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A CASE OF EMBRITTLEMENT OF SHEXTHED ALmfEL THFRMOELEMENTS I N  
LMFBR FUEL PIN SIMULATORS 

D .  L. McElroy, B. C .  L e s l i e ,  and D. L. Clark’ 

ABSTRACT 

Alumel thermoelements sheathed i n  type  304 s t a i n l e s s  
steel w i t h  MgO i n s u l a t i o n  formed p a r t  o f  t h e  in s t rumen ta t ion  
of a h e a t e r  and were b r i t t l e  a f t e r  being h e a t  t r e a t e d  t o  
975°C i n  hydrogen. Metal lographic  examinations,  radiographs,  
e lectr ical  r e s i s t a n c e  measurements, and chemical a n a l y s e s  
e s t a b l i s h e d  t h e  probable cause  f o r  t h i s  behavior .  A c r i t i ca l  
amount of co ld  work w a s  produced i n  forming t h e  Alumel 
assembly and t h e  subsequent h e a t  t reatment  r e s u l t e d  i n  v e r y  
l a r g e  g r a i n s  t h a t  spanned t h e  diameter  of t h e  w i r e .  The 
g r a i n  boundaries ,  which t r a v e r s e d  t h e  w i r e ,  w e r e  weak, and 
t h i s  l e d  t o  t h e  b r i t t l e n e s s .  There i s  no known way t o  
r e s t o r e  t h e  d u c t i l i t y ,  s i n c e  t h e  assembly cannot be  worked 
and reannealed without  f r a c t u r e .  

INTRODUCTION 

Background Information 

The c u r r e n t  des ign  o f  h e a t e r s  f o r  LMFBR r e s e a r c h  and development 

work included f i v e  sheathed thermoelements. The shea th  is 0.015-in,-OD 

t y p e  304 s t a i n l e s s  steel c o n t a i n i n g  MgO i n s u l a t i o n  and 0.005-in.-diam 

Chrome14 o r  Alumel w i r e .  Each h e a t e r  c o n t a i n s  two sheathed Chrotnel-P 

thermoelements and t h r e e  sheathed A l u m e l  thermoelements. 

The p a r t i c u l a r  s i x  h e a t e r s  t h a t  l e d  t o  t h e  c u r r e n t  problem were t o  

b e  h e a t  t r e a t e d  t o  e f f e c t  stress r e l i e f  and s t r a i g h t e n i n g .  The f i v e  

sheathed thermoelements of each h e a t e r  had been wrapped around a 0.093-in.- 

diam copper e l e c t r o d e  t o  prevent  any damage t o  them dur ing  subsequent 

electron-beam welding of t h e  h e a t e r  shea th  t o  a surrounding tubeshee t .  

This wrapping i s  s u f f i c i e n t  t o  produce some permanent deformation of the 

lReac t o r  Divis ion.  
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w i r e .  

0.093-in. rod ,  then t h e  o u t e r  f i b e r s  of t h e  w i r e  are exposed t o  about 

(0.103 --- 0.098)/0.098 o r  5% cold work. 

would b e  exposed t o  s l i g h t l y  less than  5% cold  work. 

For i n s t a n c e ,  i f  0.005-in.-diam w i r e  i s  wrapped d i r e c t l y  on a 

I n s i d e  t h e  shea th ,  the w i p e  

These h e a t e r  assembl ies  w i t h  t h e  deformed thermoelements were hea t  

t r e a t e d  i n  a cont inuous hydrogen furnace  w i t h  i n l e t  hydrogen d r i e d  t o  a 

-75°C dew po in t .  The b e l t  d r i v e  was 4.2  in. /min, and t h e  hea t ing  c y c l e  

w a s  : 

5 min t o  900°C (1652"F), 

3 min t o  975°C (1787OF), 

3 m i n  a t  9 7 5 " ~ ,  

5 min down t o  9OOaC, 

5 min down t o  350°C (662°F). 

This g ives  an  exposure of 11 rnin above 9OO"C, 

Afte r  t h i s  s t r a i g h t e n i n g  heat t rea tment  and f u r t h e r  f a b r i c a t i o n  

s t e p s ,  a t t e m p t s  t o  unwind t h e  sheathed Alumel thermoelements and s t r i p  

o f f  t h e  s t a i n l e s s  s teel  shea th  revealed b r i t t l e  Alumel w i r e s .  S t r i p p i n g  

a t tempts  on t h r e e  of t h e  s i x  h e a t e r  assembl ies  w e r e  unsuccessfu l .  E i t h e r  

t h e  s t r i p p i n g  a c t i o n  sheared the Alumel o r  t h e  exposed Alumel wire w a s  too  

weak t o  a l low any mechanical connect ion t o  e l e c t r i c a l  c i r c u i t r y .  

T h i s  was t h e  h i s t o r y  a t  t h e  o n s e t  of  t h e  repor ted  program of tests. 

Comment on Background Information 

Documentation on the  h e a t e r  components and exposures was complete 

and a s s i s t e d  t h e  interpretat : i .on of t h e  r e s u l t s .  

Expos2re t o  Hydrogen 

RD'II Standard C7-6T (Apr i l  1972) (Ref. 2) desc.ribes annea l ing  

procedures  f o r  assembl ies  of Chromel-P vs AI-umel thermocouples sheathed 

i n  s t a h l e s s  s teel  and i n s u l a t e d  wi th  magnesium oxide  i n  Sec t ion  3.5.2 

as  fol lows:  

-- 
2RDT Standard - Thermocouple Material and Thermocouple Assembly, 

Chromel-P ve r sus  Alumel, S t a i n l e s s  S t e e l  S h e a t h k  ~ Magnesium Oxide _I_ 

Insu la t ed ,  ----l__ C7-6T, A p r i l  1972. Supersedes RDT C7-6TY J u l y  1970. 
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"3.5.2 Anneal. Each assembly s h a l l  be h e a t  t r e a t e d  t o  f u l l y  
annea l  t h e  w i r e  and t h e  shea th .  Annealing s h a l l  b e  performed 
e i t h e r  i n  a vacuum o r  i n  an  atmosphere o f  hydrogen o r  hydrogen 
p lus  i n e r t  gas .  H e a t  t r ea tmen t  d a t a  s h a l l  b e  supp l i ed  f o r  a l l  
material annealed g iv ing  t h e  t r ea tmen t  temperatures ,  t h e  
l e n g t h  of t i m e  a t  each temperature ,  and t h e  atmosphere i n  
which t h e  material w a s  t r e a t e d .  A r e c o r d e r  c h a r t  w i l l  s u f f i c e  
f o r  time and temperature  requirements." 

This s p e c i f i c a t i o n  which w a s  a p p l i c a b l e  a t  t h e  t i m e  of t h e  s u b j e c t  

heat  t r ea tmen t s  (May 1973) would i n d i c a t e  t h a t  no d e l e t e r i o u s  e f f e c t s  due 

t o  t h e  hydrogen atmosphere would be expected. T t  is  i n t e r e s t i n g  t h a t  

temperature  is  on ly  i n d i r e c t l y  s p e c i f i e d  i n  t h e  t e r m s  " f u l l y  anneal".  

Exoosure t o  Comer  

Some concern was expressed by t h e  h e a t e r  f a b r i c a t o r s  t h a t  copper 

could have pene t r a t ed  t h e  s t a i n l e s s  steel  shea th  (0.003 i n .  t h i c k )  and 

t h e  MgO i n s u l a t i o n  (0.002 i n .  t h i c k )  t o  contaminate  t h e  Alumel w i r e .  

The copper-chromium phase diagram i n d i c a t e s  a e u t e c t i c  a t  1075°C (1967OF), 

and t h e  copper-iron diagram i n d i c a t e s  a monotectic a t  1094°C (2001°F). 

The copper me l t ing  p o i n t  is  1083°C (1981°F). Copper i s  s o l u b l e  i n  

y-iron t o  about  9.5 w t  %. The 3-min exposure a t  975°C (1787OF) is  

be l i eved  t o  b e  s u f f i c i e n t l y  s h o r t  and s u f f i c i e n t l y  removed ('~100°C o r  

18O0F) from t h e s e  r e a c t i o n  temperatures  t o  p rec lude  copper contamination 

of t h e  A l u m e l  w i r e .  

E f f e c t  of Cold Work on F i n a l  Grain S i z e  

The annea l ing  of cold-worked metals and a l l o y s  i s  o f t e n  used t o  

c o n t r o l  t h e  f i n a l  g r a i n  s i z e  of t h e  product .  General ly  i n c r e a s i n g  t h e  

amount of co ld  work y i e l d s  a f i n e r  f i n a l  g r a i n  s i z e ,  as schemat i ca l ly  

shown i n  F i g .  1. 

( < 3 % ) ,  t h e r e  i s  no e f f e c t  on t h e  f i n a l  g r a i n  s i z e .  However, t h e r e  is a 

c r i t i c a l  amount of co ld  work, about  5%, t h a t  y i e l d s  e x c e s s i v e l y  l a r g e  

f i n a l  g r a i n s .  

of a n  annealed s h e e t  t h a t  has  been pene t r a t ed  by a b u l l e t .  

s t r u c t u r e  u s u a l l y  shows a r i n g  of ve ry  c o a r s e  g r a i n s  i n  t h e  r eg ion  

experiencing t h e  c r i t i ca l  amount of cold work. Th i s  phenomenon i s  t h e  

r e s u l t  of a ba lance  between t h e  rate of n u c l e a t i o n  (or  number of n u c l e i  

It should b e  noted that  f o r  small amounts of cold work 

This  phenomenon is  o f t e n  i l l u s t r a t e d  by t h e  m i c r o s t r u c t u r e  

The r e s u l t i n g  
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F i g .  1. Var ia t ion  of F i n a l  Grain S i z e  wi th  Cold Work. 

30 

present )  and t h e  ra te  of g r a i n  growth. Increas ing  t h e  a l l o y  conten t  

d i s p l a c e s  t h e  curve  i n  P ig .  1 t o  h igher  degrees  of co ld  work €or  t h e  

same f i n a l  g r a i n  s i z e .  

Previous s t u d i e s 3  on Chromel-P and Alumel have shown t h e  r e c r y s t a l -  

l i z a t i o n  temperature  f o r  a 4-hr exposure f o r  20%-cold-worked mater ia l  

t o  b e  720 arid 660°C (1330 and 1220°F), r e s p e c t i v e l y .  The exposure above 

900°C (1652'F) f o r  11 min is  c e r t a i n l y  high enough t o  cause r e c r y s t a l l i -  

za t ion ,  even f o r  t h e  s h o r t  exposure. Yhis is probably a low enough 

temperature  t o  prec lude  secondary g r a i n  growth e 

This d e s c r i p t i o n  i s  presented  because i t  i s  be l ieved  t o  b e  

r e spons ib l e  f o r  t h e  observed Alumel behavior .  

3J. F. P o t t s  and 11. L. McElroy, Thermocouple Research t o  lOO0'C - -_ -- 
F i n a l  Report November 1, 1957, through .- June 30, 1959, ORWL-2773 
(January 16 ,  1961).  
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Chromel-P Behavior 

Although n o t  s t a t e d  above, t h e  Chromel-P w i r e s  survived t h e  wrapping, 

hea t  t r ea tmen t ,  and unwinding o p e r a t i o n s .  These w i r e s  had adequate  

d u c t i l i t y  f o r  t h e  d e s i r e d  mechanical o p e r a t i o n s  t o  complete t h e  h e a t e r  

f a b r i c a t i o n .  

TESTS COMPLETED AM) RESULTS O B T A I N D  

The fo l lowing  program w a s  undertaken t o  determine t h e  cause and 

p o s s i b l e  s o l u t i o n s  f o r  t h e  thermocouple w i r e  embri t t lement .  

t h e  w i r e s  w e r e  examined m e t a l l o g r a p h i c a l l y  a f t e r  v a r i o u s  thermal and 

mechanical t r ea tmen t s  which r ep resen ted  t h e  assembly f a b r i c a t i o n .  

Radiography and e l e c t r i c a l  resistance measurements w e r e  used t o  d e t e c t  

f laws introduced by t h e s e  t r ea tmen t s ,  and scanning e l e c t r o n  microprobe 

a n a l y s i s  w a s  used t o  seek p o s s i b l e  chemical e f f e c t s .  F i n a l l y ,  a d d i t i o n a l  

me ta l log raph ic  and r ad iog raph ic  examinations w e r e  used t o  confirm t h e  

mechanism of embri t t lement  of A l u m e l  du r ing  thermocouple assembly 

f a b r i c a t i o n .  

Sec t ions  of 

Metal lographic  Examination 

I n i t i a l l y ,  me ta l log raph ic  specimens w e r e  prepared t o  examine t r a n s -  

v e r s e  s e c t i o n s  of t h e  sheathed thermoelements. The as-pol ished views of 

as-received and h e a t - t r e a t e d  Chromel-P and A l u m e l  d i d  no t  r e v e a l  any 

unusual f e a t u r e s .  

The i n s i d e  s u r f a c e s  of t h e  s t a i n l e s s  steel s h e a t h s  and t h e  o u t s i d e  

s u r f a c e  of t h e  thermoelement w i r e s  had i r r e g u l a r  shapes; t h e s e  w i l l  b e  

appa ren t  i n  t h e  etched t r a n s v e r s e  s e c t i o n s  t o  be shown. 

due t o  nonuniform r e s i s t a n c e  t o  deformation by t h e  MgQ i n s u l a t i o n .  

This  i s  probably 

Observat ions OR Etched Chromel-P S e c t i o n s  

F igu re  2 compares t h e  m i c r o s t r u c t u r e s  of  Chromel-P as r ece ived  and 

a f t e r  h e a t  t r ea tmen t  and u n c o i l i n g  from t h e  copper rod .  The as-received 

0.005-in.-diam w i r e  shows about t e n  g r a i n s  i n  t h e  s e c t i o n ,  corresponding 

t o  a g r a i n  diameter  of about  7 x loa4  i n .  (15 urn). The s e c t i o n  of t h e  
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F i g .  2 ,  Transverse Sections of Chromel-P Thermoelement, Showing 
Thermoi.ouple Wire Surrounded by S t a i n l e s s  S t e e l  Sheath,  2 5 0 x ,  P:tched. 
( a >  A s  received. (b) Heat treated and then uncoiled from a copper  rod .  
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h e a t - t r e a t e d  and uncoi led thermoelement is  similar t o  t h e  as-received 

s t r u c t u r e  and shows t h a t  l i t t l e  had happened t o  t h e  m i c r o s t r u c t u r e  of 

t h e  Chromel-P because of t h e  h e a t  t reatment .  Re ten t ion  of t h i s  f i n e  

g r a i n  s i z e  i s  a requirement f o r  d u c t i l i t y  a f t e r  h e a t  treatment. 

i n t e r e s t i n g  t h a t  t h e  h e a t - t r e a t e d  s ta in less  s teel  shea'sh developed a 

p r e c i p i t a t e  i n  t h e  g r a i n  boundaries .  

t r ea tmen t  i s  very similar t o  a s e n s i t i z i n g  h e a t  t reatment  f o r  s t a i n l e s s  

steels, which p r e c i p i t a t e s  chromium c a r b i d e .  

It i s  

This i s  because t h e  s u b j e c t  h e a t  

Observations on A l u m e l  Sec t ions  

F i g u r e  3 is  t h e  m i c r o s t r u c t u r e  of t h e  etched as-received Alumel. 

This t r a n s v e r s e  s e c t i o n  shows on ly  two g r a i n s  spanning t h e  wire c r o s s  

s e c t i o n .  Other t r a n s v e r s e  s e c t i o n s  of t h e  as-received Alumel contained 

t h r e e  o r  fou r  g r a i n s .  

Alumel had a ve ry  much l a r g e r  g r a i n  s i z e  than had t h e  as-received o r  

h e a t - t r e a t e d  Chromel-P. The l o n g i t u d i n a l  view shows t h e  combination of 

l a r g e  and medium-size g r a i n s .  

Thus a n  e a r l y  obse rva t ion  w a s  t h a t  t h e  as-received 

F igu re  4 (a )  shows t h e  unetched h e a t - t r e a t e d  A l u m e l  a f t e r  i t  w a s  

uncoi led from t h e  copper rod;  t h i s  sample appears  t o  have a s ingle-phase 

m i c r o s t r u c t u r e .  

s t r u c t u r e  b e f o r e  e t ch ing .  The same s e c t i o n  etched,  i n  Fig.  4 ( b ) ,  shows 

massive g r a i n s  of n e a r l y  t h e  w i r e  d iameter .  

Oftent imes a second phase w i l l  b e  r evea led  i n  such a 

The s t r u c t u r e  o f  t h e  h e a t - t r e a t e d  Alumel suggested t h a t  a l o n g i t u d i n a l  

s e c t i o n  might b e  more r e v e a l i n g .  

sample a t  one s tage of sample p r e p a r a t i o n .  The sheathed sample w a s  

i n t e n t i o n a l l y  ben t  90" b e f o r e  mounting, causing t h e  major f r a c t u r e .  

F igu re  6(a)  is  a n  unetched s e c t i o n  of t h e  ben t  sample showing an area 

removed from t h e  main c rack .  

sample .  

Since f r a c t u r e s  such as t h i s  can develop, w e  w i l l  see la ter  how t h i s  

i n f luenced  t h e  r e s i s t a n c e  r e s u l t s .  Figure 6(b)  is  an unetched view of 

t h e  f r a c t u r e  a t  t h e  ben t  p a r t  of t h e  h e a t - t r e a t e d  Alumel. F igu re  7 

shows etched views of t h i s  f r a c t u r e .  The main f r a c t u r e  appears  t o  be 

a long  a g r a i n  boundary, as w a s  noted f o r  t h e  f r a c t u r e s  in Fig .  6(a) .  

Figure  5 i s  a photograph o f  such a 

Note t h e  g r a i n  boundary c racks  i n  t h i s  

These c racks  must have formed dur ing  t h e  unco i l ing  ope ra t ion .  
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Fig. 3 .  As--Reeeived Alumel, 25Ox, Etched  I) (a) Transverse .  
(b)  L o n g i t u d i n a l .  
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. , . .  , ,  

F3.g. 4 ,  Beat Trea ted  A l u m e l ,  2 5 0 ~ .  { a )  IJnetched, (b) Etched. 
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Fig.  5. Longi tudina l  Sec t ion  of Heat-Treated Alumel Af t e r  Rough 
Grinding of t h e  Bent Sec t ion ,  Unetched, 5 0 x .  

Thus t h e  l a c k  o f  d u c t i l i t y  of t h e  Alumel i s  caused b y  g r a i n  boundary 

f r a c t u r e s  e Fi-gure 7 a l s o  shows evidence f o r  a cold-worked s t r u c t u r e  

i n  t h e  s t a i n l e s s  s teel .  

These. meta l lographic  obse rva t ions  w e r e  c o n s i s t e n t  wi th  t h e  idea  

t h a t  winding Alumel i n t o  t h e  c o i l s  in t roduced  the c r i t i c a l  amount of 

co ld  work t h a t  on subsequent h e a t  trentinerit l e d  to excess ive  gra:i.n 

growth. Following t h i s  l e a d  w e  performed the r ad iog raph ic ,  e l e c t r i c a l ,  

and chemical tests descr ibed  i n  subsequetic s e c t i o n s  as well as rnet:allo- 

graphic  examination of uncoi led  A l i i m e l .  

s 

Pour samples  of Alumel w e r e  h e a t  t r e a t e d  under t h e  same cond.i.irions 

and i n  t h e  s a m e  f a c i l i t y  o r ig i -na l ly  used fo r  the heaters. 

samples w e r e  c o i l s  f o r  the electrical  measurements desc r ibed  l a t e r .  The 

o t h e r s  were s t r a i g h t  segments, one b a r e  and t h e  o t h e r  i n s u l a t e d  and 

sheathed as i n  the therinocouple assemblies  .I 

Two of the 
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F i g .  4 *  Longitudinal Section of Bent Heat-Treated A l u m e l ,  
Unetched. (a) Section away from bend, 5 0 0 ~ .  (b) Sec t ion  at bend, 2 5 0 ~ .  
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P i g .  7.  Etched  Microstructure of Bent Heat-Treated A l i m e l .  
(a) 2 5 0 ~ .  (b) 1 0 0 0 ~ .  
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Figure  8 is  a l o n g i t u d i n a l  view of t h e  s t r a i g h t  sheathed Alrunel  

assembly. It shows a d u p l e x  s t r u c t u r e  of l a r g e  and s m a l l  g r a i n s .  One 

would expect t h i s  Alumel t o  have adequate  ductility. 

sample, which d i d  n o t  experience any c o l d  working and d i d  n o t  develop 

t h e  large-grained s t r u c t u r e  c h a r a c t e r i s t i c  of t h e  c o i l e d  and h e a t - t r e a t e d  

Alumel., e s t a b l i s l i e s  t h e  n e c e s s i t y  f o r  t h e  critical cold working t o  obtain 

t h e  b r i t t l e  s i n g l e - c r y s t a l  s t r u c t u r e .  

Alumel w i r e  h e a t  t r e a t e d  a t  the same time. 

confirms t h e  behavior noted i n  F ig .  8. 

T h e  f a c t  t h a t  th is  

F igu re  9 is  a v i e w  of a bare 

Th i s  s t r a i g h t  Alumel w i r e  

Radiography 

Radiographs of t h e  sheathed thermoelements desc r ibed  above were 

obtained.  

examined a t  35x.  Figure  10 is typical of t h e  observed f i l m  and is  a 

view of the h e a t  t r e a t e d  A l u m e l  a t  3 5 x .  These radiographs d i d  not  

N o  s i g n i f i c a n t  f e a t u r e s  w e r e  noted when these f i l m s  were 

_ _  
F i g .  8. Longitudinal  V i e w  of A l u m e l  after Heat Treatment as a 

S t r a i g h t  Sheathed Assembly, 250x, Etched. 
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~ -111 

Fig. 9 .  Longi tudina l  V i e w  or  a Bare Alumel \?ire a r t e r  Heat 
Treatment as a Straight Secti-on, 250X, Etched ~ 

I 

Fig. 10. Radiograph of Heat-Treated Alumel, 3 5 x .  
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reveal t h e  g r a i n  boundary f r a c t u r e s  noted i n  F i g ,  G(a). 

t h i s  sample was ben t  90" and r e s t r a i g h t e n e d  t h e  r ad iog raph  i n  F ig .  11 

w a s  ob ta ined .  This  p i c t u r e  shows t h e  Alumel w i r e  t o  c o n t a i n  a t  :least 

t h r e e  f r a c t u r e s .  This  obse rva t ion  confirmed t h e  transverse f r a c t u r e s  

d e t e c t e d  m e t a l l o g r a p h i c a l l y .  

However, when 

Electrical  R e s i s t a n c e  Measurements 

Two c o i l s  of A l u m e l  w e r e  h e a t  t r e a t e d  along w i t h  t h e  s t r a i g h t  seg- 

ments f o r  me ta l log raph ic  examination. 

e l e c t r o d e  taken from t h e  o r i g i n a l  test. The Alumel of t h i s  c o i l  had a 

room-temperature electrical  r e s i s t a n c e  of 1 3 . 7 7  R b e f o r e  t h e  h e a t  treat- 

ment. 

t r e a t e d  as a c o i l  a f t e r  being s l ipped  from t h i s  t ube .  

had a room-temperature r e s i s t a n c e  of 19 .72  $2 before t h e  h e a t  t reatment .  

These d i f f e r e n c e s  merely r e p r e s e n t  d i f f e r e n t  l e n g t h s  o f  A l u m e l .  

Co i l  A w a s  wrapped on a copper 

Coil. B was i n i t i a l . l y  m-apped on a 0.1-in.-diam tube  and was h e a t  

This  uncored c o i l  

Following t h e  h e a t  treatment, C o i l  A (Cu c o r e )  had a r e s i s t a n c e  af 

15.08 Cl, a 4.4% i n c r e a s e ,  and Coil  R (no e l e c t r o d e )  had a r e s i s t a n c e  of 

21.28 R, a 7.9% i n c r e a s e .  

t h e i r  c o i l e d  l e n g t h ,  each r e s i s t a n c e  became i n f i n i t e ,  i n d i c a t i n g  t h a t  

an open c i r c u i t  w a s  c r e a t e d  by the unco i l ing  a c t i o n .  

r e s i s t a n c e  w a s  100,000 f? i n  t h e  pre-heat- t reated c o n d i t i o n  and n e a r l y  

3 x 1 0 6  R a f t e r  h e a t  t reatment .  

When t h e s e  c o i l s  were unco i l ed  f o r  about  ha l f  

The wire-to-sheath 

F ig .  11. Radiograph of  Bent and S t r a igh tened  Alumel, 5 0 ~ .  
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K o l l i e 4  has  observed about  0.6% i n c r e a s e  i n  r e s i s t a n c e  f o r  h e a t  

t r e a t i n g  A l u m e l  a t  8 5 0 O C .  

r e s i s t a n c e  changes of a b o u t  I.% f o r  h r a t  t r ea tmen t  of  cold-worked A l u m e l .  

Thus t h e  observed i n c r e a s e  of 8 t o  9% far exceeds expec ta t ions  f o r  

A l u m e l .  A l o g i c a l  explanat ion i s  t h a t  f r a c t u r e s  occurred during t h e  

heat  t r ea tmen t ,  and t h i s  decreased t h e  e f f e c t i v e  conduction area. This  

exp lana t ion  a g r e e s  wi th  t h e  open-c i r cu i t  behavior found a f t e r  unco i l ing .  

S i m i l a r l y  P o t r s  and McElroy5 have observed 

Radiographs w e r e  taken of t h e  open-circui ted uncoi led l e n g t h s  of 

t h e  h e a t  t r e a t e d  c o i l s .  F igu re  1 2 ,  a magnified p o r t i o n  of t h e  x-ray 

f i l m ,  shows a f r a c t u r e  i n  t h e  Alumel w i r e  near  t h e  c e n t e r  o f  t h e  p r i n t .  

This v e r i f i e s  t h a t  t h e s e  c o i l e d  w i r e s  could not  b e  uncoi led without  t h e  

w i r e  f r a c t u r i n g .  

Since Coil. K w a s  b r i t t l e ,  t h e  r e s i s t a n c e  tests i n d i c a t e  t h a t  t h e  

copper e l e c t r o d e  w a s  n o t  a necessary i n g r e d i e n t  f o r  t h e  subsequent 

Alumel behavior .  That is ,  copper contamination w a s  no t  necessary f o r  

the l o s s  of duc t  l i t y  i n  t h e  Alumel w i r e .  

Scanning E lec t ron  Microprobe Analyses 

Two chemical ana lyses  of t h e  h e a t - t r e a t e d  Alumel w i r e  were 

obtained.  

94.2% N i ,  1.1% S i ,  1,3% Al, 2.0% Mn, 0.02% Fe, and 0.38% Co.  

Previous ana lyses  obtained by McElroy' show A l u m e l  t o  contain:  

F ig .  1 2 .  Radiograph o E Uncoiled Al.ume1, 35x. 

4T. G.  K o l l i e ,  Intra-Laboratory Correspondence t o  K. R.  Carr, 

5 ~ a m e  as 3 .  
6D. L.  McElroy, Progress  Report 1, Thermocouple Research Reyort 

May 1 7 ,  1973. 

-. _I_ 

f o r  t h e  Period November 1, 1956, t o  Octob& 31, 1957, ORNL-2467 
__II _I___I 

(March 5, iT%jT 
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The c e n t r a l  area (Q0.1 of  t h e  w i r e  a r e a )  of the  end of t h e  hea t -  

t r e a t e d  A l u m e l  w a s  analyzed i n  a scanning e l e c t r o n  microprobe wi th  x-ray 

f l u o r e s c e n c e  d e t e c t i o n  wi th  a Si-Li d e t e c t o r  a This  analysis i n d i c a t e d  

peaks a s s o c i a t e d  w i t h  S i ,  Mn, Co, and N i ,  all as expected i n  Alumel. 

This  a n a l y s i s  showed no Cu o r  Mg p resen t  i n  t h e  Alumel; t h e  absence 

s u b s t a n t i a t e s  t h e  expected l a c k  of p e n e t r a t i o n  of copper t o  t h e  Alumel. 

T h i s  analysis d i d  n o t  r e v e a l  any aluminum above OBI%, a l though  A:Lumel 

c o n t a i n s  about  1 . 3 %  hl. 

(ORNL A n a l y t i c a l  Chemistry Div i s ion )  . 
These analyses w e r e  conducted by L. H u l e t t  

Two reg ions  i n  t h e  l o n g i t u d i n a l  view of t h e  h e a t - t r e a t e d  Alumel 

w e r e  analyzed,  one i n  a g r a i n  and one i n  a gra in  boundary r eg ion .  

F igu re  1 3  is  a photograph of t h e  i n t e n s j t y  v e r s u s  energy obtained i n  an  

energy d i s p e r s i v e  x-ray ana lyze r .  The e i g h t  peaks are i d e n t i f i e d  i n  

Table 1. Peaks 5 and 6 are about  the same s i z e ,  and Peak 5 could b e  

due t o  i r o n  o r  manganese. 

p r e s e n t  t o  less than  0.02%. 

of i r o n  contamination of A l u m e l .  This  i s  not  c l e a r  a t  t h e  p re sen t  t i m e .  

Any peak a s s o c i a t e d  w i t h  copper  would occur nea r  Peak 8 a t  8.05 e V ,  h u t  

t h i s  i s  n o t  seen i n  t h e  i n t e n s i t y  p a t t e r n ,  T h i s  a n a l y s i s ,  performed by 

R.  S. Crouse (ORNL Metals and Ceramics l l iv i s ion) ,  is  c o n s i s t e n t  w i th  

t h e  expected Alumel composition except f o r  t h e  iron-manganese dilemma. 

Furthermore t h e r e  appea r s  t o  b e  no 3if f erence i n  composition fox- t h e  

two examined r e g i o n s .  

Previous chemical a n a l y s i s  showed i r o n  t o  b e  

The stainless s t ee l  could provide a source  

Fig. 13. I n t e n s i t y  as  a Funct ion of Energy of X-Rays on Sec t ion  
Shown i n  Fig.  9. Top curve is  i n  g r a i n .  B o t t o m  cu rve  i s  i n  g r a i n  
boundary. 
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Table 1. X-Ray Peaks from A l u m e l  

-_I ____II_.__. __I__.. 

Peak Measured Energy (eV)  Expected Energy (eV) X-Ray 1 ., 1.n e 

6 
7 
8 

0.82 
1 .50  
1 . 7 1  
5.94 
6.47 

6.97 
7.51 
8.29 

0 8.5 
1.49 
l , 7 4  
5.89 
6.40 
6.49 
6.93 
7.48 
8.26 

N i  T.,a 
A X  KO: 
S i  Ka 
Mil  Ka 
F e  K a  
Mn KP 
C o  Ka 
N i  Kct 
Ni KP 

CONCLUSIONS 

This  s tudy has  e s t a b l i s h e d  t h a t  t h e  b r i t t l e  behavior of t h e  A . l u m e l  

w i r e  i s  p r i i i a r i l y  a s s o c i a t e d  w i t h  i t s  excess ive  grai-n s i z e .  Since cold 

working and anneal ing cannot be done t o  t h e s e  assemblies ,  t h e r e  -is no 

known way t o  r e s t o r e  t h e  needed d u c t i l i t y .  

It i s  recommended that c o i l i n g  o p e r a t i o n s  such a s  experienced by 

Furthermore t h e  s p e c i f i c a t i o n s  Eor t h e  Alumel assemblies b e  avoided. 

t h e s e  thermoelements should inc lude  a statement  t h a t  p r o h i b i t s  acceptance 

of coarse-grained A l u m e l  w i . r e .  

7RDT C 7-6T ( R e f .  2 ,  p I 2 )  w a s  ainended i n  June 1973 a s  C 7-6T 
Amendment 1, June 1 9 7 3 .  'This  conclusion sugges t s  a f u r t h e r  amendment 
ilia y b e  a p p r o p r i a t e .  
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