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HIGH VACUUM CHAMBER FOR ELEVATED TEMPERATURE TENSILE TESTING* 

D. N. B r a s k i , J . R. Gibson,^ L. J . T u r n e r , and R. L. Sy* 

ABSTRACT 

A chamber f o r t e n s i l e t e s t i n g vanadium a l l o y s a t p r e s s u r e s 
of 10" s Pa (10" 7 t o r r ) and t e m p e r a t u r e s up t o 800°C has been 
des igned and f a b r i c a t e d . F e a t u r e s of t h e t e s t system i n c l u d e 
an 20.3—cm ( 8 - i n . ) cryopump and a t u n g s t e n e lement f u r n a c e . 
The chamber can be pumped t o a p r e s s u r e l e s s than 10"" Pa 
(10"6 t o r r ) in l e s s than 10 min. The s t r e s s - s t r a i n cu rve 
o b t a i n e d f o r t h e V-20Ti a l l o y a t 600°C was c o n s i s t e n t wi th 
r e s u l t s o b t a i n e d f o r t h e same a l l o y on a second , proven 
machine. 

1. INTRODUCTION 

A r e s e a r c h e f f o r t i s under way t o i d e n t i f y and deve lop a m a t e r i a l f o r 
t h e s t r u c t u r a l f i r s t wa l l of a f u s i o n r e a c t o r . Vanadium a l l o y s , which 
have advan tages such as i n h e r e n t low r e s i d u a l r a d i o a c t i v i t y a f t e r 
r a d i a t i o n , a r e among t h e p r e s e n t c a n d i d a t e m a t e r i a l s f o r t h i s a p p l i c a t i o n . 
To s i m u l a t e t h e c o n d i t i o n s needed t o deve lop a vanadium a l l o y f i r s t w a l l , 
i t i s n e c e s s a r y t o p r e i m p l a n t hel ium i n t o t h e a l l o y u s i n g t h e " t r i t i u m 
t r i c k . " 1 U n f o r t u n a t e l y , i t i s imposs ib l e t o remove a l l of t h e t r i t i u m 
from t h e m a t e r i a l a f t e r t h i s p rocedure and a l l f u r t h e r h a n d l i n g and 
t e s t i n g must be conduc ted on d e d i c a t e d s y s t e m s . One such system was 
de s igned t o o b t a i n t h e t e n s i l e p r o p e r t i e s of vanadium a l l o y s from room 
t e m p e r a t u r e up t o 800°C, w i t h t h e sys tem o p e r a t i n g under h i g h vacuum con-
d i t i o n s . A h igh vacuum environment i s n e c e s s a r y t o p r e v e n t t h e a l l o y s 
from p i c k i n g up oxygen and n i t r o g e n t h a t r educe t h e i r d u c t i l i t y . To expe-
d i t e t h e t e s t i n g of l a r g e numbers of spec imens , i t i s a l s o d e s i r a b l e t h a t 

JL 
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t h e h igh vacuum range of 10"5 Pa be ach ieved w i t h i n r e a s o n a b l y s h o r t 
pumping t i m e s . A d e s c r i p t i o n of the h igh vacuum sys tem and i t s i n i t i a l 
pe r fo rmance i s c o n t a i n e d h e r e i n . 

2. GENERAL DESCRIPTION OF SYSTEM 

F i g u r e 1 i s a pho tograph of t h e h igh vacuum t e n s i l e t e s t i n g sys tem. 
Vf 

A cryopumped f u r n a c e chamber i s mounted in an I n s t r o n desk top Model 1130 

t e n s i l e t e s t i n g machine t h a t was i n s t a l l e d i n a s p e c i a l ven ted e n c l o s u r e . 

The e n c l o s u r e has s l i d i n g a c r y l i c doors l o c a t e d i n f r o n t t o pe rmi t a c c e s s 

t o t h e chamber and t h e I n s t r o n c o n t r o l p a n e l . Doors a t e i t h e r end of t h e 

e n c l o s u r e pe rmi t e n t r y f o r i n s p e c t i o n and main tenance of t h e pumps and 

vacuum sys tem. The e n c l o s u r e p r o v i d e s s a f e con ta inment and removal of any 

t r i t i u m would be e x p e c t e d t o e scape t h e chamber. The e l e c t r o n i c c o n s o l e 

l o c a t e d o u t s i d e of t h e e n c l o s u r e c o n t a i n s t h e components needed t o c o n t r o l 

and moni to r both t h e vacuum system and t h e r e s i s t a n c e f u r n a c e w i t h i n t h e 

chamber. The f u r n a c e i s used t o h e a t specimens t o t e m p e r a t u r e s as h i g h as 

800°C f o r t e s t i n g under t e n s i l e l o a d s . Specimen t e m p e r a t u r e i s c o n t r o l l e d 

and moni to red by t h r e e s e p a r a t e Chromel-Alumel^ t h e r m o c o u p l e s , each 

encased i n 1.0-mm-diam s t a i n l e s s s t e e l s h e a t h s . The t i p s of t h e thermo-

c o u p l e s a r e p l a c e d i n c o n t a c t w i t h t h e gage s e c t i o n of t h e t e n s i l e 

spec imen. 

3. HIGH VACUUM CHAMBER 

A f r o n t view of t h e h igh vacuum chamber mounted i n t h e I n s t r o n machine 

i s shown i n F i g . 2. The chamber body i s c o n s t r u c t e d of 3 .2-mm-th ick 

( 1 / 8 - i n . ) type 304L s t a i n l e s s s t e e l t h a t was r o l l e d i n t o a c y l i n d e r 

and t u n g s t e n - i n e r t - g a s welded. Both i n s i d e and o u t s i d e s u r f a c e s of t h e 

chamber body were r e t a i n e d i n t h e a s - r e c e i v e d or m i l l f i n i s h of t h e o r i g i -

n a l me ta l s h e e t . The f r o n t door t o t h e c y l i n d r i c a l chamber i s h inged on 

t h e l e f t and i s s e a l e d w i t h an 0 - r i n g . The door i s s e c u r e d d u r i n g pump-

down by t h r e e h inged C c lamps . The bot tom p u l l rod i s connec ted t o t h e 

base p l a t e of t h e t e n s i l e machine by a 33-cm s t a i n l e s s s t e e l c o n n e c t i n g 

I n s t r o n i s a t r a d e m a r k of I n s t r o n C o r p o r a t i o n , Canton, MA. 

^Chromel-Alumel i s a t r ademark of Hoskins M a n u f a c t u r i n g Co. 



F i g . 1. Photograph of h igh vacuum t e n s i l e t e s t i n g system. 



F i g . 2 . F r o n t view of h igh vacuum t e s t chamber . 
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rod and p i n - t y p e c o u p l i n g . The chamber was mounted r e l a t i v e l y h igh i n the 
machine t o a l low f o r enough c l e a r a n c e t o s t a c k as many as f i v e "decade 
r e d u c e r s " i n t h e machine c o n t r o l s e c t i o n . Each mechan i ca l l y gea red u n i t 
w i l l reduce t h e c r o s s h e a d speed by a f a c t o r of 10 when s t a c k e d over t h e 
c ros shead d r i v e s p i n d l e s . The s lower c r o s s h e a d speeds a r e used f o r c r eep -
t y p e , l o w - s t r a i n r a t e t e n s i l e t e s t i n g . The h i g h e r mounting a l s o p l a c e s 
t h e specimen and v iewing window a t eye l e v e l , which i s an advantage f o r 
bo th load ing and mon i to r i ng spec imens . Feed throughs of t h e chamber 
i n c l u d e one t h a t w i l l accommodate t e n thermocouples and a n o t h e r f o r t h e 
i o n i z a t i o n gage t u b e as shown i n F i g . 2. A t h i r d f e e d t h r o u g h c o n t a i n s two 
e l e c t r i c a l c o n d u c t o r s t h a t supply power t o t h e f u r n a c e . Th i s f e e d t h r o u g h 
i s mounted d i r e c t l y o p p o s i t e t h e i o n i z a t i o n tube bu t i s no t v i s i b l e i n t h e 
pho tograph . Al l of t h e f e e d t h r o u g h s u t i l i z e c o n f l a t e f l a n g e s s e a l e d wi th 
copper g a s k e t s . 

4 . VACUUM SYSTEM 

JL 
k Var ian 20. 3—cm ( 8 - i n . ) cryopump r i t h an i n t e g r a l h igh vacuum v a l v e 

i s mounted d i r e c t l y behind t h e chamber, a s shown more c l e a r l y i n a s i d e 
view of t h e system i n F i g . 3. A roughing l i n e connec t s t h e chamber t o a 
5-cfm mechanical pump l o c a t e d b e n e a t h t h e t a b l e . A s i e v e t r a p was 
i n s t a l l e d d i r e c t l y above t h e f l e x i b l e p o r t i o n of t h e roughing pump t o 
p r e v e n t backs t r eaming of o i l i n t o t h e chamber d u r i n g pumpdown. O i l 
backs t reaming a l s o can be minimized d u r i n g pumpdown, by c l o s i n g t h e 
roughing v a l v e and opening t h e h igh vacuum v a l v e ( " c r o s s o v e r " ) a t a p p r o x i -
mate ly 13 Fa (10" 1 t o r r ) . The mechanica l pump i s v e n t e d t h rough a rubbe r 
hose d i r e c t l y i n t o t h e exhaus t d u c t t o p r e v e n t t h e v e n t i n g of any t r i t i u m 
d i r e c t l y i n t o t h e e n c l o s u r e a r e a . 

F i g u r e 4 i s a schemat ic diagram of t h e vacuum system and i n d i c a t e s 
t h e l o c a t i o n s of t h e i o n i z a t i o n p r e s s u r e gage and two thermocouple 
p r e s s u r e gages (TC-1 and TC-2) . The l i q u i d n i t r o g e n / s o r p t i o n pump con-
n e c t e d t o t h e cryopump i s used s o l e l y f o r t h e o i l - f r e e pumping of t h e 
abso rben t m a t e r i a l d u r i n g t h e r e g e n e r a t i o n c y c l e . 

*Var ian i s a t rademark of V a r i a n A s s o c i a t e s , I n c . , L e x i n g t o n , MA. 
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F i g . 3 . S ide view of h igh vacuum t e s t chamber 
showing cryopump l o c a t i o n . 
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F i g . 4 . Schematic d iagram of vacuum sys tem. 
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5 . FURNACE 

F i g u r e 5 i s a pho tograph of t h e e l e c t r i c a l r e s i s t a n c e f u r n a c e mounted 

i n t h e h igh vacuum chamber. The f u r n a c e has a s p l i t c l a m s h e l l d e s i g n w i t h 

a d i ame te r of 7 . 6 cm and a h e i g h t of 8 . 6 cm. The f u r n a c e i n c o r p o r a t e s 

t u n g s t e n w i r e h e a t i n g e l emen t s (1-mm-diam) t h a t a r e su r rounded by t h r e e 

c o n c e n t r i c h e a t s h i e l d s f a b r i c a t e d from 0 .76-mm-th ick n i c k e l s h e e t . The 

s p a c i n g between s h i e l d s i s m a i n t a i n e d by s p i r a l s of n i c k e l wi re t h a t were 

s p o t welded t o t h e s h i e l d s . The power l e a d s a r e s t r a n d e d copper w i r e s 

i n s u l a t e d w i t h A1203 b e a d s . A d j u s t i n g screws on b o t h s i d e s of t h e f u r n a c e 

s u p p o r t t h e f rame on which t h e f u r n a c e i s mounted an a l low t h e o p e r a t o r t o 

a d j u s t t h e p o s i t i o n of t h e f u r n a c e i n a t r a n s v e r s e d i r e c t i o n r . t i v e t o 

t h e load t r a i n and spec imen. C e n t e r i n g of t h e specimen i n t h e v e r t i c a l 

d i r e c t i o n i s accompl i shed by a d j u s t i n g t h e lower p u l l r o d . The c o u p l i n g 

j o i n i n g t h e lower p u l l rod wi th t h e base ( F i g . 2) has h o l e s d r i l l e d a t 

d i f f e r e n t c e n t e r - t o - c e n t e r d i s t a n c e s t h a t pe rmi t c e n t e r i n g of t h e s p e c i -

mens w i t h d i f f e r e n t gage l e n g t h s r e l a t i v e t o t h e midpoin t of t h e f u r n a c e . 

The t e n s i l e specimen shown i n F i g . 5 i s an "SS-3" t y p e , which i s used i n 

i r r a d i a t i o n s t u d i e s , and i s 25 .4 mm i n l e n g t h . I t i s s e c u r e d i n t h e g r i p s 

w i th p i n s . The s e l f - a l i g n i n g g r i p assembly was d e s i g n e d by L. J . T u r n e r . 

6. CONTROL INSTRUMENTATION 

A pho tog raph of t h e c o n t r o l c o n s o l e f o r t h e h i g h vacuum chamber i s 

shown i n F i g . 6 . The upper t h r e e p a n e l s a r e used t o c o n t r o l t h e f u r n a c e 

( e x c e p t f o r t h e cryopump o n / o f f s w i t c h ) , w h i l e t h e lower two p a n e l s 

c o n t r o l t h e vacuum sys t em. A Barber-Coleman* 523D s e r i e s s o l i d s t a t e tem-

p e r a t u r e c o n t r o l l e r i s u sed t o c o n t r o l f u r n a c e t e m p e r a t u r e , and e 

Barber-Coleman 121L s e r i e s t e m p e r a t u r e l i m i t e r p r o t e c t s t h e f u r n a c e from 

over t e m p e r a t u r e e x c u r s i o n s . Two 4 - p o s i t i o n the rmocouple s e l e c t o r 

s w i t c h e s a r e used t o s e l e c t any one of s i x Chromel-Alumel the rmocoup les 

Barber-Coleman i s a t r ademark of Barber-Coleman I n d u s t r i a l 
I n s t r u m e n t s D i v i s i o n , Rockfo rd , IL. 
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F i g . 5 . Photograph of t u n g s t e n - e l e m e n t f u r n a c e . 
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i n t h e chamber. Three thermocouples a r e used t o moni tor or c o n t r o l t h e 

f u r n a c e , specimen, and over t e m p e r a t u r e s , w h i l e t h e remain ing t h r e e a r e 

s p a r e s . Temperature i s r e a d on a Dor ic* 610A T r e n d i c a t o r I I . A 1 0 - t u r n 

p o t e n t i o m e t e r i s used wi th the Barber-Coleman 523D t o r emote ly a d j u s t t h e 

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

moni tored wi th an ammeter l o c a t e d i n t h e t o p pane l on t h e l e f t s i d e of t h e 

c o n t r o l conso l e ( F i g . 6 ) . A s p e c i a l t e s t c i r c u i t i s employed t h a t a l l o w s 

one t o check t h e r e s i s t a n c e of t h e f u r n a c e e l e m e n t s and de te rmine i f an 

e lement i s s h o r t e d t o ground . This c i r c u i t r y a u t o m a t i c a l l y p r o t e c t s t h e 

equipment and t h e o p e r a t o r from mishaps , hence , t h e term " i n t e r l o c k e d " 

f u r n a c e c o n t r o l l e r i s u sed , t h e d i g i t a l meter and s w i t c h e s f o r t h i s t e s t 

system a r e l o c a t e d on t h e r i g h t s i d e of t h e t o p p a n e l . 

The bottom pane l i s a Var ian 843 vacuum i o n i z a t i o n gage c o n t r o l l e r 

t h a t i s used t o moni tor p r e s s u r e . P r e s s u r e from bo th thermocouple gages 

and t h e i o n i z a t i o n gage can be r ead from t h i s i n s t r u m e n t . The pane l 

d i r e c t l y above t h e i o n i z a t i o n gage c o n t r o l l e r houses t h e s w i t c h e s t h a t 

o p e r a t e t h e pneumat ic h igh vacuum, r o u g h i n g , and ven t valvjefs. Th is p a n e l 

a l s o c o n t a i n s t h e power and mechanica l pump s w i t c h e s . As ment ioned 

b e f o r e , t h e cryopump s w i t c h i s mounted on t h e second p a n e l . 

The c i r c u i t d iagrams f o r t h e f u r n a c e c o n t r o l l e r a r e p r e s e n t e d i n 

F i g s . 7 and 8 . F i g u r e 7 shows the Barber-Coleman 523 s e r i e s t e m p e r a t u r e 

c o n t r o l l e r , t h e Barber-Coleman 121L t e m p e r a t u r e l i m i t e r , and t h e r e l a y 

l o g i c diagram f o r s e l e c t i n g t h e o p e r a t i n g mode. The c i r c u i t r y f o r s e t t i n g 

and mon i to r i ng t h e t e m p e r a t u r e s e t p o i n t i s a l s o g i v e n . In F i g . 8 , t h e 

o u t p u t s i g n a l f rom t h e t e m p e r a t u r e c o n t r o l l e r ( p i n s 13 and 14, F i g . 7) i s 

f e d i n t o t h e Robicon^ power c o n t r o l l e r (Model No. 4 0 1 - 1 4 4 - 2 ) , t h u s 

c o n t r o l l i n g t h e f u r n a c e i n p u t power. This t y p e of c o n t r o l l e r i s a phase 

a n g l e - f i r e d power s u p p l y and i n c o r p o r a t e s l i m i t i n g of c u r r e n t t o p r o t e c t 

t h e t u n g s t e n h e a t i n g e lements f rom e x c e s s i v e c u r r e n t demand on c o l d s t a r t -

up . The c u r r e n t l i m i t t h r e s h o l d can be s e t r e m o t e l y by a p o t e n t i o m e t e r on 

t h e f r o n t pane l (no t shown i n F i g . 6 ) . The r i g h t s i d e of t h e d iagram 

d e p i c t s c i r c u i t r y f o r d e t e r m i n i n g f u r n a c e e l emen t r e s i s t a n c e , l e a k a g e t o 

Dor ic i s a t r a d e m a r k of Dor ic S c i e n t i f i c , D i v i s i o n of Emerson 
E l e c t r i c Company, San Diego, CA. 

^Robicon i s a t r ademark of Robicon C o r p o r a t i o n , P i t t s b u r g h , PA. 
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• 3 I F 1 0 A T I N G ) 

' I KEEP THE RMOCOUPLE LEADS AWAY FROM AC POWER A N D DC RELAY WIRING 
K< IS LOCATED ON FURNACE R5 A N D R L E A K TEST CHASSIS" IF USED 

• 3 RELAY POWER IS NOT OIRECTLY CONNECTED TO CHASSIS 8 U T IS FLOATED 
SO THAT IT CAN BE USED TO SUPPLY THE SET POINT REFERENCE THE 
NEGATIVE LEAD OF THE SET POINT REFERENCE VOLTAGE OOES GO TO 
GROUND AT THE INPUT OF THE 523 CONTROLLER ONLY THIS MAKES 
PSI NEG AT •1 15 TO CHASSIS ON PSI POS A T - 1 8 8 6 10 CHASSIS 

F i g . 7. Schematic diagram of i n t e r l o c k e d fu rnace c o n t r o l l e r - t e m p e r a t u r e c o n t r o l l e r , l i m i t e r , 
and t e s t c i r c u i t r y . Pins 13 & 14 connect t o t he power c o n t r o l l e r in F ig . 8. 



INTERLOCKED FURNACE CONTROLLER 
OflNl OWG 96 10/90 

BOURNS 5K 
LOCAL POWER 31 CONTROL (REAR PANEL) 

FROM 523 «EUI 
CONTROLLER | ~ )Q( 
PINS 13 A14 

REMOTE CURRENT LIMIT (FRONT PANEL! 

F i g . 8 . Schemat ic d iagram of i n t e r l o c k e d f u r n a c e c o n t r o l l e r - p o w e r c o n t r o l l e r / f u r n a c e 
c i r c u i t r y . See F i g . 7 f o r i n p u t s t o t h e power c o n t r o l l e r . 
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ground , and c i r c u i t i n t e g r i t y . Used i n c o n j u n c t i o n wi th t h e r e l a y l o g i c 
(upper p o r t i o n of F i g . 7 ) , t h i s c i r c u i t r y p r o v i d e s a s a f e t y i n t e r l o c k such 
t h a t power w i l l no t be s u p p l i e d t o t h e f u r n a c e i f any f u r n a c e e lements a r e 
s h o r t e d t o ground . 

7. PERFORMANCE 

A pumpdown cu rve showing chamber p r e s s u r e as a f u n c t i o n of t ime i s 

p r e s e n t e d i n F i g . 9 . A p r e s s u r e l e s s t han 10"* Pa (10" 6 t o r r ) i s r e q u i r e d 

f o r t h e t e s t i n g of vanadium a l l o y s , and t h i s p r e s s u r e was r eached i n l e s s 

t h a n 10 min. An a d d i t i o n a l 5 t o 10 min i s needed t o h f a t t h e specimen t o 

t h e t e s t t e m p e r a t u r e f o l l o w e d by a 10 min soak p e r i o d . Then t h e t e n s i l e 

t e s t i s conduc ted , t h e f u r n a c e power i s t u r n e d o f f , and t h e f u r n a c e i s 

p e r m i t t e d t o coo l down. The coo l down p e r i o d can be a c c e l e r a t e d by 

b l e e d i n g n i t r o g e n gas i n t o t h e chamber when t h e specimen t e m p e r a t u r e i s 

below 200°C. The e n t i r e p r o c e d u r e f o r t e n s i l e t e s t i n g one vanadium 

specimen a t 7 * 10" s Pa (5 x 10"7 t o r r ) and t e m p e r a t u r e s from 400 t o 

600°C t a k e s about 45 min. T h i s r e l a t i v e l y s h o r t t e s t t ime p r o v i d e s t h e 

n e c e s s a r y p r o d u c t i v i t y r e q u i r e d of an a l l o y development program. 

A number of vanadium a l l o y specimens have been t e s t e d i n t h e h i g h 

vacuum chamber a t t e m p e r a t u r e s from 420 t o 600°C. A f t e r t e s t i n g , t h e spec -

imens were always c l e a n and s h i n y , i n d i c a t i n g t h a t l i t t l e or no s u r f a c e 

o x i d a t i o n had o c c u r r e d d u r i n g t e s t i n g . One a l l o y , V-20T1, was t e s t e d a t 

t h e s e same t e m p e r a t u r e s i n a s econd , proven t e n s i l e machine t o compare 

t h e r e s u l t s from b o t h s y s t e m s . The SS-3 t e n s i l e specimen used vas 2 5 . 4 mm 

i n l e n g t h w i t h a 7.62-mm-gage l e n g t h , a 1.52-mm-gage w i d t h , and a 0.76-mm 

t h i c k n e s s . The second sys t em, c a l l e d t h e "B255" sys t em, u t i l i z e s t h e same 

s i z e and type of cryopump and g r i p s bu t has a s i g n i f i c a n t l y d i f f e r e n t 

vacuum system geometry and c r o s s h e a d d r i v e ( h y d r a u l i c v e r s u s screw 

d r i v e n ) . The s t r e s s - s t r a i n c u r v e s f o r annea l ed V-20Ti specimens t e s t e d a t 

600°C on bo th sys tems a r e shown i n F i g . 10. Both specimens shown began t o 

deform p l a s t i c a l l y j u s t below 500 MPa and b o t h e x h i b i t e d s e r r a t e d y i e l d i n g 

due t o dynamic s t r a i n a g i n g j u s t b e f o r e and a f t e r t h e u l t i m a t e t e n s i l e 

s t r e s s was r e a c h e d . The good agreement of t h e s e two t e s t r e s u l t s 

d e m o n s t r a t e s t h a t t h e new sys tem i s c a p a b l e of p r o d u c i n g r e l i a b l e r e s u l t s 

t h a t a r e c o n s i s t e n t w i th t h o s e of a proven sys t em. 
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F i g . 9 . Pumpdown c u r v e s f o r h igh vacuum sys tem wi th f u r n a c e 
a t room t e m p e r a t u r e . 
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Fig . 10. S t r e s s - s t r a i n curve f o r V-20Ti a t 600°C compared with one ob ta ined 
f o r t h e same m a t e r i a l on t h e proven "B255" system. 
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8. SUMMARY 

A high vacuum chamber has been des igned and b u i l t t o i n t e r f a c e wi th 
an I n s t r o n desk t o p t e n s i l e t e s t i n g machine. The system i s r e q u i r e d t o 
deve lop a good vacuum because i t w i l l be used t o t e s t vanadium a l l o y s in 
r anges from room t empera tu re t o about 800°C. The system u t i l i z e s an 
20.3—cm ( 8 - i n . ) cryopump t h a t produces a chamber p r e s s u r e l e s s t h a n 
10"* Pa (10"6 t o r r ) w i t h i n 10 min. The f u r n a c e u t i l i z e s t u n g s t e n e lements 
and n i c k e l h e a t s h i e l d s . A V-20Ti vanadium a l l o y specimen t e s t e d i n 
t e n s i o n a t 600°C showed no s i g n s of s u r f a c e o x i d a t i o n and e x h i b i t e d a 
s t r e s s - s t r a i n curve t h a t was c o n s i s t e n t wi th t h o s e ob t a ined on s i m i l a r 
specimens t e s t e d i n a second, proven system. 
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