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The positions of the ~/~ + a' solvus for nickel-rich Ni-Cr-Fe alloys containing 0 to 40 pct 
Fe have been determined from 816 ~ to 1260~ (1500 ~ to 2300~ to within 2 wt pct Cr. In 
addition, the individual effects of Ti, Al, Si, and Nb on the position of the y/y + or' solvus 
have been determined. 

T H E  n i c k e l - r i c h  r e g i o n  of the  N i - C r - F e  p h a s e  d i a -  
g r a m  i s  of p a r t i c u l a r  i m p o r t a n c e  b e c a u s e  i t  f o r m s  
the  b a s i s  f o r  m a n y  h e a t -  and  c o r r o s i o n - r e s i s t a n t  
a l l o y s .  C u r r e n t  c o m m e r c i a l  a l l o y s  r a r e l y  c o n t a i n  
m o r e  t h a n  20 to 25 p c t  C r .  H o w e v e r ,  t he  r e c e n t  d i s -  
c o v e r y  of s u p e r p l a s t i c i t y  in  n i c k e l - b a s e  a l loys ,1  w h i c h  
m u s t  c o n t a i n  a b o u t  35 to  45 p c t  C r  to  a l l o w  t he  d e v e -  
l o p m e n t  of f i n e - g r a i n e d ,  t w o - p h a s e d  ~, + a '  s t r u c t u r e s ,  
g e n e r a t e d  n e w  i n t e r e s t  in  a r a t h e r  p o o r l y  d e f i n e d  p o r -  
t i on  of the  p h a s e  d i a g r a m ,  t he  r e g i o n  of the  ~,/~, + cv' 
s o l v u s .  T h e  l o c a t i o n  of t h i s  s o l v u s  n e e d e d  to b e  a c c u -  
r a t e l y  d e f i n e d  in  o r d e r  to  m a n i p u l a t e  t h e  s t r u c t u r e s  to  
i n i t i a t e  a n d  c o n t r o l  s u p e r p l a s t i c i t y ,  a s  w e l l  a s  to  c o n -  
t r o l  o t h e r  m e c h a n i c a l  p r o p e r t i e s  of t h e s e  a l l o y s .  1'2 
S i n c e  t h e  s u p e r p l a s t i c  a l l o y s  a r e  v e r y  s e n s i t i v e  to  the  
a m o u n t  of c h r o m i u m - r i c h  ~ '  p r e s e n t ,  t he  p r e c i s e  l o -  
c a t i o n  of t he  y / y  + a '  s o l v u s  in  t h e  N i - C r - F e  s y s t e m  
a s  w e l l  a s  t h e  i n f l u e n c e  of o t h e r  e l e m e n t s  c o m m o n l y  
found  in  c o m m e r c i a l  a l l o y s  w a r r a n t e d  d e t a i l e d  i n v e s t i -  
g a t i o n .  

In the  p r e s e n t  w o r k  the  p o s i t i o n  of t he  ~/~, + a ' 
s o l v u s  h a s  b e e n  d e t e r m i n e d  f r o m  816 ~ to 1260~ 
(1500 ~ to 2300~  In a d d i t i o n ,  the  e f f e c t s  of s m a l l  
and  s e p a r a t e  a d d i t i o n s  of T i ,  A1, Si ,  and  Nb  on the  
y / ~  + a '  s o l v u s  p o s i t i o n  h a v e  b e e n  d e t e r m i n e d .  F o r  
the  c a s e  of t i t a n i u m ,  a l l o y s  c o n t a i n i n g  0,  10, and  20 
p c t  F e  w e r e  i n v e s t i g a t e d .  T h e  e f f e c t s  of A1, Si ,  and  
Nb  w e r e  e x a m i n e d  on ly  in  a l l o y s  c o n t a i n i n g  20 p c t  
F e .  

EXPERIMENTAL PROCEDURE 

Alloy Preparation 

Ten-gram heats were double inert-gas arc-melted 
into buttons using the following materials: 

M e l t  S tock  P u r i t y  
I o d i d e  C h r o m i u m  99.99+ 
N i c k e l  270 99 .97+ 
E l e c t r o l y t i c  I r o n  99 .95+ 
Sponge  T i t a n i u m  99.9+ 
A l u m i n u m  99.99+ 
N i o b i u m  99.+ 
Silicon 99.+ 

E a c h  c h a r g e  w a s  w e i g h e d  to an  a c c u r a c y  of 10 -4 g.  
T h e  t o t a l  m e t a l  l o s s e s  on m e l t i n g  w e r e  a p p r o x i m a t e l y  
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1 p c t  of the  i n i t i a l  w e i g h t ,  t h u s  i n d i c a t i n g  e s s e n t i a l l y  
c o m p l e t e  r e c o v e r y .  Spot  c h e c k s  s h o w e d  t h a t  t he  
a c t u a l  c o m p o s i t i o n s  w e r e  the  s a m e  a s  t he  n o m i n a l  
c o m p o s i t i o n s .  B e c a u s e  of t he  h i g h - p u r i t y  s t a r t i n g  
m a t e r i a l s ,  t he  r e s i d u a l  e l e m e n t s  in  e a c h  h e a t  w e r e  
q u i t e  low.  S e v e r a l  b u t t o n s  a n a l y z e d  f o r  c a r b o n  w e r e  
found  to  c o n t a i n  l e s s  t h a n  0 .01 p c t .  A s u m m a r y  of 
t he  a l l o y  c o m p o s i t i o n a l  r a n g e s  i s  p r e s e n t e d  in  T a b l e  
I .  I n d i v i d u a l  a l l o y s  w e r e  e x a m i n e d  a t  i n c r e m e n t s  of 
2 p c t  C r .  

F o r  h o m o g e n i z a t i o n ,  t he  b u t t o n s  w e r e  s o l u t i o n  
t r e a t e d  f o r  1 h a t  1260~ (2300~ and  w a t e r  q u e n c h e d .  
T h e y  w e r e  t h e n  c o l d - w o r k e d  by  f l a t t e n i n g  w i t h  a 
h a m m e r  f o r g e .  T h e  f o l l o w i n g  h e a t  t r e a t m e n t s  w e r e  
t h e n  a p p l i e d  to d e t e r m i n e  the  c o r r e s p o n d i n g  i s o t h e r m .  

T e m p e r a t u r e  T i m e ,  H o u r s  

1260~ (2300~ 1 
1204~ (2200~ 100 
1093~ (2000~ 170 
982~ (1800~ 400 
899~ (1650~ 1000 
816~ (1500~ 1000 

A l l  s p e c i m e n s  w e r e  w a t e r  q u e n c h e d  a f t e r  h e a t  t r e a t -  
m e n t .  

M e t a l l o g r a p h y  

T h e  y / y  + ~ '  s o l v u s  w a s  l o c a t e d  by  m e t a l l o g r a p h i c  
e x a m i n a t i o n  f o r  the  p r e s e n c e  of the  a '  p h a s e .  A n  
a q u e o u s  10 p c t  HC1 s o l u t i o n ,  u s e d  e l e c t r o l y t i c a l l y ,  
c l e a r l y  r e v e a l e d  the  s l i g h t e s t  t r a c e s  of the  c h r o m i u m -  

Table I. Compositional Ranges of Alloys Studied, Wt Pet 

N1 Cr Fe T]  AI S i  N b  

Bal. 30 to 46 0 . . . .  
Bal. 31 to 45 10 . . . .  
Bal. 26 to 42 20 . . . .  
Bal. 29 to 39 30 - - - 
Bal. 21 to 35 40 . . . .  

Bal. 33 to 43 0 0.5 - - - 

Bal .  30 to 44 0 1.5 - - - 
Bal. 30 to 40 10 0.5 - - - 
Bal. 26 to 40 10 1.5 - - - 
Bal. 28 to 40 20 0.5 - - - 
Bal. 20 to 36 20 1.5 - - - 

Bal. 24 to 40 20 - 2.0 - - 
Bal. 26 to 40 20 - 1.0 - 
Bal. 28 to 40 20 - - - 1.0 
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r i ch  or' phase .  Represen ta t ive  photomicrographs  a re  
shown in Fig .  1 to i l l u s t r a t e  the sens i t iv i ty  of these 
obse rva t ions .  Since the composi t ions  va r ied  in i n -  
c r e m e n t s  of 2 pct  C r ,  the technique was sens i t ive  
enough to define the locat ions of the var ious  solvus  
curves  to within 2 wt pct Cr .  The 10 pct HC1 solut ion 
also outl ined c h r o m i u m - r i c h  a phase ,  but did not 
allow one to d i s t inguish  between it  and a ' .  According 
to Hat te r s ley  and Hume-Rothe ry  3 it is  poss ib le  to 
accompl i sh  this by s ta in  etching with a 10 Normal  
KOH solut ion.  However,  it  was found that even with 

this  solut ion an unambiguous  d i s t inc t ion  between ~ '  
and ~ was not  poss ib le .  This  left  some doubt, as wil l  
be desc r ibed ,  as to the locat ions  of the reg ions  where  

and a '  coexis t  in the middle  por t ion  of the phase 
d i a g r a m .  

Microprobe  Ana lys i s  

In addit ion to a meta l lographic  ana lys i s ,  an e l ec t ron  
mic rop robe  ana lys i s  was conducted to e s t ab l i sh  the 
~'/~, + a '  solvus  and the t i e - l i n e s  between the a ' / ~ '  

982~176 F) 1204 ~ C(2200 ~ F) 

34 pct Cr 38pct Cr 

Fig. 1--Photomicrographs illustrating the 
appearance of c[ in ternary Ni-Cr-Fe alloys 
at 982 ~ and 1204~ (1800 ~ and 2200~ 

36 pct Cr 40 pct Cr 

38 I~t Cr 42pct Cr 
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Fig. 2--Isothermal sections of the Ni-Cr-Fe phase diagram 
showing the location of the ~//T + (~' solvus from 816 ~ to 
1260~ (1500 ~ to 2300~ determined metallographieally. 

Table II. The 3'/~' + a' Solvus Coordinates for Ni-Cr-Fe Alloys, Wt Pct 

Solvus Temperature, ~ 

Fe 

816 899 982 1093 1204 1260 

Cr Cr Cr Cr Cr Cr 

0 37.0 39.2 41.1 43.8 47.0 47.7 
10 31.8 35.8 38.0 39,9 42.2 42.8 
20 28.5 33.0 35.0 36.5 39.0 39.5 
30 26.0 30.0 32.0 33.8 35.7 36.2 
40 24.0 27.5 30.0 31,3 32.0 32.4 

+ ~ solvus and the " / / ' / +  ol '  solvus .  The f ineness  of 
the oz' phase prec ip i ta ted  below 1204~ (2200~ p r e -  
cluded extens ive  use of this technique,  however ,  
because  the a '  could not be analyzed without m a t r i x  
i n t e r f e r ence .  The ana lys i s  was therefore  r e s t r i c t e d  
to the 1204 ~ and 1260~ (2200 ~ and 2300~ i s o t h e r m s .  

RESULTS AND DISCUSSION 

Ternary Ni-Cr-Fe Alloys 

The positions of the y/V + of' solvus from 816 ~ to 
1260~ (1500 ~ to 2300~ for alloys containing 0 to 40 
pct Fe are shown in Fig. 2 and the corresponding 
coordinates are tabulated in Table II. These bound- 
a r i e s  were  cons t ruc ted  f rom the meta l lographic  
obse rva t ions .  At the 0 pct Fe  level  the data c o r r e -  
late wel l  with the data given in Hansen 4 for the so lu -  
b i l i ty  of ~ '  in 7. At the highest  i ron  level  of 40 pct ,  
very  reasonab le  a g r e e m e n t  was obtained with the 
data of Hat te r s ley  and Hume-Rothe ry .  3 The exact  
locat ion of the t e r n a r y  y + o~' + (~ phase field in the 
cen te r  por t ion  of the d i ag ram is unce r t a in .  Although 
Hat te r s ley  and Hume-Rothe ry  were  able to u t i l ize  
a 10 Norma l  KOH e lec t ro ly t i c  s ta in ing  etch in addi -  
tion to X - r a y  ana lys i s  to d i s t ingu ish  ~ '  f rom a, the i r  
l imi ted  number  of al loys did not enable  them to de-  
t e rmine  accura te ly  the pos i t ion  of this region .  In 
the p r e s e n t  work,  the use of the 10 Norma l  KOH 
solut ion was found not to be suff ic ient ly  defini t ive 
to deduce the exact  locat ion of the y + a '  + a phase 
field because  of the inabi l i ty  to d i s t inguish  c l ea r ly  
between the a and or' in a given meta l lographic  s a m -  
ple.  It should be emphas ized ,  however ,  that there  

20 80 

60 5 /  50 

/ 
/ / / / / / 

10 20 30 40 50 60 
% NI - - - "  
(a) 

? 
40 (Z' 

~ (2300 ~ F) 

I / i i i \ 
i0 20 30 40 50 60 

%NI "- 

(b) 

Fig. 3--Isothermal sections of the Ni-Cr-Fe phase diagram 
at 1204~ (2200~ and 1260~ (2300~ showing tie lines 
determined by microprobe analysis. 

was no diff iculty in d e t e r m i n i n g  the posi t ion  of the 
phase boundary  in the cen te r  por t ion  of the d i ag ram 
by the appearance  of a second phase ,  be it  a '  or a. 
Because  of the diff iculty in d is t inguish ing  between 
a '  and (r when they appeared s imu l t aneous ly ,  it  was 
not  poss ib le  to locate the c o r n e r  of the ~, + ~ '  + a 
t r i ang le  touching the ~'/7 + ~ '  so lvus .  It  is obvious 
that a very  carefu l  and in tens ive  study wil l  have to 
be made of this por t ion  of the phase d i ag ram to 
define c l e a r l y  the locat ion of the t h r ee -phase  t r i ang le  
between the two two-phase  f ie lds .  

F ig .  3 shows the r e s u l t s  of the mic rop robe  study to 
de t e rmine  the locat ion of the ~ ' / ~ '  + ), solvus and the 
t i e - l i n e s  between that solvus  and the y / y  + a '  solvus  
at 1204 ~ and 1260~ (2200 ~ and 2300~ The t i e - l i ne  
in te rcep t s  a re  tabulated in Table  III. At tempts  to 
locate the ~ ' / / ~ '  + ~, solvus at lower t e m p e r a t u r e s  
were  unsucces s fu l  owing to the f ineness  of the a '  
phase .  The data obtained at 1204 ~ and 1260~ (2200 ~ 
and 2300~ however ,  appear to be r ea sonab le  and 
although the i ron  levels  de t e rmined  by this means  
were  cons i s ten t ly  s l ight ly lower ,  p a r t i c u l a r l y  at 
1260~ (2300~ than the nomina l  va lues ,  good c o r r e -  
lat ion with the y /~  + ~ '  solvus posi t ion de t e rmined  
meta l lograph ica l ly  was obtained.  It is  fel t ,  the re fore ,  
that the p r e s e n t  de t e rmina t ion  of the ~ ' / ~ '  + ~, solvus 
is r ea sonab ly  accura te .  The r e s u l t s  at 0 pct Fe agree  
wel l  with the d e t e r m i n a t i o n s  of Bechtoldt  and Vacher  5 
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Table III. Solvus Tie-Line Intercepts for Ni-Cr-FeAIIoys, Wt Pct 

~'/~'+ ~ ~1~ + a' 

Fe Cr Fe Cr 
Temperature, 

~ C 

1204 0.0 70.0 0.0 47.0 
1204 8.5 64.0 10.0 42.5 
1204 22.8 57.0 20.0 39.0 
1204 26.2 51.6 29.8 36.0 
1204 35.6 46.5 38.2 33.0 

1260 0.0 64,0 0.0 48.0 
1260 7.6 58.8 8.1 44.0 
1260 16.6 53.8 18.0 40.0 
1260 27.0 48.5 28 0 35.0 
1260 38.0 42.4 38.0 33.0 

and Svechnikov and Pan .  6 It  i s  m o s t  i m p o r t a n t  to e m -  
phas i ze  that  the r e s u l t s  of these  au thor s  and the 
p r e s e n t  inves t iga t ion  show that  the so lub i l i t y  of V 
in c~' a t  1204 ~ and 1260~ (2200 ~ and 2300~ i s  s i g n i -  
f i can t ly  h igher  ( some 12 wt pct)  than p r e s e n t l y  quoted 
in Hansen .  4 

Effect  of T i t an ium on the y / y  + a '  Solvus 

The effect  of 0.5 and 1.5 pc t  T i  on the y / y  + or' 
so lvus  at  0, 10, and 20 pc t  F e  is  i l l u s t r a t e d  with 
i sop le th s  in F i g .  4. At  0.5 pc t ,  T i  had a g e n e r a l  
un i fo rm ef fec t  of s t ab i l i z i ng  the a '  o r  c o n v e r s e l y  
d e c r e a s i n g  the so lub i l i t y  of a '  in y ove r  the e n t i r e  
r ange  of t e m p e r a t u r e s  s tud ied ,  816 ~ to 1260~ (1500 ~ 
to 2300~ I n c r e a s i n g  t i t an ium to 1.5 pc t  tended to 
fu r the r  move the 3'/~ + a '  so lvus  to lower  c h r o m i u m  
con ten t s ,  p a r t i c u l a r l y  below about 1095~ (2000~ 
At  h igher  t e m p e r a t u r e s  th is  l eve l  of t i t an ium had 
l i t t l e  fu r the r  e f fec t  on the so lvus  than did the 0.5 
pc t  addi t ion .  In addi t ion to affect ing the pos i t i on  of 
y / y  + cy' so lvus ,  1.5 pc t  Ti  a l so  r e s u l t e d  in the f o r m a -  
tion of a n e e d l e -  or  p l a t e - l i k e  p h a s e ,  t en ta t ive ly  i d e n -  
t i f ied  as  ~?-Ni3Ti, a t  816 ~ and 899~ (1500 ~ and 1650~ 

Fig. 5 - -Micrograph  i l l u s t r a t i ng  an a c i e u l a r  phase ,  p robab ly  
rT-NiaTi, in a Ni-24 pet  Cr -20  pet  F e - l . 5  pet  Ti a l loy at  
899~ (1650~ F). 

An example  of the p r e c i p i t a t i o n  of th is  phase  is  g iven 
in F i g .  5. 

Effect  of A1, Si, and Nb on the y / y  + or' Solvus 

The  ind iv idua l  e f fec t s  of 2 pc t  A1, 1 pc t  Si ,  and 1 
pc t  Nb on the y / y  + a '  so lvus  a r e  shown in F i g .  6 
for  a l loys  conta ining 20 pc t  F e .  A l l  t h r e e  add i t ions  
s t a b i l i z e d  the a '  phase  in a manne r  s i m i l a r  to t i t a -  
n ium.  I t  i s  i n t e r e s t i n g  to note in F i g .  6 that  the 
addi t ion  of 2 pc t  A1 was  twice  as  e f fec t ive  as  the 1 
pc t  Si or  Nb add i t ions .  In o ther  w o r d s ,  the e f fec t s  
s e e m e d  to be somewha t  p r o p o r t i o n a l  to the weight  
p e r c e n t a g e s  of the e l e m e n t s  added .  No new p h a s e s  
w e r e  o b s e r v e d  in any of the me t aUograph i c  s a m p l e s  
as  a r e s u l t  of the A1, Si ,  and Nb add i t ions .  
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Fig. 6--Effect of A1, Si, and Nb on the 3,/7 + o~' solvus for alloys containing 20 pct Fe. 

S U M M A R Y  AND CONCLUSIONS 

The positions of the y/y + (~' solvus for nickel- 
rich Ni-Cr-Fe alloys containing 0 to 40 pct Fe have 
been determined from 816 ~ to 1260~ (1500 ~ to 2300~ 
to  w i th in  2 w t  p e t  C r .  In  add i t i on ,  the  i n d i v i d u a l  
e f f e c t s  of T i ,  A1, Si ,  and Nb on the p o s i t i o n  7 / 7  + a '  
s o l v u s  have  b e e n  d e t e r m i n e d .  The  r e s u l t s  show that :  

1) T i ,  A1, S i ,  and Nb a l l  s t a b i l i z e  the  ~ '  p h a s e .  
T h e  e f f e c t  of 1.5 p c t  T i  i n c r e a s e s  wi th  d e c r e a s i n g  
t e m p e r a t u r e  w h i l e  the e f f e c t  of 0.5 p c t  T i  d o e s  no t  
change  wi th  t e m p e r a t u r e .  In a l l  o t h e r  c a s e s ,  s t a b i l i -  
z a t i o n  of el '  w a s  u n i f o r m  o v e r  the e n t i r e  t e m p e r a t u r e  
r a n g e  s t ud i ed .  

2) In  a l l o y s  con ta in ing  1.5 p c t  T i  an add i t i ona l  
p h a s e ,  s u g g e s t e d  to be  ~ -Ni3Ti ,  w a s  d e t e c t e d  a t  816 ~ 
and 899~ (1500 ~ to 1650~ 

3} T h e  e l e c t r o n  m i c r o p r o b e  a n a l y s i s  u s e d  to d e t e r -  
m i n e  the  ~ ' / a '  + y s o l v u s  a t  1204 ~ and 1260~ (2200 ~ 
and 2300~ i n d i c a t e d  tha t  the  s o l u b i l i t y  of y in a '  
f o r  i r o n - f r e e  a l l o y s  a t  t h o s e  t e m p e r a t u r e s  w a s  s i g -  
n i f i c a n t l y  g r e a t e r  than p r e s e n t l y  quo ted  in H a n s e n .  4 

4) T h e  p r e s e n c e  of q p h a s e  cou ld  not  be  d e t e r m i n e d  
u n a m b i g u o u s l y  u s i n g  a s e l e c t i v e  s t a in  e t c h a n t .  

A C K N O W L E D G M E N T  

T h e  a u t h o r s  w i s h  to a c k n o w l e d g e  the c o n t r i b u t i o n s  
of D r .  J .  S. B e n j a m i n  and G.  D.  F a r n i n g h a m  in m a k i n g  
the  a l l o y s  and p e r f o r m i n g  the m i c r o p r o b e  a n a l y s e s  
r e s p e c t i v e l y .  
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