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CREEP ROPERTIES OF THE m-15 ZP ALLOY 

H. E. McCoy 

Creep ruptm-e propert ies  of t w o  hea ts  o f  Nb-l$ %. have 
been determined. 
chemical analyses and were reported t o  have t h e  sane fabri- 
cat ion h i  story,  t h e i r  creep s t rengths  are considerably 
d i f f e ren t ,  It was found tha t ,  a t  a t es t  temperature of 
982°C and a t  high s t re s ses ,  a f i n e  p rec ip i t a t e  formed which 
was oriented normal. t o  t h e  applied stress. A t  12WoC, t h e  
precipi ta%e was qui te  coarse and, again, w a s  p referen t ia l ly  
oriented normal t o  t h e  applied s t ress .  
p re t e s t  annealing a t  temperatures up t o  1'100" C markedly 
improved t h e  s t rength without decreasing t h e  rupture duct i l i%y.  

Although these mater ia ls  have comparable 

It w a s  fowl-d t h a t  
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Tn attempting t o  r a i s e  the  temperature c spzb i l i t i e s  af nuclear power 

planis,  a t ten t ion  has been €‘oc>ised upon the rz f rsc tory  metals and t h e i r  

alloys.  Although t h e  melting points of these mater ia ls  i-nd-ica-te t h e i r  

potentj-a1 usefulness a t  elevated temperatures, i.t i s  necessary t h a t  t h e i r  

propert ies  be kno-xn more spec i f ica l ly  before engineers can ac tua l ly  de- 

sign mch sptems.  One of -the basic  propcrt-ies on which information i s  

nezded i s  the s t rength of the materia.1.. ai; .the service temperature. 

OP the  r eac t iv i ty  of the re f rac tory  metals with a i r ,  7. t  i s  necess%ry t h a t  

t he  t e s t  piece be protected duu’ing tes t ing .  This, i n  t m n ,  requires  leak- 

ti-ght apparatus -with sssociated systems f o r  vacuum or f o r  inert-gas 

gurif lcat ion.  Hence, these t e s t s  a r e  quite expensive and. I.t i s  for t h i s  

reasan tha t  r e l i a b l e  long-time creep dzta  f o r  ref ractoi-y metals are almost 

nonexistent. 

Because 

Another impartant aspect of refractory metal technology i s  t h a t  very 

few attcmpts have been m a d x  ’to optimize these materials.  Op5imization i s  

being approached sLmost en t i r e ly  f r a m  the r>-tandpsints of s l i g h t  modi.fics- 

t i ons  i n  alloy addi-Lions and chariges i n  Ta’oricstion schedules. These a r e  

indeed both important, but just a s  t h e  propert ies  of many iron- and nickel- 

base a l loys  have been found t o  be controlled by heat treatments, post- 

fabr ica t ion  heat treatments can play an important r o l e  i n  re f rac tory  al.l.oys. 

Tne present study i s  concerned with making a thorough evaluation of 

t h e  creep propert ies  of .the Nb-l$ Zr a l loy  a t  eleva-ted temperatures. This 
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work includes 

annealing and 

Chemical 

a study of t he  influence on the  creep propert ies  of p re t e s t  

supporting metallographic studies.  

EXPERIMENTAL DETAILS 

analyses f o r  t h e  two heats  of m-15 Zr sheet included i n  

t h i s  study a r e  given i n  Table 1. 

from t h e  Wah Chang 

The following fabr ica t ion  schedule w a s  communicated by t h e  vendor: 

Both heats  of mater ia l  were obtained 

Corporation i n  the  form of 0.060-0.065-in. sheet. 

1. Stock mater ia l  about 0.16 in. t h i ck  r o l l e d  a t  427°C t o  0.100 in. 

2. Material  conditioned and pickled. 

3 .  Material  cold ro l l ed  t o  0.060-0.065 in .  

4 .  Material sheared, inspected, and shipped. 

!Filerefore, t h e  mater ia l  contained at l e a s t  40% cold working i n  t h e  

as-received condition. 

The geanetry. of' t h e  t e s t  specimen used i s  shown i n  Pig. 1. The t e s t  

apparatus i s  shown i n  Fig. 2. The t e s t  chamber i s  an alumin8 tube sealed 

by Viton gaskets t o  wzter-cooled metal f i t t i n g s  on both ends. The exten- 

sion rods near t he  specimen are made of Nb-l% Z r  and those extending 

oitside t h e  chamber are Inconel X. 

by an O-ring and a t  t h e  bottom by a Viton %cup seal. 

couple wel l  extends in-to the  t e s t  chamber t o  3110~ temperatures t o  be 

read ins ide  the chamber with a P b ~ ~ ~ - € ' t g ~ . R h l ~  thermocouple. The chamber 

i s  hea-bed by N. res i s tance  furnace having R capsb i l i t y  of 1200 or  1700°C. 

(AZtho%h furnace cap-zbilities of 1700°C are available,  the  a l m i n a  tube 

pcesefitly poses a. limj-tabion of about 1209°C f o r  long-term t e s t a ) .  

vacuum system iittilizes a 750 l i t e r / s c c  oil iiliffusion pump snd an elbow 

The p~ll rods a r e  sealed a t  bhe t o p  

AQ alumina thermo- 

The 
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TABLE I 

Analyses of Nb-l% Zr Test Materialss 

Content ( w t  $) 
Heat Heat 

Content (wt $) 
Heat Heat 

Element 912 - 16 59 1012 -946 Element 912- 1659 1012-946 

Zr 

0 

N 

H 

C 

A1 

B 

C d  

co 
CY 

cu 

1.05 
(0.93k0.05) 

0.0170 
(0.015) 

0.0045 
(3.0055) 

0.0004. 
(0.0004) 

0.0035 

< 0.0020 

< 0.0001 

< 0.0005 

< 0.0039 
< 0.0320 

< 0.0040 

(0.011) 

0.95 
(0.9E0.05) 

0.0205 
(0.0160) 

0.0090 

0.0003, 
(0.0018) 
0.006 5 

(3.0085) 

(0.0345) 

< ~3.0001 
< (3.0005 
< 0.0020 

Pe 

Mn 

Mo 

Ni 

Pb 

Si 

Ta 
Ti 

V 

W 

< 0.010 

< 0.0080 

< 0.0020 

0.0029 

< 0.0020 

< 0.0020 

< 0.010 
0.0650 

< 0.0159 

< 0.0023 
0.0170 

< 0.010 

BTot 
Detected 

< 0.0020 

< 0.0029 

< 0.0020 

< 0.0020 
< 0.0100 
0.0610 

< 0.0150 
< 0.0020 
< 0.0300 

"Nuii'aers i n  parentheses are results of analyses a t  OiW,; other 

values are averages of t he  vendoy8s ingot analyses. 
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Fig, 1. Geometry of Test Specimen. 
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t r a p  cooled with dry ice. 

chamber with values of 1 X 

of t h i n  pJb-l$ Z r  sheet i s  placed around the specimen t o  ac t  as a ge t te r .  

The machines a re  of the  dead-load type, and extension of t he  specimen i s  

measllred by a d i a l  gage which r e s t s  against  t he  extension rod. 

The vacclu'11 i s  measured at  t h e  top  of t h e  t e s t  

t o r r  being obtained routinely. A cylinder 

All of t h e  metallographic specimens i n  t h i s  study were palished by 

vibratory syntron polishing. 

t i o n  of 250 m l  H20, 60 g NaOH, 20 g t a r t a r i c  acid, 50 ml l a c t i c  acid,  

30 ml of 30% H202. 

The specimens were etched st 6 0 ° C  i n  a solu- 

RESULTS 

The experimental data obtained i n  t h i s  program are  summarized i n  

Tables 2 and 3. 

i l l u s t r a t e  several  important points. 

vs time t o  cer ta in  amounts of s t r a i n  and f r ac tu re  f o r  t e s t  temperatures 

of 932 and 1204"C, respectively. The p lo ts  represent t h e  properties of 

heat 912-1659 i n  the  as-received condition, It i s  s ignif icant  tha t ,  a t  

both t e s t  temperatures, l a rge  creep s t r a i n s  occur i n  a s m a l l  f rac t ion  of 

t h e  t o t a l  rupture l i f e  (Le . ,  t he  minimum creep r a t e  ex i s t s  over a very 

The data a re  presented graphically i n  d i f fe ren t  forms t o  

Figures 3 and 4 a r e  plots  of s t r e s s  

short  portion of t h e  mptu re  l i f e  and acceleration i n t o  t h i r d  stage creep 

occurs ear ly  i n  the  t e s t ) .  

a f inc t ion  of t h e  applied s t r e s s ,  

by an  expression of t he  form & = ( u / A ) ~ ,  where E i s  the  s t r a i n  rate, 

(J' i s  t h e  applied s t ress ,  and A and n a r e  constants. 

square inch and 5 i n  percent per hour, t he  values of A were 15,400 and 

5,200 a t  982 and 1201t°C, respectively; t he  values of n were 4.83 and 4.92 

The minimum creep r a t e  i s  shown i n  Fig. 5 a s  

This property i s  adequately described 

With cr i n  pounds per 



TABLE I1 

Creep Properties of 0.060-in. - thick Nb-1$ Z r  Sheet 
Heat 912-1659 

Rupture Rupture Minimum 
T e s t  Temperature Stressa L i f e  Strain Creep Rate - Chemical Analysis" 

No. (" c) (psi)  Heat Treatment (hr) (8)  (%/hr) H O N C  

2493 
2481 
2480 
2494 
2736 
2536 
2986 
2377 
2447 
2600 
2613 
2908 
2614 
2556 
2643 
2865 
2551 
2594 
2555 
2864d 
2489 

982 
982 
982 
982 , 
982 
982 
982 

1204 
1204 , 
3204 i- ,/ .. 
1204 
3204 
982 
982 ,';: 
982 
9 82 

1204 
1204 
1204 
1204 
982 

15,000 
12 , 000 
10 , 000 
8,500 
7 , 000 
6,500 
4,500 
6,000 
5 , 000 
4,000 
3 , 000 
2,700 

10 , 000 
10 , 000 
10 , 000 
10 , 000 
4,000 
4,000 
4, 000 
4 , 000 

10,000 

As-Received 
A s  -Received 
A s  -Received 
A s  -Received 
A s  -Received 
As-Received 
A s  -Received 
As  -Received 
A s  -Received 
A s  -Received 
A s  -Received 
A s  -Received 
1 hr at  1200°C 
1 hr a t  1400°C 
1 h r  a t  1500°C 
1 hr a t  1700°C 
1 hr at  1200°C 
1 h r  a t  1400°C 
1 hr a t  1500°C 
1 hr a t  1700°C 
A s  -Received 

14.8 29.69 
64.8 38.28 

148.1 50.78 
260.8 65.63 

1069.0 35.99 
1732.8 61.72 

9.8 64.84 
23.4 88.28 
96.9 87.66 

541.5 103.9 
855.6 85.16 
110.9 56.72 
790.2 38.28 
856.6 42,97 

1562.5 23.44 
89.6 89.84 

152.1 65.62 
233.4 80.16 
536.0 53.13 
158. 7 56.25 

C 

0.820 
0.200 
0.129 
0.101 
0.0182 
0.0170 
0.00152 
2.35 
1.15 
0.290 
0.0527 
0.0318 
0.0800 
0.00150 
0.00100 
0.00024 
0.295 
0.0940 
0.0650 
0.00210 
0.184 

4 130 59 70 
1 170 56 120 
3 360 60 130 
7 280 58 140 

1 550 68 370 

6 260 65 
4 220 62 
2 150 58 
1 160 55 
1 130 57 50 
1 130 60 
1 230 73 
1 380 57 
1 350 55 80 

28 35 59 100 
3 290 62 80 
1 480 57 160 

< 1 390 57 90 
7 390 70 90 

"Stress applied p a r a l l e l  t o  ro l l i ng  direction. 
bSee Table 1 for analysis of as-received material .  
CTest discontinued pr ior  t o  fa i lure .  
'Stress applied normal t o  r o l l i n g  direction. 
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Creep Proper-ties o f  0.060-in. - thick Nb-l% Zr Sheet 

Heat 1012-946 

Test 
No. -_ 

3 156 

3 123 

3092 

3165 
3x26 

3116 

3078 

3952 

3 1.41 

3 15'3 
3148 

Temperature Stres  sa 
(" c> (psi) 

982 

9&,, ;* 

982 

982 
1204 

1204. 

1204 

1204 

1204, 

982 I 

1204 

17,500 

15 000 

12,500 

10,000 

7,50,3 

6 , 030 
5,000 
4,000 

3,000 

12,500 
5,000 

. _. - ~ _. 

Rupture Rupture Minimum 
L i f e  SLrain Creep Rate 

Heat Treakmen-t (hr) (% 1 ($/hd 

As -Ret eived 11.0 d 36.72 0.615 
As-Received 58.8 di 38.23 0.055 
As-Received 193.4 52.34 0.0124 
A s  -Rcc eived 455.9 52.34 0.0083 
As-Received 5.15d 78.13 5.40 

A s  - Rec eived 31.5 71.09 0.71 
As-Received 82,7 85.94 0.293 
As -Rec eived 257.4 53.59 0.0675 

A s  -Rec eived 1074.2 106.3 9.0193 
1 'm at 1200" C 48.5 47.19 0.079 

I hr at 1.200"C 78.2 76.09 0.28 

"Stress applied pwallel  to ro l l i ng  direction. 
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Fig. 5 .  Correlation of Stress and Minimum Creep R a t e  foi- Nb--l$ Zr 



a t  982 and 1204OC, respectively.  Another important relatj-onship i s  shown 

i n  Fig. 6 where the  logarithms o f  t h e  minimum creep r a t e  and rupture l i f e  

a r e  plotted.  

with a slope of unity f o r  cases where tine measured creep r a t e  and t h e  

creep rate producing vacancies f o r  voids a r e  t h e  same. 

obey t h i s  cor re la t ion  q u i t e  w e l l .  

not seem t o  fit, but longer t e s t s  do f i t  t h e  prediction. This i s  probably 

because the  s t a r t i n g  mater ia l  was cold worked and was not adequately 

aiinealed during t h e  shorter  creep t e s t s  a t  982°C. 

Machlin' predicted t h a t  these  var iables  should cor re la te  

The data  at 1204°C 

A t  982°C the short-time creep t e s t s  do 

The s t ress-rupture  propert ies  of t h e  two heats of material used i.n 

t h i s  study are compared i n  Fig. 7. IIeat 1Ol2-946 i s  considerably stronger 

than heat 912-1659 but t h e  ana ly t i ca l  da ta  j.n Table 1 indicate  t h a t  

heat 1012-946 has t h e  lower i n t e r s t i t i a l  content. Thus, it does not seem 

possible -to r a t iona l i ze  t h e  improved s t rength on the basis o f  composition. 

The infliience on t h e  creep s t rength of p re tes t  annealj-ug w a s  investi- 

gated, The r e s u l t s  of these s tudies  a r e  given i n  Table 2. Figure 8 

i l l u s t r a t e s  t h e  influence o f  pre t e s t  annealing on t h e  minimwx creep r a t e  

a t  t e s t  temperatures of 982 and 12@4"C. A t  982°C the minimum creep r a t e  

i s  reduced by p re t e s t  anneals of 1 h r  a t  tempera-Lues be-tween 1290 and 

1700°C. The creep rate of the  a l loy  i n  the as-received condl-trion i s  om 

"ne order o f  lo3 grea te r  than t1ia.t of t h e  a l loy  after anzit.al.i.ng f o r  1 III- 

a t  1700°C. The creep strength at 1204°C i s  improved by annealing above 

t h i s  temperature. 

as-received condition i.s about l o2  grea te r  than t h a t  observed af ter  annealing 

A t  L204OC t he  miniinm creep r a t e  of t h e  material i n  the 

1 'ru. a t  1'700°C. Not only w a s  t he  minimum creep rate reduced. by annealing 
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but also t h e  f r ac t ion  of t h e  .!;est time f o r  whri.ch t h e  creep rate remained 

a t  the  riiinimum value vas increased. This i s  illlistrated i n  Figs. 9 and 

10. k t  982°C (Fig. 9),with t h e  mater ia l  i n  t h e  as-received condition, only 

about I O n 3  of the  rupture l i f e  i s  required t o  reach 1% s t ra in .  

I.-hr anneal %-t 1700"C, the time: required t o  reach 1% s t r a i n  i s  about one- 

half  t h e  rupture l i fe .  

improvement i s  not a s  great  but, t h e  same t rends ex is t .  

After a 

A t  a t e s t  temperature of 1204°C (Fig. lo), t h e  

Targe rupture d u c t i l i t i e s  were exhibited by a l l  t e s t  specimens. At 

982"C, t h e  frac'iurc s t r a i n  of t he  as-received mater ia l  ranged from 30 t o  

65%. Pre tes t  annealing reduced the  cluct i l i ty  s l i g h t l y  with the  f r ac tu re  

s t r a l n  of a specimen anneal.ed a t  1'700°C being 23%. 

greater  at; 1204°C with f r ac tu re  s t r a i n s  from 53 t o  104% being obtained. 

The d u c t i l i t y  w a s  even 

Several of t h e  specimens were examined metallographically a f t e r  

tes t ing .  Figure 11 shows t h e  microstructures of both heats  of mater ia l  

i n  t h e  as-received condition. 

r i a l s  w a s  supposed t o  be ident ica l ,  t he  microstructures ind ica te  t h a t  

heat 1012-946 was cold worked more heavi .1~  than heat 912-1659. 

Although t h e  fabr ica t ion  of t he  two m a t e -  

Figure 12 shows t h e  microstructure of an Nb-l$ Zr specimen t e s t ed  a t  

15,000 ps i  and 982°C. 

which i s  oriented normal t o  t h e  stress direct ion.  A s  t h e  s t r e s s  l e v e l  i s  

decreased, t h e  or ientat ion of t h e  p rec ip i t a t e  becomes more random u n t i l  

10,000 ps i  where t h e  p rec ip i t a t e  appears comp7.etely random. 

Under these conditions, a prec ip i ta te  i s  formed 

Fligure I3 shows t h e  s t ruc ture  of a specimen t e s t ed  a t  10,000 ps i  arid 

982°C a f t e r  a pre tes t  anneal of 1. hr  at  1500°C. This anneal has increased 

s igni f icant ly  t h e  grain s i z e  of t h e  material .  Some rec rys t a l l i za t ion  

occurred near t he  fracture .  The microstructure of a specimen t e s t ed  a t  

10,000 ps i  and 982°C after a p re t e s t  anneal a t  1700°C i s  shown i n  Fig. 14. 



18 

10,000 

100 

1 

. A  
UNCLASSIFIED 

BRNL-DWG 64-4277 

1200 1300 1400 1500 1600 1700 
ANNEALING TEMPERATURE ("C) 

0.1 L+ 
AS 

RECEIVED 

Fig. 9. Influence of Annealing on t h e  Creep ,Properties of Nb-l$ Zr 
at 982°C. 



1000 

100 

10 

I 

4 

0.4 

-_ ...... 

__ __ . ~ ... 

.. ................. .. ___ 
__ .. . - . 

................... - ........... -I 

__ ................................ 

.... .................. 

--.---___ - ~~ ................... 

.....I__-.. - ............................ . 

.... __ - ................... .......................... 

UNCLASSIFIED 
ORNL-DWG 64-4278 

..... 
___..- ..................... 

....... 
____...-~ .. --- .................. __.._ 

I ._I-_.___..... ..... 

.................... ~- I I  - ............................ 

.................... ___ 

Mb-1 Z r  TESTED AT 
12Q4"C AND 4000 psi 
HEAT 912 - 1659 

- 

AS " 
RECEIVED 

FTg. 10, Influence of hneal. ing on the C x e p  Fk-operties of Nb-3$ Zr 
at 1204°C. 



20 

Fig. 1-1. Microstruc.l;ures of !!lb-J_'$ Zr in the As-Received Condition. 
(a) Heat 912-1659. (b) Heat 1012-946. 1OOx. Red-uced 1776. 
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Fig. 13. Photomicrograph of t h e  Fracture of a I!ii--l$ Zr Specimen 
Tested a t  982°C a.nd 10,000 psi., Annealed 1 by at 1500°C P1-T.or t o  Testing. 
Rupture 1Lfe: 856.6 hr, Heat 912-1659. l O O x  
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Fig. 14. Photomicrogrsphsof a ,I%-$ %. Specimen Tested a t  982°C 
and 10,000 ps i ,  Annealed 1 hr a t  1700°C Bier t o  Testing. 
1562.2 hr. (a) Rupture; (b) 1 in. from rupture. Heat 912-1659. 1OOx. 
Reduced 19%. 

Rupture l i fe :  
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In  addition t o  the increased grain s i z e  .result ing from. annealing, t h e  

t e s t ed  specimen appears t o  have developed an extensive substractwe.  A 

r z l a t ive ly  coarse prec ip i ta te  ar iented nmna l  t o  t h e  applied stress i s  

fo rmd  undey these tes t  conditions. Since t h i s  precipi t3te  w a s  not pres- 

eiit i n  t h e  mater ia l  a f t e r  annealing a t  170O"C, it must hsve nlrcLeabe3. 

during testin.g. 

Figure 15 ShoiqS the microstructure of a specimm te s t ed  i n  t h e  RS- 

received condition a t  4,000 p s i  and 1204°C. The material recrys ta l l ized  

during t e s t ing  and cansiderable grain growth occurred near t h e  f racture .  

There a l s o  sppears t o  be a cosrse prec ip i ta te  i n  t h i s  specimen which i s  

oriented noriiisl t o  t h e  s t r e s s  directi0.n. Figure 16 i l l u s t r a t e s  the micro- 

s t ; r u t u r e  of a specimen a f t e r  a pretest  anneal at 1703°C and t e s t ing  at  

1204°C and 4,000 psi. 

coarse p ~ e c i p i t ~ i t e  normal t o  t h e  applied s t r e s s ,  and t h e  s-abstructure. 

S ign i f i cmt  fea tures  a r e  the  la rge  grain size,  the  

Although a l l  of the metallographic r e s u l t s  prese?lf;ed here have been 

for heat 912-1659, it xias found t h s t  heat 1012-946 exhibited similar 

struc.trules. 

DISCUSSION OF RESLJLTS 

Creep s tudies  have been conducted t o  evaluate t h e  creep propert ies  

It TJSS found t h a t  t h e  as-received of t h e  Nb-l$ Z r  a l l oy  at 982 and 1204°C. 

material exhibi ts  creep behavior characterized by a very short  period a t  

t h e  minimu2 creep rate followed by IL eontinuausl.y increasing creep ra te .  

Annealing t h e  material a t  various temperatures before t e s t i n g  decreases 

the  miniinurn creep rate, increases the  rupture l i f e ,  and increases the  

f rac t ion  of t h e  rupture l i f e  spent at t he  minimum creep rate. These changes 
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Fig. 15. Photomicrographs of a Nb-1$ Zr Specimen Tested in the  As-  
Received Condition a t  1204°C and 4000 psi .  
(a) Fracture; (b) 1 in. from f racture .  Heat 912-1659. 1OOx. Reduced 12%. 

Rupture l i f e :  36.3 hr. 
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Fig. 16. Photomicrographs of a J!Jb--l$ Zr Specimen Tested at  4000 ps i  
and 1204"C, Annealed 1 hr at 1700°C Prior  t o  Testing. 
536 hr. (a) Fracture; ( 7 3 )  1 i n .  from f rac ture .  Beat 912-1659. 1OOX. 
Reduced 17%. 

Rupture l i f e :  
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a r e  desirable  from an  engineering viewpoint since components a r e  normally 

designed t o  mall  s t r a ins  ra ther  than t o  f racture .  For example, a part 

constructed of I!iKb-l$ Z r  i n  t he  as-received condition and put i n  service 

a t  982°C and 4,000 ps i  would deform 2% a f t e r  only 0.75 hr. 

had been annealed 1 hr a t  l2OO0C, the  time t o  2% s t r a i n  would be l-ncreased 

t o  15 hr. 

1150 hr. 

~ b - 1 %  Zr alloy. 

If the  material  

Annealing a t  1700°C would increase the  time t o  2% s t r a i n  up t o  

Heat treatment can obviously be used t o  an advantage i n  the  

Although a c l e w  explanation of why annealing improves the  creep 

strength of thlis a l loy  cannot be giveti a t  t h i s  time, it i s  possible t o  

postulate t he  responsible mechanism on the  basis of what i s  known about 

other materi.als. In annealing a so l id  solution alloy, at l e a s t  th ree  

processes can occur: grain growth, solution of impurities, and reorien- 

t a t i o n  of grains. The first process i s  generally accepted t o  cause 

improvement i n  high-temperatwe creep resistance,  but Parker2 has shown 

t h a t  f o r  copper t h i s  improvement i s  ac tua l ly  brought about by the  last 

process and that coarse-grained mater ia l  i s  inherently we'aker than Eine- 

grained material  at  a l l  temperatures. 

i n t e rna l  energy i s  reduced by reduction of the  angles between adjacent 

grains. Tl?is reduction i n  angle a l so  makes the  boundaries l e s s  effect ive 

as sources and sinks of vacancies. Since the rate-controll ing p.rocess i n  

high-temperature creep i s  the motion of dis locat ions %round obstacles %id 

t h i s  process I s ,  i n  t u r n ,  dependent upon the  presence of vacancies, a 

recluction i n  t h e  effectiveness of t h e  vacancy sources reduces the creep 

ra te ,  

reasoning may apply t o  the Nb-1% Zr all-oy. 

When a material  i s  annealed, i t s  

Althou.gh t h i s  argument has been developed f o r  copper, the  s.me 

The soliitj.on of i n t e r s t i t i a l  



prec ip i t a t e s  may a l so  be a n  important p-rozess. 

be taken i n t o  solut ion during annealing mid m y  reprec ip i ta te  a% the  t e s t  

teni.perature i n  a d i s t r ibu t ion  which i s  e f fec t ive  i n  impeding dis locat ion 

motion. The pho%cmicrographs presented i n  t h i s  s t u w  show cansiderab1.e 

evidence of rzpreci.pitation during tes t ing .  

These prec ip i ta tes  msy 

The specimens tested at  982°C and high s t resses  showed a select-ive 

or ientat ion of t h e  prec ip i ta te  a,long planes normal t o  t h e  applied s-tzess. 

The impvmities present i n  t h i  s prec ip i ta te  were probably in i t i a l - ly  i n  

solution, and t h i s  does not represent a case of a precipit-2te reor ient ing 

i t s e l f  under a s t ress .  

were quite cgarse and were oriented noma1 to t h e  applied stress. Similar 

se lec t ive ly  orierited prec ip i ta tes  h w e  beer1 observed i n  other ma-teria,ls. 

Many of the  tes t  specimens were observed t o  contain a substructi.rc. 

Tfle prec ip i ta tes  formed during t e s t i n g  a t  1204°C 

Weissxann, Lement, and Cohen4 have sanmarized f o r  refr.acf;or.y metals the 

avai lable  infomatio-n on the  experimental aetect ion of substructures, 

tyyes, alnd t h e  r e l a t ion  of mechanical propert ies  wid s:ibstr;lctizes. The 

formation af substrinctures i n  t h e  re f rac tory  metals i s  well dociwented as 

well as t h e  fact  t h a t  these sabstrmtures ri.mprove the  stmngth.  It i s  

known5 alsg t h a t  sabstructures are not eliminated by anneals which would 

r e s u l t  i n  complete conventional recrys ts l l i za t ion .  Thus the  substrdc-Lures 

noted i n  t h e  present study are a function of (1) the  fabr ica t ion  procedure 

o r  t h e  alloys, (2) t h e  pre tes t  anneal, (3) t h e  t e s t  temperature, a.nd 

( 4 )  t h e  s t r a i n  rate .  

Another s ign i f icant  metallographic feature of the  test specimens 

i s  th3;t no intergranular  voids were formed. 

observed i n  m a n y  other mater ia ls  2,%ter bering defornned at homologous 

Intergranular voids have been 
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temperatures comparable with those of t h e  rJb-l’$ Z r  a l l oy  i n  t h e  present 

study. 6, Several investigators’, have been concerned with the  nuclea- 

t i o n  of these voids, and t h e  general  opinion seems t o  be tha t  grain 

boundary i r r e g a l a r i t i e s ,  such as s l i p  steps, are plausible  nuclei. These 

nuclei a r e  then pictured as growing by t h e  stress-motivated d i f fus ion  of 

vacancies t o  these  si tesg or by the  condensation of excsss vacancies pro- 

duced by t h e  deformation.’ These nuclei  grow and jo in  t o  form cracks. 

Conditions which produce f r a c t u r e  by t h i s  mode normally r e s u l t  i.n ~ O ~ J -  

f r ac tu re  s t ra ins .  

from t h e  mobility of t h e  grain boundaries. This mobil.ity, i n  turn,  may 

r e s u l t  froln gra in  boundary migration per se o r  by motion through recrys- 

t a l l i z a t i o n .  Thus, t h e  boundaries w e  not s ta t ionary  long enough f o r  void 

ninclei t o  grow. This may amount f o r  t h e  extremely good d u c t i l i t y  of t h i s  

alloy, 

creep rupture by vacancy condensation seems t o  f i t  t h e  experimental r e s u l t s  

even thoiagh no v i s i b l e  voids are presellt. 

The absence of voids i n  t h e  Nb-l$ Z r  a l l o y  m y  result 

It i s  a l s o  in t e re s t ing  t h a t  t h e  model proposed by Machl.in’ for 

Another point of significance i s  -that t h e  propert ies  of t he  two heats  

The i n t e r s t i t i a l  analyses m , n  qui te  s i m i l a r  of mater ia l  are so  d i f f e ren t ,  

fo r  t h e  two heats with the  carbon content o f  t h e  stronger heat being 

s l igh t ly  lower. The photomicrographs of t h e  as-received mater ia ls  (Fig. 11) 

indica te  t h a t  t h e  stronger heat was cold worked moyc t h m  the  weaker heat. 

It i s  f e l t  t h s t  t h i s  sppwent difference i n  fabr icat ion technique i s  the  

major cause for t h e  difference i n  properties,  This variable of fabr icat ion 

procedure has been shoWnlo t o  be very important i n  control l ing the proper- 

t i e s  of t h e  mater ia l .  HCIWFJVBT, suppl.lers of materials and experimeriters 
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who evaluate these materials appear t o  be so fay removed .thst control  of 

properties by fabricatio:i sched.ule i s  not progressing very rapidly. 

'J%e properties of re f rac tory  metals can depend on contamination 

during tes t ing .  A s  i s  obvious, several  specimens from t h e  present tests 

were found t o  contain ahout 300-pprr1 oxyge-n a.Cter -testing. It w8s found 

tini3-t points representing these tests did not c o n s i s t e n t u  P a l l  ahead of 

t he  average stress-rupture curve. However, same speciiiiens were heavily 

cmtmina ted  with oxygen and. carbon, and -these specimens had rupture l i v e s  

much 7.onger than would be  expected. Although thFs conclusion i s  not sup- 

ported by detalled observations, it would appear t h a t  snall (about 300 ppn) 

oxygeri contamination dDes not  :nodiTy t h e  creep strength appreci3bly but, 

t h a t  a conparable zmoznt o f  carbon increases t h e  streczg-th. 

Tests hsve been r u n  which evaluate t he  creep propert ies  of t he  

Nb-1$ Zr al loy a t  982 and 12M"C. 

1700°C were found t o  s ign i f i c sn t ly  imprave the  creep properties.  

f e l t  -th& t h e  improvement i n  stre-ngth i s  a res-zlt of chang;es i n  grain 

bound6,ry st-mc.t;?;cres and not rin gra in  s i z e  alone. R-dpture dhrct i l i t ies  

irere qui te  high under all t e s t  conditions. 

normal t o  t h e  applied s t r e s s  a t  982°C when t h e  s t r e s s  w,as qui te  high. 

,4t lox stresses, t h e  prec ip i ta te  appeared ra,ndom. 

-tiXb-t;e was qui te  coarse but w&s oriented norlnsl t o  t he  s t r e s s  direct ion.  

Def'onnation was accoiiipnied 'oy r ec rys t a l l i za t ion  and. grain growth i n  some 

areas 8 s  well  as extensive substructure for~na~tion. A second heat of 

Solution sntieals o f  1. hr a t  1203 t o  

It i s  

A f i n e  p rec ip i t s t e  ms  formed 

A t  l2M"C t h e  precipi-  
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matertal. which wzs supposedly similar with respect to 

and i n t e r s t i t i a l  content w a s  found t o  be considerably 

d i f fwence  i s  ascribed t o  t h e  fabr ica t ion  procedure. 

fabr ica t ion  h is tory  

stronger . T h i  s 
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