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ABSTRACT 

The p u r p o s e of th i s p r o g r a m w a s to i n v e s t i g a t e the p r o p e r t i e s of z i r c o n i u m 

a l l o y e d wi th a l u m i n u m , t in , and m o l y b d e n u m . 

Us ing r e a c t o r - g r a d e z i r c o n i u m sponge , 11 z i r c o n i u m - b a s e a l l o y s w e r e double 

a r c - m e l t e d and c a s t in to 6 - i n . - d i a ingo t s we igh t ing 35 lb e a c h . By s u c h s t a n d a r d 

hot w o r k i n g p r o c e d u r e s a s e x t r u d i n g and r o l l i n g , t he ingo ts w e r e c o n v e r t e d to 

1 / 8 - i n . - t h i c k s t r i p s . 

The e x t r u d e d and r o l l e d p r o d u c t s w e r e u s e d for a v a r i e t y of eva l ua t i on s t u d i e s 

wh ich i n c l u d e d c o r r o s i o n , t h e r m a l conduc t iv i ty , t e n s i l e , and c r e e p t e s t s . The 

a l l o y s d e m o n s t r a t e d s h o r t - t i m e e l e v a t e d t e m p e r a t u r e s t r e n g t h p r o p e r t i e s equa l 

to o r g r e a t e r t han t y p e - 3 0 4 s t a i n l e s s s t e e l . T h e i r c o r r o s i o n r e s i s t a n c e in 

s o d i u m , a t 1 0 0 0 ° F , c o m p a r e s f a v o r a b l e wi th tha t of u n a l l o y e d z i r c o n i u m . The 

c r e e p r e s i s t a n c e and the t h e r m a l conduc t iv i ty w e r e found to be l e s s than t h o s e 

for t y p e - 3 0 4 s t a i n l e s s s t e e l , but a d e q u a t e for n u c l e a r r e a c t o r a p p l i c a t i o n . 

vi 



1. INTRODUCTION 

The use of z irconium and the Zirca loys as fuel-cladding m a t e r i a l s for nuclear 

r e a c t o r s has been recognized for some t ime . Charac te r i s t i c s which make these 

ma te r i a l s suitable for the r eac to r designer include the i r : a) low absorpt ion c r o s s -

section for ther ina l neutrons , b) compatibili ty with uranium and its al loys, and 

with uranium re f r ac to r i e s , and c) compatibili ty with coolants such as sodium 

and p r e s s u r i z e d wate r . 

Pe rhaps the g rea tes t disadvantage of these ma te r i a l s is their lack of s t rength 

at t empe ra tu r e s in excess of 900°F, This does not p resen t a ser ious problem in 

p r e s s u r i z e d water r e a c t o r s , since their operating t e m p e r a t u r e s a r e about 600 "F , 

However, in the Sodium Reactor Exper iment at Atomics Internat ional , the no rma l 

operating t e m p e r a t u r e s of the core a r e in excess of 900°F, and it is expected 

that as teclmological improvements a r e xnade on this r eac to r type, considerat ion 

will be given to the use of higher t empe ra tu r e s for inc reased efficiency. 

At the p resen t t ime , the meta l fuel slugs of the SRE a r e contained in a 

0.790-in. -dia by 0.010-in. -wall AISI type-304 s ta inless s teel tube, and a r e 

thermal ly bonded with a 0,010-in. NaK annulus. Because s ta in less s teel has a 

high absorption c r o s s - s e c t i o n for t he rma l neutrons , the substitution of a high 

t empera tu re z i rcon ium-base alloy can effect a considerable saving in neu t rons . 

The purpose of this work was to develop a z i rconiuin-base alloy which would 

exhibit p roper t i e s suitable for use as a fuel cladding m a t e r i a l in a sodium-cooled, 

g raphi te -modera ted r e a c t o r . Specifically, the alloy should exhibit: 

a) High s t rength at elevated t e m p e r a t u r e s 

b) Compatibili ty with sodium and fuel ma te r i a l s 

c) Low absorpt ion c r o s s - s e c t i o n for the rmal neutrons 

d) Relative ease of fabrication 

e) Moderate to low cost , 

A survey of the l i t e ra tu re ' ' ' indicated that severa l alloying e lements of 

low c r o s s - s e c t i o n could be used to inc rease both the room t e m p e r a t u r e and 

elevated t empera tu re s t rength of z i rconium. Aluminum and tin were chosen as 

alloying additions for this development work because of their availabil i ty and 

1 
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r e l a t i v e l y low c o s t in the p u r e s t a t e . T h e s e e l e m e n t s a r e p e r i t e c t o i d f o r m e r s 

and m a r k e d l y i n c r e a s e t h e a l p h a . s -be ta t r a n s f o r m a t i o n t e m p e r a t u r e . D e s p i t e 

i t s r e l a t i v e l y h igh c r o s s - s e c t i o n , m o l y b d e n u m , a e u t e c t o i d f o r m e r , w a s c o n s i d e r 

a s an a l loy add i t ion to i m p r o v e the hot w o r k a b i l i t y of t h e p e r i t e c t o i d a l l o y s , and 

to i m p a r t c r e e p r e s i s t a n c e in t h e t e m p e r a t u r e r a n g e of i n t e r e s t . 

II. PREPARATION, PROCESS, AND FABRICATION 

OF THE ZIRCONIUM ALLOYS 

A. NOMINAL COMPOSITION 

As i n d i c a t e d by t h e a l l oy c o m p o s i t i o n s t a b u l a t e d in T a b l e I, a l u m i n u m w a s 

u s e d a s the m a j o r a l loy ing e l e m e n t . To e v a l u a t e the effect of a d d i t i o n a l a l l oy ing 

e l e m e n t s on the p r o p e r t i e s of the b a s i c z i r c o n i u m - a l u m i n u m b i n a r y c o m p o s i t i o n s , 

t in and m o l y b d e n u m a d d i t i o n s w e r e m a d e . 

T A B L E I 

ZIRCONIUM BASE A L L O Y S - NOMINAL COMPOSITION (in wt %) 

Al loy No. 

1 

2 

3 

4 

5 

6 
7 

8 

9 

10 

11 

A l u m i n u m 

_ 

1.5 

1.5 

1.5 

1.5 

1.5 

3.0 

3.0 

3.0 

3.0 

2 

T in 

.. 

-

1,5 

3.0 

-

1.5 

-

1.5 

3.0 

1.5 

" 

M o l y b d e n u m 

-

-

-

_ 

1.5 

1.5 
„ 

-

-

1.5 

" 

Z i r c o n i u m 

100 

B a l 

B a l 

B a l 

B a l 

B a l 

B a l 

B a l 

B a l 

B a l 

B a l 

B . RAW M A T E R I A L 

The z i r c o n i u m a l l o y s u s e d in the p r o g r a m w e r e p r e p a r e d f r o m t h e r a w 

m a t e r i a l s d e s c r i b e d in T a b l e I I . C h e m i c a l a n a l y s i s for t h e r e a c t o r g r a d e 

2 



z i r c o n i u m sponge i s i n c l u d e d in T a b l e III, and r e p r e s e n t s bo th c h e m i c a l and 

s p e c t r o g r a p h i c d e t e r m i n a t i o n s . 

T A B L E II 

RAW M A T E R I A L S 

M e t a l 

Z i r c o n i u m 

A l u m i n u m 

Tin 

Molybdenum 

F o r m 

Sponge 

Shot 

Shot 

P o w d e r 

P u r i t y 

See T A B L E III 

99.9 

99-9 

99 . + 

T A B L E III 

C H E M I C A L ANALYSIS - ZIRCONIUM S P O N G E - B L E N D 59* 

( A n a l y s i s in P P M ) 

C H E M I C A L 

C 

65 

CI 

700 

F e 

700 

Mg 

470 

^ 2 

35 

S P E C T R O G R A P H I C 

Hf 

40 

Al 

46 

B 

<0.2 

Co 

<5 

C r 

100 

Cu 

<20 

F e 

850 

Mg 

600 

Mn 

25 

Ni 

<10 

P b 

10 

Si 

50 

T i 

30 

V 

<20 

Mo 

10 

* Hardness: BHN 144. 

The r a w m a t e r i a l s w e r e p r e s s e d in to l - l / 2 - i n . - s q u a r e by 36~in. - long 

e l e c t r o d e s of a c o m p o s i t i o n c o r r e s p o n d i n g to the n o m i n a l a n a l y s e s d e s c r i b e d in 

T a b l e I . A l loy a d d i t i o n s , in the f o r m s d e s c r i b e d in T a b l e II , w e r e m a d e p r i o r 

to p r e s s i n g the e l e c t r o d e s . R e p r e s e n t a t i v e c o m p a c t e d e l e c t r o d e s a r e shown in 

F i g u r e 1. 

C , M E L T I N G 

The c o m p a c t e d e l e c t r o d e s w e r e a r c - m e l t e d , u n d e r an a r g o n c o v e r g a s a t a 

p r e s s u r e o f ' ^ 2 5 in . of m e r c u r y , to p r o d u c e the f i r s t m e l t 4 - i n . -d ia i n g o t s , one 

3 
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of which is shown in F igure 1. These ingots were remel ted , under s imi la r 

conditions, to produce the 6-in.-dia second melt ingots, each weighing approx i ­

mate ly 40 lb. To remove surface defects, each of the second melt ingots was 

machined to a final diamieter of 5-1/2 in. 

After mechanical conditioning, the ingots were inspected by ul t rasonic 

techniques . All of the ingots were sound except for minor shrink holes located 

within an inch to an inch and a quar t e r of the top of an ingot. 

A complete chemical ana lys i s , shown in Table IV, was per formed on chips 

taken from the zirconium control ingot. Table V shows resu l t s of analysing the 

alloyed ingots for carbon, nitrogen, and the alloying e le inents . Complete chemical 

analyses were not made on the alloyed ingots because it was reasoned that the 

r e su l t s obtained for the zirconium control ingot a lso applied to the a l loys . Since 

no var iables w^ere introduced in ei ther the sponge or the melting p rac t i ce , this 

approach is justified. 

TABLE IV 

CHEMICAL ANALYSIS FOR ZIRCONIUM CONTROL INGOT 

(Analysis in ppm) 

Sn 

<50 

Cd 

<0.3 

F e 

1560 

Co 

<10 

C r 

40 

Hf 

<125 

Ni 1 Cu 

19 

P b 

26 

<20 

Mg 

<10 

w 

<20 

Mn 

29 

N* 

29 

Mo 

<10 

c 

<250 

Si 

51 

Al 

55 

Ti 

10 

B 

<0.3 

V 

<10 

* Kjeldahi method. 

D. EXTRUDING 

The conditioned ingots were extruded, bottom end forward, into b a r s of a 

3 - l /4 - in . by 3/8-in, c r o s s - s e c t i o n . Fo r extruding, the ingots were induction-

heated in open a i r to t e m p e r a t u r e s in the range 1850 to 1900°F. Short 

t ime heating cycles were employed as a means of re ta rd ing surface oxidation 

and oxygen diffusion. The data contained in Table VI r ep re sen t upsetting and 

extruding p r e s s u r e s calculated from p r e s s u r e measu remen t s made on the r a m 

of the extrusion p r e s s . 

5 



TABLE V 

CHEMICAL ANALYSES FOR ALLOYED ZIRCONIUM INGOTS 
(Analyses in wt %) 

Alloy 
No. 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Aluminum 

Top Bottom 

1.58 1.63 

1.45 1.44 

1.44 1.40 

1.51 1.46 

1.40 1.38 

3.05 3.07 

3.00 2.99 

3.19 3.00 

3.12 3.05 

2.15 2.20 

Tin 

Top Bottom 

1.53 1.51 

2.91 3.03 

1.59 1.55 

1.46 1.59 

2.85 3.00 

1.56 1.65 

Molybdenum 

Top Bottom 

1.37 1.38 

1,33 1.37 

1.39 1.31 

Carbon 

Top Bottom 

<0.025 <0.025 

<0.025 <0.025 

<0.025 <0.025 

<0.025 <0.025 

<0.025 <0.025 

<0.025 <0.025 

<0.025 <0.025 

<0.025 <0.025 

<0.025 <0.025 

<0.025 <0.025 

Nitrogen* 

Top Bottom 

0.0056 0.0032 

0.0029 0.0028 

0.0027 0.0025 

0.0038 0.0035 

0.0034 0.0057 

0.0028 0.0031 

0.0029 0.0032 

0,0027 0.0028 

0.0029 0.0055 

0.0031 0.0029 

TABLE VI 

ZIRCONIUM ALLOY EXTRUSION PRESSURES 

Alloy 
(wt %) 

Zirconium 

Zr + 1.5 Al 

Zr + 1.5 Al + 1.5 Sn 

Zr + 1.5 Al + 3 Sn 

Zr + 1.5 Al + 1.5 Mo 

Zr + 1.5 Al + 1.5 Sn + 1.5 Mo 

Zr + 3 Al 

Zr + 3 Al + 1.5 Sn 

Zr + 3 Al + 3 Sn 

Zr + 3 Al + 1.5 Sn + 1.5 Mo 

Zr -f 2 Al 

Billet Upsetting & 
Crushing P r e s s u r e s 

(psi) 

49,600 

96,000 

105,000 

115,000 

108,000 

96,000 

79,000 

92,600 

92,700 

106,000 

58,400 

Extruding 
P r e s s u r e s 

(psi) 

29,200 

48,000 

50,000 

62,000 

72,000 

65,300 

54,000 

61,800 

68,500 

72,000 

48,600 

6 
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E. INSPECTION OF EXTRUSIONS 

The extrusions were inspected for subsurface defects . F o r subsurface 

inspection, radiographs were taken through the 3 /8- in . dimension of each 

extrusion. To confirm the existence of the few defects found near the back 

ends of the ext rus ions , sections for macroexaminat ions were taken from 

the front and back of each extrusion. Typical macroe tched sections a r e 

shown in F igure 2. Approximately 1 ft at the back end of a 10-ft-long extrusion 

contained a defect s imi la r to that shown in the top section of F igu re 2. This 

port ion was cropped from each extrusion p r io r to hot rol l ing. 

The extrusion surfaces showed s t r ia t ions produced by the galling of the dies , 

but were free of other defects . 

F . HOT ROLLING 

In order to es tabl ish minimuin rolling t empe ra tu r e s for the z i rconium alloys 

a p re l imina ry study was made on s t r ips cut from each extrusion. The s t r i p s , 

6 in. by 1 in. by 3/8 in. , we re taken from the back end of each extrusion. 

In the p re l imina ry study, rolling was begun at re la t ively low t e m p e r a t u r e s 

where , as expected, severe edge cracking occur red . Other s t r ips were rol led 

at increas ing t e m p e r a t u r e s , until s t r ips free of edge c r acks w e r e produced. 

This procedure establ ished that unalloyed zirconium could be rol led at 1100°F, 

that the alloys containing 1.5% and 2% aluminum could be rol led at 1650°F, and 

that alloys containing 3% aluminum could be rol led at 1800°F. In no case could 

the 1.5% and 2% aluminum alloys be rol led free of edge c racks below 1450 to 

1500°F. For the 3% aluminum al loys, this t empera tu re range was 1650 to 

1700°F. A preheat ing t ime of 15 minutes was found to be adequate for the 

3 /8- in . - th ick extruded section. Two minute reheat ing cycles after each pass 

were found to be sat isfactory. 

As the hot roll ing schedule for the zirconium al loys, p resen ted in Table VII 

indicates , the rolling t empe ra tu r e s var ied with the alloy content. More specif i ­

cally, it was found that the rolling t empera tu re s had to be inc reased with 

increas ing aluminum content. 
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TABLE VII 

HOT ROLLING SCHEDULE FOR ZIRCONIUM ALLOY STRIP 

Alloy 
(wt %) 

Zirconium 

Zr + 1.5 Al 

Zr + 1.5 Al + 1,5 Sn 

Zr + 1.5 Al + 3 Sn 

Zr + 1.5 Al + 1.5 Mo 

Zr + 1.5 Al + 1.5 Sn + 1.5 Mo 

Zr + 3 Al 

Zr + 3 Al + 1.5 Sn 

Zr + 3 Al + 3 Sn 

Zr + 3 Al + 1.5 Sn + 1.5 Mo 

Zr + 2 Al 

T e m ­
pe ra tu r e 

(°F) 

1100 

1650 

1650 

1650 

1650 

1650 

1800 

1800 

1800 

1800 

1650 

No. of 
P a s s e s 

5 

5 

6 

5 

4 

4 

4 

4 

4 

4 

4 

Average Fin ish 
Thickness 

( in.) 

0.125 

0.122 

0.123 

0.124 

0.124 

0.125 

0.120 

0.121 

0.122 

0.125 

0.123 

Total 
Length 

( in.) 

118 

171 

183 

213 

181 

213 

188 

212 

141 

164 

83 

For conversion of the 3 /8- in . - th ick extrusions to l / 8 - i n . - t h i c k s t r ips , a 

bil let length of 12 in. was selected because the final s t r ip length, following the 

3 to 1 reduct ions , would be an optimum for the pickling and vacuum annealing 

p roces se s to follow. 

The surface produced during the hot rolling operat ion was typical for z i r con­

ium heated and hot-worked in open a i r . The white z i rconium oxide was apparent 

under a thin, hard, light brown surface sca le . The light brown surface color has 

been at t r ibuted to the lubricant used during rol l ing, 

G. CLEANING 

In p re l imina ry pickling s tudies , unsuccessful a t tempts were made to remove 

the oxide sca le . It was found that acid pickling alone did not remove all of the 

scale and that very i r r e g u l a r sur faces , with localized a r e a s of severe pitting, 

were produced. The pickling solutions used in these studies were composed of 

n i t r ic and hydrofluoric ac ids , where the ni t r ic acid was var ied from 10 to 45% 

with the hydrofluoric acid content in the range 4 to 5%. Bath t e m p e r a t u r e s were 

maintained in the range 90 to 100°F. 

9 
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Satisfactory cleaning was obtained by sandblasting the m a t e r i a l p r io r to 

pickling. After the surfaces had been sandblasted free of scale , pickling in a 

bath composed of 45% ni t r ic acid and 5% hydrofluoric acid, produced clean, 

uniform sur faces . About 0.002 to 0.003 in. of meta l was removed after pickling 

for approximately 2 minutes , at 90 to 100°F. 

H. VACUUM ANNEALING 

Chemical ana lys is , per formed on the sand blasted and pickled ma te r i a l , 

indicated hydrogen contents in the range of 50 to 100 ppm, as shown in Table VIII. 

TABLE VIII 

EFFECT OF PROCESSING STAGES ON THE HARDNESS AND HYDROGEN CONTENT 

Alloy 
(wt %) 

Zirconium 

Zr + 1.5 Al 

Zr + 1.5 Al + 1.5 Sn 

Zr + 1.5 Al + 3 Sn 

Zr + 1.5 Al + 1.5 Mo 

Zr + 1.5 Al + 1.5 Sn + 1.5 Mo 

Zr + 3 Al 

Zr + 3 Al + 1.5 Sn 

Zr + 3 Al + 3 Sn 

Zr + 3 Al + 1.5 Sn -!- 1.5 Mo 

Zr 4- 2 Al 

Hardness 

Extruded 

8 2 R B 

21 ^ C 

25 

26 

32 

33 

32 

32 

33 

38 

29 

Hot 
Rolled 
90 ^ B 

28 % 

30 

28 

28 

28 

32 

31 

30 

40 

27 

After 
Anneal 

85 ^ B 

22 % 

29 

28 

28 

31 

29 

30 

29 

30 

27 

Hydrogen Content 
(ppm) 

Hot Rolled 
Blasted & 

Pickled 

46.7 

59.0 

53.3 

69.4 

69.2 

63.6 

91.8 

73.7 

80.8 

59.0 

84.7 

After 
Anneal 

15.9 

11.7 

17.0 

11.9 

15.1 

15.3 

11.3 

10.4 

14.0 

12.3 

13.5 

Because hydrogen reduces the room tempera tu re ductility of zirconium and 

zirconium al loys, a vacuum-annealing operation was performed to remove most 

of this in te rs t i t i a l . A second objective of vacuum annealing was to produce a 

uniform m i c r o s t r u c t u r e , free of the effects of pr ior work. The effects of this 

operation on the hydrogen content, as well as the effects of rolling and annealing 

on the hardness of the al loys, a r e shown in Table VIII. 
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Initial t e s t s were per formed to es tabl ish the furnace cha rac t e r i s t i c s under 

operating conditions. The resu l t s of these tes t s indicated that a p r e s s u r e of 

approximately 0.04 microns could be maintained with the furnace operating at 

1450°F. It was a lso found that at this t empera tu re , a uniform t e m p e r a t u r e 

zone existed over a 4 - to 5-ft length, which was adequate for the 36-in.- long 

s t r i p s . 

Following a thorough degreasing in t r ichloroethylene, the s t r ips were 

suspended ver t ical ly in the r e to r t of the vacuum furnace. The s t r ips were 

annealed at a t empera tu re of 1450°F for 24 h r . The p r e s s u r e , at the end of 

24 hr , was less than 0.2 microns of m e r c u r y . A typical anneal ing-cycle log is 

shown in Table IX. 

TABLE IX 

LOG OF VACUUM ANNEALING CYCLE 

Date 

1 July 

1 July 

2 July 

3 July 

3 July 

7 July 

1958 

1958 

1958 

1958 

1958 

1958 

Time 

3:00 p .m. 

4:30 p .m. 

10:00 a .m. 

4:00 p .m. 

10:30 p .m. 

8:00 a .m. 

T e m ­
pe ra tu re 

500°F 

1450°F 

i450°F 

1050°F 

ISO-'F 

P r e s s u r e 
(microns) 

-

-

30 

0.18 

" 

-

R e m a r k s 

Furnace loaded 

P r e s s u r e too high to read 
on vacuum gauge 

Load reached t e m p e r a t u r e , 
ma te r i a l outgassing 

Furnace turned off 

Diffusion pump turned off, 
mechanical roughing 
pump left running 

Furnace unloaded 

After annealing, the surfaces of the s t r ips appeared to be the same as the 

pickled sur faces . There was no discolorat ion or other t r a c e s of oxidation. It 

was a lso noticed that during the annealing operation the s t r ips had s t raightened 

under their own weight. 
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III. TEST RESULTS AND DISCUSSION 

A. SODIUM COMPATIBILITY TESTING 

An important factor to be considered in the evaluation of a cladding ina te r ia l 

is i ts cor ros ion r e s i s t ance in the operating environment. Therefore ea r ly con ­

siderat ion was given to the initiation of sodium compatibil i ty s tudies . 

F r o m each of the extruded b a r s , 20 tes t spec imens , 1 by l / 2 by l / 4 in. were 

machined. All surfaces of the specimens were machined to a specified finish of 

63 mic ro - in . RMS. P r i o r to exposure, each specimen was carefully cleaned 

and weighed to the nea re s t 0.1 mi l l ig ram. Dimensions were measu red to the 

nea re s t 0,001 in. 

The specimens were exposed to sodium at 1000°F in a system where the 

oxygen level was maintained at 10 ppm by a cold t rap operated at 290 °F . Sodium 

flow was maintained by natura l convection. The cor ros ion specimens were 

suspended in sodium for p rede te rmined periods of t ime , after which they were 

washed, dried, and reweighed. Following exposure , the specimens exhibited a 

thin, tightly adherent , blue-black film. 

The weight change data tabulated in Table X r e p r e s e n t the averages for 

duplicate specimens at each condition. For compar ison, the data for unalloyed 

zirconium under the same exposure conditions a r e included. F igure 3 is a 

graphical representa t ion of the total weight-gain ve r sus the log of t ime , where 

data for the Zr + 1.5 Al + 1.5 Mo, the Zr + 3 Al + 3 Sn al loys, and for unalloyed 

zirconium a re shown. These two alloys r ep re sen t the ex t remes of the complete 

s e r i e s . 

The data show that the specimens gained weight as a function of t im e . 

The discontinuity of data can be at t r ibuted to in ter rupted t e s t s after 300 hr and 

again after 1000 h r . Despite these in ter rupt ions , the genera l t rend seems w^ell 

enough defined to conclude that the weight-gain r a t e s for the zirconium alloys 

a r e approximately equal to the r a t e for unalloyed z i rconium. In addition, a 

comparison of the weight-gain data for the various alloys indicates that those 

alloys which contain tin consistent ly show lower weight -gains . 
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TABLE X 

CORROSION OF ZIRCONIUM AND ZIRCONIUM ALLOYS IN 1000 °F SODIUM 

Alloy 
(wt %) 

Z r 

Zr + 1.5 Al 

Zr + 1.5 Al + 1.5 Sn 

Zr + 1.5 Al + 3 Sn 

Zr + 1.5 A1+1.5MO 

Zr + 1.5 Al + 1.5 Sn 
+ 1.5 Mo 

Zr + 3 Al 

Zr + 3 Al + 1,5 Sn 

Zr + 3 Al + 3 Sn 

Zr + 3 Al + 1.5 Sn 
1.5 Mo 

Zr + 2 Al 

Average Weight Gain 
(Mg/cm2) 

75 hr 

0.14 

0.16 

0.14 

0.15 

0.22 

0.18 

0.18 

0.17 

0.17 

0.23 

0.17 

163 hr 

0.23 

0.26 

0.24 

0.21 

0,35 

0.33 

0,25 

0.25 

0.22 

0.31 

0.26 

303 h r 

0.33 

0.37 

0.36 

0.27 

0.44 

0.40 

0.31 

0.29 

0.27 

0.36 

0.39 \ 

500 hr 

0.30 

0.27 

0.46 

0.30 

0.26 

0.35 

1000 hr 

0.55 

0.49 

0.73 

0.45 

0.45 

0.56 

1500 hr 

0.50 

0.38 

0.61 

0.39 

0.35 

0.43 

2500 hr 

0.56 

0.41 

0.59 

0.39 

0.35 

0.52 

B. ROOM AND ELEVATED TEMPERATURE TENSILE PROPERTIES 

The zirconium and zirconium alloy coupons used in this s e r i e s of t es t s were 

p r epa red from extruded, rol led, and vacuum-annealed s t r i p s . To el iminate any 

possible effects of surface contamination, the coupon blanks taken froia the s t r ips 

were surface-ground to a depth of O.OlO to 0.015 in, on each s ide . After 

surface grinding, s tandard 2-in. gage length tens i le coupons were mil led from 

the b lanks . Typical t es t specimens a r e shown in F igure 4. P r i o r to test ing, 

the reduced section of each tes t coupon was hand-polished longitudinally to 

el iminate possible s t r e s s r a i s e r s . F o r the elevated t empe ra tu r e t e s t s , reenforcing 

tabs were welded on each gr ip end. In welding the tabs , chill blocks prevented 

heat effects in the tes t sect ion. 

The tensi le t e s t s w e r e conducted in a 60,000-lb hydraul ic test ing machine 

with at tached s t r a i n - p a c e r and r e c o r d e r . A s t ra in r a t e of approximately 0,00075 

per min was used for al l of the tensi le t e s t s . Fo r room t e m p e r a t u r e t e s t s , a 
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snap-on extensometer was used. A separable , va r i ab le - re luc tance extensometer 

was used for the elevated t empe ra tu r e t e s t s . Both ex tensometers were designed 

to accommodate 2-in. gage length sect ions . 

ROOM TEMPERATURE SPECIMEN 

ELEVATED TEMPERATURE SPECIMEN 

Figure 4, Typical Tensi le Specimens 

All of the elevated t empera tu re t e s t s were conducted in hel ium-fi l led c h a m ­

b e r s . Tempera tu re s were controlled to ± 3°F by a thermocouple at tached to 

the midpoint of the tensi le coupon. The tes t coupons were allowed to soak at the 

t e s t t empera tu re for at least one hour before loads were applied. 

In addition to the zirconium al loys, other sheet ma te r i a l s invest igated in 

this s e r i e s of t e s t s included type 304 s ta in less s teel and Zircaloy 2. The 

s ta inless s teel sheet was procured on Mater ia l Specification Mil~S-854, Con­

dition A (annealed); and the Zircaloy 2 s t r ip was r eac to r g rade . 

15 



,. '̂ ' 

All t es t s were conducted in duplicate, hence the data included in Tables XI, 

XII, and XIII r ep re sen t the average of two de terminat ions . With the exception of 

the values for percent elongation, al l of the tensi le data r epor t ed were taken 

from autographic r eco rd ings . 

TABLE XI 

TENSILE PROPERTIES AT ROOM TEMPERATURE 

Alloy 
(wt %) 

Z r 

Zr + 1.5 Al 

Zr + 1.5 Al + 1.5 Sn 

Zr + 1.5 Al + 3 Sn 

Zr + 1.5 Al + 1.5Mo 

Zr + 1.5 Al + 1.5 Sn 
+ 1.5 Mo 

Zr + 3 Al 

Zr + 3 Al + 1.5 Sn 

Zr + 3 Al + 3 Sn 

Zr + 3 Al + 1.5 Sn 
1.5 Mo 

Zr + 2 Al 

Zircaloy 2 

Stainless Steel, 
Type 304 

0.2% Offset 
Yield Strength 

(103 psi) 

35,5 

82.9 

87.5 

103,0 

115.5 

118.0 

115.8 

118.3 

122.3 

114.6 

90.2 

40.5 

37.2 

Ultimate 
Tensi le Strength 

(103 psi) 

62.0 

99.0 

101.4 

114.5 

121.6 

127.3 

129.4 

133.4 

136.8 

132.5 

107.2 

70.5 

85,2 

Elongation 
(% in 2 in. ) 

18 

17.5 

13 

13 

8.5 

10.0 

11.5 

11.0 

3.0 

9.5 

13.5 

21 

44 

Modulus of 
Elas t ic i ty 
(106 psi) 

17.9 

16.5 

16.1 

14.7 

14.4 

13.6 

15.2 

14.9 

17.0 

17.4 

15.4 

16.7 

28.9 

The effect of increas ing amounts of the alloying elements is quite apparent . 

The ult imate and yield s t rengths of the alloys a r e substantial ly g rea t e r than 

those of unalloyed zi rconium. As expected, the inc reases in s t rength a r e 

accompanied by dec reases in ductili ty. A graphic represen ta t ion of the s t r eng th ­

ening effect of aluminum on the yield strength of z irconium is shown in F igure 5. 

F r o m these data, it can be seen that aluminum additions markedly s trengthen 

zirconium at both room and elevated t e m p e r a t u r e s . Similar r e su l t s on 
1 2 3 4 the strengthening effect of aluminum in zirconium have been descr ibed , ' ' ' 
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TABLE XII 

SHORT TIME TENSILE PROPERTIES AT 1050°F 

Alloy 
(wt %) 

Z r 

Zr + 1.5 Al 

Zr + 1.5 Al + 1.5 Sn 

Zr + 1.5 Al -!- 3 Sn 

Zr + 1.5 Al + 1.5Mo 

Zr + 1.5 Al + 1.5 Sn 
+ 1.5 Mo 

Zr + 3 Al 

Zr + 3 Al + 1.5 Sn 

Zr + 3 Al + 3 Sn 

Zr + 3 Al + 1,5 Sn 
+ 1,5 Mo 

Zr + 2 Al 

Zircaloy 2 

Stainless Steel, 
Type 304 

0.2% Offset 
Yield Strength 

(103 psi) 

5.7 

34.0 

40.4 

42.0 

43.0 

45.9 

49.1 

48.1 

52.1 

48,5 

42.9 

10.7 

24.5 

Ult imate 
Tensi le Strength 

(10^ psi) 

13.5 

47.3 

54.5 

60.8 

54.0 

63.5 

73.3 

77.1 

78.7 

70.1 

59.1 

19.5 

56,7 

Elongation 
(% in 2 in.) 

66 

31 

22.5 

25.5 

27 

31 

23 

25.5 

17.5 

30.0 

24.3 

64.8 

31.5 

Modulus of 
Elas t ic i ty 
(10° psi) 

10.5 

9.6 

9.3 

8.3 

8.1 

11.3 

11.6 

14.5 

9.8 

10.2 

8.4 

8.9 

17.2 

The super ior tensi le p roper t i e s of these zirconium alloys a r e further 

demonst ra ted by compar ing their tensi le p roper t i e s with those of Zi rca loy 2 

and of type 304 s ta in less s tee l . The data in Tables XI, XII, and XIII show that 

the tensi le p roper t i e s of the alloys exceed those of Zi rca loy 2 and of type 304 

s ta in less s teel at both room and elevated t e i npe ra tu r e s . 

Increas ing the t e m p e r a t u r e from 80 to 1050°F produces the expected loss in 

s t rength and inc rease in elongation. The percent loss in s t rength for the alloys 

as a group is substantial ly less than the loss for unalloyed z i rconium. The alloys 

show a 39% dec rea se in tens i le s t rength between room t empe ra tu r e and 1050°F. 

The tensi le s t rength of unalloyed zirconium dec rease s 77% over the same range , 

and type-304 s ta in less s teel shows a 40% d e c r e a s e . A further i nc rease in t e m ­

pe ra tu r e to 1200 °F produced a continued loss in s t rength which is much m o r e 

pronounced for the zirconiuin alloys than for type-304 s ta in less s tee l . 

17 



/ \ 

TABLE XIII 

SHORT TIME TENSILE PROPERTIES AT 1200 °F 

Alloy 
(wt %) 

Z r 

Zr + 1.5 Al 

Zr + 1.5 Al + 1.5 Sn 

Zr + 1.5 Al + 3 Sn 

Zr + 1.5 Al + 1.5 Mo 

Zr + 1.5 Al + 1.5 Sn 
1.5 Mo 

Zr + 3 Al 

Zr + 3 Al + 1.5 Sn 

Zr + 3 Al + 3 Sn 

Zr + 3 Al + 1.5 Sn 
+ 1.5 Mo 

Zr + 2 Al 

Zircaloy 2 

Stainless Steel, 
Type 304 

0,2% Offset 
Yield Strength 

(103 psi) 

3.1 

25.2 

30.5 

34.0 

26.9 

30.6 

36.5 

33.1 

39.0 

31.8 

31.2 

6.4 

23.4 

Ultimate 
Tensi le Strength 

(103 psi) 

7.4 

36.6 

43.4 

48.2 

40.0 

44.7 

57.9 

56.9 

67.1 

47.3 

45.3 

13.2 

48.1 

Elongation 
(% in 2 in.) 

134.0 

39.5 

26.7 

32.0 

38.7 

41.7 

32.5 

24.0 

15.0 

33.5 

43 

80 

32 

Modulus of 
Elas t ic i ty 

(106psi) 

8.5 

5.7 

6.1 

6.2 

7.4 

6.5 

6.3 

5.1 

7.4 

6.8 

7.7 

4.7 

12.4 

C. CREEP TESTING 

The procedure used in prepar ing the tes t coupons for this s e r i e s of t e s t s 

was s imi lar to that descr ibed in the section on tensi le p r o p e r t i e s . Specimens 

of the type shown in F igure 4 were used for al l c reep t e s t s . 

All of the c reep tes t s were performed in constant- load c reep machines , 

where a l e v e r - a r m loading sys tem with a 20:1 mechanical advantage is used . 

The specimens were heated to 1050 ± S 'F in argon-fi l led chambers where the 

argon, maintained at a constant p r e s s u r e of 5 psig, was passed through a c o m ­

bination NaK bubbler and scrubber p r io r to its introduction into the chamber . 

Before the load was applied, the thermocoupled specimen was allowed to soak 

at the tes t t empera tu re for approxiinately one hour. Elongation readings were 

taken regular ly over a period of 200 to 600 h r . 
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The data included in Table XIV were de termined for a l l of the alloys at a 

constant s t r e s s level of 25,000 ps i , to sc reen the alloys on the bas is of thei r 

TABLE XIV 

MINIMUM CREEP RATES FOR ZIRCONIUM ALLOYS AT 1050°F 

Alloy 
(wt %) 

Zr + 1.5 Al 

Zr + 1.5 Al + 1.5 Sn 

Zr + 1.5 Al + 3 Sn 

Zr + 1.5 Al + 1.5 Mo 

Zr + 1.5 Al + 1.5 Sn 
+ 1.5 Mo 

Zr + 3 Al 

Zr + 3 Al + 1.5 Sn 

Zr + 3 Al + 3 Sn 

Zr + 3 Al + 1.5 Sn + 1.5 Mo 

Zr + 2 Al 

Stainless Steel, 
Type 304 

S t ress 
(103 psi) 

25 
25 
25 

25 

25 

7.5 
12.5 
17.5 
25 
25 

25 
25 

25 
25 

25 
25 

5 
12.5 
25 
30 
35 

25 

25 
35 

Minimum Creep Rate 
f% per hr) 

2 X 
1.5 X 

1.5 X 

2 . 3 X 

1.3 X 

5 X 
1.8 X 
3 .8 X 
1.3 X 
1.7 X 

6.5 X 
1.6 X 

2 . 5 X 
2 . 1 X 

3 . 2 X 
2 . 7 X 

9 X 
2 . 1 X 

7 X 
1 X 
5 X 

6 x 

2 X 
5 X 

10-^ 
10-1 
10-2 

10-2 

10-2 

10-4 

10 ^ 

10 2 

10-2 
10-2 

10-2 
10-2 

10-2 
10-2 

10-4 
10-3 
10-3 
10-2 
10-2 

10-2 

10-3 
10-3 

c reep s trength. F u r t h e r test ing was then per formed on only the more promis ing 

a l loys . The unalloyed zirconium control was not included in this evaluation, 

since the 25,000-psi s t r e s s level is above its ul t imate tensi le s t rength at 1050°F. 
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The c r e e p r e s i s t a n c e for a n a l l oy i s r e p o r t e d a s a m i n i m u m c r e e p r a t e in 

% p e r h o u r . To a r r i v e a t t he m i n i m u m c r e e p r a t e , i t w a s a s s u m e d t h a t a l l of 

t h e e longa t ion wh ich o c c u r r e d d u r i n g the s e c o n d a r y s t a g e took p l a c e in the 

2 - i n . r e d u c e d s e c t i o n of the s p e c i m e n . The u s e of t h i s m e t h o d for d e t e r m i n i n g 

min innum c r e e p r a t e w a s n e c e s s a r y , s i n c e the f u r n a c e and a t m o s p h e r e c h a m b e r s 

of the c r e e p m a c h i n e s w e r e not equ ipped wi th o b s e r v a t i o n p o r t s . 

The effect of m o l y b d e n u m on t h e m i n i m u m c r e e p r a t e s for two of the a l l o y s 

i s i l l u s t r a t e d g r a p h i c a l l y in F i g u r e 6. F o r the z i r c o n i u m + 1.5% aluminunn b i n a r y 

a l l o y , t he add i t ion of 1.5% m o l y b d e n u m d e c r e a s e s the c r e e p r a t e by a f a c t o r of 

10. A s i m i l a r add i t ion to t h e t e r n a r y a l l oy , z i r c o n i u m + 3% a l u m i n u m + 1,5% 

t in , p r o d u c e d a t h r e e - f o l d r e d u c t i o n in i t s c r e e p r a t e . 

F u r t h e r i n d i c a t i o n of t h e e f f e c t i v e n e s s of m o l y b d e n u m in r e t a r d i n g t h e c r e e p 

r a t e of z i r c o n i u m a l l o y e d wi th the a l p h a - s t a b i l i z i n g e l e m e n t s - - a l u m i n u m a n d t in - -

i s d e m o n s t r a t e d by c o m p a r i n g the c r e e p r a t e s for t h r e e of t h e a l l o y s : 

1) Z i r c o n i u m + 1.5% a l u m i n u m 

2) Z i r c o n i u m + 1.5% a l u m i n u m + 1,5% m o l y b d e n u i n 

3) Z i r c o n i u m + 3% a l u m i n u m + 1.5% t in 

The c o m p a r i s o n shows tha t t he a d d i t i o n of 1,5% m o l y b d e n u i n to t h e b a s i c 

z i r c o n i u m + 1.5% a l u m i n u m a l loy h a s an effect e q u i v a l e n t t o t h e a d d i t i o n of bo th 

1.5% a l u m i n u m and 1.5% t in to the b a s i c a l l o y . 

D . T H E R M A L CONDUCTIVITY 

T h e r m a l conduc t iv i t y v a l u e s t h r o u g h the t e m p e r a t u r e r e g i o n of 752 to 

1157°F w e r e d e t e r m i n e d for a s e l e c t e d g r o u p of the z i r c o n i u m a l l o y s a n d for 

t ype 304 s t a i n l e s s s t e e l . The z i r c o n i u m a l l oy w a f e r s u s e d for t h e r m a l c o n ­

duc t i v i t y m e a s u r e m e n t s w e r e m a c h i n e d f r o m t h e u n u s e d p o r t i o n s of the e x t r u s i o n 

b i l l e t s . The s t a i n l e s s s t e e l s p e c i m e n s w e r e m a c h i n e d f r o m b a r s t o c k w h i c h m e t 

the r e q u i r e m e n t s of M a t e r i a l Spec i f i ca t ion Q Q - S ~ 7 6 3 . 

To m e a s u r e the t h e r m a l conduc t i v i t y , a r a d i a l h e a t flow m e t h o d w a s e m p l o y e d . 

The v a l u e s w h i c h a r e t a b u l a t e d in T a b l e XV r e p r e s e n t the a v e r a g e s of a t l e a s t 

t h r e e m e a s u r e m e n t s for e a c h a l l oy a t e a c h t e m p e r a t u r e . The g r a p h shown in 

F i g u r e 7 w a s p r e p a r e d fol lowing c o n v e r s i o n of the da ta in T a b l e XV. In t h i s 
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TEST CONDITIONS 

TEMR I050°F i 5 6 5 ° C ) 

STRESS 25 ,000 psi 

ARGON ATMOSPHERE 

ALLOYS 

Zr + 3 w t 7o A j l + ! .5wt%Sn 

Zr4- L 5 w t % AA 

3% AX^ 
5%S„ 

10" 

10"^ 
0 0.5 

MOLYBDENUM (wt. %) 
1.0 1.5 

Figure 6. Effect of Molybdenum on the Minimum Creep Rates 
for Two Zirconium Base Alloys 



T A B L E XV 

T H E R M A L CONDUCTIVITY F O R A S E L E C T E D GROUP OF ZIRCONIUM 

BASE ALLOYS AND STAINLESS S T E E L 

Al loy 

T y p e - 3 0 4 
S t a i n l e s s s t e e l 

Z r +1.5 Al + 3 Sn 

Z r + 1.5 Al + 1.5 Sn 
+ 1.5 Mo 

T e m ­
p e r a t u r e 

( ° F ) * 

887 
961 

1027 
1090 

761 
829 
896 

1013 
1116 

885 
910 
995 

1103 

T h e r m a l 
Conduc t iv i ty 

( B t u / h r " f t - ° F ) * 

12.3 
12.5 
12.5 
13.1 

7.6 
8.3 
8.7 
9.0 
9.6 

9.6 
9.7 
9.9 

10,7 

Al loy 

Z r + 3 Al + 1.5 Sn 

Z r + 3 Al + 3 Sn 

Z r + 2 Al 

T e m ­
p e r a t u r e 

( ° F ) * 

793 
872 

1017 
1108 

851 
919 
966 

1026 
1105 

914 
995 

1074 
1159 

T h e r m a l 
Conduc t iv i ty 

( B t u / h r - f t - ' F ) * 

7.2 
7.4 
7.9 
8.3 

8.1 
8.3 
8.5 
8.7 
9.2 

9.5 
10,0 
10,5 
10.6 

* Converted from metric units. Also corrected with Type-304 stainless steel standard. 
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Figure 7. Thermal Conductivity of Zirconium Alloys 
and Stainless Steel 
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f igure, the data for the alloys a r e presen ted as a band, the ex t remes of which 

r e p r e s e n t the two alloys having the highest and the lowest t he rma l conductivity. 

F igu re 7 shows that the t he rma l conductivity of the zirconium alloys ave rages 

65 to 75% of the the rma l conductivity for s ta in less s tee l over the t empe ra tu r e 

range invest igated. 

E . WELDING 

The welding c h a r a c t e r i s t i c s of a selected group of the z i rconium alloys and 

the effects of welding on the tensi le p roper t i e s of these alloys were investigated 

on a p re l imina ry b a s i s . These studies were per formed on vacuum-annealed 

sect ions of 3 by 3-1 /4 by l / 8 in. After butt-welding, a total of eight coupons 

per alloy was taken for bend and tensi le spec imens . The axis of the weld was 

perpendicular to the longitudinal axes of the tes t spec imens . Welding conditions 

a r e given in Table XVI. 

TABLE XVI 

WELDING CONDITIONS FOR ZIRCONIUM ALLOYS 

Cur ren t 

Arc Voltage 

Torch Speed 

Cover Gas 

Back-up Gas 

223 to 224 Ampere s , 
d-c Straight Po la r i ty 

9 volts 

9 in. per inin 

Argon, at 20 cfh 

Helium, at 20 cfh 

The integri ty of the welds was evaluated by radiographic inspection and by 

bend- tes t ing . Sound welds , free of porosi ty , were indicated by the X - r a y 

examinat ions . Guided-bend t es t s were performed in accordance with the ASME 

Code for Unfired P r e s s u r e Vesse l s . 

The bend t e s t spec imens , 6-in. by l / 2 - i n . by 0.100 i n . , we re hand polished 

to rennove s t r e s s r a i s e r s . P r i o r to the surface grinding, s t r ips were divided 

into two groups , one of which was vacuum-annealed at 1450 "F for 24 h r . Both 

r o o t - and face-bends around a mandre l of 8T radius w e r e made in a un iversa l 
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test ing machine. The bends were made at room t empe ra tu r e and at very slow 

loading r a t e s . 

All welded s t r ips passed the bend tes t through 180° around an 8T r ad ius . 

In these t e s t s no difference was observed between r o o t - and face-bends on both 

as-welded and vacuum-annealed tes t spec imens . It was noted that al l of the 

alloys exhibited a high degree of springback from; the 180° bend- tes t posit ion. 

For the lower al loys, the springback ranged from 45 to 60°. The higher alloys 

containing 3% Al + Sn experienced springback in the range of 60 to 78°. 

Typical examples of bend- tes t specimens a r e shown in F igure 8. 

Fo r the tensi le t e s t s , 2- in .gage length coupons were taken from the welded 

sect ions . To evaluate the effect of annealing, half of the coupons were vacuum-

annealed at 1450°F for 24 h r . The re su l t s of the room t empera tu re tensi le t e s t s 

a r e shown in Table XVII. All values r e p r e s e n t an average of two t e s t s . Tensi le 

testing conditions and equipment have been previously descr ibed . A compar ison 

of these data for the welded ma te r i a l with those in Table XI for the vacuum-

annealed ma te r i a l at room t empera tu re indicates that welding has only a slight 

effect on the room t empera tu re tensi le s t rength of the zirconium alloys i nves t i ­

gated. However, the effect of welding on the ductility is more pronounced. In 

a lmost al l ins tances , the elongation of the as-welded ma te r i a l is l e ss than that 

for the original m a t e r i a l . Vacuunn-annealing after welding produced an i m p r o v e ­

ment in elongation for only two of the a l loys . It is apparent that further inves t i ­

gation of annealing effects on welds is n e c e s s a r y . 

F , MICR ©STRUCTURE 

Metallographic studies were made at var ious stages in the process ing and 

fabrication of the zirconium al loys . 

The s e r i e s of photomicrographs contained in F igure 9 show m i c r o s t r u c t u r e s 

which were found to be typical for the Al -Zr binary alloys and for the Al -Sn-Zr 

t e rna ry alloys at the process ing stages indicated. It is apparent that the dif­

ference between the extruded s t ruc tu re and the rol led s t ruc tu re is a ma t t e r of 

grain s ize . This difference would be expected, considering that the extruding 

and roll ing t e m p e r a t u r e s , as well as the cooling r a t e s , were s imi l a r . The effect 

of the 1450 °F anneal followed by a i r cooling is m o r e pronounced. A two-phase 
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Figure 8. Bend Test Specimens 
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TABLE XVII 

TENSILE PROPERTIES OF WELDED ZIRCONIUM ALLOYS 

Alloy 
fwt %) 

Zr + 1.5 Al + 1.5 Sn 

Zr + 1.5 Al + 1.5 Sn, 
Annealed 

Zr + 1,5 Al + 3 Sn 

Zr + 1.5 Al + 3 Sn 
Annealed 

Zr + 1.5 Al + 1.5 Mo 

Zr + 1.5 Al -!- 1.5 Mo, 
Annealed 

Zr + 3 A1+ 1.5 Sn 

Zr + 3 Al + 1.5 Sn, 
Annealed 

Zr + 3 Al + 3 Sn 

Zr + 3 Al + 3 Sn, 
Annealed 

0.2% Offset 
Yield Strength 

(103 psi) 

91.0 

92.6 

101.7 

104.0 

109.4 

114.3 

122.2 

122.7 

124.0 

122.8 

Ultimate 
Tensile Strength 

(103 psi) 

110.8 

108.9 

117,6 
117.0 

118.9 

121.2 

134.2 

132,4 

137.1 

132.2 

Elongation 
(% in 2 in. ) 

8.5 

10,2 

9.7 

8.4 

7.5 

8.0 

13.5 

12.5 

6.5 

2 

NOTE: All fractures occurred in parent metal. 

s t ruc ture , composed of alpha zirconium and an aluininunn-zirconium i n t e r -

metal l ic compound (possibly Zr.,Al), is evident. F o r the vacuum-annealed 

photomicrograph in F igure 9, higher magnification showed the finely precipi ta ted 

second phase . This prec ip i ta te was not evident in e i ther the extruded or ro l led 

s t ruc tu res when examined at 500 x. 

The photomicrographs in F igure 10 show the in i c ros t ruc tu re s produced at 

var ious process ing stages for one of the Al -Sn-Mo-Zr qua te rnary a l loys . The 

addition of nnolybdenum, a beta s tabi l izer , produces m i c r o s t r u c t u r e s which a r e 

predominantly two-phase . Identification of the var ious phases was not m a d e . 

G. ABSORPTION CROSS-SECTION 

It is z i rconium's low absorpt ion c r o s s - s e c t i o n for t he rma l neutrons which 

makes the ma te r i a l so a t t rac t ive for nuclear r eac to r appl icat ions . In o rde r to 

re ta in this proper ty , only elements having re la t ively low absorpt ion c r o s s -

sections were considered for alloying purposes . 
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The absorpt ion c r o s s - s e c t i o n s for unalloyed z i rconium, for the most highly 

alloyed zirconiumi alloy, and for Type-304 s ta inless s teel a r e p resen ted in 

Table XVIII. These values show that the low absorpt ion c r o s s - s e c t i o n for 

unalloyed zirconium has not been ser ious ly affected by the addition of 3% aluminum, 

1.5% tin and 1.5% molybdenum. 

TABLE XVIII 

MACROSCOPIC ABSORPTION CROSS-SECTIONS 

Mater ia l c m 

Zirconium 

Zr + 3 Al + 1.5 Sn + 1.5 Mo Alloy 

Stainless Steel, Type 304 

0.0078 

0.010 

0.26 

A compar ison between the value for unalloyed z i rconium with that for stain­

l e s s steel c lea r ly demons t ra tes the super ior i ty of the nonferrous m a t e r i a l 

in minimizing paras i t i c neutron absorpt ion. 

The values for the alloys in Table XVIII were obtained by re la t ively s imple 

calculat ions . For any alloy, the macroscopic c r o s s - s e c t i o n is given by: 

^alloy = '^l^l + ^ 2 + • • • \% 

N 

100 

where 

2 = macroscopic c ros s - sec t ion , 

W = weight % of the element, 

p = density of the alloy, 

A'̂  = Avogradro ' s number , 

A = atomic weight of the element, and 

a - in icroscopic absorption c r o s s - s e c t i o n for the element, 10 cm /atonn. 
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IV. CONCLUSIONS 

A. F o r the zirconiunn alloys studied in this p rogram, it can be concluded that: 

1) They can be successfully hot-worked by s tandard fabricating techniques . 

2) Their cor ros ion r e s i s t ance i s , with slight variat ion, equal to that for 

unalloyed zirconiumi after 2500-hr exposure in sodiuin at 1000°F. 

3) Their tensi le strength, at room and at elevated t e m p e r a t u r e s , is 

g rea t e r than that for unalloyed zirconium, and comparable to that of 

type-304 s ta inless s teel . 

4) Their average the rma l conductivity, equal to 75% of that of s ta in less 

steel , is considered to be adequate for nuclear r eac to r s e rv i ce . 

5) Their c reep r e s i s t ance , although less than that for type-304 s ta in less 

s teel , is acceptable for r eac to r u se . 

6) The alloys can be welded by s tandard shielded tungsten a rc techniques 

with no ser ious loss in ductility or s t rength. 

7) Their neutron absorption cha rac t e r i s t i c s vary only slightly from that 

of unalloyed zi rconium. 

B. On the bas is of these conclusions, an alloy containing 1.5 wt % Al + 1.0 wt %Sn 

+ 1.0 wt % Mo has been selected for investigation on a l a rge r sca le . It has been 

concluded that an alloy of the selected analysis will demons t ra te a good combination 

of p roper t i es with r e spec t to s t rength and c reep r e s i s t ance at elevated t e m p e r a ­

t u r e s , cor ros ion r e s i s t ance to liquid sodium, and hot and cold fabric abili ty. 

In such an alloy, the element aluminum would contribute to the s t rength 

cha rac t e r i s t i c s , tin would impar t corrosion-inhibi t ing c h a r a c t e r i s t i c s , and 

molybdenum would provide improved re s i s t ance to c r eep at moderate ly high 

t e m p e r a t u r e s . 
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V, FUTURE WORK 

A. F u r t h e r study of the h igh-s t rength zirconium alloys invest igated should 

include the i r : 

1) Cold-forming c h a r a c t e r i s t i c s . 

2) Welding and hea t - t rea t ing response -

3) Germinat ive gra in-growth cha rac t e r i s t i c s . 

4) Res i s tance to fat igue, 

B. Mater ia l of the selected composit ion will be p repa red for a fabrication 

effort to include the production of such mil l products as tubing, sheet and bar 

stock. 

C. Mill products obtained in the fabricat ion effort will be fabr icated into fuel 

e lements and subsequently placed in the Sodium Reactor Exper iment core for 

evaluation of thei r i n - r e a c t o r c h a r a c t e r i s t i c s . 
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