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RESEARCH DESIGNED TO EVALUATE Z r - 2 . 5Nb 
AND Z r - 2 . 5Nb-0. 5Cu ALLOYS FOR DELAYED 

FAILURE HYDRIDE SUSCEPTIBILITY 

ABSTRACT 

A p r o g r a m is in p r o g r e s s to de termine the extent to which 

Z r - 2 . 5Nb and Z r - 2 . 5Nb-0. 5Cu exhibit delayed failure under var ious con­

ditions of hydrogen content, heat t rea tment , ambient t empera tu re , and 

spec imen geometry . Specinnens a r e hydrogenated to 200 ppm or 500 ppm 

in a modified Siever t s appara tus , heat t r ea ted or cold reduced (150° C), and 

then evaluated in dynamic tens i le and delayed fai lure t e s t s . 

Data p resen ted on the t e r n a r y alloy show that the beta-

quenched and aged condition p romotes a high sensit ivity to static fatigue 

f r ac tu re . At room tenaperature , unnotched specimens containing 500 ppm 

hydrogen showed ord inary dynamic tens i le s t r e s s - s t r a i n p roper t i e s with 

v e r y good values of s t rength and elongation. However, at an applied s t r e s s 

of 95 per cent of the yield s t r e s s , s ta t ic f r a c tu r e - - i n the absence of m a c r o ­

scopic p las t ic de fo rma t ion - -occu r r ed after s eve ra l hundred hours . Photo­

mic rog raphs a r e p re sen ted showing the br i t t le c rack propagation through 

the m i c r o s t r u c t u r e ; mechan i sms for such behavior a r e st i l l speculative, 

however. 
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RESEARCH DESIGNED TO EVALUATE Z r - 2 , 5Nb 

AND Z r - 2 . 5Nb-0. 5Cu ALLOYS FOR DELAYED 

FAILURE HYDRIDE SUSCEPTIBILITY 

L INTRODUCTION 

This i s the th i rd Quar te r ly Report covering the per iod 

April 15 to July 14, 1963, on Contract No. AT(i l - l ) - 5 7 8 , Pro jec t Agreement 

No. 23. This invest igat ion is being conducted under the auspicies of the 

USAEC/AECL Collaborat ive P r o g r a m . 

Delayed fai lure (or s tat ic fatigue) i s the terna applied to 

the s ta t ic f rac ture of a m a t e r i a l due to the combined effects of absorbed 

hydrogen, applied s t r e s s , and t ime . This phenomenon has long been known 

to occur in h igh-s t rength s tee l s , and stat ic fatigue has been observed in 

t i tanium alloys for a lmos t a decade. The p resence of hydrogen in z i rconium 

is known to cause impact embr i t t l ement and loss in tensi le ductility (at 

o rd inary s t r a i n - r a t e s ) . Only recent ly , however, has it been shown that z i r ­

conium alloys containing hydrogen a r e a lso susceptible to delayed fai lure. 

Invest igat ions per formed las t year under the Collaborative P r o g r a m showed 

that a h igh-s t reng th z i rconium alloy with 500 ppm hydrogen was highly 

suscept ible to delayed fai lure at room t e m p e r a t u r e . In Sweden, Ostberg 

communicated that Z i rca loy-2 was sensi t ive to static fatigue under cer ta in 

conditions. At presen t , t he re is no doubt as to the existence of delayed 

fai lure in ce r t a in hydrided z i rconium al loys. 

The p re sen t p rog ram, which is a ramificat ion of last 

y e a r ' s investigation, is for evaluation of delayed failure susceptibil i ty of 

Z r - 2 . 5Nb and Z r - 2 . 5Nb-0. 5Cu alloys under var ious conditions of hydrogen 

content, heat t rea tment , t empe ra tu re , and meta l lurg ica l h is tory . It was 

shown that the binary alloy containing 500 ppm hydrogen was nnoderately 

suscept ible to s ta t ic f rac ture , and this sensi t ivi ty was m o r e pronounced at 

a higher hydrogen content. Since this alloy or the copper-modified compo­

sition will be used in the Canadian heavy-water modera ted power reac to r 
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as p r e s s u r e tubesand other i n - c o r e components, it is important that the 

delayed fai lure c h a r a c t e r i s t i c s of these ma te r i a l s be descr ibed. 

II. EXPERIMENTAL 

The appara tus used in this p rogram, the specimen design, 

and the exper imenta l p rocedure s have been previously outlined; only a brief 

d i scuss ion of ce r t a in p rocedures and of w^ork scope will be given h e r e . A 

detai led descr ip t ion of exper imenta l techniques will be given in the final 

r epor t . 

The scope of work for the cur ren t year includes study of 

Z r - 2 . 5Nb and Z r - 2 . 5Nb-0. 5Cu having th ree different meta l lurg ica l h i s to r i e s : 

fully annealed, annealed and cold worked, and beta-quenched and tempered . 

Delayed fai lure evaluation is pe r fo rmed at room tenaperature, 250® C, and 

300° C; specimens (notched and unnotched) a re vacuum annealed or contain 

200 ppm or 500 ppm hydrogen. The applied s t r e s s is 95 per cent of the 

dynamic tens i le yield s t r e s s or notched f rac ture s t r e s s . 

Tensi le and s ta t ic fatigue specimens have been p repa red 

by f i r s t hydrogenating in a naodified Siever t s apparatus at 500" C for 24 hours . 

Following this operation, the appropr ia te heat t r ea tment is per formed which, 

in the case of Z r - 2 . 5Nb-0. 5Cu, s t a r t s with an 825° C anneal. One should 

note that this p rocedure does not c losely reproduce the manner in which 

hydrogen would be absorbed during actual r eac to r operation. As will be 

d i scussed la te r , the stage during the heat t r ea tment at which hydrogen is 

introduced may be significantly affecting delayed failure susceptibi l i ty. 

III. RESULTS AND DISCUSSION 

In the las t Quar te r ly Repor t (ARF-B6005-5), tabulated 

data were p resen ted on the t e r n a r y alloys for specific conditions of heat 

t r ea tment , t e m p e r a t u r e , hydrogen content, and specimen geonaetry. Since 

that tinae, the amount of data has grown considerably, and to p resen t al l 

numer ica l d a t a - - a t this t ime- -would se rve lit t le purpose . It would be 

m o r e expedient, on the other hand, to simply d iscuss r e su l t s under the 
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heading of a specific meta l lu rg ica l h i s to ry and use actual data only when 

neces sa ry . Thus, the detai led presen ta t ion of all numer ica l data will be 

de fe r red to the final r epo r t . 

A. Z r - 2 . 5Nb-0. 5Cu: 825°C, 1/4 h r ° - > Furnace Cool 

Fo r this heat t r ea tment , all r o o m - t e m p e r a t u r e s tat ic 

fatigue t e s t s have been completed. That i s , both notched and unnotched 

spec imens , vacuum annealed or with 200 ppm and 500 ppm hydrogen, have 

been evaluated. In addition, specinaens in the notched and unnotched con­

dition containing 500 ppm hydrogen have been stat ical ly tes ted at 250® and 

300® C. In no ins tance have the data indicated that the t e rna ry alloy is 

suscept ible to delayed fai lure in this condition. For example, unnotched 

spec imens with 500 ppm hydrogen have been stat ical ly s t r e s s e d at 95 per 

cent of the yield s t r e s s for over 1700 hours without signs of surface cracking 

or f rac tu re . When a notch is introduced, the dynamic tensi le curve shows 

s t ra ight line behavior to the f rac tu re s t r e s s . Calculation of a yield s t r e s s 

is meaningless , and the total elongation is a lso without significance. Speci­

mens which a r e subsequently loaded to 95 per cent of the notched f rac ture 

s t r e s s have, with only one exception, exhibited f rac ture in a ve ry short 

t inae- -genera l ly , immedia te ly after load application. Now if one d e s i r e s 

to accura te ly de te rmine whether or not a notch induces delayed failure in 

an otherwise insensi t ive ma te r i a l , a complete set of data points, for s t r e s s e s 

cons iderably lower than the notched f rac ture s t r e s s , is necessa ry . The 

f r ac tu re s observed short ly after loading the notched specimens a r e due to 

va r ia t ion of f rac tu re s t r e s s f rom one specimen to another as well as c reep 

(the th i rd stage of c reep is rapidly reached at these high levels of applied 

s t r e s s ) . 

The rap id f rac ture of notched specimens at high applied 

s t r e s s does not n e c e s s a r i l y indicate delayed failure susceptibi l i ty. Unless 

f rac tu re is observed in unnotched specinaens at s t r e s s e s in the vicinity of 

the yield s t r e s s , the m a t e r i a l i s not susceptible to delayed fai lure. It is 

our contention that the la t te r condition must be satisfied for an affirmative 

conclusion to r e su l t . This requ is i t e follows from the fact that delayed 
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f rac tu re suscept ibi l i ty i s a physica l cha rac t e r i s t i c of the ma te r i a l , the 

m i c r o s t r u c t u r e , and such other p a r a m e t e r s which a r e independent of spec i -

naen geomet ry . In addition, in al l known cases of ma te r i a l s sensi t ive to 

delayed fai lure, including the h igh-s t rength zirconiuna alloy previously 

studied, f r ac tu re i s observed at s t r e s s e s below the yield s t r e s s . The 

notch, however, will act to change the magnitude of s t r e s s e s over which 

fai lure will be observed in an a l ready susceptible ma te r i a l . 

B. Z r - 2 . 5Nb-Q. 5Cu: 825® C, 1/4 h r - - > Furnace Cool; 
Reduce 30% by Swaging at 150^ C 

Resul t s of delayed fai lure evaluation a r e available for this 

meta l lu rg ica l condition at r oom t e m p e r a t u r e for a l l hydrogen contents and 

for specinaens containing 500 ppm hydrogen at 250® and 300® C. There a r e 

no r e s u l t s which show conclusively that naaterial in this condition is s u s ­

ceptible to delayed fa i lure . However, t he re does seem to be a somewhat 

i nc reased sensi t ivi ty to s ta t ic f rac ture which will r equ i re additional work 

for ver if icat ion. For example, a notched specimen at room t empera tu re 

with 500 ppm hydrogen failed in 8 hours at 95 per cent of the f rac ture s t r e s s . 

At an applied s t r e s s of 75 per cent of the notched f rac ture s t r e s s , a s imi la r 

spec imen failed in 330 hou r s . On the other hand, an unnotched specimen 

loaded at 95 per cent of the yield s t r e s s did not fail during a t es t t ime of 

about 2200 hou r s . At the 200 ppm hydrogen level, s imi la r r e su l t s were 

obtained on notched and unnotched spec imens . Thus, a few notched spec i ­

mens with 500 ppna hydrogen will be evaluated at p rogress ive ly lower 

s t r e s s e s , and an unnotched spec imen will be tes ted at or slightly above the 

yield s t r e s s . At elevated t e m p e r a t u r e s , no f r ac tu re s were observed which 

could be assoc ia ted with the delayed fai lure phenomenon. 

C. Z r - 2 . 5Nb-0. 5Cu: 825° C, 1/4 h r - - > Water Quench; 
Age 535®C, 6 h r - - > A i r Cool 

A s imi la r , r e la t ive ly complete se t of data is available on 

the t e r n a r y alloy in the quenched and 535® C aged condition. In this condition, 

the s t rength of the alloy is marked ly inc reased while maintaining usable 

ductil i ty. As in the other ca se s , the introduction of hydrogen and a notch 

r e su l t s in "notch sensi t ivi ty" for this condition, however, the sensit ivi ty is 
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quite s e v e r e . It should be pointed out that the quenched and aged condition 

impa r t s the requ i red superheated water co r ros ion r e s i s t ance to this alloy 

which makes it useful in p r e s s u r e tube applications. However, as detailed 

in the previous Quar te r ly Report , th is heat t r ea tment a lso r e su l t s in a high 

suscept ibi l i ty to delayed fa i lure . An unnotched specimen with 500 ppm 

hydrogen loaded below the tens i le yield s t r e s s f rac tures , without evidence 

of p las t ic deformation, in 733. 6 hours of tes t at room t e m p e r a t u r e . Photo­

graphs (previously presented) of the spec imen surface in the vicinity of 

f rac tu re showed a number of sur face-nuclea ted c racks normal to the speci ­

men ax i s . (A ductile t ens i l e f rac tu re would be nucleated at the center of 

the specimen. ) At elevated t e m p e r a t u r e s , no f rac tures assoc ia ted with 

delayed fai lure have been observed. 

Metal lographic observat ion of c racks was c a r r i e d out with 

the hope that such studies naight shed light on the f rac ture mechanism in­

volved in s ta t ic fatigue. F igu re 1 shows a well-developed c rack near the 

f rac ture surface of m a t e r i a l containing 500 ppna hydrogen. Note f i r s t the 

absence of any pro-monotec to id alpha zirconium; at 825® C, it is obvious 

that the hydrogen additions r e su l t ed in an a l l -be ta m i c r o s t r u c t u r e which 

t r a n s f o r m s on quenching. On aging at 535® C for 6 hours , a fine, second-

phase prec ip i ta te is formed as well as hydride aciculae. It is important to 

note the length of th is c r a c k in re la t ion to the sharpness of the c r ack t ip. 

Litt le doubt r e m a i n s that th is i s a propagating c rack and does not show 

evidence of blunting by local p las t ic yielding. Moreover , it appear s that 

the c r ack path follows hydr ide p la te le t s . Yet, it is not at all ce r t a in that 

these pa r t i cu la r hydr ides w e r e p r e s e n t in the m i c r o s t r u c t u r e p r io r to 

c r ack ini t iat ion and propagat ion. Evidence that such s t r e s s - or s t r a in -

induced hydride prec ip i ta t ion might be occur r ing is provided by the well 

developed pore near the c r ack t ip. P a s t work in the l i t e ra tu re has shown 

that poros i ty format ion in z i rconium, near the f rac ture surface, is s t r a in -

induced when in the p r e s e n c e of hydr ide - - e i the r a l ready existing or p r e ­

cipi tated during s t r e s s ing . It i s poss ib le that these pores a r e at least aiding 

c r a c k nucleation and propagat ion. 
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^ x - y 

Neg. No. 25012 
Fig. 1 

Mag. X500 

Mic ros t ruc tu re of Z r - 2 . 5Nb-0. 5Cu containing 500 ppm hydrogen 
quenched from 825* C and aged at 535° C for 6 hours . The unnotched 
specimen was s tat ical ly loaded at 95% of the y ie ld s t r e s s ; f rac ture 
occur red at 733. 6 hour s . Surface c rack extending for a considerable 
distance shows a sharp tip which appears to propagate along hydride 
p la te le t s . Matr ix is t r ans fo rmed beta plus second phase prec ip i ta te . 

Etchant: 3HNO3: 2HC1: IHF: 14 Glycerin. 
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The mechan i sm of s ta t ic fatigue of hydrided z i rconium is 

highly specula t ive . Indeed, no s t ra in- induced precipi ta t ion is at al l n e c e s ­

s a r y if the dis locat ion-hydr ide pla te le t in teract ion is considered. Crack 

nucleation by this method has been documented by Westlake at Argonne 

National Labora tory . F u r t h e r , it is in teres t ing to note that as the s t rength 

level of the m a t e r i a l i n c r e a s e s , the tendency to delayed fai lure is a lso in­

c r ea sed . (Discussion to be p resen ted on ma te r i a l aged at 400° C, which is 

of higher s t rength than 535® C aged ma te r i a l , shows an even grea te r s u s ­

ceptibil i ty to delayed fa i lure . Moreover , the Zr-Al-Sn-Mo alloy covered 

las t year is even higher in s t rength and ext remely susceptible to stat ic 

f r ac tu re . The analogy can be c a r r i e d to s tee ls and t i tanium alloys as well. ) 

This behavior is r e l a t ed to the p rope r t i e s of the m a t r i x and the ease with 

which a c r ack can propagate through it or, roughly, i ts notch sensit ivi ty. 

Until m o r e bas ic s tudies on f rac ture of hydrided z i rconium can be performed, 

embr i t t l ement mechan i sms will r e m a i n speculat ive. 

D. Z r -Z .5Nb-0 .5Cu : 825° C, i / 4 h r - - > Water Quench; 
Age 400° C, 6 h r - - > A i r Cool 

An unnotched spec imen of this m a t e r i a l containing 500 ppm 

hydrogen showed s ta t ic fatigue ( room t empera tu re ) at 378. 7 hours of tes t ing. 

The applied s t r e s s was 95 per cent of the tens i le yield s t r e s s . In work on 

notched spec imens , f r ac tu re has occu r r ed in 486. 5 hours in a specimen 

loaded to 65 per cent of the notched f rac tu re s t r e s s . This m a t e r i a l i s highly 

suscept ible to delayed fai lure at room t e m p e r a t u r e ; however, no data for 

th is condition indicate s ta t ic fatigue sensi t ivi ty at 250° or 300° C. 

The m i c r o s t r u c t u r e and c rack formation of m a t e r i a l 

quenched from 825° C and aged at 400° C is shown in F igure 2; the hydrogen 

content i s 500 ppra. Hydrides a r e shown as black aciculae, and it s eems 

that a cons iderable amount of alpha has formed during the aging t r ea tment . 

The c r a c k tip is v e r y sha rp and without evidence of blunting by local plast ic 

deformation. It i s difficult to de te rmine whether or not the c r a c k propagates 

along hydride p la te le ts ; in th is mic rograph , the c rack appears t r ansgranu la r 

and does not s eem to follow any specific gra in boundary or group of hydride 

p la te le t s . 
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Neg. No. 24955 
Fig . 2 

Mag. X500 

Mic ros t ruc tu r e of Z r - 2 . 5Nb-0. 5Cu containing 500 ppm hydrogen 
quenched from 825* C and aged at 400* C for 6 hours . Photo­
graph shows surface c rack near the f racture of s tat ical ly loaded 
specimen. Note the sharp c rack tip and the apparent t r a n s ­
granular propagat ion. 

Etchant: 3HNO2: 2HC1: IHF: 14 Glycerin. 
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IV. FUTURE WORK 

The invest igat ions to be performed,up to the end of the 

cu r r en t year fall under t h r ee genera l topics . F i r s t , data on the binary 

alloy in s ta t ic fatigue t e s t s will be obtained. A la rge number of these spec i ­

mens a r e p resen t ly being p r e p a r e d and, for some conditions, data a r e a l ready 

avai lable . A detai led analys is of r e s u l t s will be p resen ted in the Summary 

Report , Second, work w^ill be per formed on the t e r n a r y alloy to fill in ce r ta in 

gaps in the data. The purpose in doing this will be to allow more definite 

conclusions to be made on fai lure susceptibil i ty. Third, static fatigue studies 

will be c a r r i e d out on m a t e r i a l which is a l ready hea t - t r ea t ed pr ior to hydro-

genation. Hopefully, the m i c r o s t r u c t u r a l change might reduce the f rac ture 

tendency of quenched and aged m a t e r i a l . In all ins tances , metal lographic 

observat ion will supplement the exper imenta l r e s u l t s . 

V. CONCLUSIONS 

The t e r n a r y alloy Z r - 2 . 5Nb-0. 5Cu has been evaluated for 

delayed fai lure suscept ibi l i ty under ce r t a in conditions of heat t rea tment , 

t e m p e r a t u r e , hydrogen content, and specimen geometry . In the annealed 

condition, unnotched specimens a r e not sensi t ive to delayed failure with up 

to 500 ppm hydrogen; m o r e data a r e n e c e s s a r y to confirm the same con­

clusion for notched spec imens . Specimens (500 ppm hydrogen) which were 

annealed, swaged (30 per cent reduct ion at 150° C), and notched showed 

r o o m - t e m p e r a t u r e fai lure in'330 hours at an applied s t r e s s of 75 per cent 

of the f rac ture s t r e s s . In the beta-quenched and aged conditions, the 

sensi t ivi ty to delayed fai lure is marked ly inc reased . F r a c t u r e is observed 

in unnotched spec imens s ta t ica l ly loaded to 95 per cent of the yield s t r e s s 

( room t e m p e r a t u r e , 500 ppm hydrogen). Thus,while this heat t r ea tment 

yields the bes t dynamic mechanica l p rope r t i e s (and the r equ i red cor ros ion 

res i s t ance) , it is perhaps the leas t des i rab le from the standpoint of delayed 

fa i lure . As yet, data available on the binary Z r - 2 . 5Nb alloy a r e not sufficient 

to allow meaningful conclusions . 
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