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THE HEAT TREATMENT, TRANSFORMATION 
REACTIONS, AND MECHANICAL PROPERTIES OF SOME 

HIGH-STRENGTH ZIRCONIUM-BASE ALLOYS 

by 

Herbe r t A. Robinson, J . Robert Doig, Morr i s W. Mote, 
and Paul D. F r o s t 

Zirconium alpha-beta alloys were found to respond to solution and 
aging heat treatments very similarly to titanium alpha-beta alloys. A 
zirconiums w/o molybdenum-2 w/o tin alloy was heat treated to a 
168^500-psi tensile strength and a 153^S00'psi yield strength, with 11,5 
per cent elongation in 1 in. In additions <* zirconium-5 w/o niobium-2 
w/o tin alloy was heat treated to a 190p500-psi tensile and a 178,000-
psi yield strength, with 2 per cent elongation. The transformations that 
occur upon aging these alloys may be represented as follows: 

(1) ^ ^ <a + ^^ - * a + ^^ 

(2) a'-^ a+Br 

Preliminary elevated-temperature properties were very good. The 
zirconium-5 w/o molybdenum-2 w/o tin alloy solution treated at 1525 F 
and aged 8 hr at 1000 F was evaluated for tensile strength and 100-hr 
rupture life at 840 F, The tensile strength^ yield strength, and 
elongation were 111,000 psi, 84,500 psi, and 12 per cent, respectively. 
The 100-hr rupture strength was about 95^000 psi. 

INTRODUCTION 

Zirconium, because of i ts low thermal -neu t ron-absorp t ion c r o s s 
section and good co r ros ion r e s i s t a n c e , has for some t ime been an important 
meta l for use in t he rma l -neu t ron power r e a c t o r s . When used as a cladding 
m a t e r i a l for fuel e lements , the Zi rca loy alloys containing smal l amounts of 
tin a r e sufficiently s t rong . However, a s r eac to r design technology p r o ­
g r e s s e s , it s e e m s inevitable that a need for g rea te r s t rength in a m a t e r i a l 
of re la t ive ly low c r o s s sect ion will be des i rab le . There may be a need for 
such m a t e r i a l in some homogeneous r e a c t o r s , for example. For this 
r eason , cons iderable r e s e a r c h effort has been expended over the pas t sev­
e ra l y e a r s toward developing zi rconium alloys with g rea te r s t rength both 
at room and at elevated t e m p e r a t u r e s . The r e s e a r c h descr ibed in this 
r epo r t had such an objective. 

P r i o r r e s e a r c h on z i rconium alloys had been concerned with develop­
ment of g r ea t e r s t reng ths and c reep r e s i s t ance by sol id-solut ion hardening 
or by d i spers ion hardening in an annealed condition. Such an approach 
would be expected to provide a m a t e r i a l with p roper t i es that would not change 
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upon long exposure to serv ice t e m p e r a t u r e s up to the annealing t empera tu re . 
However, the s t rength levels obtained were not high and the ductility of 
many of these m a t e r i a l s was disappointingly low for the s t rengths obtained. 
Although solution and aging heat t r ea tmen t s had been applied to zirconium 
al loys, these had lit t le success . Quenching frequently produced low duc­
ti l i ty. The poss ibi l i ty that the beta to omega t ransformat ion discovered 
recent ly in t i tanium alloys^ ^' might a lso take place in zirconium alloys and 
cause low ductil i ty during hear t r ea tmen t was, there fore , cons idered. 

Zirconium and t i tanium a re s imi la r in niany r e s p e c t s . They a r e both 
very reac t ive e lements . They both a r e a l lotropic , exhibiting the body-
center ed-cubic s t ruc tu re at elevafed t e m p e r a t u r e s and the hexagonal at 
room t e m p e r a t u r e s . Their a toms a re not too d i s s imi l a r in s ize , and they, 
there fore , form a continuous solid solution. Thus, it was conceivable that 
the same t rans format ions produced in t i tanium alloys through heat t r ea tment 
might a lso occur in z i rconium. 

Titanium has been studied extensively, and alloys have been developed 
as lightweight m a t e r i a l s for a i r c ra f t s t r uc tu r a l appl icat ions. In the ea r l i e s t 
exper iments , the h e a t - t r e a t m e n t r e sponse of t i tanium was disappointing. 
As knowledge of the m a t e r i a l s developed, however, it was found that a 
number of alloys responded very well to heat t r ea tmen t and that r o o m -
tempera tu re s t rengths as high as 200, 000 ps i , with elongation values of 
10 per cent '^) , were ent i re ly p rac t i cab le . Fur the r r e s e a r c h has shown 
that m a t e r i a l s so heat t r ea ted have super ior s t rengths and, in many c a s e s , 
adequate stabil i ty, at t empe ra tu r e s as high as 700 F . 

The p r e sen t r e s e a r c h on z i rconium alloys was under taken to de te rmine 
if the proper select ion of alloying m a t e r i a l s and heat t r ea tmen t could p r o ­
vide equally in teres t ing improvements in the p rope r t i e s of z i rcon ium-base 
a l loys . 

Heat Trea tment of Titanium Alloys 

The strengthening of t i tanium by heat t r ea tmen t depends on the ability 
to quench and re t a in a metas tab le phase which subsequently can be t r a n s ­
formed at aging t e m p e r a t u r e s to produce an a lpha-beta m i c r o s t r u c t u r e . 
This "hardenabi l i ty" is conferred on t i tanium by beta s t ab i l i ze r s , much as 
additions such as nickel , molybdenum, and vanadium confer hardenabil i ty 
on s t ee l s . 

Two types of hardening reac t ions a r e recognized in t i tanium al loys, 
although the second type is not well understood. When enough beta 

(1) References at end., 
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s tabi l izer is p resen t , it is possible to quench out a soft betap which will 
harden upon aging. The final m i c r o s t r u c t u r e consis ts of a very finely 
d i spersed alpha prec ip i ta te in an enr iched-be ta mat r ix ; the strengthening 
effect r e su l t s from the hardening of the beta mat r ix by this prec ip i ta te . 

If the amount of beta s tabi l izer i s somewhat l ess than that r equ i red to 
re ta in beta upon quenching, the quenched s t ruc ture will be alpha p r ime 
(mar tens i te ) , which is re la t ively soft and ducti le. Aging will harden this 
s t ruc tu re also, but the hardening mechanism is more obscure . The alpha 
p r ime t r ans fo rms to alpha of equi l ibr ium composition with a re ject ion of a 
second phase which some inves t iga tors consider to be beta of equil ibrium 
composit ion. 

One other factor is of p r i m e impor tance in t i tanium al loys: beta 
embr i t t l ement . When t i tanium and t i tanium alloys a r e heated into the beta 
field, la rge beta grains develop very rapidly . In most alloys the resul t ing 
s t ruc tu re will have re la t ively low ductil i ty, r ega rd l e s s of any subsequent 
heat t r ea tmen t . Toughness and ductili ty can be r e s to red only by sufficient 
hot work in the a lpha-p lus -be ta field to produce a refined s t ruc tu re . The 
embr i t t lement is not caused ent i re ly by the la rge beta gra ins , but is c e r ­
tainly influenced by their p r e s e n c e . Other undefined factors a r e probably 
m o r e influential. The be t a - embr i t t l emen t phenomenon has placed a r e ­
s t r ic t ion on hea t - t r e a tmen t p r o c e d u r e s , since hea t - t r ea tmen t t empera tu re s 
mus t not exceed the beta t ransus^ Solution t r e a t m e n t s , therefore , a r e 
conducted in the a lpha-beta phase field, causing the final m i c r o s t r u c t u r e 
to always contain some p r i m a r y alpha. 

The hea t - t r ea t ab le t i tanium alloys al l contain enough of one or more 
beta s tab i l i ze rs to pe rmi t the quenching out of a inetastable phase that will 
harden upon reheat ing to an in te rmedia te t e m p e r a t u r e . Many of them also 
contain the alpha s tab i l ize r , a luminum, for added s trength. In p rac t i ce , 
solution t r ea tmen t is effected high in the a lpha-be ta -phase field, at t e m ­
p e r a t u r e s between about 1350 and 1700 F, depending on composition and 
the amount of aging r e sponse des i red . Increasing the solution tennperature 
(1) i n c r e a s e s the amount of beta, (2) d e c r e a s e s the alloy content of the 
beta , (3) d e c r e a s e s the stabil i ty of the beta, and (4) i nc r ea se s the amount 
of the maximum aging r e s p o n s e . Aging is conducted at tennperatures b e ­
tween 800 and 1100 F , approximately . The lower the t empera tu re , the 
higher the maximum strength and the longer the time requi red to reach a 
given s t rength level . Because of the omega-embr i t t l ement phenomenon, 
alloys that t r ans fo rm through omega mus t be aged pas t maximum h a r d n e s s . 
How much over aging is n e c e s s a r y mus t be determined by exper iment , using 
X- ray diffraction to observe the d i sappearance of omega or tensi le t e s t s to 
de te rmine when ductili ty is r ecove red . 
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Selection of Zirconium Alloys for Study 

In making a study a imed simultaneously at the development of an alloy 
and its heat t r ea tmen t , it would be advantageous to make a thorough eval­
uation of the effects of composit ion in some a r b i t r a r i l y se lected conditions 
of heat t r ea tmen t , and, subsequently, to invest igate thoroughly the heat 
t r ea tmen t of a few promis ing composi t ions . Time and funds were inade­
quate for such a thorough t r ea tment . Rather it was decided to make as 
thorough an evaluation as poss ib le of a few selected composi t ions . 

Based on the unders tanding of t i tanium heat t r ea tmen t , the r e q u i r e ­
ment for a hea t - t r ea t ab l e z i rconium alloy is that it contain a ce r ta in min i ­
mum amount of one or m o r e be ta-s tabi l iz ing e lements . In addition, 
s t rength will be enhanced by additions of alpha s t ab i l i ze r s . " Only molybde­
num, niobium and tanta lum, when p r e sen t in sufficient amounts , a r e known 
to stabil ize beta z i rconium to room temiperature during rapid cooling from 
the beta field. Tantalum was re jec ted because of i ts high the rma l -neu t ron 
c ro s s sect ion. Aluminum and tin a r e both effective alpha s t ab i l i z e r s , but 
aluminum has been shown to se r ious ly dec rea se the co r ros ion r e s i s t a n c e 
of s imple z i rconium alloys in hot water . Therefore , for the p r e s e n t study 
tin was used as the a lpha-s tab i l i ze r addition. In addition to major additions 
of molybdenum, niobium, and tin, minor additions of other e lements were 
made in ce r ta in alloys for specific p u r p o s e s . 

The alloys se lec ted for this evaluation a r e p re sen ted in Table 1, along 
with their ana lyses , b e t a - t r a n s u s t e m p e r a t u r e s , and the t e m p e r a t u r e s at 
which they were ro l led . The analyses indicated that intended composit ions 
were usual ly r ea l i zed . The molybdenum proved difficult to alloy homoge­
neously, probably because of incomplete solution during the melt ing 
operat ion. 

EXPERIMENTAL PROCEDURES 

All of the alloys were mel ted at Bat te l le and fabricated to sheet for 
heat t r e a tmen t and evaluation. General ly , sma l l spec imens of each com­
posit ion were solution t r ea ted at s eve ra l different t e m p e r a t u r e s and aged 
at s eve ra l t e m p e r a t u r e s for t imes as long as 1000 h r . The aged specimens 
were examined by ha rdnes s m e a s u r e m e n t s and by X- ray diffraction to 
c o r r e l a t e ha rdnes s with phases p r e sen t after a given aging t r ea tmen t . On 
the bas i s of the data so obtained, heat t r e a t m e n t s were se lec ted to apply to 
the remaining sheet for evaluation of tens i le and s t r e s s - r u p t u r e p r o p e r t i e s . 



TABLE 1. COMPOSITION OF ALMYS EVALUATED 

Heat Sn 

Nominal Composition 
(Balance Zirconium), w/o Analyses, w/o 

Mo Nb Cr Ni Other Sn Mo Nb N o(a) H(a) 

Beta-Trans us 
Temperature, 

F 

1475 to 1500 

1735 to 1760 
>1885 
>1885 
>1885 
>1885 
>1885 

1645 to 1670 
1670 to 1695 
1625 to 1650 

Rolling 

Temperaturss 
F 

„ 

-
1470 
1470 
1345 
1345 
1470 
1350 
1350 
1500 

X-11 
TM-42 

A-2 
A-3 
A-4 
A-6 
A-8 
B-1 
B-2 
C-49 

-
4 
1.5 
2 
2 
2 
4 
2 
2 
2 

5.5 
2 

. 

2 
5 

_ 

1 
5 

-

5 

0 .1 

0.5 

0 .5 

0.25 

0.12Fe 

5,5 
3.9 1.6 

2.28 

2.23 

5.22 0.02 0.055 0.3290 0.0050 

5.25 0 .01 0.006 0.1370 0.0037 
0.1140 0.0027 

U i 

(a) Determined by vacuum-fusion analysis. 



6 

Prepa ra t i on of Mate r i a l s 

All of the alloys were p r e p a r e d from sponge z i rconium. Heats X-11 
and TM-42 were p r e p a r e d frona high-quali ty sponge of an unknown grade 
designation. The A, B, and C in the other heat designations re fe r to t h r ee 
different lots of Bureau of Mines Grade A sponge. Molybdenum was added 
as powderi niobium was added as powder to Heat A-6 and as pure sheet 
t r immings to Heat B-2 . All other e lements were added as h igh-pur i ty 
metals^ 

The hea ts were mel ted in cold-mold a rc furnacesi Heat C-49 was 
mel ted th ree t i m e s , all o thers twice . Heats X-11 and TM-42 were melted 
with the tungsten-t ipped iner t e lec t rode , all o thers by the consumable-
elect rode technique. F i r s t mel t s were upset forged into consumable e lec ­
t rodes except in the ca se s of Heats X-11 and TM-42, which were rol led to 
sheet, sheared into clippings, and remel t ed by the tungs ten-e lec t rode tech­
nique. The final ingot was upset forged at 1650 or 1750 F to about 1/2-in. 
plate . 

Samples were taken from the p la te to de te rmine the approximate be t a -
t r ansus t e m p e r a t u r e . Specimens were quenched after 1/2 hr at t e m p e r a ­
tu re s about 25 F apa r t near the expected b e t a - t r a n s u s t e m p e r a t u r e . The 
quenched specimens were examined under the mic roscope and the t e m p e r a ­
tu res bracket ing the beta t r ansus were de termined. All subsequent fabr i ­
cation and heat t r ea tmen t s were confined to t e m p e r a t u r e s well below the 
beta t r a n s u s . 

The values found in this study a r e p resen ted in Table 1. The alloys 
made from Lot A sponge al l t r ans fo rmed complete ly to beta at some t e m ­
pe ra tu r e above 1885 F^ This high t r a n s u s t e m p e r a t u r e was probably caused 
by the high in t e r s t i t i a l content, carbon, oxygen, and ni trogen, revea led in 
the analysis of Heat A-6 . (Carbon, oxygen, and ni t rogen, in o rde r of in ­
c reas ing effect, a r e al l alpha s tab i l i ze r s and, the re fo re , r a i s e the t r a n s i ­
tion temipera tures . ) This effect of the inter s t i t ia ls was confirmed by double-
melting some of this sponge without addit ions. The beta t r ansus of this 
unalloyed m a t e r i a l was also above 1885 F . 

Rolling to 0. 065-in. sheet was accompl ished in reduct ions of about 
15 per cent per p a s s , with the stock being re tu rned to the furnace between 
each p a s s . The muffle of the heating furnace was flushed continuously with 
helium to prevent excess ive scaling and unneces sa ry loss of me t a l . 

The ro l led sheet was descaled by vapor blast ing and the subscale 
metal which is contaminated by oxygen and ni t rogen was removed by pickling 
off 0. 002 in. from each surface . All pickling was c a r r i e d out in an aqueous 
solution containing 45 per cent concentra ted n i t r ic acid and 5 per cent con­
centrated hydrofluoric acid. (Hydrogen contents of m o r e than about 100 or 
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150 ppm a re known to have some very dele ter ious effects on the mechanical 
p rope r t i e s ol t i tanium al loys , pa r t i cu la r ly in high strength conditions. 
Pickling can add significant quanti t ies of hydrogen to t i tanium but it has 
been shown by seve ra l inves t iga tors that if the ra t io of n i t r ic acid to hydro­
fluoric acid content is maintained high enough, the hydrogen pickup will be 
negligible. Ear ly in the work on zi rconium alloys, the pickling solution 
used on the z i rconium alloys was shown to produce negligible hydrogen 
pickup for alloys containing 80 to 90 ppin of hydrogen. ) 

After cleaning, sheet specimens for hardness and X- ray diffraction 
studies were sealed in evacuated Vycor capsu les . The capsules were heated 
I hr at the solution t e m p e r a t u r e and quenched into water or iced br ine , the 
capsule being broken during the quench. These specimens were then vapor 
blas ted and pickled again to r emove about 0. 0015 in. of meta l from each 
side before agings Most of the aging t r ea tmen t s were done in a i r . However, 
when the t ime at t empe ra tu r e was long enough to cause ser ious scaling, 
aging was c a r r i e d out in evacuated Vycor capsu les . 

Tensi le blanks were solution t rea ted 1/2 hr in a i r , cold-water 
quenched, and aged in a i r . They were then vapor blasted and machined to 
s tandard sheet spec imens . After machining, they were pickled in the n i t r i c -
hydrofluoric acid solution to r emove about 0. 002 in. from each surface of 
the spec imens . 

Test ing P r o c e d u r e s 

Hardness de terminat ions were made on a metal lographical ly polished 
edge of the sheet spec imens using a 10-kg load on a squa re -pyramid dia­
mond indentor . The Vickers ha rdness numbers obtained from these de te r ­
minat ions a re given in this r e po r t as the average of th ree values . 

The tensi le t e s t s were conducted on a Baldwin-South war k un ive r sa l 
tes t ing machine . The spec imens were pulled at a c rosshead speed of about 
0. 01 in. per min to the yield s t rength and then at 0. 05 in, per min to f r a c ­
t u r e . The s t r a in was m e a s u r e d with a loop-type ex tensometer . '3) With 
this ins t rument the extension of the specimen is converted to a co r respond­
ing deflection of a spring loop, which, in turn , is measured with SR-4 
s t ra in gages . 

The X- ray diffraction pa t t e rns were obtained in smal l Debye c a m e r a s 
on rod samples . These were in the shape of phonograph needles , the tip of 
the needle being the port ion examined. The needles were p repa red by etch­
ing in a solution of 50 ml of n i t r ic acid, 150 ml of water and approximately 
10 ml of hydrofluoric acid, the exact quantity being var ied slightly for some 
samples to obtain a br ight etch. 
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Other exper imenta l techniques used for specific phases of the inves ­
tigation will be d i scussed in the specific sect ions of this r epo r t covering 
these r e s u l t s . 

RESULTS AND DISCUSSION OF HEAT-TREATMENT STUDY 

Following the cour se of aging reac t ions by means of ha rdness m e a s ­
u rements is an expedient and inexpensive method that is ent i re ly adequate 
for many sys tems for developing age-hardenable a l loys . However, in the 
case of t i tanium, and, as it proved, of z i rconium as well, it is n e c e s s a r y 
to suppliment h a r d n e s s readings with X - r a y data. The r eason is the p r e s ­
ence, under some conditions, of the embri t t l ing omega phase . When omega 
is p re sen t , ha rdness values a r e not d i rect ly re la ted to other mechanical 
p rope r t i e s . The p r e s e n c e or absence of omega has only been de termined 
by X- ray diffraction. 

Therefore , a r a t h e r complete X - r a y diffraction study had to be con­
ducted before specific heat t r ea tmen t s could be selected for determinat ion 
of mechanical p r o p e r t i e s . The age-hardening data were used f i r s t to s e ­
lect the conditions for X - r a y diffraction analysis^ Subsequently, both se ts 
of data were used to select heat t r ea tmen t s for tensi le and s t r e s s - r u p t u r e 
de te rmina t ions . 

Age Hardening 

Extensive aging studies were made of the z i rconiuin-5 w/o molyb­
denum-2 w/o tin and z i rconium-5 w/o niobium-2 w/o tin a l loys. E a r l i e r , 
the z i r con ium-5 . 5 w/o molybdenum and z i rcon ium-4 w/o t in-2 w/o molyb­
denum alloys were studied less extensively. 

In genera l , the solution t e m p e r a t u r e s were var ied between 1150 and 
1785 F , extending between the eutectoid t e m p e r a t u r e of the z i rconium-
molybdenum and z i rconium-niobium binary sys t ems ' shown in F igures 
1 and 2, at the lower end, and the observed beta t r ansus at the upper end. 
Aging t e m p e r a t u r e s ranged from 700 to 1200 F for the var ious al loys. 
Aging t imes were var ied from 5 min to 1000 hr , depending upon the te in-
pe ra tu re of aging. In genera l , the shor t t imes were used for the higher 
aging t e m p e r a t u r e s and the long t imes for the lower aging t e m p e r a t u r e s . 

All of the ha rdness data have been plotted as i so the rma l curves of 
ha rdness ve r sus t i m e . F igu re s 3 through 8 a r e r ep re sen ta t ive cu rves for 
the alloys evaluated. F igu re s 3 through 6 r e p r e s e n t the highest solution 
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FIGURE 3. AGE-HARDENING CHARACTERISTICS OF THE ZIRCONIUM-5 w/o MOLYBDENUM-
2 w/o TIN ALLOY QUENCHED FROM 1600 F 

Aging t e m p e r a t u r e s as indicated. 
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F I G U R E 4 . A G E - H A R D E N I N G C H A R A C T E R I S T I C S O F T H E Z I R C O N I U M - 5 w / o NIOBIUM 
2 w / o TIN A L L O Y QUENCHED F R O M 1600 F 

Aging t e m p e r a t u r e s a s i n d i c a t e d . 
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F I G U R E 5. A G E - H A R D E N I N G C H A R A C T E R I S T I C S O F T H E Z I R C O N I U M - 5 . 5 w / o M O L Y B D E N U M 
A L L O Y Q U E N C H E D F R O M 1525 F 

Aging t e m p e r a t u r e s a s i n d i c a t e d . 
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FIGURE 6. AGE-HARDENING CHARACTERISTICS OF THE ZIRCONIUM-4 w/o TIN-2 w/o MOLYBDENUM 
ALLOY QUENCHED FROM 1785 F 

Aging t e m p e r a t u r e s as indicated. 
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t empe ra tu r e that was used for each of the four alloys descr ibed . The aging 
curves for the other solution t e m p e r a t u r e s a r e given in F igures A-1 through 
A-8 in Appendix A. 

The curves a r e typical of age-hardening cu rves . For a given solution 
t e m p e r a t u r e , aging at 700 or 800 F resu l t ed in very l i t t le overaging, i. e. , 
loss of ha rdness below the maximum values , at the maximum t ime of 1000 
h r . Aging at 700, 800, or 900 F produced peak ha rdnesses i the higher the 
aging t e m p e r a t u r e , the shor te r the t ime to at tain the peak. Overaging 
occur red at 900 F and higher , and was quite marked in the z i r con ium-5 . 5 
w/o molybdenum alloy. In this alloy, the ha rdnes s dec reased from 480 
VHN after 1/4 hr of aging to about 300 VHN after 100 and 200 hr . On the 
other hand, the ha rdness of the z i rcon ium-5 w/o molybdenum-2 w/o tin 
alloy dec rea sed only from 435 after 1 hr to about 380 VHN after 100 h r . 
Thus, tin apparent ly r e t a r d s the aging cycle of z i rconium-molybdenum 
al loys . 

A c r o s s plotting of the h a r d n e s s data has been made in F igu re s 7 and 
8 to show the effect of solution t e m p e r a t u r e on aging behavior at 900 F for 
the z i rconiuin-molybdenum-t in and z i rconium-niobium-t in al loys, r e s p e c ­
tively. The curves exhibit aging behavior quite comparable to that of 
t i tanium al loys. Higher solution t e m p e r a t u r e s c rea te a higher b e t a - t o -
alpha ra t io at the solution t e m p e r a t u r e , and spec imens which have l a rge r 
amounts of re ta ined beta after quenching develop higher h a r d n e s s e s during 
aging. 

X-Ray Diffraction Analyses 

In genera l , the aging of the z i rconium alloys was found to be s imi la r 
to that d iscovered e a r l i e r in t i tanium al loys . There appeared to be two 
mechan i sms of aging, r ep re sen t ed by the following equations: 

PQ — a,+ ^ - * / 3 + a - * a + in te rmeta l l ic compound or 
t e r m i n a l solid solution 

a^ -* a + ^ or t e rmina l solid solution, 

where 

p, = quenched or unt ransformed beta of or iginal composit ion 
^ j . = beta par t ia l ly enr iched by omega or alpha formation 
^^ = fully enr iched beta which approaches equi l ibr ium composit ion 
OL = equi l ibr ium alpha 
a^ = mar tens i t i ca l ly formed alpha 
cu = omega. 
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These t e r ins will be further defined in the paragraphs that follow. 

The three types of beta a r e all cubic and differ only in concentration 
of solute, which causes a var ia t ion in the lat t ice p a r a m e t e r . The lat t ice 
p a r a m e t e r s d e c r e a s e in the o rde r of /3o ^o ^r ^° ^u 3-s the alloy content 
i n c r e a s e s . The pa ra ine te r of /3 ^ approaches that of equil ibrium beta 
according to the phase d iag ram, at the ag ing- tempera ture i so the rm. 

The alpha phase is a hexagonal equi l ibr ium s t ruc tu re . Alpha p r ime 
is the mar t ens i t i c t rans i t ion s t ruc tu re that forms without diffusion from 
rapidly cooled beta. This phase is somewhat supersa tu ra ted in solute and 
therefore has a smal le r lat t ice p a r a m e t e r than equil ibrium alpha. The 
diffraction l ines of alpha p r i m e a r e usual ly r a the r diffuse because of d i s ­
tort ion assoc ia ted with i ts mode of t ransformat ion . 

Omega is the designation given the in termedia te t ransi t ion phase that 
occurs when beta t r a n s f o r m s to alpha at ce r ta in t e m p e r a t u r e s . It was 
observed for the f i r s t t ime in the work repor ted he re . The name "omega" 
was taken d i rec t ly from t i tan ium-al loy technology because the phases appear 
to be analogous in mode of occur rence and a r e s imi lar in their X- ray 
pa t t e rn s . 

The c rys t a l s t ruc tu re of omega in a t i t an ium-chromium alloy has 
been shown in work at Battel le 'os *) to be complex cubic, with 52 ti tanium 
and 2 chromium atoms to the unit cel l , somewhat s imi lar to that of gamma 
brass» The un i t -ce l l edge is about t h r ee t imes that of the parent beta 
phase . A hexagonal s t ruc tu re has been repor ted by Silcock, et a l . ^ •', who 
studied a t i tanium-16 w/o vanadium alloy and in terpre ted the same X-ray 
pa t te rn differently. Omega has also been confirmed in other t i tanium alloys 
by Japanese and Russ ian inves t iga to r s . ' " ? ^^' Interplanar spacings of the 
omega phase obtained from X- ray diffraction pat terns of the z i r con ium-5 . 5 
w/o molybdenum alloy a r e shown in Table 2. These spacings a re roughly 
9 per cent g rea t e r than cor responding ref lect ions in t i tanium alloys and a r e 
s imi la r in their re la t ive in tens i t i es . Because of limiited funds, the c rys t a l 
s t ruc tu re of the z i rconium omega was not de termined, but i ts s t ruc tu re is 
believed to be noncubic, as is suggested by the data in Table 2. The ob­
served in terp lanar spacings were compared with values calculated for a 
unit cel l with an edge th ree t imes that of the parent beta, assuming the same 
intensi t ies and Miller indexes that would occur in t i tanium omega. The 
differences between the in te rp lanar spacings thus calculated and those ob­
served were found to range e r r a t i ca l ly from 0. 0 to 1.4 per cent. Yet, the 
e r r o r of film m e a s u r e m e n t for values below 1. 45 A (region of lowest in­
s t rumenta l e r r o r s ) was found to be only 0. 2 per cent or sma l l e r . It must 
be concluded that the l a rge r differences of 0. 6 to 1.4 per cent a r e due to 
deviation from cubic symmet ry , and that this new phase is not cubic in this 
aged condition. Likewise, the omega phase observed in samples of this 
alloy as quenched from the beta field was noncubic. 
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FABLE 2. X-RAY POWDER DIFFRACTION PATTERN^^) OF OMEGA PHASE IN 
AGED ZIRCONIUM-5. 5 w/o MOLYBDENUM A L L O Y C ' ) 

Visual 
IntensityC*^) 

f 

vvs 

m 

ms 

vvf 

nif 

vs 

s 

f 

ms 

vs 

vs 

s 

ms 

vs 

Interplanar 

Observed 

3.12 

2.50 

1.96 

1,78 

1.65 

1.56 

1,453 

1,328 

1.317 

1.257 

1.129 

1. 065 

1. 029 

1. 015 

0, 9H2 

_Spacings, A 

Calculated on 
Basis of 

ao = 10.66 A '̂*) 

3.09 

2.52 

1.95 

1.78 

1,65 

1.54 

1,455 

1.316 

. . 

1.260 

1.127 

1, 058 

1. 029 

1.001 

0. 976 

9 o o 
h +k +1^ Assumed 

in Calculated 
Spacings 

12 

18 

30 

36 

42 

48 

54 

66 

— 

72 

90 

102 

108 

114 

120 

Difference 
Between Observed 

and Calculated 
Interplanar Spacings, 

per cer.t 

+ 1.0 

- 0.8 

•I-0.5 

0.0 

0,0 

+ 1.3 

" 0 . 1 

•f 0 . 9 

« . 

- 0,2 

+ 0.2 

+ 0.7 

0,0 

+ 1,4 

+ 0,6 

(a) Obtained from etched rod sample in a 57. 3-mm Uebye camera, using filtered iron radiation, 
(h) Solution treated 1/2 hr at 1525 F, quenched into iced brine and aged 4S hr at 900 F. 
(c) s = strong, m = medium, f = faint, v = very. 
(d) Asiumed unit-cell edge three times the 3.564-A lattice constant of the beta phase. 
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However, the omega phase did appear to be cubic in one sample nf a 
z i rcon ium-5 w/o niobium-2 w/o tin alloy in the as-quenched condition after 
solution t rea t ing in the a lpha-beta field at 1525 F . X-ray diffraction data 
for this condition a re shown in Table 3^ It will be noted that the observed 
in terp lanar spacings of the omega phase having values below 1.4 A agreed 
within 0. 2 per cent with those calculated for a cubic cel l of 10. 66 A. After 
aging 48 hr at 800 F , the omega phase in this alloy showed a t ransformat ion 
to the noncubic form. The omega pa t t e rn gained added reflect ions at 1. 015 
and 0. 982 A, and the other in terplanar spacings changed so that they agreed 
with the values of the noncubic omega in Table 2o 

Although the apparent ly cubic form of omega has been observed in 
only one sample , one miay conclude that the re is a driving force to produce 
either form. It might be expected that the mechanical p rope r t i e s could 
vary, depending on the form p resen t , and th is , in turn , might depend on 
alloy composi t ion. It is not su rpr i s ing that the cubic form of omega has 
been observed only in the as-quenched condition, since the phase might be 
held in cubic s y m m e t r y by the const ra in t imposed by coherency with the 
unt ransformed beta. 

In addition to the phases that were identified, and r ep resen ted in the 
reac t ion equat ions, a noncubic phase of very faint intensity was found in the 
molybdenum-bear ing alloys aged more than 200 hr at 900 F . This phase 
appeared to be re la ted to the enriched beta phase . The unidentified non-
cubic phase was r e p r e s e n t e d by ref lect ions at 1. 70 and 1. 67 A, both p a r a l ­
leling the (200) ref lect ion of enr iched beta , and another reflection at 1. 41 A. 
These ref lect ions together with the enriched beta reflect ions at 1. 76 and 
1.43 A might fit a t e t ragona l net, with axial ra t io of c / a =1. 93. The appear ­
ance of the noncubic phase at re la t ive ly long aging t imes but at t imes 
shor te r than n e c e s s a r y for the appearance of ZrMo2, suggests that the un­
known phase may be an o rde red t rans i t ion phase for the t ransformat ion of 
enriched beta to ZrMo2 plus alpha. 

The age-hardening cu rves for the alloys evaluated were quite s imi la r 
but the X- r ay diffraction ana lyses indicated that the alloys could be divided 
according to the two types of t rans format ions r ep re sen t ed by the two r e ­
action equat ions. The z i rcon ium-5 w/o molybdenum-2 w/o tin alloy, the 
z i r con ium-5 . 5 w/o molybdenum alloy and Heat A-6 of the z i rconium-5 w/o 
niobium-Z w/o tin alloy t r ans fo rmed by the be ta - to -omega- to -a lpha t r a n s ­
formation. A second heat of the niobium alloy, Heat B-2 , and the z i r c o ­
nium-4 w o t in-2 w/o molybdenum alloy t rans formed during aging by the 
alpha p r i m e - t o - a l p h a plus beta reac t ion . The X- r ay diffraction r e su l t s 
will be d i scussed separa te ly according to the two types of reac t ions . 
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TABLE 3 . X-RAY DIFFRACTION POWDER PATTERN^*) OF OMEGA PHASE IN 
AS-QUENCHED ZIRCONIUM-5 w/o NIOBIUM-2 w/o TIN ALLOY 

Visual 
Intensity^ ^ 

f 

vvs 

mf 

s 

mf d 

vs 

m vd 

ms d 

m d 

m d 

ms d 

Interplanar 

Observed 

3.05 

2.49(c) 

1,94 

1.77(c) 

1. 54 

1.444(c) 

1.315 

1.254(c) 

1,124(c) 

1, 056 

1. 026(c) 

Spacings, A 
Calculated on 

Basis of 
ao = 10.66 A 

3.08 

2.51 

1.95 

1.78 

1.54 

1.451 

1.312 

1.256 

1,124 

1.055 

1.026 

h"+k^+l'2 Assumed 
in Calculated 

Spacings 

12 

18 

30 

36 

48 

54 

66 

72 

90 

102 

108 

Difference 
Between Observed 

and Calculated 
Interplanar Spacings, 

per cent 

- 1,0 

- 0.8 

- 0,5 

- 0 . 6 

0.0 

- 0.5 

+ 0.2 

- 0.2 

0.0 

+ O.I 

0.0 

(a) Solution treated 1/2 hr at 1525 F in the alpha-beta field. Alpha and untransformed beta were also 
present in the sample. 

(b) S = strong, m = medium, f = faiot, v = very^ d = diffuse. 
(c) These reflections coincide with reflections of untransformed beta which contribute strongly to the 

reported intensities. 



21 

Alloys Transforming by the Be ta -Omega-
Alpha Reaction 

The X- r ay diffraction ana lyses of the z i rcon ium-5 . 5 w/o molybdenum 
and the z i rcon ium-5 w/o molybdenum-2 w/o tin alloys confirmed the sinai-
lar i ty of z i rconium alloys and t i tanium alloys that re ta in beta on quenching. 
Phase identification by visual examination of diffraction pa t te rns for both 
alloys after s eve ra l heat t r e a tmen t s a re given in Tables 4 and 5. 

F igure 9 c o r r e l a t e s the ha rdness changes and the phase changes ob­
served during the aging of quenched specimens of the z i rcon ium-5 . 5 w/o 
molybdenum alloy. In the quenched condition, the alloy consisted largely 
of re ta ined beta , with some omega which had t rans formed from the beta 
during the quench. After aging 15 min at 900 F , the hardness increased to 
over 450 VHNj s imultaneously the intensity of the omega pat tern increased , 
and pa r t of the beta phase acquired a molybdenum content g rea te r than the 
or iginal 5. 5 w/o . The formation of this "par t ia l ly enriched beta" is de­
tected by broadening of the X- r ay ref lect ions of beta phase in the direct ion 
of increas ing Bragg angle, and suggests that the zirconium omega phase , 
like that in t i tanium, has a re la t ive ly low solubility l imit for be ta-
stabil izing elemients. After 2 hr at 900 F , the omega pa t te rn became 
more in tense , while the beta of the or iginal composition was no longer de­
tectable with cer ta in ty . "Pa r t i a l l y enriched beta" and a "fully enriched 
be ta" existed at the s ame t ime . The la t te r was distinguished from the 
"or ig ina l" and "par t ia l ly enr iched" beta by the appearance of a d i sc re te 
Debye r ing at the high-angle ends of the diffuse enr iched-beta s t r eaks . 
Hardness remained high (over 400 VHN) for about 30 hr . After 50 hr at 
900 F , the alloy had overaged to a ha rdnes s level of 3 75 VHN and alpha had 
begun to form, although a s t rong omega pa t te rn was sti l l obtained. After 
100 h r , the alloy had become quite soft, a strong alpha pa t te rn was ob­
served , the omega phase had a lmos t d isappeared , and the only beta p resen t 
was highly enriched in molybdenum. With continued aging, the compound 
ZrMo2 began to form, omega completely disappeared, and fully enriched 
beta and alpha were p r e s e n t . 

F igure 10 c o r r e l a t e s the ha rdnes s changes and the phase changes ob­
served during the aging at 900 F of specimens of the z i rconium-5 w/o 
molybdenum-2 w/o tin alloy (Heat B-1) quenched from 1600 F . In the 
quenched condition this alloy contained p r i m a r y alpha formed at the solution-
t r ea tmen t t e m p e r a t u r e in addition to beta and omega. The s t ruc ture was 
s imi la r , except for an inc rease in the amount of alpha, when this alloy was 
quenched from 1525 and 1450 F , as shown in Table 5. 

The phase changes during aging were ve ry s imi lar to those for the 
z i r con ium-5 . 5 w/o molybdenum alloy up to about 100 hr of aging t ime. The 
h a r d n e s s , however, was somewhat lower for the z i rconium-molybdenum-
tin alloy up to about 24 hr . Beyond this t ime the molybdenum alloy 



TABLE 4. PHASE IDENTIHCATION BY X-RAY DIFFRACTION FOR SOLUTION-TREATED AND AGED SPECIMENS OF THE ZIRCONIUM 
5. 5 w/o MOLYBDENUM *̂̂  ALLOY 

Aging 
Times 

hr 

96 
1/4 
1/2 

2 
48 

100 
200 
1/4 
1/2 

1 
24 

As 

Treatment^") 
Temperatures 

F 

quenched 
700 
900 
900 
900 
900 
900 
900 

1100 
1100 
1100 
1100 

Alphas 
a 

0 
0 
0 
0 
0 
f 
s 
s 

raf 
ms 

s 
s 

Untransformed 

Beta, 

^ 0 

vs 
vs d 
vs d 
vs d 

vs 
vs 

0 

0 
0-ms d 

0 
0 
0 

Observed Intensities of Phase 
Slightly 
Enriched 

Betas 

P, 

0 

0 
f 

mf 
m 

mf 

0 
0 

m 
m 

0 
0 

Fully 
Enriched 

Betas 

Pu 

0 

0 
0 
0 

vf 
mf 
m 
m 

0 
f 

sd 
s 

Pattems^*^) 

Unidentified 

Noncubic 
Phase 

0 

0 
0 
0 
0 
0 

vvf 
w f 

0 
0 
0 
0 

Omega, 
(0 

~ mf%d 
sd 

m d 
ms d 

s 
s 

vf 

0 
mf 
mf 

0 
0 

ZrMog 

0 

0 
0 
0 
0 
0 
0 t\i 

vvf 

0 
0 
0 

vvf 

(a) Heat X-11. 
(b) Solution treated 1 hour at 1525 P in evacuated Vycor capsules and quenched into cold water before aging. 
(c) s = strongs m = medium, f = faint, v = very, d = diffuse. 
(d) A very faint sharp reflection was observed at 2.18A. This reflection may be associated with an incipient form of omega, as this is a 

line position that should occur if omega was cubic. 



TABLE 5. PHASE IDENTIHCATION BY X-RAT DIFF"RACTION FOR SOLUTION-TREATED AND AGED 
SPECIMENS OF THE ZlRCONIUM-5 w/o MOLYBDENUM-2 w/o TIN ALLOY 

Observed Intensities of Phase PatternsC') 

Solution 

TemperatureC^), 

Heat F 

A-4 1525 

1525 

1525 

1525 

B-1 1450 

1450 

1450 

1450 

1525 

1525 

1525 

1525 

1525 

1525 

1600 

1600 

1600 

1600 

1600 

1600 

1600 
1600 

1600 

1600 
1600 

1600 

1600 

1600 
1600 

1600 

Agins 

T i m e , 

ixr 

~ „ 

48 

24 

4 

0 

1 

24 

100 
- „ 

48 

100 

2 

24 

100 

1/4 

100 

1000 

1/4 

2 

24 

100 

JOOO 

1/12 

2 
24 

100 

1/4 

2 

100 

Trea tment 
Temperature , 

F 

» „ 

800 

900 

1100 

900 

900 

900 

-. 
900 

900 

1000 

1000 

1000 

800 

800 

800 

900 

900 

900 

900 

900 

1000 

1000 
iOOO 

1000 

1100 
1100 

1100 

Alpha, 

a 

ms 

m 

s 

s 

m 

mf 

m 

s 

m X 

m 

s 

ms 

ms 

s 

f x 

mf X 

f x 

f x 

f x 

f x 

f x 
s 

s 

f x 
s d 

s 

s 

s 
s 

s 

Untransformed 

Beta, 

vs 

0 

0 

0 

s 

Prevent 
0 

0 

s 

0 

0 

0 

0 
0 

s 

s 

0 
0 

Present 

Present 
0 
0 

0 

Present 

0 

0 

0 

0 

0 

0 

Partially 

Enriched 

Beta, 

(\ 

0 

0-mf 

0 

0 

0 

m-s vd 

^ mf 

0 

0 

0 

0 

0 

0 

0 

0 

~ f d 

m br 
0 

~ m f vd 

nif br 

fbr 
0 

0 

"̂  m vd 

0 

0 

0 
mf 

0 

0 

FuUy 

Enriched 

Beta, 

0 

f-m 

' ^ m 

m 

0 

0 
~ m vd 

m 

0 
ms d 

ms d 

s 

mb 

ms 

0 

0 
ms 

m 

0 
nif 

ms 

m 

mf 

0 
ms d 

ms 

ms 

s 
ins 

ms 

Unidentified 

Noncubic 

Phase 

0 

0 

0 

0 

0 

0 

0 

vvf 

0 

0 
vf 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
f 

f 

0 
tr 

0 

0 

0 
o 

0 

Omega, 

0 
m d 

mf 

0 
vvfC*=) 

ms d 

'^'m d 

0 
vf(c) 

vvf 

vvf 

0 

0 

0 

ms vdC*̂ ) 

s 

s 

ms d(=) 
sC«̂ ) 
sd (c ) 

tr 

vvf 
ms d W 

0 

0 

0 

0 

0 

0 

SrMOg 

0 

0 
vvf 

vf 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
0 

0 

0 

0 
0 

0 

0 

0 

0 
mf 

Unknown 

?f 

0 
vvf 

0 

0 

0 
vvf 

vvf 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
0 

t\J 

(a) Heated 1 hr in evacuated Vycor capsules and quenched in cold water. 
(b) s = strong, m ^ medium, f = faint, tr ^ trace, v = very, d = diffuse, br s broad, x = expanded, 
(c) A weak diffraction line was observed at 2.17 A for these specimens. This reflection may be associated with an incipient form cf omega as this is a line position 

that should occur if omega was cubic. 
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decreased rapidly in ha rdness to about 300 VHN at 100 hr of aging. The 
z i rconium-niolybdenum-t in alloy dec reased only to 375 VHN and remained 
at this level up to 1000 hr of aging. This suggests that alloys of this type, 
when heat t r ea ted by this method, might have good stabili ty in elevated-
t empera tu re appl icat ions . 

The phase changes occur r ing at aging t imes of over 100 hr differed 
for the two a l loys . The 5. 5 w/o molybdenum alloy had no omega, but did 
have compound p re sen t at 200 h r , whereas the z i rconium-molybdenum-t in 
alloy (Heat B-1), which did not soften as much, sti l l had a li t t le omega 
p r e sen t after 1000 hr . The la t te r alloy did have compound p resen t , how­
ever , after aging 100 hr at 1100 F . 

A second heat (Heat A-4) of the zirconium-molybdenumi-t in alloy 
appeared to age m o r e rapidly , as indicated by the appearance of compound 
after aging 24 hr at 900 F . This treatmient produced a lower ha rdnes s , 
364 VHN as compared with about 410 VHN for Heat B - 1 . The zirconium 
sponge used in Heat A-4 had a very high in te r s t i t i a l content, which probably 
contr ibuted to the rapid aging of this heat (such an effect of in te r s t i t i a l s has 
been observed in t i tanium alloys). 

Alloys Transforming by the Alpha 
P r ime-Alpha Reaction 

This second type of aging reac t ion is not so well understood as the 
be ta -omega-a lpha reac t ion for t i tanium al loys . Of the commerc i a l t i tanium 
al loys , only the t i t an ium-6 w/o a luminum-4 w/o vanadium alloy, when 
quenched from high t e m p e r a t u r e s , is known to harden appreciably by this 
t ransformat ion . It has been observed, but not adequately descr ibed , in 
exper imenta l titaniuin a l loys . Unfortunately, nei ther t ime nor funds p e r ­
mitted a complete investigation of the z i rconium alloys t ransforming in 
this way. 

The z i r con ium-5 w/o mobium-2 w/o tin alloy and the z i rcon ium-4 
w/o t in-2 w/o molybdenum alloy will be cons idered in this ca tegory even 
though some omega was observed in one heat of the foriner alloy in one 
condition of heat t reatnaent . The X- ray diffraction observat ions for the 
two niobium-t in heats a r e r eco rded in Table 6. Heat A-6 was quenched 
only from 1525 and aged at 800 and 900 F . The as-quenched s t r uc tu r e 
contained p r i m a r y alpha (formed at the so lu t ion- t rea tment t empera tu re ) 
and omega. After aging 48 hr at 800 F , l i t t le if any change was observed 
m the X- ray data, although some very significant i n c r e a s e s in ha rdnes s 
were obtained. After aging 24 hr at 900 F , the omega had all d i sappeared 
and there was indication of the t e rmina l n iob ium-z i rcon ium sol id-solut ion 
phase . This heat , quenched from 1525 F appeared to conform to the beta-
to -omega- to -a lpha concept of t ransformat ion . 



TABLE 6. PHASE IDENTIHCATION BY X-RAY DIFFRACTION FOR SOLUTION-TREATED AND AGED 
SPECIMENS OF THE ZIRCONIUM-5 w/o NIOBIUM-2 w/o TIN ALLOY 

Heat 

A-6 

" 
•' 

B-2 

,. 

" 
" 
" 
•• 
" 
•• 

" 

•• 

" 
" 
.. 

Solution 
Temperature(^), 

F 

1525 

1525 
1525 
1450 

1450 

1450 

1450 

1525 
1600 
1600 

1600 

1600 

1600 
1600 

1600 

1600 

1600 
1600 
1600 

Aging 
Time, 

hi 

0 

48 
24 

0 

1/4 

8 

48 
0 

0 

1 
48 

100 
1/4 

8 

48 

1000 
1/4 
1/2 
24 

Treatment 
Temperature, 

F 

— 
800 
900 

._ 
900 

900 

900 

. . 
— 

800 
800 

800 
900 
900 

900 

900 
1000 

1000 
1000 

Alpha, 

a 

s 

s 
s 

s 
s vd 

fsCd) 
\ m f splc 

s(d) 

m 

S X 

ms X 

ms d 

ms d 
ms X 
ms d 

fsW 
|_m splc&a 

s 
ms(e) 
ms(e) 

s d 

Alpha 

Prime, 

a 

0 

0 
0 

ms kd 

0 

0 

0 
m kvd 

0 
ms kvd 

ms d 

ms vd 
ms kvd 
ms vd 

0 

0 

msCe) 
nis(e) 

0 

Observed Intensities of Phase Patte 
Untransformed 

Beta, 

^ 

0 

0 
0 
mf 

0 

0 

0 

0 
vvf 
0 
0 

0 
0 

0 

0 

0 

0 
0 

0 

ms(b) 

Omega, 

m 

m 

0 

0-
0 

0 

0 

0 
0 
0 

0 

0 
0 
0 

0 

0 

0 
0 
0 

U) 

dW 

d 

f 

Niobium-B.ise 

Terminal Solid 

Solution 

0 

0 
vfd 

0 

0 

0 

vvf+vfc 
0 
0 
0 
0 

0 
0 

0 

0 

fd 
0 
0 

vfd 

M 
-J 

(a) Heated 1 to in evacuated Vycor capsules and quenched in cold water. 
(b) s = strong, m = medium, f = faint, tr = trace, v = very, d = diffuse, br = broad, x = expanded, k = contracted, splc = split c-spacing, 
(c) Omega in this sample fits a cubic net. 
(d) Diffuseness in background near (110) reflection may indicate strains faulting, or possible compositional variation. 
(e) Differentiation between alpha and alpha prime fails because the two a-spacings have approached almost to a common value. 
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H e a t B - 2 w a s i n v e s t i g a t e d m o r e t h o r o u g h l y and o m e g a d i f f r ac t ion 
l i n e s w e r e not p o s i t i v e l y iden t i f i ed in any s p e c i m e n . Alpha p r i m e w a s o b ­
s e r v e d in a l l a s - q u e n c h e d s p e c i m e n s s a v e one . The m e t a l l o g r a p h i c e x a m ­
ina t i on i n d i c a t e d t h e p r e s e n c e of a lpha p r i m e even in t h a t s p e c i m e n 
(quenched f r o m 1600 F ) a l though no X - r a y d i f f rac t ion e v i d e n c e for it w a s 
o b s e r v e d . 

Aging a t 800 F of s p e c i m e n s of H e a t B - 2 quenched f r o m 1600 F p r o ­
duced l i t t l e c h a n g e in the r e l a t i v e a m o u n t s of p h a s e s p r e s e n t , bu t did c a u s e 
s o m e a d j u s t m e n t in the c o m p o s i t i o n of t h e p h a s e s , a s i n d i c a t e d by c h a n g e s 
in l a t t i c e d i m e n s i o n s . H a r d n e s s e s i n c r e a s e d f r o m 235 VHN a s - q u e n c h e d 
to 365 VHN maxim^um. M o s t of the h a r d e n i n g o c c u r r e d v e r y e a r l y in the 
ag ing c y c l e , with m a x i m u m v a l u e s b e i n g r e a c h e d s o o n e r when ag ing w a s a t 
h i g h e r t e m p e r a t u r e s . 

The a l p h a p r i m e d i s a p p e a r e d a f t e r 48 h r a t 900 F and w a s i n d i s t i n ­
g u i s h a b l e f r o m a lpha a f te r 1/4 h r a t 1000 F . The n i o b i u m - b a s e t e r m i n a l 
so l id so lu t ion a p p e a r e d in m a t e r i a l so lu t ion t r e a t e d a t 1600 F and t h e n aged 
1000 h r a t 900 F o r 24 h r a t 1000 F . Alpha p r i m e f o r m e d d u r i n g the quench 
f r o m 1450 F d i s a p p e a r e d a f t e r 1/4 h r a t 900 F . 

While no e n r i c h e d b e t a was o b s e r v e d in t h e s e s p e c i m e n s , i t i s b e ­
l i e v e d t h a t t h i s p h a s e would f o r m a s a l p h a p r i m e d e c o m p o s e s and p r i o r to 
the f o r m a t i o n of t h e n i o b i u m - r i c h so l id so lu t i on . It i s l i k e l y t h a t the e n ­
r i c h e d b e t a w a s p r e s e n t a f t e r ag ing bu t w a s not d e t e c t a b l e b e c a u s e of dif­
f u s e n e s s of the p a t t e r n . 

In c o m p a r i n g the two h e a t s , t h e r e a r e s o m e obv ious d i f f e r e n c e s in 
h e a t - t r e a t m e n t r e s p o n s e . In H e a t A - 6 the b e t a f o r m e d d u r i n g so lu t ion 
t r e a t m e n t a t 1525 F t r a n s f o r m e d to o m e g a d u r i n g t h e q u e n c h . F u r t h e r ­
m o r e , the c o m p l e t i o n of the t r a n s f o r m a t i o n was r e l a t i v e l y r a p i d . On the 
o t h e r hand , when Hea t B - 2 w a s so lu t i on t r e a t e d a t 1450 F , only a q u e s t i o n ­
ab le t r a c e of o m e g a w a s f o r m e d upon quench ing and c o n s i d e r a b l e a lpha 
p r i m e was f o r m e d . T h i s i s s u r p r i s i n g b e c a u s e the l o w e r so lu t ion t r e a t ­
m e n t shou ld h a v e p r o d u c e d a m o r e s t a b l e b e t a , which would be m o r e l i ke ly 
to t r a n s f o r m to o m e g a t h a n to a lpha p r i m e . 

In an a t t e m p t to e x p l a i n t h e s e o b s e r v a t i o n s a c o m p l e t e a n a l y s i s of the 
two h e a t s w a s m a d e wi th the fo l lowing r e s u l t s : 

Composition, w/o 
Heat Nb Sn O N C H 

A-6 5,22 2 ,28 0,329 0.055 0,02 0.0050 

B-2 5.25 2 ,23 0.137 0.006 0 ,01 0.0037 
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T h e h i g h o x y g e n , n i t r o g e n , a n d c a r b o n p r o b a b l y c a m e f r o m b o t h t h e z i r ­
c o n i u m s p o n g e a n d n i o b i u m p o w d e r u s e d i n H e a t A - 6 . T h e h i g h i n t e r s t i t i a l s 
of H e a t A - 6 a p p e a r t o h a v e a c c e l e r a t e d t h e d e c o m p o s i t i o n of b e t a t o o m e g a . 
I n t e r s t i t i a l s h a v e b e e n s h o w n t o a c c e l e r a t e t h e b e t a - t o - e q u i l i b r i u m a l p h a 
t r a n s f o r m a t i o n i n i s o t h e r m a l t r a n s f o r m a t i o n of a t i t a n i u m - 1 1 w / o m o l y b ­
d e n u m a l l o y , i l l ) 

T a b l e 7 p r e s e n t s t h e l i m i t e d a m o u n t of X - r a y d i f f r a c t i o n d a t a o b t a i n e d 
i n t h e s t u d y of t h e z i r c o n i u m - 4 w / o t i n - 2 w / o m o l y b d e n u m a l l o y . B e c a u s e 
of t h e p r e l i m i n a r y n a t u r e of t h e s t u d y m a d e o n t h i s a l l o y , i t w a s q u e n c h e d 
f r o m w h a t w a s b e l i e v e d t o b e t h e b e t a f i e l d . T h e p r e s e n c e of p r i m a r y a l p h a 
i n t h e a s - q u e n c h e d s t r u c t u r e s u g g e s t s t h a t t h e b e t a - t r a n s u s d e t e r m i n a t i o n 
w a s s l i g h t l y i n e r r o r o r t h a t s o m e b e t a - t o - a l p h a t r a n s f o r m a t i o n o c c u r r e d 
d u r i n g t h e q u e n c h . 

TABLE 7. PHASE IDENTIFICATION BY X-RAY DIFFRACTION FOR SOLUTION-TREATED 
AND AGED SPECIMENS OF THE ZIRCONIUM-4 w/o TIN-2 w/o MOLYBDENUM 
ALLOY^̂ ) 

Aging TreatmentC* )̂ 
Time, 

hr 

1/4 
1/2 

8 
48 

200 
1/2 

Temperatme, 
F 

As quenched 
900 
900 
900 
900 
900 

1100 

Observed Intensities of Phase PatternsC*̂ ) 

Alpha, 
a 

Alpha 
Prime, 

a 

Untransformed 
Beta 
^o 

Fully 
Enriched 

Beta 
^u Omega 

ms d 
ms 
s 

s 

sd 
sd 
sd 

md 
m 
ms 
ms d 
ms d 
ms d 
0 

0 
0 
0 
0 
0 
0 
m 

(a) Heat TM-42. 
(b) Solution treated 1 hour at 1785 F in evacuated Vycor capsules and quenched into cold water before aging. 
(c) s = strong, m » medium, f ss faints v - very, d = diffuse, si ^ slightly. 

N o o m e g a w a s f o u n d i n t h i s a l l o y a n d t h e d a t a c o n f i r m t h e b e t a - t o -
a l p h a p r i m e - t o - a l p h a t r a n s f o r m a t i o n r e a c t i o n . A s a g i n g c o n t i n u e d a t 9 0 0 F , 
t h e a l p h a a n d a l p h a - p r i m e l a t t i c e c o n s t a n t s a p p r o a c h e d e a c h o t h e r m o r e a n d 
m o r e c l o s e l y ^ b u t t h i s p r o c e s s w a s n o t q u i t e c o m p l e t e e v e n a f t e r 2 0 0 h r . 
A t 1100 F t h e p r o c e s s w a s s u b s t a n t i a l l y c o m p l e t e i n 1/2 h r . 
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Selection of Heat Trea tments for the Evaluation of 
Mechanical P r o p e r t i e s 

It was original ly expected that the age-hardening cu rves , augmented 
by X- ray diffraction data would make it poss ible to select the one or two 
heat t r ea tmen t s that could be expected to produce maximum strength with 
adequate ductili ty. When the r e s e a r c h p r o g r a m was planned, all evidence 
available suggested that overaging to complete the omega t ransformat ion 
would be n e c e s s a r y to avoid b r i t t l enes s . Therefore , age-hardening curves 
were expected to indicate which heat t r ea tmen t s would produce overaging, 
and X- ray data were expected to show how far the overaging would have to 
be c a r r i e d to completely t r ans fo rm the omega. (There was not sufficient 
t ime or money to demons t ra te that omega did or did not cause embr i t t l e -
ment; it was a s sumed from the p r i o r exper ience with t i tanium alloys that 
omega would embr i t t l e z irconium al loys . ) 

However, the data obtained from the age-hardening curves and the 
ea r l i e r X- ray analyses did not p e r m i t complete in terpre ta t ion of the heat-
t r ea tmen t r eac t ions . Because of the lack of t ime , heat t r ea tmen t s had to 
be selected from the data at hand. More complete X- ray data were ob­
tained l a te r . 

Therefore , a r a t h e r thorough study of the effect of heat t r ea tmen t on 
r o o m - t e m p e r a t u r e tens i le p rope r t i e s was miade. The select ion of a p a r ­
t icular heat- t reatmient sequence was influenced by many fac tors . In genera l , 
however, the so lu t ion- t rea tment t empe ra tu r e was r a i s ed when it was des i red 
to inc rease r e sponse during aging. The aging t e m p e r a t u r e s selected r e p ­
resen t a compromise i the lower the t empera tu re the g rea t e r the maximum 
effect, but the longer the t ime requ i red to complete aging. Two other 
factors were a lso in control ; solution t rea t ing was done at a t empera tu re 
below the beta t r a n s u s , and when omega was known to r e su l t from a t r e a t ­
ment, aging was extended long enough to complete the be ta -omega-a lpha 
reac t ion . However, in many ins tances tensi le de terminat ions were made 
on m a t e r i a l aged for shor te r t imes as well so that some spec imens contained 
significant quanti t ies of omega. These were invariably accompanied by 
other specimens that had aged long enough to complete the reac t ion . 

MECHANICAL PROPERTIES 

It is genera l p rac t ice in any al loy-development work to make the 
or iginal screening evaluations on the bas i s of r o o m - t e m p e r a t u r e tensi le 
p r o p e r t i e s . P romis ing composi t ions a r e subsequently evaluated with 
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r e s p e c t to other p rope r t i e s of p a r t i r n l a r inte'^est. Because of the envi­
sioned application of z i rconium al loys, e leva ted- tempera ture s t rengths and 
s t r e s s - r u p t u r e values were obtained on ina te r ia l found to be of in te res t on 
the bas i s of r o o m - t e m p e r a t u r e tensi le p rope r t i e s . 

R o o m - T e m p e r a t u r e Tensile P rope r t i e s 

All of the t ens i l e -p rope r ty deteriniiiations a r e p resen ted in Tables 
B-1 and B-2 in Appendix B. The alloys so presented a r e considered in two" 
groups^ the a lpha-beta alloys and the alpha al loys. The alloys containing 
5 w/o or miore of molybdenum or niobium a re considered alpha-beta alloys 
because that amount of beta s tabi l izer provided sufficient beta stability 
during the quench to promote good aging re sponse . 

Alpha-Beta Alloys 

Ear ly in this invest igat ion u l t imate tensi le s t rengths as high as 
200, 000 psi were obtained in both the z i rconium-5 w/o molybdenum-2 w/o 
tin and the z i rcon ium-5 w/o niobium-2 w/o tin al loys. The elongation 
values were d i s t ress ing ly low and subsequent work had as i ts objective the 
improvement in elongation without too much loss in s t rength. The best 
r e su l t s obtained to date a r e as followsi 

Alloy Composition 
(Balance Zirconium), 

w/o 

5Mo-2Sn 
5Nb-2Sn 
5Nb-2Sn 
5Nb-2Sn 
5Nb-2Sn 

Solution 
Temperature, 

F 

1525 
1525 
1525 
1600 
1600 

Aging 
Temperature, 

F 

900 
1000 
1100 

900 
1000 

Aging 

Time, 
hr 

48 
8 

24 
8 
8 

Elongation 
in 1 In . , 
per cent 

11.5 
10 

16 
2 

14 

0.2 Per Cent 
Offset Yield 

Strength, psi 

153,500 
133,000 

96.000 
178,000 
153,000 

Ultimate 
Strength, 

psi 

168,500 
153.000 

112.500 
190.500 
168,000 

The values a r e somewhat shor t of the 200, 000-psi ul t imate s t rength-10 per 
cent elongation combination that has been obtained for t i tanium alloys and 
was the goal in this work. However, they r ep re sen t a substantial improve­
ment over previous z i r con ium-base a l loys . There is every reason to 
expect that when sufficient study has been made to clarify the understanding 
of the complex aging reac t ions observed, a m o r e des i rab le combination of 
alloy composit ion and heat t r ea tmen t may be developed to the end that the 
goal may be achieved. 

To bet ter unders tand the effects of heat t r ea tment on mechanical 
p r o p e r t i e s , the factors of so lu t ion- t rea tment t empera tu re , aging t e m p e r a ­
t u r e , and aging t ime will be cons idered separa te ly . 
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Effect of Solut ion-Treatment T e m p e r a t u r e . Raising the solution-
t r ea tmen t t e m p e r a t u r e does two re la ted things. It i n c r e a s e s the amount of 
be ta -phase p r e s e n t at the so lu t ion- t rea tment t e m p e r a t u r e , but it s imul ta ­
neously d e c r e a s e s the stabil i ty of the beta because it d e c r e a s e s the alloy 
content in the beta. The r e s u l t is usual ly an inc rease in the degree of 
r e sponse upon subsequent aging. 

The effect is i l lus t ra ted with the following values obtained on the 
z i rconium-5 w/o niobium-2 w/o tin alloy, Heat B-2 , as solution t rea ted 
and as aged 8 hr at 900 F . 

Solution 
Treatment 

Temperature, 
F 

1450 
1525 
1600 

Elongation 
per cent 

13 
13 
17 

As Solution Treated 
0.2 Per Cent 
Offset Yield 
Strength, psi 

87,500 
67,000 
78.000 

Ultimate 

Strength, 
psi 

114.000 
106.000 
114,000 

Elongation, 
per cent 

7 .5 
0 .5 
2 

As Aged 
0. 2 Per Cent 
Offset Yield 
Strength, psi 

121.500 
155,000 
178.000 

Ultimate 
Strength, psi 

152,000 
177,000 
190.000 

The Effect of Aging Tempera tu re and Time. Increasing the aging 
t empe ra tu r e general ly has tens the com.pletion of the aging reac t ion , and it 
somet imes lowers the peak of the aging r e s p o n s e . Increas ing t ime gene r ­
ally i n c r e a s e s s t rength up to a point, after which s t rength falls off and 
eventually elongation values i n c r e a s e . 

The following data were selected from t e s t s made on the z i rcon ium-
5 w''o niobium-2 w/o tin alloy, Heat B-2, solution t r ea ted at 1600 F and 
aged as indicated: 

Aging 
Temperature, 

F 

900 

1000 

Aging 
Time, 

hr 

1/2 
8 

24 

1/2 
8 

24 

Elongation, 
per cent 

1.5 
2.0 
3.0 

2 ,5 
14.0 
2.5(a) 

0 .2 Per Cent Offset 
Yield , Strength, psi 

165. 500 
178. 000 
162,000 

173.000 
153,500 
140.500 

Ultimate 
Strength, 

psi 

177.000 
190,000 
177, 500 

184,000 
168,000 
156,000 

(a) Defective specimen, broke in gage marks. 



33 

Here , as in all the mechanica l - tes t ing work, too much re l iance must 
not be placed on minor var ia t ions in p r o p e r t i e s . Most of the data r ep re sen t 
duplicate specimens with good agreement between the two. However, expe­
r ience has shown that the re a r e often unpredictable minor var iat ions from 
heat to heat and even within one heat . Only with considerable experience 
with an alloy is it poss ib le to recognize and control the impor tant va r iab les . 
In addition, it is suspected that the p re sence of hydrogen in these ma te r i a l s 
nnay have had de le terous effects on the ductility^ pa r t i cu la r ly of specimens 
in conditions of high s t rength . This la t ter factor was the subject of con­
s iderable investigation and is d i scussed in the section "Investigation Into 
The Effects of Hydrogen". At any r a t e , the data do show wel l -es tabl ished 
t r e n d s . Individual values may not be pa r t i cu la r ly r ep resen ta t ive , however. 

Summariz ing, the zirconiumi a lpha-beta alloys respond to heat t r e a t ­
ment much as t i tanium a lpha-beta a l loys , showing both the omega and the 
a lpha -p r ime aging r eac t ions , depending on composit ion and he a t - t r ea tmen t 
h i s tory . The reac t ions observed a r e sufficiently complex as to preclude 
the at tainment of optimum composit ion and heat t rea tment without consid­
erable detailed r e s e a r c h effort. Therefore , the p roper t i e s observed thus 
far can in no way be cons idered typical . There is every r eason to expect 
that cons iderable addit ional improvement could be obtained. 

Alpha Alloys 

The ea r ly invest igat ions of heat t r ea tmen t included some study of 
alpha a l loys . These alloys included Zircaloy 2, a z i rconium-2 w/o t in-
2 w/o molybdenum alloy, a z i rcon ium-4 w/o t in-2 w/o molybdenum alloy, 
and a z i rcon ium-4 w/o t in -1 w/o molybdenum-1/2 w/o c h r o m i u m - 1 / 4 w/o 
nickel alloy. The hea t t r e a tmen t s and resu l tan t mechanical p roper t i e s a r e 
descr ibed in detail in Table B-2 in Appendix B. 

While some alloys showed considerable i nc r ea se in s t rength after 
some heat t r e a t m e n t s , none re ta ined useful ductility in the high-s t rength 
condition. Zi rca loy 2, for example, showed no hea t - t r ea tmen t response 
except for about a 20 per cent i nc rease in s trength and a 50 per cent de­
c r e a s e in ductility after quenching from the beta field. Of the other al loys, 
any heat t r ea tmen t that r a i s ed the u l t imate s t rength above 140, 000 ps i also 
reduced the elongation to l e s s than 1 pe r cent. 

These alloys were not studied further because of their poor heat-
t r ea tmen t r e sponse . This is a t t r ibuted to the fact that the alloys contain 
insufficient quantit ies of be ta-s tab i l iz ing elements to pe rmi t re tent ion of 
the beta phase to low t e m p e r a t u r e s for subsequent t ransformat ion by the 
omega or a lpha -p r ime r eac t i ons . 
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Eleva t ed -Tempera tu re Tensile and 
S t r e s s -Rup tu re P r o p e r t i e s 

After screening the composit ions and heat t r ea tmen t s by means of 
r o o m - t e m p e r a t u r e p r o p e r t i e s , a l imited evaluation of s t rength p roper t i e s 
was made at elevated t e m p e r a t u r e . Two al loys, the z i rcon ium-5 w/o 
molybdenum-2 w/o tin and the z i rcon ium-5 w/o niobium-2 w/o tin, were 
tes ted in the maximium-st rength condition of heat t r e a tmen t in both shor t -
t ime tensi le t e s t s and s t r e s s - r u p t u r e t e s t s . 

The t e s t s were conducted at 840 F . This t e m p e r a t u r e was chosen on 
the assumpt ion that it l i es just below the t empe ra tu r e at which any curve 
re la t ing mechanica l p rope r t i e s or c r e e p r a t e of a lpha-beta z i rconium alloys 
to t empe ra tu r e makes a sharp break . This assumpt ion is based on a l imited 
survey of the smal l amount of e l eva ted - t empera tu re test ing of z i rconium 
alloys that has been repor t ed . 

In the s h o r t - t i m e tens i le t e s t s , spec imens were held 1/2 hr at t em­
p e r a t u r e in a flowing-helium a tmosphere before tes t ing. The same 
extensometer was used as for r o o m - t e m p e r a t u r e t e s t s and the s t ra in ra te 
was a lso the s ame , i. e. , 0. 01 in. per min to the yield s t r e s s , 0. 05 in. 
per min to fa i lure . 

Resul ts of the tensi le t es t s at 840 F were as follows: 

Alloy 

Zr-5Mo-2Sn 

Zr-5Nb-2Sn 

18-8 stainless 
steel. Type 
304(a) 

Zr-4Sn-2Mo(a) 

Heat Treatment 

Solution treated at 1525 F 
and aged 8 hr at 1000 F 

Solution treated at 1600 F 
and aged 8 hr at 900 F 

Cooled rapidly from 2000 F 

Cold rolled, annealed at 
1345 F and furnace cooled 

Elongation in 1 In . , 
per cent 

14 
10 

5 
10 

0 .2 Per Cent Offset 
Yield Strength, 

84,000 
85,000 

94.000 
98,000 

psi 

Ultimate 
Strength, 

psi 

113,500 
108,500 

120,000 
126,000 

47 

40 

15,000 

35,000 

62,000 

47,000 

(a) Data on the stainless steel and the zirconium-4 w/o tin-2 w/o molybdenum alloy, from 
References (12) and (13), respectively, are listed for comparison. 
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Specimens given ident ical heat t r ea tmen t s were tested in an attpirjpt 
to de te rmine the 100-hr rup tu re s t r e s s . These tes ts were conducted in a 
vacuum and the r e su l t s were as follows: 

Alloy Composition 
(Balance Zirconium), 

w/o 

5M0-2S11 
5Mo-2Sn 

5Nb-2Sn 
5Nb-2Sn 
5Nb-2Sn 

Stress^ 

j s i 

100,000 
95.000 

105,000 
97,500 
95.000 

Time to 

Failures hr 

2 . 4 
147.9 

1.5 
4 .8 
5 ,1 

Time to Produce Indi 
Elongation, hr 

1^0 

0.5 

0.12 

0.10 

2'fo 

0 .3 
5.5 

0.39 
0.22 
0.75 

icated 

4"/o 

0.8 
12.2 

0.7 
1.4 
2 .4 

Total 
Elongation, 

per cent 

18.8 
26.0 

8.0 
13.5 
11.5 

The data for the molybdenum alloy appear to be consis tent and indicate 
that in this condition of heat t r ea tmen t the alloy has some very in teres t ing 
potent ia l i t ies . Extrapolat ion of the data to 500 hr^ although such ex t rapo­
lation is of questionable value, indicates a rupture s t r e s s higher than the 
sho r t - t ime tensi le s t rength for Type 304 s ta inless s teel . 

The data for the niobium alloy a r e somewhat e r r a t i c . Time and funds 
did not p e r m i t additional tes t ing. The data suggest , however, that the alloy 
should be heat t r ea t ed to a more stable condition^ and the f i rs t logical step 
would be to r a i s e the aging t e m p e r a t u r e somewhat. Some sacr i f ice in r oom-
t empe ra tu r e s t rength might be n e c e s s a r y to promote super ior per formance 
at elevated t e m p e r a t u r e . 

METALLOGRAPHIC EXAMINATION 

The p repa ra t i on of meta l lographic spec imens , except for the final 
polish and etch, was conventional. Solut ion-treated specimens were 
mounted in Epon, a p las t ic which will set at room t e m p e r a t u r e , to prevent 
any low- tempera tu re aging effect. All other specimens were mounted in 
Bakel i te . The mounted spec imens were then polished through 600-gri t 
si l icon carbide Wetordry paper using water . They were then polished on a 
h igh-speed wheel (1750 rpm) using aluminum oxide in water as an ab ras ive . 

The final polishing and etching in most cases were accomplished by 
vigorous swabbing with a mix ture of c o m m e r c i a l (85 per cent) lactic acid, 
concentra ted (70 per cent) n i t r ic acid, and hydrofluoric acid (48 per cent). 
The lactic ac id - to -n i t r i c acid r a t io var ied from 1:1 to 3:1 with about 1/2 to 
1 pe r cent of hydrofluoric acid added. The concentrat ions were var ied to 
control the con t ras t and polishing action and were dependent upon the m a t e ­
r i a l and i ts heat t r ea tmen t . 
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If, after swabbing vigorously with the above solution, the specimen 
did not show enough con t ra s t in p h a s e s , the con t ras t could be inc reased by 
a stain etch. Specimens were stain etched with 5 w/o ammonium bifluoride 
solution applied by pouring while the specimen was sti l l wet with the c h e m i ­
cal polish. 

The chemica l polish was n e c e s s a r y to remove the worked me ta l from 
the surface of the z i rconium al loys . These alloys were ex t remely difficult 
to polish without smear ing meta l . The chemical pol ish gave the most near ly 
consis tent r e s u l t s . However, even with the mos t meticulous procedures^ 
the m i c r o s t r u c t u r e s observed did not co r r e l a t e well with p rope r t i e s or 
X- ray diffraction ana lyses . As a r e su l t , few photomicrographs were taken. 

F igure 11 shows the z i rconiurn-5 w/o molybdenum-2 w/o tin alloy 
quenched from 1525 F . The s t ruc tu re consis ts mainly of equiaxed alpha in 
a beta ma t r ix . There a r e wavy, near ly p a r a l l e l l ines (oriented ver t ica l ly 
in the photomicrograph) that appear in the beta m a t r i x . Lines s imi la r to 
these have been observed under s eve ra l conditions of heat t r ea tmen t . They 
may r e p r e s e n t a r e a s of t r ans fo rmed beta , the t r ans format ion being s t ra in 
induced during polishing^ They may r e p r e s e n t etching a r t i f ac t s . Consid­
erat ion of X- ray data and the known phase reac t ions fails to explain these 
mark ings as an equi l ibr ium phase . Their or ientat ion perpendicular to the 
direct ion of rol l ing may or may not have some significance. 

F igure 12 shows the same alloy after aging 1/2 hr at 900 F . The 
same metal lographic p rocedure s have produced evidence of what appear to 
be grain boundar ies of very sma l l beta g r a in s . Their appearance is not 
very different froixi the wavy l ines observed in F igure 11, but the geometry 
is ent i re ly different. Additional aging usual ly made these gra in boundaries 
m o r e pronounced and late in the aging cycle another phase was found in the 
gra in-boundary reg ions , p r e sumab ly ZrMo2. 

F igu re 13 shows the z i rcon ium-5 w/o niobium-2 w/o tin alloy after 
solution t rea t ing at 1525 F and aging 1/2 hr at 900 F . The p r i m a r y alpha 
grains a r e elongated in the d i rec t ion of rol l ing, indicating that they had 
formed p r io r to or during the rol l ing operat ion. Actually, because of c r o s s 
rol l ing, which elongates in two d i rec t ions , the alpha gra ins a r e m o r e p r o b ­
ably p l a t e s , nea r ly equal in d imensions in two di rec t ions and considerably 
shor te r in the th i rd . The ma t r i x he re is alpha p r ime and is dist inguished 
from re ta ined beta by the random, very faint mark ings . 

The same alloy after aging 48 hr at 1100 F is shown in F igure 14. 
Here the p r i m a r y alpha gra ins a r e in a m a t r i x that is secondary alpha 
(formed from the quenched alpha p r ime) containing a prec ip i ta te of the n io­
bium solid solution. This p rec ip i ta te appears to be a lmos t c o a r s e enough at 
this stage to be reso lved . At e a r l i e r s tages of aging, the m a t r i x will be 
darkened by the etchant, but to a l e s s e r deg ree . 
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500X Mixed Acids Plus Ammonium Bifluoride Etch N31793 

HGURE 11. ZIRCONIUM-5 w/o MOLYBDENUM-2 w/o TIN ALLOY SOLUTION TREATED AT 1525 F 

Equiaxed alpha in a beta matrix; note unidentified vertical wavy lines. 

500X Mixed Acids Plus Ammooium Bifluoride Etch N31790 

HGURE 12. ZIRCONIUM-5 w/o MOLYBDENUM-2 w/o TIN ALLOY SOLUTION TREATED AT 1525 F 
AND AGED 1/2 HR AT 900 F 

Equiaxed alpha in a beta matrix; note more complete formation of beta grain boundaries. 
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500X Mixed Acids Etch N31787 

HGURE 13. ZlRCONlUM-5 w/o NIOBIUM-2 w/o TIN ALLOY QUENCHED FROM 1525 F AND 
AGED 1/2 HR AT 900 F 

Equiaxed alpha m a transformed beta (alpha prime) matrix. 

50 ox Mixed Acids Etch N31783 

HGURE 14. ZIRCONIUM 5 w/o NIOBIUM-2 w/o TIN ALLOY QUENCHED FROM 1525 F AND 
AGED 48 HR AT 1100 F 

Elongated alpha m a matrix of alpha plus niobium solid solution. 
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In the meta l lographic s tudies , l ines of a different sor t were found 
occasional ly m some specimiens. These often had the appearance of the 
hydride phase , although the amount observed was often more than would be 
expected except in a m a t e r i a l with very high hydrogen contents. This struc­
tu re somet imes could not be found if the specimen were reground and r e -
polished. On at l eas t one occasion additional etching alone caused it to 
d i sappear . 

Because of this pecul iar behavior and because of a concern that the 
p re sence of hydride could be causing some of the low elongation values, a 
study of the effect of hydrogen was made . 

INVESTIGATION INTO THE EFFECTS OF HYDROGEN 

The repor ted effects of hydrogen on the mechanica l p roper t i e s of un­
alloyed z i rconium and t i tanium a r e s imi l a r . "'*3 '•^i The pr incipal effect is 
a reduct ion in notched-bar impact p r o p e r t i e s . Increasing hydrogen contents 
cause only a slight d e c r e a s e in tensi le ductility of zirconium and no effect 
on the tens i le ductil i ty of t i tanium. Hydrogen contents in the range of 20 to 
60 ppm have been shown to produce a needlelike phase in the m i c r o s t r u c t u r e 
of both unalloyed z i rconium and t i tanium. ' l'*s ^"i ^ 'i Alpha alloys of 
z i rconium-t in a r e affected by hydrogen the same as unalloyed meta l . ^ ' 

In a lpha-beta al loys of t i tanium, however, the effect of hydrogen is 
much different. There appears to be l i t t le if any effect on notched-bar 
impact proper t ies^ but a pronounced s t r a i n - r a t e sensit ivity is found in the 
tensi le t e s t s . '- '•°' ^^' Loss of tensi le ductili ty at slow s t ra in r a t e s was 
shown at a hydrogen level as low as 90 ppm when one ti tanium alloy was heat 
t r ea ted to s t rengths of about 170, 000 ps i . ^ •'' This concentrat ion of hydrogen 
in t i tanium alpha-beta alloys did not produce a phase in the mic ros t ruc tu r e 
that could be assoc ia ted with hydrogen. However, in ce r ta in conditions of 
heat t r ea tment , hydrogen levels of 140 ppm or higher did produce a hydride 
phase . This phase was identified by autoradiography using t r i t ium as a 
t r a c e r , and was shown to occur at the interface of the alpha and beta 
phases . ^ ' The mechan i sm of hydrogen embr i t t lement of t i tanium alpha-
beta alloys has not been establ ishedi it is believed to be a s t ra in-aging 
phenomenon. However, the location of the hydride at a lpha-beta in ter faces , 
while not neces sa r i l y associa ted with s t r a in aging, is obviously not 
conducive to good mechanica l p r o p e r t i e s . 

Because of the r a the r genera l ly low ductility of the zirconium al loys, 
hydrogen was suspected to be the cause , the same as in t i tanium al loys. 
Therefore , two avenues of explorat ion were undertaken to a l imited extent 
to de te rmine the effect of hydrogen in a lpha-beta z i rconium al loys. The 
f i rs t was an evaluation of the effect of hydrogen on tensi le p r o p e r t i e s . The 
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second was an a t tempt to identify a phase which appeared in the alloys to 
de te rmine whether or not it was a hydr ide . 

Effect of Hydrogen on Tensile P r o p e r t i e s 

Hydrogen contents above about 150 ppm a r e known to reduce tensi le 
ductili ty of t i tanium alloys when heat t r ea t ed to high s t rength leve ls . S imi­
lar ly , high-hydrogen t i tanium alloys will fail at low elongation levels when 
s t ra ined at low r a t e s , because of s t ra in-ag ing precipi ta t ion of hydrogen. 
Both phenomena were invest igated in the two zirconium al loys. 

To observe the effect on tens i le ductil i ty, stock of two alloys was 
vacuum annealed 8 hr at 1350 F to reduce the hydrogen content, then it was 
compared with unt rea ted m a t e r i a l . Both m a t e r i a l s were solution t r ea ted at 
1525 F and aged 8 hr at 1000 F . The r e su l t s of this investigation were as 
follows: 

Alloy(^) 

A-4 
A-4 
A-6 
A-6 

Pretreatment 

None 
Vacuum annealed 

None 
Vacuum annealed 

Hydrogen 
Content, 

ppm 

31 
25 
47 
23 

Elongation 
2 In, 

in 
. , per cent 

0.7 
0.7 

10,5 
10.5 

0.2 Per Cent Offset 
Yield Strength. 

172.000 
174,000 
150,000 
150,000 

psi 

Ultimate 
Tensile 

Strength, 

psi 

179,000 
184,000 
160,000 
161, 500 

(a) A-4 is zirconium-5 w/o molybdenum-2 w/o tin; A-6 is zirconium-5 w/o niobium-2 w/o tin. 

While a s u b s t a n t i a l r e d u c t i o n in the h y d r o g e n con t en t w a s e f fec ted by 
v a c u u m a n n e a l i n g , t h e r e s e e m s to h a v e b e e n no i m p r o v e m e n t in t e n s i l e 
d u c t i l i t y a t t h i s s t r a i n r a t e . A t t e m p t s to p r o d u c e s h e e t t e n s i l e s p e c i m e n s 
with s u b s t a n t i a l l y l ower h y d r o g e n c o n t e n t s miet wi th l i t t l e s u c c e s s b e c a u s e 
of an i n c r e a s e d r a t e of p i c k u p of h y d r o g e n d u r i n g t h e p i c k l i n g o p e r a t i o n s . 
T i m e and funds did no t p e r m i t deve lop ing a new p r o c e d u r e t h a t would o v e r ­
c o m e t h i s d i f f icu l ty . 

A s u b s t a n t i a l i n c r e a s e in t e n s i l e duc t i l i t y h a s b e e n o b s e r v e d in t i t a ­
n i u m a l l o y s con t a in ing h y d r o g e n when the s t r a i n r a t e i s i n c r e a s e d m a r k e d l y . 
The effect w a s e x p l o r e d in two z i r c o n i u m a l l o y s , t he 5 w / o m o l y b d e n u m -
2 w / o t in (Alloy C-49) a n d the 5 w ' o niobiumi-2 w / o t in (Alloy B - 2 ) . The 
m a t e r i a l s with s u b s t a n t i a l l y e q u i v a l e n t h y d r o g e n c o n t e n t s a t abou t 30 p p m 
w e r e h e a t t r e a t e d to t h r e e s t r e n g t h l e v e l s and t e s t e d a t t h r e e s t r a i n r a t e s . 
R e s u l t s of t h e s e t e s t s a r e shown in T a b l e 8: 
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TABLE 8. EFFECT OF STP.AIM RATE ON TENSILE PROPHITIES OF TV/O ZIRCONIUM ALLOYS 

Alloy 

C-49CC) 

C-49(<=) 
c-49(c) 
C-49Cd) 

C-49(^) 
C-4^d) 

B - 2 « 
B -2(Q 
B - 2 « 

Strain Rate^*^, 
in. per min 

0.006 
0 .01-0 .05 

0.25 
0.006 

0 .01-0 .05 
0.25 
0.006 

0 .01-0 .05 
0,25 

Elongation 
l ln .Cb) , per 

7 .5 
11 

3 
7(e) 

3 
6(e) 

4 .5 
2, 5(e) 

2 .5 

in 
cent 

Reduction of 
Area(b), per cent 

24 
20 
22 
29Ce) 
38 
38 
14 
9(e) 

14 

Ultimate Tensile 
StrengthCb), psi 

169.000 
168,500 
170,500 
151,000 
154,000 
154,000 
178,000 
177, 500 
183,000 

(a) Determined by crosshead speeds 0.01-0.05 indicates 0.01 in. per min to the yield strength and then 
0.05 in, per min to fracture. 

(b) Average of two values except where noted. 
(c) Solution treated at 1525 F and aged 48 hr at 900 F. 
(d) Solution treated at 1525 F and aged 24 hr at 1000 F, 
(e) Single values. 
(f) Solution treated at 1600 F and aged 24 hr at 900 F. 

The v a r i a t i o n s in s t r e n g t h and duc t i l i t y v a l u e s a r e p e r h a p s a l i t t l e 
m o r e t h a n n o r m a l e x p e r i m e n t a l v a r i a t i o n s . H o w e v e r , s h e e t s p e c i m e n s 
often exh ib i t such v a r i a t i o n s due to s u r f a c e i m p e r f e c t i o n s . It m u s t be c o n ­
c luded t h a t t he v a r i a t i o n in s t r a i n r a t e h a d no s ign i f i can t effect on the t e n s i l e 
duc t i l i t y o r s t r e n g t h of t h e s e a l l o y s . T h i s i n d i c a t e s t h a t , a t l e a s t in t h e s e 
l i m i t e d t e s t s , a h y d r o g e n c o n t e n t of 30 p p m did not c a u s e the a l l o y s to be 
s t r a i n - r a t e s e n s i t i v e . It s e e m s u n l i k e l y , t h e r e f o r e , tha t h y d r o g e n cou ld 
h a v e c a u s e d the low duc t i l i t y in the a l l o y s h e a t t r e a t e d to h igh s t r e n g t h 
l e v e l s . 

The Effect of H y d r o g e n on the M i c r o s t r u c t u r e 

A s m e n t i o n e d e a r l i e r , t h e i d e n t i f i c a t i o n of a h y d r i d e p h a s e a t the 
a l p h a - b e t a i n t e r f a c e s was b e l i e v e d to r e s u l t in l o w e r e d duc t i l i t y in h i g h -
s t r e n g t h a l p h a - b e t a t i t a n i u m a l l o y s . The h y d r i d e p h a s e w a s iden t i f i ed by 
a u t o r a d i o g r a p h y u s i n g t r i t iunn a s a t r a c e r for the h y d r o g e n . The p o s i t i v e 
i d e n t i f i c a t i o n of a h y d r i d e p h a s e in z i r c o n i u m a l l o y s of low duc t i l i t y would 
be suf f ic ient r e a s o n for the low duc t i l i t y . 

A m i x t u r e of t r i t i u m and h y d r o g e n w a s added to a l loy s a m p l e s in a 
mod i f i ed S i e v e r t s a p p a r a t u s . One s a m p l e of e a c h of the z i r c o n i u m - 5 w / o 
m o l y b d e n u m - 2 w / o t i n and the z i r c o n i u m - 5 w / o n i o b i u m - 2 w / o t in a l l o y s 
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was loaded with 100 or 200 ppm of the mixed gases . The quantity of t r i t ium 
added was expected to produce 25 or 50 mi l l i cu r ies of radioact ivi ty at the 
100- or 200-ppm level of hydrogen, respec t ive ly . The additions were made 
as follows: 

1. Individual 1/2 by 1/2 by 1-3/16 in. specimens of each alloy 
were abraded with dry 240-gr i t silicon carb ide paper and 
placed in a Vycor tube of a modified Sieverts appara tus . 

2. Specimens were degassed for 15 min at 1470 F to a vacuum 
of at l eas t 0. 05 jj. of i ne rcu ry . 

3. The t e m p e r a t u r e was lowered to 1110 F and the measu red 
volume of t r i t ium-hydrogen mixture added to the reac t ion 
tube. The p r o g r e s s of the reac t ion was followed by p r e s s u r e 
readings on an open-end manome te r . 

4. When the reac t ion was completed, the specimens were cooled 
in the reac t ion tube, removed and sealed in individual evacuated 
Vycor capsu les . 

5. The specimens in the capsules were then heated for 24 hr at 
1550 F for homogenization, and subsequently air cooled in the 
capsule . 

The specimens were then rol led to about 0. 060-in. - thick sheet, using 
the same technique adopted as s tandard p rac t i ce for the whole p rog ran i . 
Care was taken to keep the roll ing reduct ion and the or ientat ion with r e spec t 
to the or iginal forged direct ion the same as for the large ba r s rol led to 
sheet. This was done to a s s u r e the same m i c r o s t r u c t u r e in the t r i t ium 
bearing sheet as was obtained in the or iginal sheet . However, as will be 
noted l a te r , the t r i t i um-bea r ing specimens did have somewhat l a rge r alpha 
grain s ize . P roces s ing of the t r i t i um-bea r ing sheet was the same as that 
used for the age-hardening study except that al l aging t r ea tmen t s for the 
t r i t ium alloys were c a r r i e d out in evacuated Pyrex capsu les . 

The hea t - t r ea t ed t r i t i um-bea r ing specimens were mounted in Bakel i te , 
polished and etched as d iscussed in the section on "Metal lographic 
Examination". Photomicrographs were made of specimens showing s ig ­
nificant s t ruc tu ra l changes . 

The autoradiographs of all specimens were obtained as follows: 

1. The polished and etched specimens were coated with a Vinylite 
p las t i c , using g rea t c a r e to keep the coating about 0. 001 in. 
thick so that the beta radia t ion from the t r i t i um would not be 
shielded from the sensi t ized film. 
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2. The autoradiographic film was placed on the specimenq hy a 
wet technique. 

3. After about 2 days of exposure , the film was developed in 
place on the spec imens . 

4. Pho tomicrographs were then taken of the exposed film in 
place on the specimen. 

The photomicrographs a r e p resen ted as p a i r s , with the mic ros t ruc tu r e 
at the left of each pa i r and the autoradiograph (super imposed on the m i c r o -
s t ruc tu re ) at the r ight . There was very l i t t le difference in the appearance 
of the spec imens containing 100 ppm of hydrogen as compared with the 
specimens containing 200 ppm. Therefore , photomicrographs a r e shown 
only of the 100-ppm spec imens . 

The as -quenched s t ruc tu re of the niobium-bear ing alloy, in F igure 15, 
shows equiaxed p r i m a r y alpha in t r ans fo rmed beta . The exposed si lver 
gra ins in the film show random and uniform distr ibution of the hydrogen, 
indicating ei ther random prec ip i ta t ion or re tent ion in solid solution. 

The as-quenched s t ruc tu re of the molybdenum-bear ing alloy is shown 
in F igure 16. The pecul ia r line mark ings d iscussed ea r l i e r a r e observed 
in the m i c r o s t r u c t u r e along with other s t ruc tu re s that cannot be explained 
in t e r m s of the meta l l ic phases expected. The concentrat ion of hydrogen in 
these p h a s e s , as indicated by the autoradiograph, provides pa r t i a l explana­
tion of the observed m i c r o s t r u c t u r e . 

However, t he re a r e s eve ra l r e a s o n s to doubt that these observat ions 
a r e r ep resen ta t ive of the m a t e r i a l . F i r s t , the genera l level of activity 
indicates much more hydrogen in F igure 16 than in F igure 15, although the 
hydrogen ( tr i t ium) contents a r e nominally equal. Secondly, if the amount 
of hydride indicated by the autoradiograph were p resen t in the total volume 
of the specimen, it s eems improbable that the specimen could have developed 
the 10 per cent elongation typical for this m a t e r i a l in this condition of heat 
t r ea tmen t . Finally, the s t ruc tu re was completely e r rad ica ted by aging 
1/2 hr at 900 F . This heat t r ea tmen t produced a m i c r o s t r u c t u r e very like 
that shown in F igure 15. 

There seems to be a very r e a l possibi l i ty that the s t r uc tu r e s , even as 
revea led by autoradiography, may be surface phenomena re la ted to hydrogen 
pickup during polishing and etching. The diffusivity of hydrogen is quite 
high and the seve ra l days between sample prepara t ion and final au toradio­
graphic exposure may have been sufficient for an interchange of t r i t ium 
between the body of the specimen and the surface phases . Subsequent 
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HGURE 15. ZIRCONIUM-5 w/o NIOBIUM-2 w/o TIN ALLOY SOLUTION TREATED AT 1525 F 

Random distribution of exposed silver grains indicates random hydrogen distribution. 

^ ^ ^« 

:/.x-." 
- ' -- .;v. 

f , " » 

i... _ - ^ ' ^ ^ 

\Jk4 
. . \ - • 

. ; - » • :-' - I ^../ 
500X N3n89 500X N32189 

Photomicrograph Autoradiograph 
Mixed Acids Plus Ammonium Bifluoride Etch 

HGURE 16. aRCONIUM-S w/o MOLYBDENUM-2 w/o TIN ALLOY SOLUTION TREATED AT 1525 F 

Note apparent segregation of hydrogen. However^ amount seems unusually great. 
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aging could diffuse the surface hydrogen (and t r i t ium) into the body of the 
specimen. Why the polishing and etching procedure introduces hydrogen 
(if this be the case ) during some p repara t ion operat ions and not o thers i s 
not explainable at this t ime . 

Segregation of hydrogen during aging i s shown by the m i c r o s t r u c t u r e s 
in F igu re s 17 and 18, F igure 17 is the s t ruc ture of the z i rconium-5 w/o 
niobium-2 w/o tin alloy solution t r ea ted at 1525 F and aged 48 hr at 1100 F . 
F igure 18 is the s t r uc tu r e of the z i rcon ium-5 w/o molybdenum-2 w/o tin 
alloy solution t r ea t ed at 1525 F and aged 8 hours at 900 F . Both auto­
rad iographs show some concentrat ion of hydrogen at the interface between 
the elongated p r i m a r y alpha g ra ins and the ma t r ix . In addition, the re a r e 
concentrat ions of hydrogen in a r e a s re la t ively free of alpha g ra ins . For the 
niobium alloy, F igure 17, these often appear diagonally in the m i c r o s t r u c ­
ture and a r e poss ibly assoc ia ted with hydride needles precipi ta t ing between 
the alpha p r i m e needles , as observed in unalloyed zirconium by Mudge'^'*^ 
or Saller(16). 

At in te rmedia te aging t i m e s , a network of apparent beta grains was 
shown in F igure 12, This network, more fully developed by longer aging, 
as shown in F igure 19, apparent ly does not contain any concentrat ion of 
hydrogen, as shown in the autoradiograph. 

In conclusion, the effect of hydrogen on ductility of alpha-beta z i r co ­
nium alloys has not been well defined. There does appear to be an in t e r -
facial prec ipi ta t ion which could cause e inbr i t t lement s imi lar to that found 
in a lpha-beta t i tanium al loys . However, good ductility has been obtained 
for ce r t a in conditions of heat t r ea tmen t which have also caused the hydrogen 
segregat ion r e p r e s e n t e d by the autoradiographs shown. While the evidence 
is not conclusive, the observa t ions do not posit ively indicate that hydrogen 
has been the d i rec t cause of elongation values somewhat lower than those 
found in t i tanium alloys of equivalent s t reng ths . 

RECOMMENDATIONS FOR FUTURE WORK 

It was the purpose of the r e s e a r c h repor ted he re to demonst ra te that 
z i r con ium-base alloys could be heat t r ea ted to provide high s t rengths with 
adequate ductil i ty. This purpose has been accomplished, along with a very 
brief examination of e l eva ted - t empera tu re s t rengths of two al loys. However, 
before any z i r con ium-base alloys can be put into se rv ice as high-s t rength 
s t ruc tu ra l m a t e r i a l s , cons iderable additional r e s e a r c h i s n e c e s s a r y . 

Because of the l imited t ime and funds available, the detailed study of 
heat t r ea tmen t had to be conducted on composit ions that were chosen with­
out a r e a l survey of alloy composi t ions . Therefore , a thorough investigation 
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HGURE 17. ZIRCONIUM-5 w/o NIOBIUM-2 w/o TIN ALLOY SOLUTION TREATED AT 1525 F AND AGED 
48 HR AT 1100 F 

Elongated alpha grains m a matrix of alpha and terminal solid solution. 

Note; Concentration of silver grains at alpha gram boundaries and also wme diagonally oriented. 
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HGURE 18. ZIRCONIUM-5 w/o MOLYBDENUM-2 w/o TIN ALLOY SOLUTION TREATED AT 1525 F AND 
AGED 8 HR AT 900 F 

Alpha m beta matrix, showing concentration of hydrogen at a]pha-beta interfaces plus 
concentrations generally parallel to alpha grains. 
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Mixed Acids Plus Ammonium Bifluoride Etch 

FIGURE 19. ZlRCONIUM-5 w/o MOLYBDENUM-2 w/o TIN ALLOY SOLUTION TREATED AT 1525 F AND 
AGED 8 HR AT 1000 F 

Exposed silver grains are not concentrated at beta grain boundaries. 
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of other alloy composi t ions should be made . This investigation should 
include, as a minimum^ the study of molybdenum and niobium at lower and 
higher concent ra t ions , the molybdenum to as high as 10 w/o , the niobium 
to as high as ZO w/o . Severa l levels of alpha s t ab i l i ze r s , tin and aluminum, 
should a lso be invest igated. Ult imately, a study of the effect of var ious 
concentrat ions of the impur i t i e s oxygen, ni trogen, and carbon should be 
made . 

Additional h e a t - t r e a t m e n t studies should be made . The investigation 
of the effect of coiiiposition mus t be made using a l imited select ion of heat 
t r e a t m e n t s . Subsequently, a few of the more promis ing composi t ions should 
be studied in a detailed hea t - t r e a tmen t study. This study should include 
enough X- r ay diffraction and meta l lographic work to define the phase r e ­
actions occuring during aging. It would probably not be n e c e s s a r y to de t e r ­
mine the c ry s t a l s t ruc tu re of the t rans i t ion phase or phases , but it would 
be ins t ruct ive to do so. 

Additional investigation of the effects of hydrogen is mandatory . 

Finally, s tudies should be made that would define the l imits of end 
use . These should include studies of co r ros ion in the media of in t e re s t , 
development of e l eva ted - t empera tu re engineering design data, and studies 
of the stabili ty of r oom- and e l eva ted - t empera tu re mechanica l p rope r t i e s 
after long exposure to t e m p e r a t u r e s and environment of application. 
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APPENDIX A 

SUPPLEMENTARY AGE-HARDENING DATA 
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F I G U R E A - 1 . A G E - H A R D E N I N G C H A R A C T E R I S T I C S O F T H E Z I R C O N I U M - 5 w / o MOLYBDENUM-
2 w / o TIN A L L O Y QUENCHED F R O M 1450 F 

Aging t e m p e r a t u r e s a s i n d i c a t e d . 
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FIGURE A-2 . AGE-HARDENING CHARACTERISTICS OF THE ZIRCONIUM-5 w/o MOLYBDENUM-2 w/o TIN 
ALLOY QUENCHED FROM 1525 F 

Aging t e m p e r a t u r e s as indicated. 
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FIGURE A - 3 . AGE-HARDENMG CHARACTERISTICS OF THE ZIRCONIUM-5 w/o NIOBIUM-2 w/o TIN 
ALLOY QUENCHED FROM 1150 F 

Aging t e m p e r a t u r e s as indicated. 
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FIGURE A-4. AGE-HARDENING CHARACTERISTICS OF THE ZIRCONIUM-5 w/o NIOBIUM-2 w/o TIN 

As 
quenched 

ALLOY QUENCHED FROM 1375 F 

Aging t e m p e r a t u r e s as indicated. 
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FIGURE A - 5 . AGE-HARDENING CHARACTERISTICS OF THE ZIRCONIUM-5 w/o NIOBIUM-2 w/o TIN 

ALLOY QUENCHED FROM 1450 F 

Aging t e m p e r a t u r e s as indicated. 
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FIGURE A-6 . AGE-HARDENING CHARACTERISTICS OF THE ZIRCONIUM-5 w/o NIOBIUM-2 w/o TIN 
ALLOY QUENCHED FROM 1525 F 

Aging t e m p e r a t u r e s as indicated. 
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FIGURE A-7 . AGE-HARDENING CHARACTERISTICS OF THE ZIRCONIUM-5, 5 w/o MOLYBDENUM 

ALLOY QUENCHED FROM 1435 F 

Aging t e m p e r a t u r e s as indicated. 
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Aging t e m p e r a t u r e s a s i n d i c a t e d . 
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PROPERTY DATA 



TABLE B-1. TENSILE PROPERTIES AND HARDNESS OF HEAT-TREATED ALPHA-BETA ZIRCONIUM ALLOYS 

Nominal Composition 
(Balance Zirconium), 

Heat w/o 

Solution 
Temperature(*), 

F 

Aging Data' ,(b) Elongation('^) 0.2 Per Cent Offset 
Times Temperatures Orientation of P e r c e n t Per Cent Yield Strength('^), 

hr F Specimens(c) in l l n . in 2 In. psi 

Ultimate Tensile VHN 
Strength(d), (10-Kg 

psi Load; (^) 

X-11 

A-4 

C-49 

5.5Mo 

5Mo-2Sn 

5Mo-2Sn 

1435 
1435 
1435 
1525 

1525 
1525 
1525 
1525 
1525 
1785 

1525 
1525 
1525 
1525 
1525 
1525 
1525 
1525 
1525 
1525 
1525 

48 
24 

8 
24 

_-

48 
24 

8 
4 
4 

— 
— 
48 

2 
8 
8 

24 
48 
48 

2 
2 

700 
900 

1000 
900 

__ 

800 
900 

1000 
1100 
1100 

_„ 

--
900 

1000 
1000 
1000 
1000 
1000 
1000 
1100 
1100 

L 
L 
L 
L 

L 
L 
L 
L 
L 
L 

L 
T 
L 
L 
L 
T 
L 
L 
T 
L 
T 

--
-_ 
. . 
- -

--
_. 
-_ 
_. 
. . 
- -

10.0(f) 
7 .5 

11.5 
3,5 
2 .5 
1.0(f) 
3,5 
2 .5 
2.0 
2.0 
2.0(f) 

0.5^'^ 
1. 5(f) 
0 .5 
1,0 

2.0 
— 

1.5 
0 .5 
. . 

1.0(f) 

— 
--
--
_-
._ 
__ 
__ 
--
--
--
__ 

- . 
._ 

103,000 
--

150,000(f) 
--

197,000 
172,000 
145. 500 
169,000(f) 

113,000 
145,000 
153,500 
150,000 
149,000 
166, 500 
140,500 
140,000 
152,000 
128,500 
144,000 

77,000 
160, 500 
108,500 
109,000 

156, OOO(f) 

145,000 
203,000 
179.000 
151,500 
169,500(f) 

153,000 
163,000 
168. 500 
164, 500 
161,000 
172, 500 
154. 000 
151. 500 
160, 500 
141,000 
150,500 

-.. 
... 
... 
_ „ 

28 ̂  
425 
364 
33J 
299 
341 

- . 
_„ 

. . 
- . 
-_ 
... 
-_ 
- „ 

. . 
- „ 

_„ 

I 



TABLE B"l. (Continued) 

Nominal Composition 
(Balance Zirconium). 

Heat w/o 

A-6 5Nb-2Sn 

B-2 5Nb-2Sn 

Solution 
TemperatureC*), 

F 

1525 
1525 
1525 
1525 
1525 
17 8g 

1450 
1450 
1450 
1450 
1525 
1525 
1525 
1525 
1525 
1525 
1525 
1525 
1525 
1525 
1525 
1525 
1525 
1600 
1600 
1600 
1600 

Aging DataCb) 
Time, 

hr 

. . 

48 
24 

8 
4 
4 

-_ 
1/2 

8 
48 
_. 
--

1/2 
8 
8 

24 
48 

1/2 
2 
8 

24(1 )̂ 
1/2 
24(k) 

--
._ 

1/2 
8 

Temperature, 
F 

800 
900 

1000 
1100 
1100 

__ 
900 
900 
900 
--
--
900 
900 
900 
900 
900 

1000 
1000 
1000 
1000 
1100 
1100 

--
-_ 
900 
900 

Orientation of 
Specimens(c) 

L 
L 
L 
L 
L 
L 

L 
L 
L 
L 
L 

T 
L 
L 
T 
L 
L 
L 
L 
L 
L 
L 
L 
L 
T 
L 
L 

Elongation(^) 
Per Cent Per Cent 
in 1 In. 

. . 

--
--
.-
--
--

13.0(f) 
1.0(g) 
7.5(f) 
2 . 0 ( a 

13.0 

8.0 
1.0(g) 
0 .5 

i.o(a 
7.0(f) 
3.0 
4.0(f) 
2.0 

10.0 
8,5 
5.0 

16.0Cf) 
17.0 
15.0 

1.5 
2.0 

in 2 In. 

0.5(f) 
3.5(f) 
8.5 

10,5 
9.0 
4 .5 

--
--
--
.-
--
--
._ 
--
--
--
--
--
--
--
--
--
--
--
- . 
--
~ — 

0.2 Pet Cent Offset 
Yield Strength(d), 

psi 

162,500 
. . 

155,000 
150,000 
142,000 
155,500 

87, 500 
136,000 
121, 500 
109, 500 
67,000 
76,500(^) 

158.500 
155, OOO(J) 
167,500 
149, 500 
146,500 
159, 500 
142,500 
133,000 
117.000 
125, 500 

96,000 
78,000 
72,000(1) 

165.500 
178,000 

Ultimate Tensile 
Strength(d), 

psi 

168, 500 
209,000 
170,000 
160,000 
148. 500 
163,500 

114,000 
156, 500 
152,000 
145, OOO(li) 
106,000 

114^000 
172.000 
177.000(J) 
174,000 
170,000 
171,000 
177,500 
167,000 
153,000 
143,500 
144, 500 
112,500 
114. 000 
113.500 
177,000 
190,500 

VHN 
(10-Kg 
Load)(e) 

344 
419 
378 
350 
309 
352 

306 
333 
285 
283 
211 

. . 
349 
348 

--
--

318 
330 
322 

--
297 
297 
259 
218 

--
340 

351 

W 
CNJ 



TABLE B-1. (Continued) 

Nominal Composition 
(Balance Zirconium), 

Heat w/o 

Solution 
Temperature(3-), 

F 

Elongation (<̂  0.2 Per Cent Offset Aging Data(t') 
Time, Temperature, Orientation of Per Cent Per Cent Yield Strength('^, 

hr F Specimens('^) in 1 In. in 2 In. psi 

Ultimate Tensile VHN 
Strength(<^), (10-Kg 

psi Load'^ 

1600 
1600 
1600 
1600 
1600 
1600 
1600 
1600 

8 
24 
24 
48 

1/2 
2 
8 

24(k) 

900 
900 
900 
900 

1000 
1000 
1000 
1000 

T 
L 
T 
L 
L 
L 
L 
L 

1. 5(S) 

3.0 
4 .5 
2 . 5 
2 . 5 
2 .5 

14.0(f) 
2 . 5 ( a 

176,000 
162,000 
172.000 
166.000 
173,000 
167,000 
153,500 
140,500 

187,000 
177, 500 
187, 500 
183,500 
184.000 
181,000 
168, 000 

156.000 

— 
- -
— 

34f 

336 
338 
_. 

308 

(a) Held 1/2 hr at temperature in a helium atmosphere and quenched into cold water. 
(b) Quenched into coM water from aging temperature. 
(c) Specimen axis parallel to final rolling direction (L); or perpendicular (T). 
(d) Average of two values except where noted. 
(e) Average of three impressions. 
(f) Single value. 
(g) Average of uniform elongation, specimens broke in or outside of gage marks, 
(h) Values of 152,000 and 137,500 psi were obtained. 
(i) Values of 83,500 and 69, 500 were obtained, 
(j) Values of 148, 500 and 161,000 psi yield strength and 172.000 and 181,500 psi ultimate were obtained. 
(k) Aged in helium atmosphere and quenched. 
(1) Values of 63, 500 and 80,500 psi were obtained. 



TABLE B-2. TENSILE PROPERTIES AND HARDNESS OF HEAT-TREATED ALPHA ZIRCONIUM ALLOYS 

Heat 

A-2 

A-3 

TM-42 

A-8 

Nominal Composition 
(Balance Zirconium). 

w/o 

1.5Sn-0. 
0.12Fe-0 

ICr-
.005Ni 

(Zircaloy 2) 

2Sn-2Mo 

4Sn-2Mo 

4Sn-lMo-
0.5Cr-0.25Ni 

Solution 
Temperatuxe(3). 

F 

1580 
1580 
1580 
1580 
1580 
1885 

1580 
1580 
1580 
1580 
1885 

1580 
1580 
1580 
1785 

1580 
1580 
1580 
1580 
1580 
1885 

Aging 
Time, 

hr 

„ 

48 
24 

8 
4 
4 

-_ 

48 
8 
4 
4 

48 
24 

8 
24 

- -

48 
24 

8 
4 
4 

Data(b) 

Temperature, 

F 

„ „ 

800 
900 

1000 
1100 
1100 

- -

800 
1000 
1100 
1100 

700 
900 

1100 
900 

- -

800 
900 

1000 
1100 
1100 

Elongation in 

2 In.('^). per cent 

17.5 
20.0 
18.5 
19.0 
19.5(e) 

8.5 

1.5 
0 .5 
8.3 

lO.o(e) 

0(e) 

l .o(e) 

6.3 
7 .5 
0.5 

2.8 
5.0 

12.5 
4.0 
9.5(«^) 
0 .5 

0.2 Per Cent Offset 
Yield Strength(<=), 

psi 

82,500 
91.000 
89,000 
88, 500 
84. 500(e) 

101,500 

109,500 
158,000 
123,000 
114, 500 
142. 500(s) 

142, 000 (®) 
106, 000 (®) 
100, 500(®) 

- -

115.000 
113,000 
109, 500 
106, 500 
105,000 

— 

Ultimate Tensile 
Strength(c), 

psi 

95.500 
100,500 
99,000 
98,000 
95,000(e) 

119.500 

135,500 
123,000 
138,500 
131,000 
150,500(^) 

185.500(*^) 
140. 500(e) 

126,000 
144.000(e) 

136. 500 
137,500 
124,500 
123,000 
116,000 
156,500(e) 

VHN 
(10-Kg 
Load)('l) 

239 
242 
246 
242 
241 
292 

308 
351 
306 
275 
335 W 

1 
rf^ 

- -
- -
--

295 
301 

269 
265 
256 
340 

(a) Held 1/2 hr at temperature in a helium atmosphere and quenched into cold water. 
(b) Quenched into cold water from aging temperature. 
(c) Average of two values except where noted. 
(d) Average of three impressions. 
(e) Single value. 




