
ELEVATED TEMPERATURE STRAIN GAGES 

J . F .  L e i ,  M.  S h a a r b a f ,  a n d  J . O .  B r i t t a i n  
N o r t h w e s t e r n  U n i v e r s i t y  

E v a n s t o n ,  I l l i n o i s  

The o b j e c t i v e  o f  t h i s  r e s e a r c h  is  t o  s t u d y  t h e  e l e c t r i c a l  r e s i s t a n c e  of  
materials t h a t  are  p o t e n t i a l l y  u s e f u l  a s  r e s i s t a n c e  s t r a i n  gages a t  1000°C. 
A set  of c r i t e r i a  (1) were set and clsed t o  select  s t r a i n  gage c a n d i d a t e  materi- 
a l s  t h a t  are e l e c t r i c a l l y  s t a b l e  and r e p r o d u c i b l e  a t  a l l  t e m p e r a t u r a s  up t o  
1000°C. 
change w i t h  t e m p e r a t u r e  o f  t h r e e  groups o f  m a t e r i a l s  ( s o l i d  s o l u t i o n  a l l o y s ,  
t r a n s i t i o n  metal c a r b i d e s  and n i t r i d e s ,  and semiconduc to r s )  were s t u d i e d  w i t h  
t h e  i n t e n t i o n  o f  i d e n t i f y i n g  materials w i t h  lov t e m p e r a t u r e  c o e f f i c i e n t  of re- 
s i s t a n c e  (TCR) and l o w  r e s i s t a n c e  d r i f t  r a te  (DR) a t  1000°C. A p r e l i m i n a r y  
s t u d y  o f  gage f a c t o r  on one o f  t h e  b e s t  c a n d i d a t e s  materials,  B4C, w a s  a l so  
unde r t aken .  The r e s u l t s  of  t h e  i n v e s t i g a t i o n  on t h e s e  materials are  p r e s e n t e d  
i n  t h i s  r e p o r t .  

For t h e  e x p e r i m e n t a l  phase o f  t h i s  r e s e a r c h  t h e  e l e c t r i c a l  r e s i s t a n c e  

I. INTRClD’JCTION 

A .  S o l i d  S o l u t i o n  Alloys 

I n  p r e v i o u s  r e p o r t  (1) a number o f  b i n a r y  a l l o y s  were r e p o r t e d  t o  have 
d e s i r a b l e  e l e c t r i c a l  p r o p e r t i e s .  These i n c l u d e d  a l l o y s  from Ag-Pd, A1-V,  and 
Mo-Re sys t ems .  S i n c e  t h e n  t h e  a d d i t i o n  o f  t h i r d  elements  t o  t h e s e  a l l o y s  has  
been made w i t h  Che g o a l  o f  d e c r e a s i n g  TCR and  DR a t  1000°C. The t h i r d  e le -  
ment (s) f o r  e a c h  sys t em was s e l e c t e d  based upon Hume-Rothery’s c r i t e r i a  f o r  
i d e a l  s o l i d  s o l u t i o n  (similar atomic r a d i i ,  v a l a n c e ,  and e l e c t r o n e g a t i v i t y )  t o  
a v o i d  s e g r e g a t i o n  o r  c l u s t e r i n g  which c o u l d  have n e g a t i v e  e f f e c t s  on e l e c t r i c a l  
p r o p e r t i e s .  The c o n c e n t r a t i o n  ranges  of t h e s e  e l ements  were s e l e c t e d  by con- 
s i d e r i n g  t h e i r  s o l u b i l i t y  l i m i t s  i n  t h e  p a r e n t  e lemencs i n  e a c h  alloy in o r d e r  
t o  a v o i d  EormatiDn of  new phases .  

B.  T r a n s i t  i o n  Metal Compounds 

The r e f r a c t o r y  c a r b i d e s  and n i t r i d e s  o f  t h e  t r a n s i t i o n  metals comprise  a 
c lass  of compounds w i t h  many s c i e n t i f i c a l l y  i n t e r e s t i n g  and u s e f u l  p r o p e r t i e s  
s u c h  as: h igh  m e l t i n g  t e m p e r a t u r e s  (5 30OO0C), h igh  e l e c t r i c a l  c o n d u c t i v i t y ,  
g r e a t  ha rdness ,  wide homogeneity range,  and e x c e l l e n t  chemica l  s t a b i l i t y .  The 
t r a n s i t i o n  metals i n  these compounds aree from groups N (Ti ,  Z r ,  Hf) ,  V (V, Nb, 
Ta),  and V I  ( C r ,  Mol W )  of t h s  p e r i o d i c  t a b l s .  However, not  a l l  t h e  c a r b i d e s  
and n i t r i d e s  of t h e s e  elements  seemed t o  be s u i t a b l e  f o r  h i g h  t empera tu re  re- 
s i s t a n c e  s t r a i n  gage a p p l i c a t i o n .  Among t h e s e  materials, n i t r i d e s  o f  groilp V I  
were excluded from l i s t  of p o t e n t i a l  cornpounds because t h e y  d i s s o c i a t e  r a p i d l y  
a t  h igh  t e m p e r a t u r e s .  
complex phase diagrams and narrow ranges  of homozeneity . VN, NbN, MoC and WC were a l s o  exc luded  due t o  t h e i r  
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A wide  homogeneity range i s  c h a r a c t e r i s t i c  o f  t h e  c u b i c  t r a n s i t i o n  metal. 
compounds. For a l l  r o c k s a l t  s t r u c t u r e d  t r a n s i t i o n  metal c a r b i d e s ,  non- 
s t o i c h i o m e t r y  i s  due t o  c a r b o n  v a c a n c i e s  o n l y  and  t h e  metall ic s u b l a t t i c e  re- 
mains comple t e ly  occupied,  as shown by p r e c i s e  d e n s i t y  measurements (2). 
monon i t r ides  s u c h  as TINx are r e p o r t e d  t o  b e  nons to i ch iomet ry  w i t h  x v a l u e s  
l a r g e r  t h a n  1. 
whose c o n c e n t r a t i o n  i n c r e a s e s  w i t h  a n  i n c r e a s e  i n  x, t h a t  i s  f o r  a n i t r o g e n  
c o n c e n t r a t i o n  > 1 The p r e s e n c e  of  a l a r g e  concentration of  vacancies 
would be expec ted  t o  a f f e c t  v a r i o u s  p h y s i c a l  p r o p e r t i e s .  I n  t h i s  r e s e a r c h  t h e  
e f f e c t  o f  vacancy c o n c e n t r a t i o n  on t h e  e lec t r ica l  p r o p e r t i e s  of t h e s e  t ransi-  
t i o n  metal compounds was a lso i n v e s t i g a t e d  i n  o r d e r  t o  select  t h e  p r o p e r  s t ra in  
gage c a n d i d a t e s  among them. 

Some 

These compounds are c h a r a c t e r i z e d  as c o n t a i n i n g  metal v a c a n c i e s  

( 4 ) .  

C. Semiconducting Materials 

T r a d i t i o n a l  semiconductor  r e s i s t a n c e  s t r a i n  gages are made of s i l i c o n  o r  
gennanium, which have band gaps of 1.11 and 0.67 eV,  r e s p e c t i v e l y .  
to ex tend  t h e  working t e m p e r a t u r e  of  t h e  s t r a i n  gages to h i g h e r  t e m p e r a t u r e s ,  
semiconduccing materials w i t h  band gaps larger t h a n  1.11 e V  are t h e r e f o r e  
needed. a - S i c ,  p-SiC and B4C w i t h  band gaps of 2.86, 2.3 and 2.5 eV, re- 
s p e c t i v e l y ,  were chos'en f o r  t h i s  s t u d y .  
t e m p e r a t u r e s  above 1000°C. 

I n  o r d e r  

T h e i r  i n t r i n s i c  c o n d u c t i o n  o c c u r s  a t  

I1 MATERIALS PREPARATION, PROCESSING AND EXPERMENTAL TECHNIQUE 

The a l l o y s  l i s t e d  i n  Tab le  I were p r e p a r e d  by arc me l t ing  and  r e m e l t i n g  
(about 5 times) c h a r g e s  of  abou t  5 grams under  p u r i f i e d  a r g o n  atmosphere.  
i n g o t s  were t h e n  c u t  by  e l e c t r i c a l  d i s c h a r g e  mechining i n t o  r e c t a n g u l a r  samples  
o f  8 x 3 ~ 1  mm for  e l ec t r i ca l  r e s i s t a n c e  measurements.  

The 

The specimens o f  t r a n s i t i o n  metal compounds and @-S ic  were p repa red  as 
t h i n  f i l m s  o n  A1203 s u b s t r a t e s  by several d i f f e r e n t  e v a p o r a t i o n  o r  s p u t t e r i n g  
t e c h n i q u e s ,  l i s t e d  i n  T a b l e  11. A l l  f i l m s  were c u t  i n t o  samples abou t  15 mn 
l ong  by 1.5 mm wide via  a diamond b l a d e .  Boron c a r b i d e  and @ s i l i c o n  c a r b i d e  
b u l k  samples  p repa red  by  hot p r e s s i n g  were t h i n n e d  by s l i c i n g  i n t o  1 5 ~ 1 . 5 ~ 1  nun 
specimens via a diamond c u t - o f f  wheel .  

Specimens f o r  e l ec t r i ca l  r e s i s t a n c e  measurements were c h e m i c a l l y  c l e a n e d  
t o  remove any  d e b r i s  and c o n t a m i n a t i o n s .  
i n  q u a r t z  t u b i n g s  under  vacuum and were s u b s e q u e n t l y  annea led  f o r  one day a t  
s l i g h t l y  above 1000°C fo l lowed  by f u r n a c e  c o o l i n g  t o  room t e m p e r a t u r e .  The 
e l e c t r i c a l  r e s i s t a n c e  (ER) o f  two o r  t h r e e  specimens were measured s i m u l t a n e -  
o u s l y  via  a f o u r  probe t e c h n i q u e  as d e s c r i b e d  i n  p r e v i o u s  r e p o r t  (1) i n  t h e  
t e m p e r a t u r e  r ange  o f  23-10OO0C under  vacuum ( 2 ~ l O - - ~  t o r r ) .  The ER o f  bo ron  
c a r b i d e  i n  a i r  was a l s o  measured. 

These samplas  were t h e n  e n c a p s u l a t e d  

A d e v i c e  which c o n s i s t e d  o f  a c o n s t a n t  s t r a i n  c a n t i l e v e r  beam des igned  
f i r s t  by McClintock (3) w a s  adop ted  and mod i f i ed  (Fig.  1) t o  measure t h e  gage 
f a c t o r  of materials. Samples were a t t a c h e d  t o  t h e  s u r f a c e  of  t h e  C a n t i l e v e r  
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beam by means of a h igh  t empera tu re  ceramf-c a d h e s i v e  (AREPIC0 p r o d m t s ) .  
s t epped ,  s l i d i n g  b l o c k  which is in c o n t a c t  w i t h  t h e  f r e e  end of  t h e  beam via a 
screw was a c c u r a t e l y  machined so t h a t  t h e  d i f f e r e n c e  in h e i g h t  between any two 
s t e p s  r e p r e s e n t s  a known d e f l e c t i o n  of t h e  f r e e  end of t h e  beam, and conse-  
q u e n t l y  a known s t r a i n  a t  t h e  beam su r f j l ce  (Fig.  2 ) .  The s l i d i n g  b lock ,  beam, 
f r a n c  and screws were a l l  m a d s  of  t h e  same m a t e r i a l  (Aremcolox h i g h  tempara-  
t u r e  low the rma l  expansion machinable  c e r a d c s )  t o  n i n i m i z e  r e l a t i v e  di-nension- 
a1 changes  of t h e s e  p a r t s  r e s u l t i n g  from t h e  the rma l  expans ion .  

The 

111. RESTZTS - S o l i d  S o l u t i o n  A l l o y s  

A d d i t i o n s  of t h i r d  e l emen t s  t o  t h e  a l l o y s  of  t h e  f o l l o w i n g  sys tems re- 
s u l t e d  i n  similar ER-T cu rves  as t h e i r  p a r e n t  b i n a r y  a l l o y s .  
examina t ion  i n d i c a t e d  t h a t  t h e s e  e l2ments  d i d  not  r e s u l t  i n  t h e  fo rma t ion  of 
any  new phases i n  t h e s e  a l l o y s .  

A m e t a l l o g r a p 5 i c  

A .  P a l l a d i u m - S i l v e r  System 

Exper imenta l  r e s u l t s  on Pd-Ag a l l o y s  (1) showed a n  i n c r e a s e  i n  Ag c o n t e n t  
from 4.1 t o  15.5 st.% reduced  t h e  TCR from 774 t o  250 ppm/’C w€thout  a s i g n i f i -  
c a n t  change i n  r e p r o d u c i b i l i t y .  T h i s  i s  i n  agreement w i t h  t h e  pub l i shed  d a t a  
f o r  Pd-Ag a l l o y s  ( 4 ) .  
WEIS s e l e c t e d  t o  be dopcd by sinall a d d i t i o n s  o f  N i  t o  v e r i f y  t h e  e f f e c t s  of  N i  
on t h e  e l e c t r i c a l  propcr’s ies  of  t h e s e  a l l o y s .  F i g .  3 shows t h e  ER-T d a t a  f o r  
Pd-12 wt .% Ag-7 N i  a l l o y .  
e f f e c t  on TCK atid DK of t h e s a  a l l o y s ,  Table  1. F igure  4 shows t h a t  a n  i n c r e a s e  
i n  N i  c o n t e n t  r e s u l t e d  i n  s y s t e m a t i c  d e c r e a s e  i n  TCR. 

Bassd on t h e s e  o b s e r v a t i o n s  t h e  Pd-1.2 wt .% Ag alloys 

A d d i t i o n  of N i  a s  a t h i r d  e lement  had a p o s i t i v e  

B .  Aluminutn-Vanadium System 

The e x p s r i m e n t a l  r e s u l t s  of t h e  i n v e s t i g a t e d  b i n a r y  A1-V a l l o y s  (1) 
i n d i c a t e d  t h a t  t h e s e  a l l o y s  g e n e r a l l y  have 1 m  TCR values b u t  u n d e s i r a b l e  
d r i f t s  i n  ER a t  h i g h  t emp2ra tu res .  Howr.ver, A1-79.3 w t  .% V c o n t a i n i n g  a sinall 
amoant of S i  had a v e r y  low TCR (-22 ppm/C) and d r i f t  (50 p p d h r )  a t  1000°C. 
This prompted a n  i n v e s t i g a t i o n  of t h e  e f f e c t  o f  a d d i t i o n s  of t h i r d  elements t o  
t h e s e  a l l o y s .  I n  t h i s  work t h e  e f f e c t s  of Mo and C r  as t h i r d  e l emen t s  -on 
e l a c t r i c a l  p r o p e r t i e s  of  A1-79.3 wt.% were i n v e s t i g a t e d .  F i g u r e s  5 and 6 show 
ER-T d a t a  f o r  Al-79.3 w t  .% V-rC.25 w t  .% Mo a l l o y  and t h e  e f f e c t  of Mo c o n t e n t  
on TCR of t h e s e  a l l o y s .  An i n c r e a s e  i n  140 c o n t e n t  had a b e n e f i c i a l  e f f e c t  i n  
t h e s e  a l l o y s  as i t  r e s u l t e d  i n  lower TCR and d r i f t  values (Table I).  On t h e  
o t h e r  hand C r  is not a s u i t a b l e  t e r n a r y  e lement  f o r  t h i s  sys tem.  I n c r z a s i n g  
t h e  C r  c o n t e n t  i n  A1-79.3 wt.% V-Cr a l l o y s  r e s u l t e d  in l n r g e r  n e g a t i v e  TCK 
value:; wf th  no s i z n i f i c a n t  change i n  d r i f t  (Tab12 I) i n  e l e c t r i c a l  r e s i s t a n c e  
a t  h igh  t e m p e r a t u r e s .  F i g u r e s  7 and 8 shm the Ell-T d a t a  f o r  A1-79.3 w t  .% 
V-1.75 I&.% C r  a l l o y  a l o n g  w i t h  TCK vs C r  c o n t e n t  of t h e s e  a l l o y s ,  
r e s p e c t i v e l y .  
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C .  Niobium-Vanadium System 

I n  p rev ious  r e p o r t  Nb-5.2 w t  .% a l l o y  w a s  i n v e s t i g a t e d  based on i t s  re- 

Desp i t e  t h e s e  observa-  
p o r t e d  good o x i d a t i o n  r e s i s t a n c e  (5) b u t  i t s  r a t h e r  l a r g e  TCB. (550 ppm/k) and 
d r i f t  (550 ppmjhr) v a l u e s  were less  t h a n  d e s i r a b l e .  
t i o n s  t h i s  system was s e l e c t e d  as a good c a n d i d a t e  f o r  f u r t h e r  s t u d i e s  and Mo 
w a s  s e l e c t e d  as t h e  t e r n a r y  element  f o r  t h i s  system. F i g u r e  9 shows t h e  ER-T 
d a t a  f o r  Nb-8 w t . %  V-7 Mo a l l o y .  
p r o d u c i b i l i t y  (low d r i f t ) .  However, Mo a d d i t i o n s  r e s u l t e d  i n  i n c r e a s e  i n  TCR 
values f o r  t h e s e  a l l o y s  ( F i g o  10). 

Nb-V-Mo a l l o y s  s t u d i e d  a l l  showed good re- 

I V .  SLMMARY - S o l i d  S o l u t i o n  Al loys  

It was i n t e n d e d  t o  s t u d y  t h e  g e n e r a l  e f f e c t s  of s e l e c t e d  t e r n a r y  e l emen t s  
on the e l e c t r i c a l  p r o p e r t i e s  o f  a number of  a l l o y  systems which i n  terms of 
10x7 TCR (< 300 ppm/C) valses seemed promising.  The o b j e c t i v e  w a s  t o  i d e n t i f y  
t h e  most d e s i r a b l e  t h i r d  e l smen t  f o r  a s p e c i f i c  a l l o y  and t h e  b e s t  c o n c e n t r a -  
t i o n  of  t h e  t h i r d  element  i n  t h a t  a l l o y .  

I n  t h e  c a s e  of  Pd-Ag a l l o y s ,  N i  ha s  been  found t o  b e  a s u i t a b l e  t h i r d  
element  and a d d i t i o n  of  t h i s  e lement  t o  Pd-Ag a l l o y s  w i t h  h i g h e r  Ag c o n t e n t s  
(> 1 2  wt.%) may r e s u l t  i n  p r a c t i c a l l y   OW TCR values. 

A l l  o f  t h e  A1-V-Mo a l l o y s  mest t h e  TCR r equ i r emen t s  of  < 300 ppm/C. The 
a l l o y s  w i t h  h i g h e r  Mo c o n t e n t  had lower d r i f t  values, i n  p a r t i c u l a r ,  A1-79.3 
w t . %  V-4.25 vt.% Mo had t h e  b e s t  TCR (-19 ppm/C) and d r i f t  (103 ppm/hr) com- 
b i n a t i o n .  F u r t h e r  s t u d y  on t h i s  sys t em w i t h  h i g h e r  Mo c o n t e n t  i s  planned.  
Because of  t h e  n e g a t i v e  e f f e c t s  of  C r  on A1-V a l l o y s  no f u r t h e r  work i s  
p l snned  f o r  t h i s  sys t em i n c o r p o r a t i n g  C r .  

A d d i t i o n  o f  Mo r e s u l t e d  i n  n e g a t i v e  e f f e c t  on t h e  e l e c t r i c a l  p r o p a r t i e s  
o f  Nb-V a l l o y s .  However, f u r t h e r  work i s  underway on e f f e c t  of  o t h e r  t h i r d  
e l emen t s  on t h e s e  a l l o y s  as w e l l  as t h e  Mo-Re a l l o y s .  

V .  RESULTS - R e f r a c t o r y  Compounds 

A .  T r a n s i t i o n  Metal Compounds 

The r e s u l t s  of change i n  i t s  ER w i t h  change i n  t e m p e r a t u r e s  f o r  two T i s x ,  

The ER-T c u r v e s  f o r  Z r C  i s  shown i n  f i g u r e  11, and 
two TaN,, t h r e e  ZrN,, two T i &  and ZrN, f i l m s  w i t h  d i f f e r e n t  x ' s  were pse-  
s e n t e d  i n  last r e p o r t  (1). 
t h e  comparison between r e s u l t s  of t h r e e  TaN, and  f o u r  ZrN, f i l m s  are  shown i n  
t h e  f i g u r e s  1 2  and 13, r e s p e c t i v e l y .  The compos i t ions  of  t h e s e  t r a n s i t i o n  
metal compound f i . l m s  were c h a r a c t e r i z e d  by means of  x-ray,  SE!l, and Auger e l a c -  
t r o n  s p e c t r o s c o p y .  
pounds are summarized i n  Tab le  111, i n c l u d i n g  TCR (at 1000°C), DR (at 1000°C), 
r e s i s t i v i t y  (at room t e m p e r a t u r e ) ,  compos i t ion  and t h e  p a r t i a l  p r e s s u r e  of 
n i t r o g e n  (carbon)  d u r i n g  p r e p a r a t i o n .  

The e x p e r i m e n t a l  r e s u l t s  o f  t h e s e  t r a n s i t i o n  m e t a l  Coma- 

From t h e s e  r e s u l t s  i t  is  sugges t ed  t h a t :  
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(1) TCR and DR of t h e  s t o i c h i o m e t r i c  c a r b i d e s  were lower  t h a n  t h o s e  o f  
t h e i r  co r re spond ing  s t o i c h i o m e t r i c  n i t r i d e s ,  e .g . ,  TCR of  T i c  was l o v e r  t h a n  
t h a t  o f  TiN and  TCR of Z r C  was lower t h a n  t h a t  o f  Z r N ,  as shown i n  f i g u r e  14. 

(2)  TCR of s t o i c h i o m e t r i c  Z r N  was lower  t h a n  thac of TIN and TCR of Z r C  
i s  lower t h a n  t h a t  o f  TIC, a l s o  shown i n  f i g u r e  l!t. These r e s u l t s  i n d i c a t e  
t h a t  t h e  TCR of  t r a n s i t i o n  metal n i t r i d e s  and c a r b i d e s  w i t h  t r a n s i t i o n  metals 
i n  t h e  same column o f  t h e  p e r i o d  t a b l e  d e c r e a s e d  as quantum num5er o f  t h e  
t r a n s i t i o n  metal i n c r e a s e d .  

(3)  The r e s i s t i v i t i e s  o f  t h e s e  compounds i n c r e a s e d  w h i l e  t h e i r  TCC de- 
c r e a s e d  w i t h  i n c r e a s i n g  t h e  vacancy  c o n c e n t r a t i o n ,  as shown i n  Table  111 and 
f i g u r e  12.  

(4) A s  shown i n  f i g u r e  15 t h e  TCR of t h e s e  t r a n s i t i o n  metal compounds 
d e c r e a s e d  as t h e  r e s i s t i v i t i e s  of  t h e  compounds i n c r e a s e d .  E x t r a p o l a t i o n  of 
t h e  d a t a  i n  f i g u r e  15 s u g g e s t s  t h a t  TCR passed  th rough  z e r o  a t  r e s i s t i v i t y  o f  
a b o u t  800-1000 microohm-cm. 

(5) High t empcra tu re  r e s i s t a n c e  s a t u r a t i o n s  were observed  i n  t h e  Z r - C  and  
Z r N  sys tems.  These two samples  had l a r g e r  r e s i s t i v i t i e s  ( i n  t h e  range  o f  180 
and  560 microohm-cm) t h a t  r s s d t e d  from s t r o n g e r  vacancy s c a t t e r i n g s  among a l l  
of t h e  specimens s t u d i e d  excep t  TiN0.g which had a r e s i s t i v i t y  of 1130 micro- 
ohm-cm and a n e g a t i v e  TCR. The ER-T b e h a v i o r s  of Z r N  and  Z r C  f i t t e d  a 
" p a r a l l e l  resistor' ' fonnu1.s (6) 

1/R(T) = l / R ( i d e a l )  + l/qnax 

where R( idea1)  = Ro + 3T, R, is t h e  r e s € d u a l  r e s i s t a n c e ,  b i s  f i t t i n g  parameter 
and  is  t h e  a p p a r e n t  s a t u r a t i o n  v a l u e  of t h e  r e s i s t a n c e  a t  h i g h  tempera- 
t u r e s .  
made and shown i n  f i g u r e s  1 6  and 17, r e s p c c t i v e l y ,  where kqx corresponded t o  
a r e s i s t i v i t y  of 1000 micruohm-:m. The v a l a e  of t h i s  s a t u r a t i o n  r e s i s t i v i t y  
(1000 mkroohm-cm) was abou t  t h e  same as t h a t  when TCR vs r e s i s t i v i t y  c c r v e  
(Fig. 15) p a s s e s  th rough  z e r o  TCR. 

P l o t s  o f  (kqx x R ) / ( S a X  - R) v e r s u s  t empera tu re  f o r  Z r N  and Z r C  were 

(6) The p r e s e n c e  of both a small TCR and a smll DR value seemed t o  be 
m u t u a l l y  e:a:lusive. However, t h e  s o u r c e  of t h e  h i g h  t empera tu re  r e s i s t a n c e  
d r i f t  f o r  t h e  materials i n v e s t i g a t e d  was not  a s c e r t a i n e d .  Note t h a t  pure  
p l a t i n u m  also d i s p l a y e d  a h i g h  DK (5 0.2 %/hr ) .  

B. Semiconductors  

Table  IV summarized t h e  e x p e r i m e a t a l  r e s u l t s  f o r  t h e  B4C, B-Sic and 
U-Sic. 
s e n t e d  i n  p r e v i o u s  r e p x t  (1). SCnce B;C looked promis ing ,  i t  w a s  t h e r e f o r ?  
a l s o  t e s t e d  i n  t h e  a i r ,  i t s  ER-T cu rve  shown i n  F ig .  18. 8-Sic-2 which had 
s o m  N2 dopants  was a l s o  t e s t e d  ( i n  t h e  vacuum) t o  s t u d y  t h e  dop€ng e f f e c t ,  
t h i s  is shown i n  F i g .  19.  The r e s u l t s  of t h e s e  semiconductors  c a n  b e  
summarized as follows : 

The ER-T c u r v e s  of BqC, B-SiC-1 and a-SiC t e s t e d  i n  a vacuum were pre-  
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(1) The change i n  r e s i s t a n c e  of B4C w i t h  t empera tu re  fo1:Lowed a form of 
R=AT exp (EA/kT), w i t h  a c t i v a t i o n  ene rgy  (EA) of abou t  0 . 1 4 ~ . 0 0 5  eV,  shown i n  
F i g .  20. The t empera tu re  dependence of r e s i s t a n c e  i n  B4C is a c t u a l l y  t h e  t e m -  
p e r a t u r e  dependence of i t s  m o b i l i t y  (7), and t h e  a c t i v a t i o n  energy  was l a r g e  so 
t h a t  i t s  m o b i l i t y  had a weakly t empera tu re  dependent  v a l u e  and r e s u l t e d  i n  a 
small TCR value a t  h i g h  tempera-  t u r e s .  

(2) B-Sic had a weaker t empara tu re  dependence OF r e s i s t a n c e  compared 
w i t h  a -S ic ,  and i t  is a more promis ing  s t r a i n  gage m a t e r i a l  f o r  use a t  h igh  
t e m p e r a t u r e s .  The TCR of P-SiC was d e c r e a s e d  by doping,  however, t h e  DR 
showed a s l i g h t  t n c r e a s e .  

C. Gage F a c t o r  Measurement 

The gage f a c t o r  measurement sys tem was f i r s t  c a l i b r a t e d  wLth t h r e e  com- 
m e r c i a l  r e s i s t a n c e  s t r a i n  gage (Micro-Measurements Co.) a t  room t e m p s r a t u r e  . 
Then a h o t  p r e s s e d  B C was a t t a c h e d  t o  t h e  c a n t i l e v e r  Seam wi th  a ceramic  
a d h e s i v e  and t e s t e d  4n t h e  vacuumed f u r n a c e .  The change in i t e ;  r e s i s t a n c e  
w i t h  t empera tu re  w a s  compared t o  t h a t  of t h e  r e s i s t a n c e  d a t a  froin R sample  
w i t h o u t  a p p l y i n g  adhes ive  as shown i n  F i g .  21,  t h e  c o n s i s t e n c e  between t h e  
two c u r v e s  i n d i c a t e s  t h e  i n e r t n e s s  of t h e  a d h e s i v e .  

F i g u r e  22 i l lust rates  t h e  r e s i s t a n c e  v e r s u s  s t r a i n  c h a r a c t : e r i s t i c s  f o r  
boron carbide at t h r e e  d i f f e r e n t  t e m p e r a t u r e s .  A l i n e a r  change i n  r e s i s t a n c e  
w i t h  a p p l i e d  s t r a i n  a t  strain l e v e l s  of 306 m i c r o s t r a i n  was obse rved .  The 
gage f a c t o r  d r i f t  a t  1000°C was found t o  3e abou t  0.22 % / h r  f o r  a p e r i o d  of 
6 h o u r s .  

F i g u r e  23 i s  a p l o t  of p e r c e n t a g e  change i n  gage f a c t o r  from i t s  room t e m -  
p e r a t u r e  v a l u e  v e r s u s  t e m p e r a t u r e  f o r  B4C i n  t h e  t empera tu re  r ange  of 23OC t o  
1000°C. 
i n g  t empera tu re .  The gage f a c t o r  w a s  a b o u t  19651% a t  1000°C and 45522% a t  
room tempera tu re .  I t  v a r i e d  by a b o u t  57% from room t e m p e r a t u r e  t o  1000°C. 
gage f a c t o r  of Wu's Chinese  gage (8) w a s  2.56 a t  room tempera tu re  and 1 .9  a t  
7OO0C, a v a r i a t i o n  of abou t  26% i n  t h e  t empera tu re  r ange  from room t e m p e r a t u r e  
t o  700OC. I n  t h e  same t e m p e r a t u r e  r ange  t h e  gage f a c t o r  v a r i a t i o n  f o r  B4C w a s  
a b o u t  32%. S i n c e  no e f f o r t  h a s  been made t o  o p t i m i z e  t h e  performance of BqC, 
t h e  comparison i s  r a t h e r  f a v o r a b l e .  The r e p r o d u c i b i l i t y  of gage f a c t o r  of B4C 
and i ts  gage f a c t o r  b e h a v i o r  under  h i g h e r  s t r a i n  are p lanned  f o r  f u r t h e r  
s t u d i e s .  

T h i s  f i g u r e  shows t h a t  t h e  gage f a c t o r  of B4C d e c r e a s e d  w i t h  i n c r e a s -  

The 

V I .  SUMMARY - R e f r a c t o r y  Compounds 

The low values o f  TCR of t r a n s i t i o n  metal compounds were a s s o c i a t e d  w i t h  
h i g h l y  d e f e c t i v e  l a t t i c e  s t r u c t u r e s .  However, s t r u c t u r e s  w i t h  h igh  concen t r a -  
t i o n  of d e f e c t s  wsre o f t e n  u n s t a b l e  a t  h i g h  t e m p e r s t u r a s .  
s e l z c t i o n  of t h e  compos i t ion  of t h e s e  t r a n s i t i o n  m e t a l  compounds depends on 
whizh one o f  t h e  two f s c t o r s  i s  more domlnate ,  lower TCR o r  b e t t e r  s t a b i l i t y .  

T h e r e f o r e ,  t h e  

Based upon t h e  d a t a  p r e s e n t e d  i n  Tab13 111 and I V  which s u n n a r i z e  t h e  
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e x p e r i m e n t a l  r e s u l t s ,  we conc lude  t h a t  T ic ,  Z r C ,  B4C and # - S i c  have t h e  
p o t e n t i a l  t o  b e  used i n  p r o d u c t i o n  o f  h i g h  t empera tu re  r e s i s t a n c e  s t r a i n  gages 
due t o  t h e i r  low TCR and good s t a b i l i t y .  However, f u r t h e r  s t u d i e s  on t h e  
o p t i m i z a t i o n  o f  t h e i r  e l ec t r i ca l  b e h a v i o r s  and p r o t e c t i o n  o f  t h e s e  materials 
from o x i d a t i o n  a t  h i g h  t empera tu re  is necessa ry  b e f o r e  t h e s e  materials c c u l d  
b e  u t i l i z e d  i n  s t r a i n  gage .  
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TABLE I. STJMMARIZED RESULTS FOR ALLOYS 

Alloy  w t  .% 

Pd-12Ag-Ni 1 Ni 
3 

5 

7 

A1-79.3V-Mo e25 MO 

.75 
2.25 

4.25 

A1-79.3V-Cr .25 Cr 
.75 

1.25 

1.75 
2.25 

2.75 

Nb-8V-Mo 1 MO 
3 
5 

7 

TCR (IOOO~C) (ppm/C> 

Cycle 2 
Hea t ing  

407 

3 92 

390 

375 

-113 

- 57 
- 27 
- 20 

- 28 
- 44 
- 75 
-107 
- 22 
-114 

43 6 
540 

523 

557 

Cooling 

42 4 
415 

3 80 
3 94 

-129 

- 49 
- 31 
- 13 

- 8  
- 80 
-106 

- 95 
- 34 
-125 

45 0 
550 

487 

52 8 

Drift ( 1000°C) (ppm/hr) 

5 080 
3640 

1163 

1460 

6 87 

837 

54 

103 

- 74 
-176 
130 

170 
-140 

- 70 

360 
400 
484 

115 
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Specimen 

TiN-1 

-2 

Z r N -  1 

-2 

-3 

-4 

TaN- 1 
-2 

-3 

C r N  

T ic -1  

-2 

Z r C  

i 3 - S i 0 1  

-2 

a - S i c  

TABLE 11. PREPARATION METHODS FOR CANDIDATE MATERIALS* 

P r e p a r a t i o n  Method 

HCD, Hollow Cathode Di scha rge  

CVD, Chemical Vapor D e p o s i t i o n  

RFS, Radio Frequency S p u t t e r i n g  

Magnetron RFS 

HCD 

ARE, A c t i v a t e d  Reactive Evapora t ion  

CVD 

ARE 

Hot P re s s e d 

EBE, E l e c t r o n  Beam Evapora t ion  

CVD 

H o t  P r e s  s e d  

Remarks 

= 114 ppm-torr 

= 108 ppm-torr 

= 96 ppm-torr 

= 990 ppm-torr 

pN2 

= 330 ppm-torr 

= 375 ppm-torr 

= 600 ppm-torr 

pN2 

Bulk 

w i t h  N2 dopant 

Bulk 

*all the specimens are p r e p a r e d  as t h i n  f i l m s  on t h e  A1203 s u b s t r a t e s  
e x c e p t  f o r  34C, a-SIC and CVD p r e p a r e d  P-SiC on S i  s u b s t r a t e .  
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TABLE 111. SUMMARIZED RESULTS FOR TRANSITION METAL COIWOUND Mxx 

pN2 Re s is t i v i  t y TCR* DR* 

Specimen (ptorr)  X/M (p o hm - c m ) (ppm/'C) (%/hr) 

1 30.5 588 0.14 

0.9 (V,) 1130 143 0.22 

Z r N - 1  114 -1 (V,) 180 275 -0.25 

211 22 8 -0.36 1, 2 55 184 1.6 

-2 108 <1 

-3 96 <<1 

- 4  990 -1.10 (VZ,) 3 93 2 12 -0.54 

113 255 0.53 

103 301 0.5 

165 43 8 -0.16 

TaN- 1 330 

-2 375 

-3 6 00 CVN 1 

C r N  13.8 7 10 2% 

Z r C  

-1 39.4 338 0.06 

0.8 (VC> 169 2 10 -0.5 

0.76 cvc) 56 0 180 -0.13 

o r  0.9 

q C R  and DR values a re  based on the data of 1 0 0 0 ° C  and DR were measured 

a f t e r  cycle two heating. 
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TABLE IV SUMMARIZED RESULTS FOR SEMICONDUCTING CANDIDATE MATERIALS 

P TCR 

Spec imen (n-cm) (PPm/OC) 

0.24 -200 B4C 

-250 

f3-sic-1 0.01 -330 

-2 0.2 

a-sic 10.1 

-223 

-2100 

DR 

(%/hr)  

0.095 

0.9 

-0.32 

-0.53 

0 .04  

Remarks 

t e s t e d  i n  vacuum 

tested i n  a i r  

ho t  p r e s s e d  bulk 

pure"  0.25 pm 

t h i c k ,  p repa red  

by EBE 

11 

w i t h  N dopants  

7 pm t h i c k  

p repa red  by CVD 

2 

hot pres sed  bu lk  

6 3  



2. Sliding Block 
I 

3. Frame 

Fig. 1. Schematic diagram of the apparatus f o r  gage f o c t o r  

measurements. 

SI i d in g Fur n a c:e 

I 1 I / I  I I 

Micrometer Rods Stainless 
Steel Cap Block 

Grdmmet Quartz '- 
Vacuum Seal Tube Frame 

Fig- 2- Schamatic diagram of the arrangement for actuatlng 

t h a  sllding b l o c k  to apply a strarn to the  specimen. 
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