then cut through to 
allow for peel ing. 

(2) The tes t sect ions were placed and held one at a t ime in a v i s e . P l i e r s 
were used in an a t tempt to peel one component from another . 

(3) The a s sumed degree of bond was de te rmined by how the cladding or 
b a r r i e r l a y e r s peeled f rom the core or from one another . The four 
deg rees of bonding a r e l i s ted below: 

(a) No bonding if one component pa r t ed or fell apa r t f rom another 
with l i t t le or no p r e s s u r e being applied with the p l i e r s . 

(b) F a i r bonding if there was a tear ing of one component from the 
other , but this separa t ion took place ahead of the p l i e r s . 
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(c) Good bonding if there was a tear ing where the p l i e r s were being 
applied and pa r t i c l e s were torn from one or the other components , 

(d) Excellent bonding if the two components could not be separa ted or 
t h e r e was a tear ing away of l a rge chunks from one or the other 
components . 

The hydrogen content of the z i rconium hydride spec imen after p r e s s u r e bonding 
was de termined by vacuum-fusion ana lys i s . 

P r e l i m i n a r y Bonding Studies 

In the ini t ial port ion of the cladding study, c u r s o r y sc reen ing t e s t s were con­
ducted for the purpose of guiding the development phase of the p r o g r a m . Three s e r i e s 
of spec imens were bonded utilizing varying conditions of t ime and p r e s s u r e to achieve 
bonding. In each s e r i e s of spec imens , b a r r i e r l aye r s consis t ing of molybdenum, 
niobium, and composi te l aye r s of molybdenum and niobium with copper were inves t i ­
gated. Included also for compar i son was a low-hydr ide spec imen of approximate ly 
ZrHg 35 and a z i rconium spec imen. 

Each s e r i e s of specimens consioted of 14 rod specimens 0. 250 in. in d iamete r by 
0. 750 in. in length. The spec imens were closely fit into Type 304 s ta in less s teel tubes 
as shown in F igure 1. The ini t ial set was bonded for 4 - 1 / 2 hr at 1700 F with a hel ium 
gas p r e s s u r e of 10, 000 p s i . Examinat ion of these spec imens indicated that it was 
des i r ab le to p r e s s u r e bond at higher t e m p e r a t u r e s in o r d e r to improve the s t rength of 
the s t a i n l e s s - t o - s t a i n l e s s bond. The next se t was bonded in a two-s tep operat ion: 
4 hr at 1650 F followed by 2 hr at 1800 F with a p r e s s u r e of 10, 000 ps i . The third se t 
was a lso bonded with a two-s tep t r ea tmen t : 2 hr at 1800 F followed by 2 -1 /2 hr at 
1900 F at 10, 000 p s i . The two-s tep t r ea tmen t was used in an effort to prevent ex ­
cess ive dissociat ion of the hydr ide . In these se ts of spec imens , in t imate contact and 
a pa r t i a l bond was es tabl ished between the components at the lower temiperature . The 
spec imens were then cooled to room t e m p e r a t u r e and t r ea ted at the higher t e m p e r a t u r e 
to improve the s t a i n l e s s - t o - s t a i n l e s s bond s t reng th . 

The p r e s su re -bonded spec imens were evaluated by use of meta l lography, peel 
t e s t s , and hydrogen-re ten t ion s tud ies . This evaluation was m a d e on the spec imens 
both before and after t he rma l cycling. Screening of the specimens after p r e s s u r e 
bonding was accomplished by a combined evaluation using meta l lography and bond-
s t rength t es t s to de te rmine the degree and quality of bonding. 

No not iceable dimensional changes were observed in the d i ame te r of the spec i ­
mens p r e s s u r e bonded at 1700 F for 4 - 1 / 2 h r . The peel t e s t showed that a fair bond 
was achieved between s ta in less to s t a in l e s s , but the bond was weak in compar i son to a 
ro l l -c lad bond obtained above 1850 F , This bond was improved in the spec imens p r e s ­
sure bonded in the two-s tep t r e a t m e n t at 1650 and 1800 F . The bond was comparable 
to that obtained in rol l bonding in the s e r i e s of spec imens bonded in a two-s tep 
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operat ion at 1800 and 1900 F . This is i l lus t ra ted in a t r a n s v e r s e section of a specimen 
m Figure 6 which is typical of the s t a i n l e s s - t o - s t a i n l e s s bonds achieved in this se t of 
spec imens . 

Type 304 
s ta in less s tee l 

- / • 

/ 

Original 
interface 

A 

250X RM8307 
Type 304 

s ta in less s teel 

FIGURE 6. TYPICAL TRANSVERSE SECTION OF THE 
STAINLESS-TO-STAINLESS BOND 

Specimen 1900-8, p r e s s u r e bonded at 
10, 000 ps i for 2 hr at 1800 F , allowed to 
cool to room t e m p e r a t u r e , and run for 
Z-1/2 hr at 1900 F . 

The r e s u l t s of bonding and evaluation of the p r e l im ina ry t e s t specimens a r e 
d iscussed below. 

General Evaluation of Specimens P r e s s u r e 
Bonded 4 - 1 / 2 Hr at 1700 F at 10,000 ps i 

Examinat ion of the s t a i n l e s s - t o - s t a i n l e s s bonds revealed an inti inate contact be­
tween tiie two and a vis ible bond l ine . The peel t e s t showed that a fair bond was 
achieved, but the bond was not as s t rong as that obtained by rol l cladding at 1850 to 
Z200 F . 

It was noted that where the copper b a r r i e r layer came in contact with the z i r c o ­
nium hydr ide , a bond was achieved which had a l a rge diffusion zone. After t he rma l 
cycling, the diffusion-zone growth was observed to be ex tens ive . 

. h 
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Al l c o m p o n e n t s w e r e m e a s u r e d w i t h a m i c r o m e t e r , and the r e a d i n g s r e c o r d e d 
b e f o r e p r e s s u r e b o n d i n g . Af t e r b e i n g c l a d , t he m e a s u r e m e n t s w e r e c h e c k e d w i t h b o t h 
a m i c r o m e t e r and an o p t i c a l c o m p a r a t o r and the r e a d i n g s r e c o r d e d . No n o t i c e a b l e 
d i m e n s i o n a l c h a n g e s w e r e o b s e r v e d in t he d i amie t e r of t he c o r e , o r t he t h i c k n e s s of the 
c l a d d i n g o r b a r r i e r - l a y e r m a t e r i a l s , e x c e p t w h e r e t he b a r r i e r - l a y e r s h e e t m a t e r i a l s 
b e v e l e d out a t the e d g e s o r d e f e c t i v e c o r e s w e r e u s e d . 

G e n e r a l E v a l u a t i o n of S p e c i m e n s P r e s s u r e 
Bonded a t 10, OOP p s i a t 1650 for 4 Hr" and"~ 
R e r u n fo r 2 H r a t 1800 F 

E x a m i n a t i o n of t he s t a i n l e s s - t o - s t a i n l e s s bond r e v e a l e d a s l i g h t a m o u n t of 
g r o w t h a c r o s s the o r i g i n a l i n t e r f a c e , w h i c h w a s s t i l l v i s i b l e . Th i s bond a p p e a r e d 
b e t t e r w h e n p e e l t e s t e d t h a n the bond o b t a i n e d a t 1700 F fo r 4 h r , b u t w e a k e r t h a n a 
bond b e t w e e n s t a i n l e s s and s t a i n l e s s a c h i e v e d b y r o l l c l a d d i n g a t 1850 to 2200 F , 

No n o t i c e a b l e d i m e n s i o n a l c h a n g e s w e r e o b s e r v e d in the s e r i e s of s p e c i m e n s 
d u r i n g b o n d i n g in the d i a m e t e r of t h e c o r e , o r the t h i c k n e s s of t h e c l a d d i n g o r b a r r i e r -
l a y e r m a t e r i a l s , e x c e p t w h e r e t h e b a r r i e r - l a y e r s h e e t m a t e r i a l s b e v e l e d out a t t he 
e d g e s o r if d e f e c t i v e c o r e s w e r e u s e d . 

G e n e r a l E v a l u a t i o n of S p e c i m e n s P r e s s u r e 
Bonded 2 H r a t 1800 F and R e r u n Z - l / Z H r 
a t 1900 F a t 1 0 , 0 0 0 p s i ~~ ~~" 

E x a m i n a t i o n of t he s t a i n l e s s - t o - s t a i n l e s s bonds r e v e a l e d t h e m to be good w h e n 
p e e l t e s t e d and g r a i n g r o w t h a c r o s s the o r i g i n a l i n t e r f a c e w a s o b s e r v e d a t a l l p o i n t s 
e x a m i n e d . T h i s i s i l l u s t r a t e d in a t r a n s v e r s e s e c t i o n of a s p e c i m e n in F i g u r e 6, w h i c h 
is t y p i c a l of the s t a i n l e s s - t o - s t a i n l e s s b o n d s a c h i e v e d in t he t h i r d s e t . 

A s in the f i r s t and s e c o n d s e t s , a l l c o m p o n e n t s w e r e m e a s u r e d c a r e f u l l y b e f o r e 
and a f t e r b o n d i n g . A g a i n , no n o t i c e a b l e c h a n g e s w e r e o b s e r v e d in the d i a m e t e r of the 
c o r e , o r t he t h i c k n e s s of the c l a d d i n g o r b a r r i e r - t y p e m a t e r i a l s , e x c e p t w h e r e t h e 
b a r r i e r - l a y e r s h e e t m a t e r i a l s b e v e l e d out a t t h e e d g e s o r d e f e c t i v e c o r e s w e r e u s e d . 

E v a l u a t i o n of C o p p e r - M o l y b d e n u m B a r r i e r - L a y e r 
S p e c i m e n s 

S p e c i m e n s c o n s i s t i n g of a c o p p e r b a r r i e r l a y e r a d j a c e n t to t he s t a i n l e s s and a 
m o l y b d e n u m b a r r i e r l a y e r n e x t to t he h y d r i d e c o r e w e r e p r e s s u r e b o n d e d 4 - 1 / 2 h r a t 
17 00 F . No a p p a r e n t m e t a l l u r g i c a l bond w a s a c h i e v e d b e t w e e n the z i r c o n i u m h y d r i d e 
and the m o l y b d e n u m , and the m o l y b d e n u m did no t c o n f o r m to the s u r f a c e of t h e c o r e 
d u r i n g p r e s s u r e b o n d i n g . The p e e l t e s t r e v e a l e d a good c o p p e r - m o l y b d e n u m bond and 
a g o o d - t o - e x c e l l e n t c o p p e r - s t a i n l e s s b o n d . 
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The two-s tep bonding p r o c e s s of 4 hr at 1650 F and 2 h r at 1800 F failed to 
grea t ly improve the molybdenum-to-hydr ide bond; however , some improvemient was 
noted in bond s t reng th for the copper-molybdenum and coppe r - s t a in l e s s bonds . Speci­
mens p r e s s u r e bonded 2 h r at 1800 F and Z-1/2 h r at 1900 F exhibited a pa r t i a l bond 
between the molybdenum and the z i rconium hydr ide . Pee l t e s t s revealed this bond to 
be fa i r . The molybdenum made int imate contact with the z i rconium hydride co re , 
filling voids and machine m a r k s . The jjeel t e s t a l so revealed a good coppe r - s t a in l e s s 
bond, but a weak, b r i t t l e copper-molybdenum in ter face . Figure 7 shows a typical 
t r a n s v e r s e sect ion of a spec imen in the as-bonded condition. The bes t bonding for this 
sys tem was obtained with this two-s tep h igh - t empera tu re t r ea tmen t . 

Type 304 
s ta in less s tee l 

^ • * . - » * * 
1 ^ . 

, ^ ^ % 
-C-: 

^ « ^ ^ 

f^. # % 

lOOX 
" .# '̂  

RM7816 

Copper 

Molybdenum 

Zirconium hydride 

FIGURE 7. TYPICAL TRANSVERSE SECTION OF A COPPER-MOLYBDENUM 
BARRIER-LAYER SPECIMEN 

Specimen 1900-2, p r e s s u r e bonded at 10, 000 ps i for 2 hr at 1800 F , 
allowed to cool to room t e m p e r a t u r e , and r e run for 2 -1 /2 hr at 
1900 F . 

Evaluation of Copper-Niobium B a r r i e r - L a y e r 
Specimens 

Composite b a r r i e r - l a y e r spec imens , containing a double b a r r i e r of copper and 
niobium with the copper adjacent to the cladding were p r e s s u r e bonded at 1700 F for 
4 -1 /2 hr and produced a pa r t i a l bond between the zirconiuixi hydride and the niobium. 
The niobium filled voids and machine m a r k s on the z i rconium hydride co re ; however, 
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the bond appeared to be only fair when peel t e s ted . The bonds achieved between copper 
and niobium and copper and s ta in less were good to excel lent in the peel t e s t . 

Specimens with the copper-niobium b a r r i e r - l a y e r sys tem p r e s s u r e bonded at 
1650 F for 4 h r and 2 hr at 1800 F exhibited an improvement in the core - to -n iob ium 
bond; however , peel t e s t s of these spec imens indicated that they were only par t ia l ly 
bonded. The other bonds in the sys tem w e r e all good as evidenced by peel t e s t s and 
meta l lographic examinat ion. 

P r e s s u r e bonding by the two-s tep h igh - t empera tu re t r ea tmen t produced a 
significant improvement in the bonding between the co re and niobium laye r . The i m ­
provement is bes t i l lus t ra ted by a compar i son of this sys tem p r e s s u r e bonded at 
17 00 F for 4 -1 /2 hr in F igure 8 and a s imi l a r specimen p r e s s u r e bonded at 1800 F for 
2 hr and r e r u n at 1900 F for 2 -1 /2 hr in F igure 9, Even with the obvious improvement 
in bonding observed in Figure 9, the problem of copper coming into contact with the 
core through a pinhole or c rack in the niobium stil l p e r s i s t s in this s y s t e m . If a 
b a r r i e r - l a y e r defect ex i s t s , the interface fails rapidly as a r e su l t of diffusion between 
the copper and c o r e . 

Evaluation of M o l y b d e n u m - B a r r i e r - L a y e r 
Specimens 

The evaluation of the m o l y b d e n u m - b a r r i e r spec imen p r e s s u r e bonded for 4 -1 /2 
hr at 17 00 F indicated that no bonding was achieved between the z i rconium hydride and 
the ixkolybdenum. b a r r i e r l aye r . In addition, the molybdenum did not conform to the 
z i rconium hydride c o r e , A slight diffusion zone was visible along the bond between the 
s ta in less s tee l and the niolybdenum which proved to be only fair when peel t e s ted . 

Increased bonding t e m p e r a t u r e s and the two-s tep method of bonding improved al l 
of the bonds in this s y s t e m . Again the bes t r e su l t s were obtained with the two-s tep 
h igh - t empera tu re bonding opera t ion. The h igh - t empera tu re t r e a t m e n t is n e c e s s a r y to 
p roper ly deform the molybdenum b a r r i e r to produce int imate contact between the 
molybdenum and the core which is n e c e s s a r y to obtain good bonding act ion. 

F igure 10 r e p r e s e n t s a specimen p r e s s u r e bonded at 1650 F for 4 h r and r e run 
2 hr at 1800 F , both at 10, 000 p s i . The only difference between this specimen and a 
s imi l a r specimen bonded at the higher t e m p e r a t u r e s is that the re is l e s s good contact 
between the core and the b a r r i e r l a y e r . This lack of contact can be observed along the 
c o r e - t o - b a r r i e r layer interface in this f igure . In genera l , the molybdenum- to -co re 
bond was fair using the h igh - t empera tu re t r ea tmen t . 

Evaluation of N i o b i u m - B a r r i e r - L a y e r Specimens 

Examinat ion of the n i o b i u m - b a r r i e r - l a y e r specimens revealed that a pa r t i a l bond 
was achieved in 4 - 1 / 2 hr at 1700 F at 10, 000 ps i between the z i rconium hydride and the 
niobium, which conformed to the c o r e . When peel tes ted , the z i rconium hydr ide -
niobium bond appeared fair and the n iob ium-s ta in less bond appeared fair to good. 
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Type 304 
s t a i n l e s s s t e e l 

C o p p e r 

N i o b i u m 

. ' ^W '» *' Z i r c o n i t i m h y d r i d e 

R M 7 5 0 8 

F I G U R E 8. S P E C I M E N WITH A C O P P E R - N I O B I U M B A R R I E R L A Y E R 

Specimien 1 7 0 0 - 3 , p r e s s u r e b o n d e d a t 1 0 , 0 0 0 p s i for 
4 - 1 / 2 h r a t 1700 F . 

, J ^ ^ . 4. 

Type 304 
s t a i n l e s s s t e e l 

C o p p e r 

N i o b i u m 
•M>\ % » n J . ' ' « • ! ^ - ^ o . - . V > ?> -*, » . - , , , ^ . .e 

. » , ^ : 

^ - * - * -

lOOX ** R M 7 8 1 8 

Z i r c o n i u m h y d r i d e 

F I G U R E 9. S P E C I M E N WITH A C O P P E R - N I O B I U M B A R R I E R L A Y E R 

S p e c i m e n 1 9 0 0 - 3 , p r e s s u r e b o n d e d a t 1 0 , 0 0 0 p s i for 2 h r 
a t 1800 F , a l l o w e d to c o o l to r o o m t e m p e r a t u r e , and 
r e r u n fo r 2 -1 / 2 h r a t 1900 F . 
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Type 304 s ta in less s teel 

"m ^^ 

"r^r^^*-^^ 

'?-"i?;f 

^ •-''^.t-x' .*- *"" Molybdenum 

conium hydride 

>50X 

FIGURE 10. SPECIMEN WITH A MOLYBDENUM BARRIER LAYER 

Specimen 1800-5, p r e s s u r e bonded at 10, 000 ps i for 
4 hr at 1650 F , allowed to cool to roomi t e m p e r a t u r e , 
and r e r u n for 2 hr at 1800 F at 10,000 ps i . 

CONFIDENTIAL (\J^ 

SteeleB
Pencil

SteeleB
Pencil



C O N F I D E N T I A L 

22 

The s p e c i m e n p r e p a r e d b y bond ing a t 1650 F fo r 4 h r and r e r u n a t 1800 F for 
2 h r p r o d u c e d s i g n i f i c a n t i m p r o v e m e n t in the s t r e n g t h of t he n i o b i u m - t o - s t a i n l e s s bond 
and the c o r e - t o - n i o b i u m b o n d . No s i g n i f i c a n t i m p r o v e m e n t w a s o b t a i n e d w i t h the t w o -
s t e p h i g h - t e m p e r a t u r e (1800 and 1900 F) p r e s s u r e - b o n d i n g t r e a t m e n t . F i g u r e 1 1 , 
w h i c h s h o w s a s p e c i m e n p r e s s u r e b o n d e d a t 1650 and r e r u n a t 1800 F , i l l u s t r a t e s the 
b e s t b o n d i n g a c t i o n o b t a i n e d fo r t h i s s y s t e m . 

E v a l u a t i o n of Type 304 S t a i n l e s s S t e e l - C l a d 
S p e c i m e n s 

D i r e c t c l a d d i n g of z i r c o n i u m h y d r i d e w i t h s t a i n l e s s s t e e l a p p e a r e d to p r o d u c e 
good b o n d s fo r a l l t h r e e p r e s s u r e - b o n d i n g p r o c e d u r e s , a s e v i d e n c e d b y p e e l t e s t s . The 
s t a i n l e s s s t e e l w a s in i n t i m a t e c o n t a c t w i t h t he c o r e a t a l l p o i n t s e x a m i n e d and a good 
bond w a s o b t a i n e d b e t w e e n c o r e and c l a d d i n g . F i g u r e 12 s h o w s a t y p i c a l a r e a of a 
s p e c i m e n p r e p a r e d b y d i r e c t c l a d d i n g of z i r c o n i u m h y d r i d e w i t h s t a i n l e s s s t e e l . B a s e d 
on m e t a l l o g r a p h i c and b o n d - s t r e n g t h e x a m i n a t i o n s of a s - b o n d e d s p e c i m e n s , the d i r e c t 
c l add ing of z i r con iumi h y d r i d e w i t h s t a i n l e s s s t e e l p r o d u c e d the b e s t r e s u l t s . It m u s t 
be k e p t in m i n d t h a t t h e s e r e s u l t s a r e for d e l t a - p h a s e h y d r i d e and do n o t n e c e s s a r i l y 
app ly fo r o t h e r h y d r i d e s , a s w i l l b e d i s c u s s e d l a t e r . 

E v a l u a t i o n of Type 304 S t a i n l e s s S t e e l - C l a d 
D e f e c t i v e - C o r e S p e c i m e n s i 

C r a c k e d z i r c o n i u m h y d r i d e c o r e s w e r e p u r p o s e l y u s e d in t h i s s e r i e s of s p e c i m e n s 
to e x p l o r e t he p o s s i b i l i t y of c l a d d i n g and u t i l i z i n g s u c h c o r e s w i t h t he p r e s s u r e - b o n d i n g 
c o n d i t i o n s u s e d to bond t h i s s e r i e s . 

E x a m i n a t i o n of t he a s - b o n d e d s p e c i m e n showed a s t a i n l e s s s t e e l - t o - z i r c o n i u m 
h y d r i d e bond c o m p a r a b l e w i t h t h a t of a soimd s p e c i m e n . A t y p i c a l s e c t i o n of the s p e c i ­
m e n i s shown in F i g u r e s 13 and 14, The s t a i n l e s s s t e e l f i l l ed v o i d s 0 . 0 0 5 to 0 . 0 1 5 i n . 
d e e p ; h o w e v e r , m i c r o s c o p i c e x a m i n a t i o n r e v e a l e d a s l i g h t c r u s h i n g of the e d g e s of 
t h e s e v o i d s . The s t a i n l e s s s t e e l r u p t u r e d d u r i n g f i l l ing of v o i d s in e x c e s s of 0 , 0 1 5 i n , 
d e e p d u r i n g p r e s s u r e b o n d i n g . E x c e p t fo r t h i n n i n g of t he c l a d d i n g and c r u s h i n g of t he 
c o r e a long the d e f e c t , t h e s e s p e c i m e n s y i e l d e d the s a m e r e s u l t s d u r i n g p r e s s u r e b o n d ­
ing a s w e r e o b t a i n e d w i t h d i r e c t c l a d d i n g of sound s p e c i m e n s . 

E v a l u a t i o n of Type 304 S t a i n l e s s S t e e l - C l a d • 
Z r H g 85 S p e c i m e n 

A l o w - h y d r i d e c o r e , a p p r o x i m a t e l y Z r H o 8 6 J w a s p r e s s u r e b o n d e d for a c o m ­
p a r i s o n s t udy w i t h t he d e l t a - p h a s e h y d r i d e . A t r a n s v e r s e s e c t i o n of t he s p e c i m e n i s 
shown in F i g u r e 15 . T h e s p e c i m e n a p p e a r e d to h a v e b o n d e d , w i t h a s l i g h t a m o u n t of 
d i f fus ion v i s i b l e , on ly to r u p t u r e d u r i n g c o o l i n g . The p e e l t e s t r e v e a l e d w e a k a r e a s 
and b r i t t l e b o n d s . Bond ing fo r 4 - 1 / 2 h r a t 1700 F p r o d u c e d t h e b e s t bond fo r t he t h r e e 
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 i n v e s t i g a t e d . H i g h e r b o n d i n g t e m p e r a t u r e s a p p e a r e d to 
i n c r e a s e t h e a m o u n t of t he b r i t t l e i n t e r f a c e m a t e r i a l . C o m p a r i s o n s b e t w e e n the d i r e c t 
c l a d d i n g of d e l t a - p h a s e and a l p h a - p h a s e h y d r i d e s h o w s t h a t a b r i t t l e i n t e r f a c e i s form.ed 
w h e n u s i n g a l p h a - p h a s e m a t e r i a l . 
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Type 304 s ta in less s teel 

Niobium 

s * " 

Zirconium hydride 
- * - ^ , « , * « < i * ^ / ' 

250X RM7666 

FIGURE 11. SPECIMEN WITH A NIOBIUM BARRIER LAYER 

Specimen 1800-7, p r e s s u r e bonded at 10,000 ps i 
for 4 hr at 1650 F , allowed to cool to room t e m ­
p e r a t u r e , and r e r u n for 2 hr at 1800 F at 10,000 ps i 

Type 304 s ta in less s tee l 

_,,.; "'3 z. rconium hydride 

RM7654 

FIGURE 12. TYPE 304 STAINLESS STEEL-CLAD SPECIMEN 

Specimen 1800-9, p r e s s u r e bonded at 10,000 ps i 
for 4 hr at 1650 F , allowed to cool to room t e m ­
p e r a t u r e , and r e r u n for 2 h r at 1800 F at 
10,000 ps i . 
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Type 304 s ta in less s teel 

,#*"*' 

Z 
Zirconium hydride 

/ 
SOX 

FIGURE 13. 

RM8161 

TYPE 304 STAINLESS STEEL-CLAD DEFECTIVE-CORE SPECIMEN 

Specimen 1900-12, p r e s s u r e bonded at 10,000 ps i for 2 hr at 1800 F , 
allowed to cool to room t e m p e r a t u r e , r e r u n for 2-1 /2 hr at 1900 F , 
and t h e r m a l cycled 126 t imes between 750 and 1500 F at var ious t e m ­
p e r a t u r e different ials . This photomicrograph is a t r a n s v e r s e section 
showing the deform.ation of the s ta in less cladding into a c rack in the 
zirconiuin hydride c o r e . 

^ i 
t-^ZT Type 304 s ta in less s teel 

..-"V 
- i:;j:? 

, . , ' • • 

4 " ' 

250X 

i \ 

.»%x. 

f /f \ "» «̂  

Zirconium hydride 

RM7657 

FIGURE 14. TYPE 304 STAINLESS STEEL-CLAD DEFECTIVE-CORE SPECIMEN 

Specimen 1 8 0 0 - U , p r e s s u r e bonded at 10,000 ps i for 4 hr at 1650 F , 
allowed to cool to room t e m p e r a t u r e , and r e r u n for 2 hr at 1800 F at 
10,000 ps i . 
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Type 304 s ta in less s tee l 

' 1 . . 

conium hydride 

250X RM7521 

FIGURE 15. TYPE 304 STAINLESS STEEL-CLAD ZrHQ. 86 SPECIMEN 

Specimen 1700-13, p r e s s u r e bonded at 10,000 ps i for 
4 - 1 / 2 h r at 1700 F . 
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Evaluation of Type 304 Stainless Stee l -Clad 
Zirconium Specimen 

In addition to the low-hydr ide core^ a z i rconium core was used for a fur ther com­
par i son study of bonding of the hydr ides as compared to cladding of z i rconium with 
s ta in less s t ee l . F r o m the f i r s t observa t ion , i t was apparent that the de l ta -phase 
z i rconium hydride did not appear to alloy with the s ta in less s tee l in the same manner 
as z i rcon ium. In addition, diffusion between the z i rconium and the s ta in less s teel was 
extensive and the bond ruptured and separa ted while cooling from the p ressu re -bond ing 
t e m p e r a t u r e . In the low-hydride c o r e , diffusion and alloying were s imi l a r to the 
z i rconium but occu r r ed to a l e s s e r deg ree . A section of a s ta in less s tee l -c lad z i r c o ­
nium specimen is shown in F igure 16. 

Type 304 
s ta in less s tee l 

' ^-v! Zirconium 

250X RM7523 

FIGURE 16, TYPE 304 STAINLESS STEEL-CLAD ZIRCONIUM SPECIMEN 

Specimen 1700-14, p r e s s u r e bonded at 10, 000 ps i for 
4 - 1 / 2 hr at 1700 F . 

Thermal -Cyc l ing Tes t s 

After the examination of the as-bonded specimens was completed, t h e r m a l -
cycling tes t s were run in an a t tempt to fur ther s c reen the bonded s y s t e m s . It becaxne 
apparent after each the rma l -cyc l ing t e s t that a m o r e s eve re the rma l -cyc l ing t e s t 
would be n e c e s s a r y to accompl i sh any significant sc reening of spec imens . The spec i ­
mens w e r e cycled over a t e m p e r a t u r e range from. 1000 to 1500 F with an average AT 
of 300 F . 
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Specimens containing molybdenum-copper b a r r i e r l aye r s exhibited no appreciable 
effects from the the rmal -cyc l ing t e s t s except for a r e a s in the interface where the 
copper came into contact with the z i rconium hydr ide . In these a r e a s the diffusion was 
m o r e extensive than in the as-bonded condition. 

The n iobium-copper interface responded to t he rma l cycling in the same manne r 
as the molybdenum-copper in te r face . The bes t r e su l t s based on t he rma l cycling were 
obtained on the specimen p r e s s u r e bonded at 1700 F for 4 -1 /2 hr at 10,000 p s i . 

No evidence of bond rupture or extensive diffusion was observed for the 
inolybdenum- and n i o b i u m - b a r r i e r - l a y e r spec imens after t h e r m a l cycling. 

No apparent difference, except for a slight i nc rease in the amount of diffusion, 
was observed on the specimens p repa red by d i rec t cladding of z i rconium hydride with 
s ta in less s t ee l . The specimen shown in F igure 17 was p r e s s u r e bonded at 1700 F for 
4 - 1 / 2 hr at 10,000 psi and the rmal cycled 70 t imes and does not show any significant 
i nc r ea se in diffusion in compar ison with the as-bonded specimen in Figure 12. This 
does not apply, however , for the specimen shown in F igure 18 of a specimen p r e s s u r e 
bonded at 1650 F for 4 hr and at 1800 F for 2 hr at 10,000 ps i and t h e r m a l cycled 98 
t i m e s . The difference in diffusion may be ei ther a function of bonding t e m p e r a t u r e s , 
amount of t he rma l cycling, or hydrogen dissocia t ion . 

Sufficient t ime was available in this invest igat ion to p e r m i t a full evaluation of 
the effects of t he rma l cycling on the bond in ter faces p r e p a r e d . The intent was to use 
this as a sc reen ing tool. Based on the investigation conducted, the d i r ec t cladding of 
z i rconium hydride was the only sys tem that appeared to be affected by the t h e r m a l -
cycling t e s t s . None of the z i rconium hydride c o r e s , except those which were defective, 
cracked during p r e s s u r e bonding or t he rma l cycling. 

Hydrogen-Retent ion Studies 

Analyses for hydrogen were obtained for the as-bonded spec imens and for those 
as bonded and t he rma l cycled. The r e su l t s for the p r e s s u re -bonded specimens a r e 
contained in Tables 1, Z, and 3. No significant loss of hydrogen was detected during 
the rma l cycling. It should also be pointed out that no cor re la t ion is poss ib le for the 
re tent ion of hydrogen between the var ious b a r r i e r m a t e r i a l s , as only the wall of the 
spec imens was clad with the b a r r i e r . 

It is evident from the hydrogen ana lyses that an apprec iable loss of hydrogen 
occurs during the h igh - t empera tu re p re s su re -bond ing opera t ions . Apparently only the 
1700 F t e m p e r a t u r e and 4 - 1 / 2 - h r t ime may be suitable for p r e s s u r e bonding. There 
a r e , however , s eve ra l techniques that can be used to obtain excel lent bonding without 
excess ive loss of hydrogen. P e r h a p s the mos t des i rab le is to bond with a he l ium-
hydrogen gas m i x t u r e . By use of a pa r t i a l p r e s s u r e of hydrogen it is poss ible to 
balance the dissocia t ion p r e s s u r e of the hydrogen. It should a lso be poss ib le to s t a r t 
bonding with a higher than des i red hydrogen content and by careful control of the 
p r o c e s s obtain the des i red hydrogen content. Another technique is to use the two-s tep 
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Type 304 s ta in less s teel 

.* ..^, 

, # i . , * • • • 

250X 

FIGURE 17. 

i:% 

, r-**t. : ^ * . ' • . 

RM7612 

Zi rconium hydride 

THERMAL-CYCLED TYPE 304 STAINLESS STEEL-CLAD SPECIMEN 

Specimen 1700-10, p r e s s u r e bonded at 10,000 psi for 4 - 1 / 2 hr at 
1700 F and t h e r m a l cycled 70 t imes between 770 and 1500 F at 
va r ious t e m p e r a t u r e different ials . 

i -

Type 304 s ta in less s teel 

^ * -

, «• 

'^<. 

i<? \'i^} j»l 1,-'*- ' - ' ^̂  " * Zi rconium hydride 

250X ' ' ' ' RM7670 
FIGURE 18. THERMAL-CYCLED TYPE 304 STAINLESS STEEL-CLAD DEFECTIVE-

CORE SPECIMEN 

Specimen 1800-12, p r e s s u r e bonded at 10,000 ps i for 4 hr at 1650 F , 
allowed to cool to room t e m p e r a t u r e , r e r u n for 2 hr at 1800 F at 
10,000 ps i , and t h e r m a l cycled 98 t imes between 680 and 1500 F at 
var ious t e m p e r a t u r e different ials . 
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TABLE 1. HYDROGEN-TO-ZIRCONIUM RATIO OF CORES FOR SPECIMENS 
PRESSURE BONDED AT 1700 F FOR 4 -1 /2 HR AT 10,000 PSI 

Specimen R e m a r k s 
Hydrogen- to-Zi rconium Ratio 

Before Bonding After Bonding 
1700-1 Cu-Mo b a r r i e r l ayer 

1700-3 Cu-Nb b a r r i e r l ayer 

1700-5 Mo b a r r i e r l ayer 

1700-7 Nb b a r r i e r l aye r 

1700-9 Type 304 s t a in l e s s -c l ad spec imen 

1700-11 Type 304 s t a in le s s -c l ad defect ive-
core specimen 

1700-13 Type 304 s t a in l e s s -c l ad ZrHQ. 86 
specimien 

1.66 

1.97 

1.74 

1.73 

1.76 

1.72 

0,850 

1.56 

1,64 

1.56 

1,58 

1.63 

1,65 

0,800 

TABLE 2. HYDROGEN-TO-ZIRCONIUM RATIO OF CORES PRESSURE BONDED 
AT 1650 F FOR 4 HR AT 1800 F FOR 2 HR AT 10, 000 PSI 

Specimen R e m a r k s 
Hydrogen- to -Zi rcon ium Ratio 

Before Bonding After Bonding 
1800-1 Cu-Mo b a r r i e r layer 

1800-3 Cu-Nb b a r r i e r l ayer 

1800-5 Mo b a r r i e r layer 

1800-8 Nb b a r r i e r l aye r 

1800-9 Type 304 s t a in l e s s -c l ad specimen 

1800-11 Type 304 s t a in l e s s -c l ad defect ive-
core specimen 

1800-13 Type 304 s t a in le s s -c l ad ZrHo.86 
spec imen 

1.84 

1.84 

1,83 

1,80 

1.81 

1.81 

0.860 

1.59 

1,45 

1,48 

1.34 

1.54 

1.45 

0.79 
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TABLE 3. HYDROGEN-TO-ZIRCONIUM RATIO OF CORES PRESSURE 
BONDED AT 1800 F FOR 2 HR AND AT 1900 F FOR 2-1 /2 HR 
AT 10,000 PSI 

Hydrogen- to-Zi rconium Ratio 
Specimen R e m a r k s Before Bonding After Bonding 

1900-2 Cu-Mo b a r r i e r layer 1.82 1.47 

1900-3 Cu-Nb b a r r i e r l aye r 1.82 1.01 

1900-7 Nb b a r r i e r l ayer 1.85 1.29 

1900-9 Type 304 s t a in l e s s -c l ad spec imen 1,63 1. 10 

1900-11 Type 304 s t a in l e s s - c l ad defect ive- 1,53 1.10 
core specimen 

1900-13 Type 304 s t a in l e s s - c l ad ZrHo. 858 0.858 0 ,82 
specimen 

• • • • ' ' " ' " ] 
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bonding p r o c e s s . A bond is obtained between the hydride and s ta in less at a t e m p e r a ­
tu re below 1700 F . The spec imens a r e then heated to a higher t e m p e r a t u r e for a shor t 
per iod of t i ine to improve the s t a i n l e s s - t o - s t a i n l e s s bond. This h igh - t empera tu re 
t r e a t m e n t can be c a r r i e d out rapidly so that only the cladding and bond interface r each 
the max imum t e m p e r a t u r e . Induction heating or a rapid dip into a sa l t bath might be 
used in this technique. 

Genera l Conclusion Fromi the P r e l i m i n a r y 
Bonding Studies 

The p r e l i m i n a r y bonding studies indicated that excel lent bonding can be obtained 
by use of the gas p re s su re -bond ing technique. The delta phase hydride does not appear 
to form br i t t l e in te rmeta l l i c compounds with s ta in less s t ee l . As the hydrogen content 
is dec reased to a level below ZrHi^o the bonds become b r i t t l e ; however, none of the 
hyd r ide - to - s t a in l e s s bonds was as b r i t t l e as the bond formed between zirconium and 
s ta in less s t ee l . 

The bes t bond was obtained when the de l ta -phase hydride was clad d i rec t ly with 
the s t a in l e s s . Since the proposed r e a c t o r design called for the use of ni t rogen gas with 
a pa r t i a l a tmosphere of hydrogen, the molybdenum and niobium b a r r i e r m a t e r i a l s were 
investigated p r i m a r i l y for bond improvement . In many other applicat ions the use of 
molybdenum, or niobium would be des i red as b a r r i e r s for the retent ion of hydrogen. 

T h e r m a l cycling did not appear to affect the bonds or produce fragmentat ion of 
the hydr ide . 

The loss of hydrogen during p r e s s u r e bonding was d i rec t ly re la ted to the te in-
p e r a t u r e and t ime of bonding. The r e su l t s a lso showed that it should be poss ible to 
obtain good ove r - a l l bonding by use of a two-s tep bonding operat ion with a re la t ive ly 
low loss of hydrogen. Severa l other techniques for bonding with l i t t le or no loss of 
hydrogen were previous ly d i scussed . 

DEVELOPMENT STUDIES FOR DIRECT CLADDING OF SOLID 
DELTA-PHASE ZIRCONIUM HYDRIDE WITH STAINLESS STEEL 

Fur the r invest igat ions into the d i rec t cladding of de l ta -phase z i rconium hydride 
with s ta in less s tee l appeared des i rab le on the bas i s of the conclusions drawn from the 
p r e l i m i n a r y r e su l t s obtained with the th ree se ts of rod tes t spec imens . 

It was planned to concentra te on techniques for bonding and the evaluation of bond 
c h a r a c t e r i s t i c s . There was an awarenes s of the hydrogen-re ten t ion problem and p r o ­
curement of n e c e s s a r y equipment for the use of a pa r t i a l hydrogen a tmosphere in the 
h i g h - p r e s s u r e autoclave was ini t iated. 
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Fla t -p la te and round spec imens were p repa red by p r e s s u r e bonding. The use of 
z i rconium hydride p r e p a r e d by cold p re s s ing of zirconiuin hydride powder was a lso in­
ves t iga ted . It was felt that the p r e s s e d - p o w d e r product could be produced m o r e readi ly 
and at a lower cost . The use of p r e s s e d - p o w d e r co res a lso el iminated the cracking 
problem encountered during the hydriding of re la t ively l a rge p ieces of de l ta -phase 
hydr ide . The two-s tep bonding operat ion was used in an effort to re ta in as much of the 
hydrogen as poss ib le during the bonding opera t ion . This was des i rab le because it has 
been c lea r ly demons t ra ted that the hyd r ide - s t a in l e s s bond c h a r a c t e r i s t i c s a r e a function 
of the hydrogen content. 

The planned cladding development p r o g r a m was not completed. The work was 
te rmina ted as a r e su l t of a change in the design of the GCRE from a hydride to a 
w a t e r - m o d e r a t e d sys t em. A s u m m a r y of the development work p r i o r to terminat ion 
is p resen ted below. 

F l a t - P l a t e Specimens 

Solid z i rconium hydride co re s were p repa red for f lat-plate specimens by r e ­
s t ra ining the z i rconium hydride core in a s ta in less s tee l f r a m e . This type of specimen 
was employed init ially to fur ther invest igate d i rec t cladding techniques . Two spec i ­
mens p r epa red in the naanner descr ibed with init ial core composit ions of ZrH^^y and 
ZrHj yy were p r e s s u r e bonded in a two-s tep opera t ion . The operat ion included p r e s ­
sure bonding at 1600 F for 4 hr at 10, 000 ps i followed by an additional 1-hr t r ea tmen t 
at 1900 F at 10,000 p s i . 

One of the specimens was sectioned for meta l lographic and p e e l - t e s t s tud ies . 
Microscopic examination of the specimen revealed in t imate contact and good bonding 
between the s ta in less s tee l and the z i rconium hydride on al l su r f ace s . 

The peel t e s t s revealed good bonds between the s ta in less and s ta in less and the 
s ta in less and z i rconium hydr ide . 

Di rec t Cladding of Powder -Meta l lu rgy Zirconium Hydride 
With Stainless Steel 

The investigation of cladding green powdered z i rconium hydride compacts was 
being conducted s imultaneously with the cladding studies on solid z i rconium hydride 
c o r e s . 

The initial invest igat ions were conducted using powdered z i rconium hydride com­
pacts with an es t imated Z r H j ^ composi t ion. These cores were approximately 0. 506 
to 0, 511 in. in d i amete r and 0, 500 to 0. 535 in. in length. 

Two packs containing five powder -meta l lu rgy zirconium hydride cores were 
assembled into 0 . 5 1 8 - i n . - I D Type 304 s ta in less s teel tubes with 0, 5 1 7 - i n . - d i a m e t e r 
by 0. 250-in. - th ick space r s between each c o r e . The cores and cladding components 
were washed, a s sembled , evacuated, and sealed as previously desc r ibed . 
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The spec imens were p r e s s u r e bonded at 10̂ , 000 ps i for 4 hr at 1900 F , Figure 19 
shows one of the specimens after p r e s s u r e bonding. The d iameter of the co res was 
compres sed 0,050 to 0,070 in. Most of this shr inkage was due to loss in hydrogen, 
causing the specimen to dec rease in d iamete r as a r e su l t of the decreased density of 
the lower hydr ide . 

The other specimen was sectioned to evaluate the bond. Microscopic exaniination 
of the specimen revealed intimate contact and good bonding with no noticeable diffusion 
at the bond interface between the s ta in less s tee l and the z i rconium hydride powder . 
Figure 20 shows a typical section of the bond a r e a s . The peel t e s t revealed the 
powdered z i rconium hydr ide - to - s t a in l e s s bond to be good to excel lent . 

An a s - r e c e i v e d z i rconium hydride core and a section from an as-bonded core 
were subjected to hydrogen ana lys i s . The a s - r e c e i v e d zirconium hydride core had a 

ZZTHI 53 composit ion, while the bonded core had a Z r H i _ 3 i composi t ion. The resu l t s 
showed that a considerable amount of hydrogen was los t during p r e s s u r e bonding at 
1900 F for 4 hr by a one-s tep p ressu re -bond ing operat ion. 

After trying var ious methods of compar tmenta l iz ing the powdered c o r e s , such 
as the use of tmdereize space r s between the c o r e s , it was decided to a s semble one 
specinien with six cores without space r s between them. The cores and components 
were cleaned, a s sembled , evacuated, and sea led as before . The spec imen was p r e s ­
sure bonded in a two-s tep operat ion at 10,000 ps i for 3 hr at 1600 F followed by 1900 F 
for 1 h r . Figure 21 shows the p re s su re -bonded specimen before machining to final 
s ize . The d iameter of the cores was compressed approximately 0, 030 in. The spec i ­
men was machined to approximately 0,530 in. in d iameter and both ends were exposed 
for examination of the specimen. The xnachined specimen is i l lus t ra ted in Figure 22. 

Microscopic examination and peel t e s t s revealed a good bond between the 
powdered z i rconium hydride core and the s ta in less s tee l cladding and the s ta in less 
steel end s p a c e r s . 

A sample of the core taken from the specimen after p r e s s u r e bonding was sub­
mit ted for determinat ion of hydrogen by the diffusion-extraction method. The sample 
had a ZrHj^ 43 composi t ion. 

A second z i rconium hydride powder rod specimen was p repa red in the sanie 
manner except that this specinien contained five 1 - in . -d iamete r by 1-in.- long c o r e s . 
This specimen is shown in Figure 23 after being p r e s s u r e bonded and in Figure 24 after 
being machined to a d iameter of 1.010 in. One end of the specimen was exposed for 
examination of the c o r e . Simi lar hydrogen-re tent ion r e su l t s were obtained with this 
specimen. 
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I X RM7707 

FIGURE 19. POWDERED ZIRCONIUM HYDRIDE CORE COMPARTMENTALIZED 
AND CLAD WITH TYPE 304 STAINLESS STEEL 

Specimen 1900-1-3 . 

Type 304 s ta in less s teel 

Powdered z i rconium 
hydride 

250X RM7954 

FIGURE 20. POWDERED ZIRCONIUM HYDRIDE CORES CLAD WITH STAINLESS 
STEEL BY PRESSURE BONDING AT 10, 000 PSI FOR 4 HR AT 1900 F 

Specimen 1900-1-4. 
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IX RM7896 

FIGURE 21. POWDERED ZIRCONIUM HYDRIDE CLAD SPECIMEN 
PRESSURE BONDED AT 10, 000 PSI FOR 3 HR AT 
1600 F , FOLLOWED BY BONDING AT 1900 F FOR 
1 HR 

- » .1 , t 

% i *• ^ '•• . i l n 

La-j_j_J_j_t-xJ_i_j_-aJ-j__»_iJ 

IX RM8120 

FIGURE 22. MACHINED POWDERED ZIRCONIUM HYDRIDE CLAD SPECIMEN 

Specimen 1900-4-1 , an example of a powdered Z r H | _ ^ c o r e . 
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REDUCED 14% RM8103 

FIGURE 23. POWDERED ZIRCONIUM HYDRIDE CLAD SPECIMEN WITH FIVE 
1-IN. DIAMETER CORES 

P r e s s u r e bonded at 10,000 ps i for 3 hr at l600 F , followed by 
inc reas ing the t e m p e r a t u r e to 1900 F for 1 h r . 

P o w d e r e d Z i r con ium. H y d r i d e 
C o r e 

Clad P o w d e r e d Z i r c o n i u m 
H y d r i d e C o r e With One 
End E x p o s e d 

N41993 

FIGURE 24. POWDERED ZIRCONIUM HYDRIDE CORE AND A CLAD 
POWDERED ZIRCONIUM HYDRIDE SPECIMEN 
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SUMMARY AND CONCLUSIONS 

Del ta-phase z i rconium hydride can be clad with s ta in less s tee l by the use of a 
gas p re s su re -bond ing technique. The components to be bonded a r e fabricated to final 
s i ze , c leaned, and assembled into a s t a in less s teel can. The a s sembly is then evacu­
ated, sea led , and subjected to a helium gas p r e s s u r e of 10,000 ps i at t e m p e r a t u r e s 
from 1650 to 1900 F . 

The bes t bonds w e r e obtained by d i rec t cladding of the hydride with s ta in less 
s t ee l . The de l t a -phase hydride does not form the b r i t t l e in te rmeta l l i c interface that 
is formed between z i rconium and s t a i n l e s s . Since the proposed coolant was to embody 
a pa r t i a l p r e s s u r e of hydrogen, b a r r i e r m a t e r i a l s for the retent ion of hydrogen were 
not invest igated. The use of niobium and molybdenumt b a r r i e r s were invest igated, but 
only for the purpose of bond improvement . 

Hydride co res p r epa red by cold p r e s s i n g of hydride powder were a lso clad with 
s ta in less s tee l by the gas p re s su re -bond ing method. The bond between the green 
p r e s s e d hydride core and s ta in less s tee l was good with no apparent formation of a 
b r i t t l e in t e rme ta l l i c phase . 

An apprec iable amount of hydrogen was los t through dissociat ion of the hydr ide 
during p r e s s u r e bonding at t e m p e r a t u r e s above 1700 F . A two-s tep bonding operat ion 
consist ing of a l ow- t empera tu re t r ea tmen t at 1650 F followed by a sho r t e r h igh-
t e m p e r a t u r e t r e a t m e n t at 1800 or 1900 F dec reased the loss of hydrogen. For actual 
production cladding and control of hydrogen content, it is recommended to use a gas 
mix ture of hel ium-hydrogen for p r e s s u r e bonding. Equipment was being assembled 
for the use of a gas mixture i however , the p r o g r a m was te rmina ted before the t e s t s 
could be conducted. 
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