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S t ruc tu r a l  a n a l y s e s  w e r e  p e r f o r m e d  on a l loy  p a r t i c l e s  of c h r o m i u m - r i c h  C r - N i ,  C r - F e ,  
C r - C o ,  and C r - N i - F e  s y s t e m s .  F i n e  a l loy  p a r t i c l e s  (100 to 1000~ in d i a m e t e r )  w e r e  p r e -  
p a r e d  by evapo ra t i on  of pa r en t  a l l oys  in a rgon  at  20 t o r r .  In addi t ion ,  a l loy  s t r u c t u r e s  of 
bulk s p e c i m e n s  of the  C r - N i  s y s t e m  w e r e  inves t iga t ed  us ing  X - r a y  d i f f rac t ion  t echn iques  to 
conf i rm the r e s u l t s  obta ined f rom the  p a r t i c u l a t e  a l l oys .  In t hese  b i n a r y  s y s t e m s ,  5 p h a s e  
with W30 s t r u c t u r e  (A-15) and a phase  with f l -uran ium s t r u c t u r e  (D~) w e r e  iden t i f i ed  in ad -  
di t ion to the  ot (bcc) and ~ (fcc) t e r m i n a l  so l id  so lu t ions .  The  compos i t i ona l  r a n g e s  for  the  
a phase  in the  C r - N i ,  C r - F e ,  and C r - C o  s y s t e m s  a r e  f rom low ch romium to 68, 63.4, and 
62.1 wt pc t  C r ,  r e s p e c t i v e l y .  The 5 phase  e x i s t s  in the  r ange  f rom pu re  c h r o m i u m  to 68, 58, 
and 54 wt pct  C r  in the  r e s p e c t i v e  C r - N i ,  C r - F e ,  and C r - C o  a l loy  s y s t e m s .  S i m i l a r l y ,  in 
the C r - N i - F e  s y s t e m ,  it was  found tha t  5 phase  o c c u r s  in the  c h r o m i u m  c o r n e r  whi le  
phase  e x i s t s  in the reg ion  b r idg ing  the  two b i n a r y  a p h a s e s  of the  C r - N i  and C r - F e  s y s t e m s .  
P o s s i b l e  modi f i ca t ion  of phase  d i a g r a m s  of t he se  s y s t e m s  i s  d i s c u s s e d  in view of t h e s e  
r e s u l t s .  

C HROMIUM, an i nd i spensab l e  a l loy  add i t ive  to v a r i -  
ous h e a t - r e s i s t i n g  a l l oys  and s t a i n l e s s  s t e e l s ,  ha s  been  
the sub jec t  of d i spu te  for  many  i n v e s t i g a t o r s  a s  to 
whe the r  o r  not i t  p o s s e s s e s  an e l e v a t e d - t e m p e r a t u r e  
a l l o t r o p i c  phase .  As  a r e s u l t ,  for  example ,  two d i f f e r -  
ent v e r s i o n s  of the p h a s e - e q u i l i b r i u m  d i a g r a m  for  the  
b i n a r y  C r - N i  s y s t e m  a r e  ava i l ab l e  today ,  i . e . ,  

1) A s i m p l e  eu tec t i c  d i a g r a m  1-7 

L iq .  ~ a - C r  (bcc) and y - N i  (fcc) 

2) A d i a g r a m  cons i s t i ng  of a eu tec t ic  and a e u t e c -  
to ld  s-lo 

Liq .  ~ f l -Cr  (fcc) and ~-Ni  (fcc) 

~ - C r  (fcc) ~- c t -Cr  (bcc) + ~-Ni  (fcc) 

The l a t t e r  v e r s i o n ,  r e p o r t e d  f i r s t  by Stein and Gran t ,  9 
i nd i ca t e s  the ex i s t ence  of the  a l l o t rop i c  H - c h r o m i u m  
phase  (fcc, a = 3.68.~) above  1840~ and the  p r e s e n c e  
of a eu tec to id  r e a c t i o n  at  68 wt pc t  Cr  and at  1215~ 
W y d e r  e t  a l .  ~ and B a r e ,  12 who l a t e r  conducted h igh-  
t e m p e r a t u r e  X - r a y  d i f f r ac t ion  s tud ies  on h i g h - c h r o -  
mium a l loys  in the C r - N i  s y s t e m  did not con f i rm  the 
ex i s t ence  of the ~ - C r  phase  p r o p o s e d  by Stein and 
Gran t .  They both concluded that  a s i m p l e  eu tec t ic  d i a -  
g r a m  was  va l id  fo r  the  C r - N i  b ina ry  s y s t e m .  M o r e  
r e c e n t l y ,  however ,  Kimoto  and Nish ida  ~3 p r e p a r e d  f ine -  
p a r t i c l e  s p e c i m e n s  of c h r o m i u m  by vapo r i z ing  i t  in a 
l o w - p r e s s u r e  a rgon  a t m o s p h e r e  and conducted the  
s t r u c t u r a l  a n a l y s i s  us ing  both e l ec t ron  and X - r a y  d i f -  
f r ac t i on  techniques .  They  r e p o r t e d  that  a new a l l o -  
t r o p i c  5 - C r  phase  (bcc) was  i s o s t r u c t u r a l  with WaO. 

If th i s  phase  ac tua l ly  e x i s t s  in c h r o m i u m ,  i t  should  
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be present also in alloy systems such as Cr-Ni. With 
this assumption the authors investigated the Cr-Ni, 
Cr-Fe, Cr-Co, and Cr-Ni-Fe systems by duplicating 
the experimental methods employed by Kimoto and 
Nishida. 

Kimoto and Nishida found that the fine chromium 
particles obtained by vaporization in a mixture of 6 
torr of argon and 0.I torr of air were a-Cr (bcc; 
ao = 2.88A). On the other hand those metal particles 
produced in pure argon were found to possess a new 
crystal structure. The structure of the new modifica- 
tion of chromium, designated 5 phase, was determined 
to be of a simple cubic lattice with a = 4.588A. This 
structure has the disordered atomic arrangement de- 
rivable from the A-15 type (or W30 type) structure, 
Fig. i. Table I shows the X-ray diffraction results for 
the 5-Cr phase which were reported by Kimoto and 
Nishida. The reflections designated by (s) in the table 
are those caused by the A-15 type structure while other 
reflections are those produced by the aforementioned 
disordered structure. These investigators reported 
also that the new modification transformed to the or- 
dinary bcc form (a-Cr phase) above 400~ 

Although the data obtained in the Cr-Ni, 14'15 Cr-Fe, 15 
and Cr-Co 15 binary systems were published previously 
in Japan, it was considered pertinent to redescribe the 
results in this paper along with the data on the Cr-Ni- 
Fe system. 

EXPERIMENTAL 

Starting Materials and Alloy Ingots 

High-purity chromium (99.999 pct, supplied by John- 
son Matthey and Co.), nickel (99.98 pct purity), cobalt 
(99.8 pct purity), and electrolytic iron which was an- 
nealed in dry hydrogen were used in the study. Alloy 
additions to chromium were made at 5 to I0 wt pct or 
at. pct increments. Button ingots ranging from 5 to 20 

METALLURGICAL TRANSACTIONS VOLUME 3, APRIL 1972-887 



x/ 

( 
z 

F i g .  1 - - A - 1 5  t y p e  s t r u c t u r e .  

Table I. Diffraction Lines of $-Cr (Kimoto et al.) 

N dob s , A 
(h 2 + k 2 + 12) h k I (Mo-K~) dca I , A 

1 I0O - 4.588 
2 110 - 3.244 
3 111 - 2.649 
4 200~) 2.300 2.294 
5 210~) 2.049 2.052 
6 211~) 1.873 1.873 
8 220 1.611 1.622 
9 300 - - 

10 310 1.441 1.451 
11 311 1.387 1.383 
12 222~) 1.327 1.324 
13 320~) 1.274 1.272 
14 321~) 1.226 1.226 
16 400~) 1.145 1.147 
17 410 - 1.113 

g in s i z e  we re  p r e p a r e d  by e i t h e r  a r c  me l t ing  o r  p l a s m a  
je t  in h igh -pu r i t y  a rgon  (99.9 pct  pur i ty )  a t m o s p h e r e .  

P r e p a r a t i o n  of F ine  Al loy  P a r t i c l e s  

The  a p p a r a t u s  c o n s t r u c t e d  for  p r e p a r a t i o n  of a l loy  
p a r t i c l e s  cons i s t ed  of a p y r e x  be l l  j a r ,  a t u n g s t e n - w i r e  
h e a t e r  (in conica l  b a s k e t  shape) ,  a copper  mesh  b a c k e d  
by  ca rbon  f i lm (commonly  used  in e l e c t r o n  m i c r o s c o p y )  
and the n e c e s s a r y  vacuum s y s t e m  and e l e c t r i c  power  
s o u r c e  a s  shown in F ig .  2. Each a l loy  weighing f rom 
0.2 to 0.5 g was p l aced  in the  tungsten ba ske t .  The s y s -  
t e m  was  f i r s t  evacua ted  down to about 2 • 10 -5 t o r t  
and b a c k - f i l l e d  with a rgon  to a p r e s s u r e  of about  20 
t o r t .  The  a l loy  cha rge  was  then hea ted  to me l t i ng  for  
evapora t i on .  The c u r r e n t  r e q u i r e m e n t  was  a round  
20 a m p .  

V a p o r  was  condensed  onto the  inner  wal l  of the  be l l  
j a r  o r  caught by the ca rbon  m e s h .  The wal l  t e m p e r a -  
t u r e  did  not exceed  100~ The condensa te  was  s c r a p e d  
off the  wal l  us ing a c lean  r u b b e r  s c r a p e r  for  X - r a y  

~ ,  ~/Mercury High. Purity 
e" 

~ ~Vaporization Chamber 
~Sheet Mesh Holder 

~ W - c o n i c ~ l  Heater  

| I .cl 
Source 
O- 50v 

Vacuum Pump 
F i g .  2 - - S c h e m a t i c  d i a g r a m  of  a p p a r a t u s  f o r  e v a p o r a t i n g  f i n e  
p a r t i c l e s .  

Ar 

d i f f rac t ion  a n a l y s i s .  The fine s o o t - l i k e  s a m p l e  was  
mixed  with c o l l o d i o n - e t h e r  so lu t ion ,  coa ted  onto a thin 
s i lk  t h r e a d ,  and d r i e d .  Thin n e e d l e - l i k e  s p e c i m e n s  
w e r e  a p p r o x i m a t e l y  0.5 m m  in d i a m e t e r .  The a l loy  p a r -  
t i c l e s  caught by the  carbon  m e s h  s p e c i m e n  r e c e i v e r  
w e r e  sub j ec t ed  to e l e c t r o n  m i c r o s c o p i c  examina t ion .  

S t r u c t u r a l  A n a l y s i s  

In X - r a y  d i f f r ac t ion  a n a l y s i s  the  a l l oy  s p e c i m e n s  
w e r e  exposed  to CrK~  rad i a t i on  e i t h e r  in a 114.6 o r  
57.3 m m  D e b y e - S c h e r r e r  c a m e r a .  The  e x p o s u r e  t i m e  
ranged  f r o m  12 to 24 h r  at  40 kv and 10 ma .  In add i -  
t ion,  an e l e c t r o n  m i c r o s c o p e  (HU-11D Model)  was  e m -  
p loyed for  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p i c  e x a m i n a -  
t ion and s e l e c t e d - a r e a  e l e c t r o n  d i f f r ac t i on .  Some of 
C r - N i  a l l oys  in bulk fo rm w e r e  a l s o  sub jec t ed  to h igh-  
t e m p e r a t u r e  X - r a y  d i f f rac t ion  a n a l y s i s .  

RESULTS AND DISCUSSION 

As a p r e l i m i n a r y  check,  s e v e r a l  s a m p l e s  of C r - N i  
a l loy  p a r t i c l e s  w e r e  ana lyzed  by X - r a y  m i c r o a n a l y s i s .  
The r e s u l t s  a r e  a s  fo l lows:  

Chromium~ Wt Pc t  

Cha rged  A n a l y z e d  

75 75.9 

68 68.1 

60 58.4 

40 40.2 

35 35.5 

No p r e f e r e n t i a l  evapora t ion  of c h r o m i u m  was  evident  
in t hese  a l l o y s .  F u r t h e r m o r e ,  tungsten contamina t ion  
f rom the h e a t e r  was  not de t ec t ed .  
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Fig. 3 - -X-ray  D e b y e - S c h e r r e r  pat terns  
of Cr-Ni  a l loy  par t i c l e s .  

It w a s  observed  that each part ic le  showed faint e x -  
t inct ion contours  and w a s  a s s u m e d  to c o n s i s t  of a s ingle  
c r y s t a l .  The morphology  of the al loy p a r t i c l e s  obtained 
in this  study was  s i m i l a r  to that of pure c h r o m i u m  par -  
t i c l e s  reported  by Kimoto  e t  a l .  lz 

X - R a y  Diffract ion Data 

1) THE CrrNi  SYSTEM 

Six a l loys  w e r e  prepared  and studied in the C r - N i  
s y s t e m  in the compos i t iona l  range f rom 85 to 40 wt pct 
Cr.  X - r a y  f i l m s  obtained for these  a l loys  are  c o m p a r e d  
in F ig .  3 in which p h a s e s  and hkl  indices  are  ident i f ied.  

Tables  II through V tabulate the X - r a y  data obtained 
for 85, 68, 50, and 40 wt pct C r - N i  a l loys .  A s  can be 
s e e n ,  the observed  sin20 v a l u e s  are  in a g r e e m e n t  with 
the calculated ones .  The identif ied phases ,  the ir  la t t i ce  
type  and lat t ice  p a r a m e t e r s  in the C r - N i  a l l oys  are  
s u m m a r i z e d  in Table VI.  

In addition to the a and ~ t ermina l  so l id  so lu t ions ,  
the e x i s t e n c e  of the 6 phase  (WzO-type s tructure )  and 
the ~ phase  (/3-U-type s tructure)  was  e s tab l i shed .  The 
fcc  t3 phase  reported  f i r s t  by Grant and his  c o w o r k e r s  
w a s  not found in any of t h e s e  a l l oys  inves t igated .  The 
5 phase  presented  in Table  II was  de termined  in the 
a l loy  containing 85 wt pct Cr.  The diffract ion l ines  for 
this  phase coincided with only those  strong l i n e s  of the 
5 -Cr  phase  reported  by Kimoto  and Nishida lz ( d e s i g -  
nated with s in Table I). T h e s e  l ines  matched  v e r y  
we l l  with those  of the normal  A - 1 5  s t ruc ture .  It i s  con-  
s i d e r e d  there fore  that the addition of n icke l  p r o v i d e s  
re s tra in t  on d i sorder ing  of the 5 -Cr  phase f r o m  the 
A - 1 5  type stTucture.  The s a m e  reasoning can be ap-  
pl ied  to the C r - F e  and C r - C o  s y s t e m s ,  as  wi l l  be d i s -  
c u s s e d  la ter .  The la t t i ce  p a r a m e t e r s  of the 5 - C r  phase  
continuously  d e c r e a s e  with increas ing  n icke l  contents ,  
s e e  Table VI.  

The ~ phase was  found to e x i s t  in the a l l oys  contain-  
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Table II. X-ray Diffraction Data for 85 Wt Pct Cr-Ni Alloy 

6 

dobs. lob s Index sin 20ob s sin 20ca I Index Note 

2.290 w 0.250 0.249 200 
2.235 vw 

2.044 w 0.314 0.312 210 
2.031 vs 110 

1.870 m 0.375 0.374 211 
1.439 s 200 

1.320 vw 0.752 0.748 222 
1.290 vw 

K d = 2.034 
/3' (110) 

K d = 1.175 
t3'(211) 

1.272 vw 0.810 0.811 320 
1.226 w 0.872 0.873 321 

1.176 vs 211 
lattice Parameter, A a = 2.881 a = 4.588 

Table III. X-ray Diffraction Data for 68 Wt Pet Cr-Ni Alloy 

Index Index sm 20obs. sin 20ca I Index dobs. lobs. 

2.290 w 200 0.250 0.240 002 

2.152 w 0.283 0.288 410 
2.090 vw 0.300 0 305 330 

2.047 w 210 

2.037 s 110 0.317 0.308 202 
1.984 vw 0.330 0.325 212 

1.945 vw 0.346 0.348 411 

1.897 vw 0 364 0.365 331 

1.870 vw 211 0 375 0.376 222 

1.774 w w  0 416 
1.437 w 200 0.635 0 636 531 

1.268 w w  320 
1.241 w w  0.839 0.829 413 

1.223 w w  321 0.876 0.867 612 

1.171 s 211 0.956 0 957 721 

Lattice parameter, A a = 2.877 a = 4 584 a = 8.82s c/a= 
c = 4.598 0.521 
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Fig .  4 - - H i g h  t e m p e r a t u r e  D e b y e - S e h e r r e r  
p a t t e r n s  of  68  w t  p e t  C r - N i  a l l o y .  (a) A t  
a b o u t  1250~ (b) a t  r o o m  t e m p e r a t u r e  
a f t e r  c o o l i n g  f r o m  1250~  

Table IV. X-ray Diffraction Data for 50 Wt Pct Cr-Ni Alloy 

(x o 9' 

dob s lob s Index Index Index 

2.282 ww 002  
2.111 vvw 410 
2 068 m 330 
2.033 vs 110 202 
1.971 ww 212 
1.932 vvw 411 
1.888 vvw 331 
1.829 ww 222 
1.789 vw 312 
1.436 m 200 531 
1.266 m 
1.171 vs 211 721 

LatUce parameter, A a = 2.873 a = 8 81s 
c = 4 578 

c/a=0519 

l l l  

200  

220 

a = 3 .591  

Table V. X-ray Diffraction Data for 40 Wt PCt Cr-Ni Alloy 

7 
dob s lob s Index Index Note 

2.201 ww unknown 
2 072 s 111 
2.032 vs 110 
1.897 vw unknown 
1.803 w 200  
1.435 vw 200  
1.264 w 220 
1.170 s 211 

LatUce parameter, A a = 2 871 a = 3.590 

Table Vl. Lattice Parameters of Various Phases in Cr-Ni Alloys (a and c in A.) 

Lattice Chromium, Wt Pet 

Phase Type 85 75 68 60 50 40 

A2 a=2.881 a=2.879 a=2.877 a=2.872 a=2.873 a=2.87] 
5 AI5  a = 4 5 8 s  a=4.587 a=4.584 - - 
o Dab -- a=8.82s a=8.82o a=8.81s - 

c = 4 5 9 s  c=4567  c=4.57s 
c/a= c/a= c/a= 
0 .5 2 1  0 . 5 1 s  0 . 5 1 9  

7 AI  - - - a=3.591 a=3.589 a=3.59o 

ing 68, 60, and 50 wt pc t  C r  though it was  m o s t  p r e -  
dominan t  in the 68 wt pe t  C r  a l loy .  Th i s  phase  i s  t e t -  
r a gona l  and i t s  ax ia l  r a t i o s ,  d e t e r m i n e d  f rom s e v e r a l  
h igh -ang le  r e f l e c t i o n s ,  w e r e  a p p r o x i m a t e l y  0.52. 

The a phase ,  commonly  found in a l l oys  of the  t r a n s i -  

Wt % Cr 
o I0 20 30 40 50 60 70 80 90100 

1 9 0 0  

1800  

1700  

1600  

0 1500  
o 

14 O0 
I.U 

~ 1 3 0 0  

1- 
1200  

D: 
h i  I 1 0 0  
G. 

I 0 0 0  
LU 
I-- 900 

==-: : - .  

7 

L 

/ 
I 

/ 
/ 

/ /  i I 
/ / /  i I 

/ I 

' /8 

800 ' -  ." ' 

7 0 0  - 

6 o o  - 

5 0 0  - 

I I I ~ I I I I I 
o l0 20 30 40  50 60  70 80 90 Ioo 

Ni at  % C r  Cr 
- 0  0 0 , 0 , - - - 0  o (31 

-o - - - -o  o 8 

- o  o 0 - - - 6 "  

- - - 0  C 0 - - - -  ~" 

Fig .  5 - - T e n t a t i v e  p h a s e  d i a g r a m  f o r  C r - N i  s y s t e m ,  c o n -  
s t r u e t e d  on  t h e  b a s i s  of  t h e  d e t e r m i n e d  c o m p o s i t i o n a l  r a n g e s  
f o r  p h a s e  o c c u r r i n g .  

t ion m e t a l s  of the  f i r s t  long p e r i o d ,  was  f i r s t  d i s c o v -  
e r e d  in C r - F e  a l l o y s .  18 The  f o r m a t i o n  of th i s  phase  
has  s ince  been  con f i rmed  in many  o the r  a l loy  s y s t e m s .  
However ,  a f o r m a t i o n  in the  C r - N i  s y s t e m  has  not been  
a s c e r t a i n e d .  Beck et al. ~7 s u g g e s t e d  a f t e r  conclus ion  
of t h e i r  i nves t iga t ion  of the  C r - N i - M o  s y s t e m  that  the  
a phase  might  be  found at  a p p r o x i m a t e l y  70 at .  pe t  Cr  
in the  C r - N i  b i n a r y  s y s t e m .  Sul ly 18 p r e d i c t e d  a l so  the  
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Fig. 6--X-ray Debye-Scherrer patterns 
of Cr-Fe alloy particles. 

Fig. 7--X-ray Debye-Scherrer patterns of a phase 
in 48.2 wt pct Cr-Fe alloy. (a) Particles; (b) bulk 
specimen. 

~-phase  format ion  in the 70 at .  pct Cr -Ni  al loy on the 
ba s i s  of theory of the e lec t ron ic  concent ra t ion  in the 
t r ans i t i on  meta l s .  S c h i l l e r  and Schwaab 19 repor ted  the 
p r e sence  of the a phase in vacuum-depos i t ed  C r - N i  
al loy f i lm: it is  only the exper imenta l ly  de t e rmined  
evidence.  /In the i r  review paper  on the a phase Hall  
and Algie 2~ suspected  that the repor ted  cr fo rmat ion  in 
the Cr -Ni  thin f i lm might  be due to the p r e s e n c e  of 
i m p u r i t i e s .  To a s c e r t a i n  whether  ~ fo rmat ion  in the 
C r - N i  a l loys  would occur  only under  an ex t r eme  condi -  

t ion,  such as  in vapor ized  fine al loy pa r t i c l e s ,  bulk 
spec imens  were  studied also us ing h i g h - t e m p e r a t u r e  
X - r a y  di f f ract ion technique.  

Need le - l ike  spec imens  were  p r e p a r e d  as  follows: 
f i r s t ,  by e l e c t r i c - d i s c h a r g e  technique ,  about 1 m m  
diam by 10 m m  length spe c i me ns  were  removed f rom 
button alloy ingots and, second,  f inal  d imens ions  of 0.3 
to 0.5 m m  diam were  obtained by e lec t ro ly t ic  pol ishing.  
The spe c i me ns  thus p r epa red  were  held in AlzO3 tubing 
and were  exposed to X - r a y s  in  a h i g h - t e m p e r a t u r e  
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Table VII, Lattice Parameters of Various Phases in Cr-Fe Alloys (a and c in A) 

L a t t i c e  C h r o m i u m ,  W t  P c t  

P h a s e  T y p e  9 4 . 7  8 4 . 0  7 3 . 6  6 3 . 4  5 8 . 3  5 3 . 2  4 8 . 2  

a A 2  a = 2 . 8 7 8  a = 2 .876  a = 2 .872  a = 2 . 8 7 2  a = 2 .873  a = 2 . 8 7 0  a = 2 . 8 7 0  

6 A 15 a = 4 . 5 8 6  a = 4 . 5 7 a  a = 4 . 5 6 s  a = 4 . 5 5 s  a = 4 . 5 5 7  - - 

o DSb - -  - -  - -  a = 8 . 8 2  a = 8 . 8 3  a = 8 . 8 0  a = 8 . 8 4  

c = 4 , 5 6  c = 4 . 5 7  c = 4 . 5 5  c = 4 . 5 8  

c[a=0,517 c/a=0.517 c/a=0.517 c/a=0.518 
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Fig. 8--Tentative phase diagram for Cr -Fe  system, con- 
structed on the basis of the determined compositional ranges 
for phases occurring. 

c a m e r a  wRh a molybdenum h e a t e r .  The flow of h igh-  
pu r i ty  H2 gas  was  m a i n t a i n e d  at  about 150 cu cm p e r  
min  dur ing  the e x p e r i m e n t .  The c a m e r a  t e m p e r a t u r e  
was  he ld  above 1250~ and the t e m p e r a t u r e  m e a s u r e -  
men t  was  conducted by op t i ca l  p y r o m e t r y .  

A h i g h - t e m p e r a t u r e  X - r a y  f i lm of a 68 wt pct  C r - N i  
a l loy  a s  wel l  a s  a r o o m - t e m p e r a t u r e  X - r a y  f i lm  of the  
s a m e  s p e c i m e n ,  which w a s  cooled to room t e m p e r a -  
t u r e  in the  H2 s t r e a m  b e f o r e  exposu re ,  a r e  shown in 
F i g s .  4(a) and 4(b), r e s p e c t i v e l y .  The e l eva t ed  t e m p e r -  
a t u r e  X - r a y  photograph e x h i b i t s a  t e t r a g o n ~  p a t t e r n  
with l a t t i c e  p a r a m e t e r s  a = 8.80A, c = 4.55A, and 

8 9 2 - V O L U M E  3 ,  A P R I L  1 9 7 2  

c / a  = 0.52, ind ica t ing  that  the phase  i s  a.  On the o t h e r  
hand, the  r o o m  t e m p e r a t u r e  d i f f r ac t i on  p a t t e r n  con-  
s i s t s  of two p h a s e s ,  5 (a = 4.55A) and a s m a l l  amount  
of a.  It i s  t h e r e f o r e  concluded that  t h e r e  ex i s t s  a h igh-  
t e m p e r a t u r e  s t a b l e  r eg ion  for  the  a phase  in the C r - N i  
s y s t e m .  I t s  r e t en t ion  at room t e m p e r a t u r e  i s  due to a 
r a p i d  quenching of the s p e c i m e n  in the  H2 s t r e a m .  

F ig .  5 i l l u s t r a t e s  the  modi f i ed  C r - N i  phase  d i a g r a m  
p r o p o s e d  on the b a s i s  of the e x p e r i m e n t a l  da t a  ob ta ined  
thus  f a r .  Inc luded  in the d i a g r a m  a r e  the  phase  r e g i o n s  
d e t e r m i n e d  fo r  each  phase  o c c u r r i n g  in the  s y s t e m .  

2) THE C r - F e  SYSTEM 

Seven C r - F e  b i n a r y  a l l oys  conta in ing f rom 94.7 to 
48.2 wt pc t  C r  w e r e  p r e p a r e d  for  the  s tudy of th i s  s y s -  
t em .  F ig .  6 i s  inc luded for  c o m p a r a t i v e  v iewing of the 
d i f f r ac t ion  p a t t e r n s  of t h e s e  a l l o y s .  In F ig .  7 the 
phase  ( s ing le  phase)  obta ined  f r o m  a bulk 48.2 wt pc t  
C r - F e  a l loy  i s  c o m p a r e d  with tha t  f r o m  the p a r t i c u l a t e  
a l loy.  The d i f f r ac t ion  p a t t e r n s  fo r  the  a phase  in both 
s p e c i m e n s  a r e  in good a g r e e m e n t .  T h e r e f o r e  no d i f -  
f e r e n c e  in the  l a t t i c e  p a r a m e t e r s  and the  compos i t ion  
of the  a p h a s e  i s  d i s c e r n i b l e  be tween  the  bulk s p e c i -  
men  and the p a r t i c u l a t e  a l loy  s p e c i m e n .  

The p h a s e s  and t h e i r  l a t t i c e  p a r a m e t e r s ,  ident i f ied  
in t h e s e  seven  C r - F e  a l l oys ,  a r e  t abu la t ed  in Tab le  
VII.  A mod i f i ed  phase  d i a g r a m  fo r  the  C r - F e  s y s t e m  
is  p r e s e n t e d  in F ig .  8, in which the  phase  r e g i o n s  de -  
t e r m i n e d  fo r  v a r i o u s  p h a s e s  a r e  shown a l so .  The C r -  
F e  s y s t e m  has  a cont inuous so l id  so lu t ion  (~ phase)  
ove r  the  e n t i r e  compos i t ion .  The 5 phase  i s  f o r m e d  in 
the compos i t i on  r ange  g r e a t e r  than 58.3 wt pc t  C r .  I t s  
l a t t i c e  p a r a m e t e r s  a r e  found to d e c r e a s e  with i n c r e a s e  
in i ron  content .  

The a p h a s e  o b s e r v e d  to o c c u r  in a l l oys  containing 
l e s s  than 63.4 wt pct  Cr  i s  c o n s i d e r e d  to be the p r e -  
c ip i t a t e s  f rom the ~ phase  dur ing  cool ing of the p a r -  
t i cu l a t e  a l l o y s .  The  l a t t i ce  p a r a m e t e r s  obta ined for  
the  ~ p h a s e  a r e  in a c c o r d  with t h o s e  r e p o r t e d  by 
P r e s t o n . ~  

3) THE C r - C o  SYSTEM 

In the C r - C o  s y s t e m  seven  a l l oys  whose  c h r o m i u m  
contents  r anged  f rom 83.3 to 37.0 wt pc t  w e r e  i n v e s t i -  
ga ted .  X - r a y  f i l m s  obta ined f rom t h e s e  a l loys  can be 
v iewed in F ig .  9 whi le  the  l a t t i c e - p a r a m e t e r  da ta  a r e  
s u m m a r i z e d  in Table  VIII.  A t en t a t i ve  C r - C o  b i n a r y  
phase  d i a g r a m  cons t ruc t ed  on the b a s i s  of the  e x p e r i -  
men ta l  da t a  i s  shown in F ig .  10. 

In the  C r - C o  s y s t e m ,  s i m i l a r  to  the  C r - N i  s y s t e m ,  
four  p h a s e s  w e r e  obse rved :  ~ ,  5, a,  and 7. E l s e a  and 
co l l eagues  22 p r o p o s e d  the e x i s t e n c e  of 5 phase ,  an e l e -  
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Fig. 9--X-ray Debye-Scher re r  pat terns  
of Cr-Co alloy par t ic les .  
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Table VII I .  Lattice Parameters of Various Phases in Cr-Co Alloys (a and c in A) 

Lattice Chromium, Wt Pct 

Phase Type 83.3 72.6 62.1 53.9 51,9 46.9 37.0 

t~ A2 a = 2.87s a = 2.87t a = 2.868 a = 2.866 a = 2.866 a = 2.861 a = 2.859 
5 A 15 a = 4.57~ a = 4.562 a = 4.559 a = 4.558 -- -- -- 
o Dab - - a = 8.74 a = 8.84 a = 8.80 a = 8.79 a = 8.83 

c = 4.55 c = 4.56 c = 4.57 c = 4.56 c = 4.57 
c/a=0.520 c[a=0.516 c[a=0.519 c/a=0.519 c/a=0.518 

7 A 1 . . . . . .  a = 3.56 

v a t e d - t e m p e r a t u r e  i n t e r m e d i a t e  p h a s e  (of unknown  
s t r u c t u r e )  w h i c h  i s  s i t u a t e d  at  Co2Crs (about  57 p c t  Cr )  
and  s t a b l e  a t  t e m p e r a t u r e s  g r e a t e r  t h a n  abou t  1300~ 
T h e y  did  not  f ind  t h e  h i g h - t e m p e r a t u r e  m o d i f i c a t i o n  of  
c h r o m i u m  p r o p o s e d  by  G r a n t  e t  a l .  T h i s  i n v e s t i g a t i o n  
a l s o  d id  not  c o n f i r m  t h e  p r e s e n c e  of a p h a s e  c o r r e -  
s p o n d i n g  to  t he  f c c / 3  p h a s e  a s  d e s c r i b e d  e a r l i e r  in t h e  
C r - N i  s y s t e m .  

T h e  6 p h a s e  of  W30 s t r u c t u r e  w a s  d e t e r m i n e d  to  
e x i s t  in  th~s s y s t e m  in t h e  c o m p o s i t i o n  r a n g e  g r e a t e r  
t h a n  53.9 wt  pc t  C r .  In v i e w  of t h e  f a c t  t h a t  i t s  l a t t i c e  
p a r a m e t e r s  c h a n g e  c o n t i n u o u s l y  w i t h  c h r o m i u m  c o n -  
t e n t ,  i t  i s  d e e m e d  f e a s i b l e  t h a t  t h e  8 p h a s e  in q u e s t i o n  
i s  t h e  8 - C r  p r i m a r y  s o l i d  s o l u t i o n .  J u d g i n g  f r o m  t h e  
r e s u l t s  of t h e  a l l oy  p a r t i c l e  e x p e r i m e n t  in t h e s e  t h r e e  

b i n a r y  s y s t e m s ,  i t  a p p e a r s  v a l i d  to  c o n s i d e r  t h e  6 
p h a s e  a s  t h e  h i g h - t e m p e r a t u r e  m o d i f i c a t i o n  of t h e  a -  
C r  p h a s e .  T h e  5 - C r  p h a s e  r e p o r t e d  by K i m o t o  and  
N i s h i d a  i s  now d e d u c e d  to  be  t h e  e l e v a t e d - t e m p e r a t u r e  
a l l o t r o p i c  f o r m  of c h r o m i u m .  

4) THE Cr-Ni-Fe SYSTEM 

The same techniques as were used in the binary 
alloy studies were employed to investigate the Cr-Ni- 
Fe ternary system. In Fig. ii the 8- and ~-phase fields 
are indicated by the shaded areas with a narrow region 
where overlapping of the two phases occurred. It can 
be seen that the 5 phase is formed in alloys located in 
the chromium corner while the (r phase is found in 
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Fig. 10--Tentative phase diagram for Cr-Co system, con- 
structed on the basis of the determined compositional ranges 
for phases occurring. 

a l loys  which a r e  s i tua ted  in the  p h a s e  f ie ld  b r idg ing  the  
two b i n a r y  r p h a s e s  of the  C r - N i  and C r - F e  s y s t e m s .  

Th is  i m p l i e s  that  the  two b i n a r y  a p h a s e s  fo rm a con-  
t inuous so l id  so lu t ion .  F u r t h e r m o r e ,  the  g phase  can 
p r e c i p i t a t e  out a s  p r i m a r y  c r y s t a l s  f r o m  the mel t  in 
the C r - N i  b i n a r y  a l l oys  a s  wel l  a s  in the  C r - N i - F e  
a l l oys  conta in ing  i r on  in s m a l l  quan t i t i e s ,  a s  p r e d i c t e d  
by the C r - N i  b i n a r y  phase  d i a g r a m  p r o p o s e d  e a r l i e r .  

It i s  no tewor thy  to r e m a r k  h e r e  that  the  a phase  
f ie ld  in the  t e r n a r y  C r - N i - F e  s y s t e m  i s  much w i d e r  
than i s  h e r e t o f o r e  c o n s i d e r e d .  Th is  f inding,  pe r t i nen t  
in dea l ing  with i r o n - b a s e  s u p e r a l l o y s  and s t a i n l e s s  
s t e e l s ,  n e c e s s i t a t e s  r e i n v e s t i g a t i o n  of the C r - N i - F e  
phase  d i a g r a m  now in use .  2~'24 

SUMMARY 

S t r u c t u r a l  a n a l y s i s  was  p e r f o r m e d  on a l loy  p a r t i c l e s  
of c h r o m i u m - r i c h  C r - N i ,  C r - F e ,  C r - C o ,  and C r - N i - F e  
s y s t e m s  by X - r a y  and e l e c t r o n  d i f f r ac t ion  me thods .  
S t r u c t u r e s  of bulk  s p e c i m e n s  of the  C r - N i  s y s t e m  w e r e  
i nve s t i ga t e d  a l s o  us ing X - r a y  d i f f r ac t ion  t echn iques  to 
con f i rm  the  r e s u l t s  obta ined  f r o m  the  p a r t i c u l a t e  
a l l oys .  In t h e s e  t h r e e  b i n a r y  s y s t e m s ,  6 phase  with 
W30 s t r u c t u r e  (A-15) and a phase  with ~-U s t r u c t u r e  
(D~) w e r e  iden t i f i ed  in addi t ion  to  the  a (bcc) and y 
(fcc) t e r m i n a l  so l id  so lu t ions .  The l a t t i c e  p a r a m e t e r  of 
the  5 s o l i d - s o l u t i o n  phase  was  found to n e a r l y  co inc ide  
with that  of pu re  6 - C r  (4.588A) which was  r e p o r t e d  by 
Kimoto  et al. in 1967. 

A s  fo r  the  C r - N i  s y s t e m ,  both h i g h - t e m p e r a t u r e  X -  
r a y  d i f f r ac t ion  a n a l y s i s  and a m b i e n t - t e m p e r a t u r e  X-  
r ay  a n a l y s i s  on s a m p l e s  quenched f r o m  e l eva ted  t e m -  
p e r a t u r e s  w e r e  conducted.  The  o c c u r r e n c e  of the  
phase  (a = 8.80.~, c = 4.55.~, c / a  = 0.52) at  high t e m -  
p e r a t u r e  was  con f i rmed  by each method .  The f o r m a t i o n  

Cr 

Fig. l l - -The 5- and ~r-phase field ob- 
served in the Cr-Ni-Fe  system based 
on the study of particulate alloys. 
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of a p h a s e  in t h e  C r - N i  s y s t e m ,  s u g g e s t e d  e a r l i e r  by 
m a n y  i n v e s t i g a t o r s ,  i s  now v e r i f i e d  e x p e r i m e n t a l l y .  A 
t e n t a t i v e  C r - N i  p h a s e  d i a g r a m  i s  p r o p o s e d  by  i n c o r -  
p o r a t i n g  the  h i g h - t e m p e r a t u r e  a p h a s e  and  t h e  5 p h a s e  
w h i c h  r e p l a c e s  t he  ~ - C r  p h a s e  r e p o r t e d  by G r a n t  e t  al .  

A m o d i f i e d  b i n a r y  p h a s e  d i a g r a m  h a s  b e e n  c o n -  
s t r u c t e d  f o r  t he  C r - F e  a l l oy  s y s t e m  in w h i c h  t h e  e x i s t -  
e n c e  of 5 p h a s e ,  t h e  h i g h - t e m p e r a t u r e  a l l o t r o p e  of 
c h r o m i u m ,  i s  s h o w n  in  t h e  c o m p o s i t i o n  r a n g e  g r e a t e r  
t h a n  abou t  58.3 wt  p c t .  

In t h e  C r - C o  s y s t e m  t h e  6 p h a s e  w a s  d e t e r m i n e d  to  
e x i s t  o v e r  t h e  c o m p o s i t i o n  g r e a t e r  t h a n  53.9 wt  p c t  C r .  
T h i s  p h a s e  a s  the  e l e v a t e d - t e m p e r a t u r e  m o d i f i c a t i o n  
of c h r o m i u m  r e p l a c e s  t h e  5 p h a s e  of unknown s t r u c t u r e  
w h i c h  w a s  r e p o r t e d  e a r l i e r  by E l s e a  and  c o w o r k e r s  in  
t h e  p r o p o s e d  C r - C o  b i n a r y  p h a s e  d i a g r a m .  

A s  a r e s u l t  of s t r u c t u r e  a n a l y s i s  of C r - N i - F e  a l loy  
p a r t i c l e s  t he  p h a s e  f i e l d s  f o r  bo th  5 and  a p h a s e s  w e r e  
d e l i n e a t e d .  The  5 p h a s e  o c c u r s  in t h e  c h r o m i u m  c o r -  
n e r  w h i l e  a p h a s e  e x i s t s  in  t h e  r e g i o n  b r i d g i n g  t h e  two  
b i n a r y  ~ p h a s e s  of t h e  C r - N i  and C r - F e  s y s t e m s .  The  
r e s u l t s  i n d i c a t e  t h a t  i t  i s  n e c e s s a r y  to  r e s t u d y  t h e  C r -  
N i - F e  p h a s e  d i a g r a m  w h i c h  i s  c u r r e n t l y  in u s e .  

A CKNOWL EDGMENTS 

T h e  a u t h o r s  w i s h  to  t h a n k  M e s s r s .  N.  O k a m o t o ,  S. 
H o s o k a w a ,  and F .  Y a s u d a  f o r  t h e i r  a s s i s t a n c e  in  t h e  
e x p e r i m e n t s .  P r o f e s s o r  J .  B .  N e w k i r k  and M r .  A.  S. 
Y a m a m o t o  k ind ly  r e a d  and  c r i t i c i z e d  a l l  of t h e  m a n u -  
s c r i p t ,  f o r  w h i c h  t h e  a u t h o r s  ex t end  t h e i r  a p p r e c i a t i o n .  
F i n a n c i a l  s u p p o r t  f o r  t h e  i n v e s t i g a t i o n  c a m e  f r o m  a 
G r a n t - i n - A i d  f o r  D e v e l o p m e n t a l  S c i e n t i f i c  R e s e a r c h  of 

t he  M i n i s t r y  of E d u c a t i o n ,  T o k y o ,  J a p a n .  F i n a l l y  t h e  
s u p p o r t  of one  of u s  (N. Y.) by  the  U .  S.  N a t i ona l  S c i -  
e n c e  F o u n d a t i o n  t h r o u g h  t h e  U n i v e r s i t y  of D e n v e r  
d u r i n g  t h e  p r e p a r a t i o n  of t h e  m a n u s c r i p t  i s  a c k n o w l -  
e d g e d  w i t h  t h a n k s .  
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