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INCONEL a l loy  617 (54 Ni, 22 Cr ,  12.5 Co, 9 Mo, 1 A1, 0.07 C) is  a s o l i d - s o l u t i o n  a l l oy  with 
good c o r r o s i o n  r e s i s t a n c e  and an excep t iona l  combina t ion  of h i g h - t e m p e r a t u r e  s t r e n g t h  
and oxidat ion  r e s i s t a n c e .  A l a b o r a t o r y  s tudy was p e r f o r m e d  to d e t e r m i n e  the e f fec t s  of 
l o n g - t i m e  (215 to ove r  10,000 h) e x p o s u r e  to t e m p e r a t u r e s  up to 2000~ (1093~ on the 
m i c r o s t r u c t u r e  and phase  s t a b i l i t y  of the a l loy .  To inves t iga t e  the s t r eng then ing  r e s p o n s e  
exh ib i ted  by  the a l l oy  dur ing  h i g h - t e m p e r a t u r e  exposu re ,  m i c r o s t r u c t u r e s  we re  c o r r e -  
l a t ed  with m e c h a n i c a l  p r o p e r t i e s .  The m a j o r  phase  p r e s e n t  in the a l l oy  a f t e r  e x p o s u r e  to 
a l l  t e m p e r a t u r e s  f r o m  1200 to 2000~ (649 to 1093~ was found to be  Mz3C 6. The phase  
p r e c i p i t a t e d  a s  d i s c r e t e  p a r t i c l e s  and r e m a i n e d  s t ab le  at  a l l  t e m p e r a t u r e s .  No MC or  M6C 
c a r b i d e s  we re  found. A s m a l l  amount  of g a m m a  p r i m e  was found in s a m p l e s  exposed  at  
1200~ (649~ and 1400~ (760~ A PHACOMP a n a l y s i s  ind ica ted  0.63 pct  g a m m a  p r i m e  
could f o r m .  No topo log ica l  c l o s e - p a c k e d  phase s  such as  s i g m a ,  mu, and chi we re  found. 
S t rengthening  of the a l loy  dur ing  e x p o s u r e  to t e m p e r a t u r e  was found to r e s u l t  p r i m a r i l y  
f r o m  the p r e c i p i t a t i o n  of M2~C 8. The phase  p r o v i d e s  e f fec t ive  s t r eng then ing  b e c a u s e  it 
p r e c i p i t a t e s  in d i s c r e t e  p a r t i c l e s  and r e m a i n s  s t ab le  at  t e m p e r a t u r e s  to 2000~ (1093~ 
The amount  of g a m m a  p r i m e  f o r m e d  is  not suf f ic ient  to cause  a p p r e c i a b l e  harden ing ,  but  
i t  does  p rov ide  some  s t r eng then ing  a t  1200 to 1400~ (649 to 760~ 

INCONEL* a l loy  617 i s  a n i c k e l - c h r o m i u m - c o b a l t -  

*INCONEL is a registered trademark of The International Nickel Company, 
Inc. 

molybdenum alloy characterized by  good cyclic-oxida- 
tion resistance at 2000~ (1093~ and high creep-rup- 
ture strength at temperatures from 1200~ (649~ to 
2000~ (I093~ The alloy is solid-solution-strength- 
ened and is used in the annealed condition. 

Alloy 617 exhibits a strengthening response during 
extended exposure to intermediate temperatures. As 
shown in Fig. 1, the microstructure of the alloy after 
such exposure contains copious amounts of precipitate 
in both grain-boundary and intragranular areas. The 
work reported here was done to identify the phases 
present, to determine the stability of the phases, and 
to investigate the strengthening mechanisms by corre- 
lating microstructures with mechanical properties. 

EXPERIMENTAL PROCEDURE 

C r e e p  s p e c i m e n s  were  s e l e c t e d  for  the s tudy b e c a u s e  
they  would p rov ide  a c l o s e  a p p r o x i m a t i o n  of m a t e r i a l  
exposed  to t e m p e r a t u r e  under  load  in ac tua l  s e r v i c e .  
The s p e c i m e n s  we re  0.252 in. (6.35 ram) d i am with a 
2.25 in. (57.2 ram) gage length.  Tab le  I l i s t s  t e m p e r a -  
t u r e s ,  s t r e s s e s ,  and e x p o s u r e  t i m e s  fo r  the s p e c i m e n s .  
The m a x i m u m  amount  of p l a s t i c  s t r a i n  r e c o r d e d  for  
any s p e c i m e n  was 9.39 pct ,  and the c r e e p  c u r v e s  ind i -  
ca ted  that  none of the  s p e c i m e n s  had begun t e r t i a r y  
c r e e p .  
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Al l  s p e c i m e n s  we re  f r o m  one hea t ;  the c h e m i c a l  
compos i t i on  is  g iven in Table  II. The m a t e r i a l  was 
p roduced  as  0.750 in. (19 mm)  d i am h o t - r o l l e d  rod  

Fig. 1--Microstructure of creep-tes t  specimen subjected to 
1400~ (760~ and 15 ksi (103 MPa) for 10,330.5 h. Magnifi- 
cation 500 times. Specimen No. 2. 
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Table I. Creep-Test Conditions to Which Samples Were 
Exposed Prior to Metallographic Study 

Temperature Stress 
Duration,* 

Specimen No. ~ ~ psi MPa h 

1 1200 649 35,000 241 956.0 
2 1400 760 15,000 103 10,330.5 
3 1500 816 10,000 69 3,023.0 
4 1600 871 4,000 28 666.3 
5 1800 982 3,000 21 379.4 
6 2000 1093 1,000 7 215.3 

*All tests were discontinued before rupture. 

Table II. Chemical Composition, Wt Pet, of Material Studied 

Chromium 22.51 
Cobalt 12.67 
Molybdenum 8.91 
Aluminum 1.05 
Titanium 0.41 
Carbon 0.07 
Nickel Remainder 

and was given a t r e a t m e n t  of 2150~ (1177~ h, a i r  
cool, before  be ing  c r eep - t e s t ed .  

Samples for opt ical  mic roscopy  were  p repa red  f rom 
the gage length of each c reep  spec imen.  The samples ,  
about 0.250 in. (6.35 mm) diam,  were mounted,  pol-  
ished,  and e l ec t ro ly t i ca l ly  etched at 10 V and 0.5 A in 
80 pet phosphoric  ac id /20  pct d i s t i l l ed  water .  C u r r e n t  
dens i ty  was 10 A/ in .  2 (15.7 mA/mma) .  Etching t ime 
was 3 to 7 s. 

The e l ec t ron  mic roscopy  was done on an RCA EMU- 
3G i n s t r u m e n t  at 100 kV. Par lodion  ex t rac t ion  r ep l i ca s  
were made us ing s t andard  ca rbon-shadowing  techniques .  
Negative r ep l i ca s  were shadowed with ch romium and 
backed by a thin layer  of carbon.  Thin foils for t r a n s -  
m i s s i o n  e lec t ron  mic roscopy  were produced by e l e c t r i -  
cal  d i scharge  machin ing  of d i scs  f rom the gage lengths 
of the c r e e p - t e s t  spec imens .  The d i scs  were  dimpled 
by a jet  technique with an e lec t ro ly te  of 10 pct n i t r i c  
ac id /90  pot water .  F ina l  e lec t ropo l i sh ing  to p e r f o r a -  
t ion was pe r fo rmed  with 10 pot pe rch lo r i c  ac id /90  pct 
acet ic  acid and a p la t inum cathode. 

P rec ip i t a ted  phases  were  identif ied by  X - r a y  d i f f rac -  
tion, and e l emen ta l  abundances  were de t e rmined  by X- 
r a y  f luorescence .  Quanti tat ive ex t rac t ions  were also 
used to make compar i sons .  Ext rac t ions  were  done with 

Fig. 2(a) shows the m i c r o s t r u c t u r e  of the al loy in 
the a s - a n n e a l e d  condit ion (the spec imen  was f rom a 
control  sample  that was not c reep- tes t ed ) .  The i n t r a -  
g ranu la r  a r e a s  contain a few widely s ca t t e r ed  p r ec ip i -  
ta tes .  The gra in  boundar ies  exhibit  some v e r y  fine p r e -  
c ip i ta tes  that a r e  difficult  to r e so lve  with the light m i -  
croscope.  

The effects of l ong- t ime  exposure  to high t e m p e r a -  
t u r e s  a re  shown in Figs .  2(b) through 2(g). The spec i -  
mens  were f rom c r e e p - t e s t  s amples  that  were exposed 
as shown in Table  I. Four  of the spec imens  (2(b) through 
2(f))  contain pa r t i c l e s  of TiN and Ti(CN) that were iden-  
t if ied opt ical ly  by the i r  s ize,  angular  shape, and c h a r -  
a c t e r i s t i c  pink, orange or sa lmon color.  

Fig. 2(b), the sample  exposed at  1200~ (649~ 
shows fine, d i sc re t e  pa r t i c l e s  in the gra in  boundar ies .  
The i n t r a g r a n u l a r  pa r t i c l e s  a re  somewhat  l a r g e r  than 
those in the a s - a n n e a l e d  sample  and have more  p ro -  
nounced polyhedral  shapes.  Some p rec ip i t a t e s  a re  a lso  
v i s ib le  on twin l ines .  

Figs .  2(c), 2(d), and 2(e) show that  the amount  of p r e -  
c ipi ta t ion i n c r e a s e s  in both g ra in  boundar i e s  and i n t r a -  
g r anu l a r  a r e a s  with exposure  to t e m p e r a t u r e s  of 1400 
to 1600~ (760 to 871~ The m i c r o s t r u c t u r e s  indicate  
that at  those t e m p e r a t u r e s  the nucle i  of the p rec ip i t a tes  
a re  s table  and the ra t e  of nuclea t ion  i n c r e a s e s .  The 
pa r t i c l e s  would tend to r e m a i n  sma l l  and d i s c r e t e  be -  
cause of the r e l a t i ve ly  slow diffusion ra te ,  at these 
t e m p e r a t u r e s ,  of l a rge  e lements  in the p rec ip i ta tes .  
At some t e m p e r a t u r e ,  perhaps  nea r  1600~ (8710C) for 
this  alloy, the ra te  of nuclea t ion  would reach  a max i -  
mum because  of the opposing tendenc ies  of nuclea t ion  
and growth. 

Fig. 2( f )  shows that exposure  to 1800~ (982~ r e -  
su l t s  in l e s s  p rec ip i t a t ion  than the amounts  p r e sen t  in 
samples  exposed to lower t e m p e r a t u r e s .  The higher 
exposure  t e m p e r a t u r e  does not favor nucleat ion.  As 
indicated by pa r t i c l e  s ize,  growth ra te  is not rapid 
e i ther .  

Fig.  2(g), 2000~ (1093~ exposure ,  shows few in -  
t r a g r a n u l a r  pa r t i c l e s ,  but the pa r t i c le  s ize  is some-  
what l a rge r .  This  t e m p e r a t u r e  favors  growth of the 
pa r t i c l e s  s ince  diffusion can occur  more  r ead i ly  than 
at lower t e m p e r a t u r e s .  

Ident if icat ion of Carb ides  and 
Carbon i t r ides  

Analys is  of D e b y e - S c h e r r e r  X - r a y  pa t t e rns  for a 
complex alloy is compl ica ted  because  the l ines  ob-  

10 pet hydroch lor ic  acid plus 1 pet t a r t a r i c  acid in me th -  ta ined a r e  f requent ly  common to more  than one phase.  
anol  and also with 1 pot a m m o n i u m  sulfate  plus 1 pet Table IT[ shows the phases  identif ied and the i r  re la t ive  
t a r t a r i c  acid in d is t i l led  water .  In some cases ,  the amounts .  
va lues  obtained were r e in fo rced  with duplicate e x t r a c -  As shown in Table HI, M23C6 (where M is Cr + Mo) 
t ions ,  is the p redominan t  phase at a l l  exposure  t e m p e r a t u r e s  

RESULTS AND DISCUSSION 

An overview of the m i c r o s t r u c t u r e s  as they appear  
at a magnif ica t ion of 500 t imes  under  the light m i c r o -  
scope is p r e sen t ed  in Fig.  2. The photomicrographs  
p e r m i t  desc r ip t ion  of the p rec ip i t a tes  only in genera l  
t e r m s  s ince  in most  ca ses  the p rec ip i t a tes  a r e  too fine 
to be evaluated by optical  microscopy .  A detai led eva lu-  
at ion,  based  on the r e su l t s  of e l ec t ron  microscopy,  is 
given la te r .  
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Table III. Identification of Extracted Phases 

Temperature Range 

Phase ~ ~ Amount 

M2~ 6 1200-2000 649-1093 Very abundant 
Cr23C6 1200-2000 649-1093 Rare 
]'iN 1200-2000 649-1093 Rare 
CrMo (C, N) 1200-2000 649-1093 Very rare 
3" (Ni3 AI) 1200-1400 649-760 Rare 
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Fig. 2--Microstructures at a magnification of 500 times of 
samples studied. All specimens were etched in 80 pct 
HaPO 4/20 pct H20. Sample (a) was as-annealed at 2150~ 
(1177~ h, A.C. Other samples were annealed plus ex- 
posed to creep-test conditions as listed in Table I. (b) 
Specimen 1, exposed at 1200~ (649~ (c) Specimen 2, 
exposed at 1400~ (760~ (d) Speelmen 3, exposed at 
1500~ (816~ (e) Specimen 4, exposed at 1600~ (871~ 
(f) Specimen 5, exposed at 1800~ (982~ (g) Specimen 6, 
exposed at 2000~ (1093~ 
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Fig. 3--Microstructure of specimen ex- 
posed to 1400~ (760~ and 15 ksi (103 
MPa) for i0,330.5 h. Thin foil. Magnifi- 
cation 16,000 times. Specimen No. 2. 

i lf l  

D 

Fig. 4- -Extract ion repl ica  of gra in-  
boundary precipitate  shown in Fig. 3. 
Magnification 17,500 t imes .  Specimen 
No. 2. 
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f rom 1200~ (649~ to 2000~ (1093~ The Cr2sC 6 
phase also was identified f rom the exper imenta l  l ines,  
but the abundance calculat ions showed a high concen- 
t ra t ion of molybdenum, indicating that the Cr2sC 6 phase 
was r a r e .  

The e lec t ron micrograph in Fig. 3 shows typical  
gra in-boundary  pa r t i c l es  that were identified by se -  
l e c t e d - a r e a  diffraction. To provide a be t te r  indication 
of the amount of carbide  present ,  the extract ion r ep l i ca  
shown in Fig. 4 was p repared .  It depicts  the p r e c i p i -  
tate c l e a r e r  than the thin foil.  Both micrographs  a r e  
at the same magnification and show comparable  p r e -  
c ipi ta tes .  The s e l e c t e d - a r e a  diffraction pat tern from 
the rep l i ca  and the e lec t ron-d i f f rac t ion  r e su l t s  f rom 
the thin foil (see Fig. 12) conclusively demonst ra ted  
that the carbide  was /VI~sC 6. 

In addition to the TiN and Ti (C, N) pa r t i c l e s  that 
were observed with light microscopy,  a CrMo (C, N) 
phase was identified in al l  specimens by X- ray  d i f f rac-  
tion of the ext rac ted  res idues .  The phase was not iden- 
t if ied by e lec t ron diffraction, indicating that it was ve ry  
r a r e .  

Some of the prec ip i ta ted  ca rb ides  displayed an in t e r -  
est ing morphology. In some cases ,  the in t ragranular  
ca rb ides  prec ip i ta ted  around polyhedral  pa r t i c l es  in 
sunburst  pat terns  as i l lus t ra ted  in Fig. 5. The center  
pa r t i c l e s  were  v is ib le  under the light microscope,  but 
they did not have sufficient s ize  or colorat ion to sug- 
gest  that they were p rec ip i t a tes  of the TiN type. Nei-  
ther  did they have the t r iangular  shape usually a s s o c i -  
ated with MC prec ip i ta tes .  

Much effort  was expended in a t tempts  to obtain an 
e lec t ron-d i f f rac t ion  pat tern  for the center  pa r t i c l es ,  
but l i t t le  success  was achieved. The pa r t i c l es  were 
too thick to obtain an e lec t ron-d i f f rac t ion  pat tern from 
an extract ion repl ica ,  and thin foils could not re ta in  
the pa r t i c l es .  When a par t i c le  in a foil was thinned to 
the point that it might have been penetra ted by the 
beam, the surrounding a r ea  would be dissolved,  and 
the par t i c le  would drop through the hole. Fig. 6, in 
which the polyhedral  shaped par t ic le  is miss ing  f rom 
the carbide  c lus ter ,  shows one of the thin-foi l  a t tempts .  

Se lec ted -a rea  diffract ion and e lec t ron diffraction did 
not provide an identification of the polyhedral  par t i c les .  
The work of Kegg and Silcock, 1 however, showed the 
shapes of isolated in t ragranular  pa r t i c l e s  of M2sC s to 
be ve ry  s im i l a r  to the shapes of the pa r t i c l es  shown 
here  at the centers  of the carbide  c lus te r s .  

The phase was found to exist  throughout the t e m p e r a -  
ture  range studied. Fig. 7 d is t inct ly  shows the polyhe- 
dra l  pa r t i c l es  in samples  exposed at 1800~ (982~ 
As shown in the photomicrograph,  most of the fine, i r -  
r egu la r  prec ip i ta te  that surrounded the pa r t i c l es  at 
lower t empera tu re s  is  in solution at 1800~ (982~ 
The X- ray  diffraction data showed that M23C 6 was p r e s -  
ent at al l  t empera tu re s  studied to 2000~ (1093~ It 
was therefore  concluded that the polyhedral  pa r t i c l es  
were M2sC ~ carb ides .  

Lewis and Hat te r s ley  2 suggested that the major i ty  
of in t ragranular  prec ip i ta t ion  nucleates  on d i s loca-  
tions that a re  generated by the growth of exist ing p a r -  
t ic les .  The present  authors  propose that the 2150~ 
(1177~ anneal is not sufficient to solution al l  of the 
carb ides  presen t  and that the carb ides  grow as the al-  
loy is cooled from the annealing t empera tu re .  The c a r -  
bide growth would c rea te  dis locat ions on which the 
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s m a l l e r  ca rb ides  could prec ip i ta te  during subsequent 
exposure to t empera tu re  and produce the observed sun- 
burs t  pa t te rns .  This proposal  is supported by Figs.  
2(a) and 2(b), in which the only in t ragranular  carb ides  
v is ib le  a r e  so l i t a ry  pa r t i c l es .  Both of those specimens 
were examined by t r ansmis s ion  e lec t ron microscopy.  
As shown in Fig. 8, the  only in t ragranular  carb ides  
presen t  were the polyhedral  pa r t i c l es .  

Extensive carbide  precipi ta t ion occur red  along twin 
boundaries .  This is evident in the optical  photomicro-  
graphs shown in Figs .  2(c) through 2(e) and in the ex- 
t rac t ion rep l i ca  shown in Fig. 9. 

The thin foils examined in this study showed the 
gra in-boundary prec ip i ta te  to be discontinuous. Fig. 10 
i l lus t ra tes  a grain boundary marked by d i sc re te  p r e -  
cipi tate  that was identified as lVlz3C 6. The mat r ix  a r ea  
exhibits an abundance of MzsC 8 which also is d i scre te .  
The d i sc re te  nature of the gra in-boundary  carb ides  
enhances mechanical  p rope r t i e s  because it causes  pin- 
ning of the boundary and dec rea se s  gra in-boundary  
sliding. Bet ter idge 3 observed the same effect in a s i m -  
i la r  alloy sys tem and also found that M~sC 6 must p r e -  
c ipi ta te  at  the grain boundaries  as well as within the 
mat r ix  or c r eep - rup tu re  p roper t i e s  would be poor 
(short  life and low elongation). 

The MC and 1V~C carb ides  were not found in any of 
the samples .  They may have been presen t  as minor 
t r ace  phases ,  but sufficient diffraction l ines for con- 
clusive identification were not obtained. 

Topological c lose-packed  phases such as sigma, mu, 
and chi were not found in any sample.  

Collins 4 has shown that some commonly made a s -  
sumptions concerning precipi ta t ion of carb ides  in 
n icke l -base  supera l loys  a re  not always cor rec t .  Two 
assumptions found invalid by Collins were a lso  found 
to be invalid in this  study. They a re  1) that if the MO 
+ W is g rea te r  than 6 wt pct, the M6C carbide  will form 
in lieu of M2aC e an~t 2) that half of the carbon present  
will form MC and half will form ei ther  MeC or M23C6. 
The mechanism by which M23C6 prec ip i ta tes  as the 
major  or  sole carb ide  in a l loy 617 has not been fully 
determined and is the subject of fur ther  r e sea rch .  

Identification of Gamma Pr ime 

INCONEL al loy 617 was designed to be a so l id - so lu -  
t ion-hardened al loy with age-hardening constituents 
held to low values.  Aluminum was added at a nominal 
1.0 wt pct level  to provide required oxidation r e s i s -  
tance. Experience suggested that this amount of a lu-  
minum and 0.35 wt pct t i tanium would not promote s ig -  
nificant precipi ta t ion hardening. Ear ly  development 
work on the al loy did not d isc lose  the p resence  of the 
gamma pr ime  phase.  The ini t ial  work in this study, 
however, showed that a smal l  amount of gamma pr ime  
(fcc Ni3AI) was prec ip i ta ted  af ter  exposure at 1400~ 
(760~ for more than 10,000 h. 

A modified PHACOMP analys is  per formed on the 
composit ion predic ted  that only 0.63 pct gamma pr ime  
would form. The predic ted  la t t ice  p a r a m e t e r s  (ao) 
were 3.55052 for the gamma pr ime  and 3.5554 for the 
res idua l  matr ix ,  with only 0.1413 pct mismatch.  

The gamma pr ime  phase was f i r s t  observed in a thin 
foil. It was decora ted  by dis locat ions as shown in Fig. 
11. The amount of gamma pr ime  present  was scant as 
predic ted  by PHACOMP analys is .  The dis locat ions 
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Fig. 5 - -Ext rac t ion  rep l ica  of Specimen No. 
3 showing i n t r ag ranu l a r  ca rb ides  p r ec ip i -  
tated around polyhedral  pa r t i c l e s .  Speci-  
men was exposed to 1500~ (816~ and 10 
ksi (69 MPa) for 3,023 h. Magnification 
about 12,000 t imes .  

Fig. 6--Thin foil of Specimen No. 3 show- 
ing carbide  c lus te r  without cen te r  par t ic le .  
Specimen was exposed to 1500~ (816~ 
and 10 ksi (69 MPa) for 3,023 h. Magnif i -  
cation about 12,000 t imes .  
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Fig. 7 - -Po lyhedra l  pa r t i c l e s  in Specimen 
No. 5. Exposure  was 1800~ (982~ and 
3.0 ksi  (21 MPa) for 379.4 h. Magnif ica-  
tion about 11,500 t imes .  

Fig. 8 - -Po lyhedra l  pa r t i c l e s  in Specimen 
No. 1. Exposure  was 1200~ (649~ and 
35,000 psi  (241 MPa) for 956 h. Magnif i -  
cation 17,000 t imes .  
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Fig. 9--Extraction replica of carbide pre- 
cipitation along twin boundaries in speci- 
men exposed to 1500~ (816~ and 10 ksi 
(69 MPa) for 3,023 h. Magnification about 
6,000 times. Specimen No. 3. 

Fig. 10--Discrete precipitate in grain 
boundary of specimen exposed to 1600~ 
(871~ and 4.0 ksi (28 MPa) for 666.3 h. 
Magnification 17,000 times. Specimen 
No. 4. 
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Fig. l l - -Thin  foil showing gamma prime 
phase in specimen exposed to 1400~ 
(760~ and 15 ksi (103 MPa) for 10,330.5 
h. Magnification about 38,000 times. Spec- 
imen No. 2. 

we re  even ly  d i s t r i b u t e d  in we l l - de f i ned  c o a r s e  c e l l s .  
The g a m m a  p r i m e  and d i s l oca t i ons  i n t e r ac t ,  r e s u l t i n g  
in i n t e r f a c i a l  ne tworks .  

E l e c t r o n - d i f f r a c t i o n  p a t t e r n s  of Spec imens  1 and 2, 
which we re  exposed  at  1200~ (649~ and 1400~ 
(760~ r e s p e c t i v e l y ,  showed the  s u p e r l a t t i c e  spo ts  
for  the g a m m a  p r i m e  and made  the iden t i f ica t ion  p o s -  
i t ive .  Fig .  12, the d i f f r ac t ion  p a t t e r n  for  Spec imen  1, 
shows m a t r i x ,  c a rb ide ,  and g a m m a  p r i m e  s u p e r l a t t i c e  
spo t s .  The zone ax i s  is  [211] and with the (hkl) va lues  
shown b e c o m e s  [112]. The s u p e r l a t t i c e  spo t s  m a y  be  
somewha t  diff icul t  to d i s c e r n  but f ive  spo t s  a r e  p r e s -  
ent  a s  ind ica ted  by  a r r o w s .  The s c h e m a t i c  r e p r o d u c -  
t ion shows the spot  p a t t e r n  with g r e a t e r  c l a r i t y .  The 
g a m m a  m a t r i x  was indexed with a 0 = 3.55A; the  g a m m a  
p r i m e  with a o = 3 .534,  and the c a r b i d e  phase  with a o 
= 10.80~,. The p e r c e n t  m i s m a t c h  f rom the e x p e r i m e n t a l  
da ta  i s  0.595 pct ;  0.1413 pc t  was p r e d i c t e d  by  PHACOMP. 

Table  IT[ shows the p r e s e n c e  of g a m m a  p r i m e  in X- 
r a y  p a t t e r n s  f r o m  e x t r a c t e d  r e s i d u e s .  The abundances  
ind ica te  the p r e s e n c e  of g a m m a  p r i m e  at  1200~ (649~ 
and 1400~ (760~ a s  noted by  the i n c r e a s e d  c o n c e n t r a -  
t ion of n icke l  in the r e s i d u e .  This  r e s u l t  suppor t s  the 
e a r l i e r  f inding in that  no s u p e r l a t t i c e  spots  we re  found 
for  s a m p l e s  that  had been  sub jec ted  to t e m p e r a t u r e s  
in e x c e s s  of 1400~ (760~ Since g a m m a  p r i m e  was 
found at  1400~ (760~ but  not  a t  1500~ (816~ the 
g a m m a  p r i m e  so lvus  is  be tween  those  t e m p e r a t u r e s .  

The e x i s t e n c e  of g a m m a  p r i m e  in the  a l l oy  is thought 
to be  inf luenced by  the molybdenum that  is  p r e s e n t .  
I_~omis s showed that  Mo r e d u c e d  the so lub i l i t y  for  a lu -  
minum in the  g a m m a  m a t r i x  of a N i - C r - A 1 - M o  a l loy  
and s ign i f i can t ly  i n c r e a s e d  the weight  f r ac t i on  of 

g a m m a  p r i m e .  Molybdenum is known to p reven t  o v e r -  
ag ing  of the g a m m a  p r i m e  phase  and thus i t s  c o n t r i b u -  
t ion is dual:  s o l i d - s o l u t i o n  h a r d n e s s  and g a m m a  p r i m e  
ca t a ly s t .  

The p r e s e n c e  of molybdenum and coba l t  in c o m b i n a -  
t ion a p p a r e n t l y  p r o d u c e s  a s y n e r g i s t i c  i n t e rac t ion ;  the  
combined  s t r eng then ing  effect  is  g r e a t e r  than the sum 
of the ef fec ts  of the e l e m e n t s  indiv idual ly .  The effect  
has  a l so  been  o b s e r v e d  6'%~ in o the r  a l l oy  s y s t e m s .  

Mechanica l  P r o p e r t i e s  

Af te r  s h o r t - t i m e  (50-h) exposu re  to 1200~ (649~ 
and 1400~ (760~ the amount  of g a m m a  p r i m e  f o r m e d  
is  s m a l l ,  and it has  been  shown 9 that  i t s  effect  on m e -  
chan ica l  p r o p e r t i e s  is  s l igh t .  However ,  1000-h expo-  
s u r e s  at  t e m p e r a t u r e s  f r o m  1200 to 1600~ (649 to 
871~ cause  s ign i f i can t  i m p r o v e m e n t s  in r o o m - t e m -  
p e r a t u r e  t e n s i l e  p r o p e r t i e s .  Table  IV shows the t en s i l e  
va lues  obta ined.  The r o o m - t e m p e r a t u r e  y ie ld  s t r eng th  
i m p r o v e s  56 and 63 pct  a f t e r  1200~ (649~ and 1300~ 
(704~ exposu re ,  r e s p e c t i v e l y ,  while  the r o o m - t e m -  
p e r a t u r e  t e n s i l e  s t r eng th  i n c r e a s e s  by  26 pct  for  both 
t e s t  condi t ions .  The t ens i l e  p r o p e r t i e s  d e c r e a s e  only 
s l i gh t ly  in the 1400~ to 1600~ (760 to 871~ t e m p e r -  
a t u r e  span.  The p r o p e r t i e s  a r e  a ided  by the M23C 6 c a r -  
b ide  p r e c i p i t a t i o n  p r e v i o u s l y  d i s c u s s e d .  

Samples  that  had been  given the 50- and 1000-h ex -  
p o s u r e s  to t e m p e r a t u r e s  of 1200 to 1600~ (649 to 
871~ were  a l so  impac t  t e s t e d  to d e m o n s t r a t e  the 
m e t a l l u r g i c a l  s t ab i l i t y  of the a l loy .  The Charpy  V-  
notch r e s u l t s  shown in Fig .  13 ind ica te  an impac t  
s t r eng th  of ove r  240 f t - l b  (325 J) p r i o r  to e x p o s u r e  
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Table IV.  Effect of Exposure to Intermediate Temperatures on Room.Temperature Mechanical Properties 

Exposure �9 Yield Strength 
Temperature Exposure (0.2 pct Offset) Tensile Strength 

~ ~ Time, h ksi MPa ksi MPa Elongation, pct 
Reduction of 

Area, pct Hardness, Rb 

No exposure 42.9 298 106.6 735 70.0 
1200 649 50 50.0 345 115.0 793 63.0 

1000 66.5 458 135.0 931 37.1 
1300 704 50 62.9 434 125.9 868 51.0 

1000 70.0 483 135.0 931 36.7 
1400 760 50 50.5 348 116.2 801 44.0 

1000 52.0 358 124.5 858 41.4 
1500 816 50 48.9 337 115.9 799 43.0 

1000 49.5 341 119.5 824 43.5 
1600 871 50 47.4 327 115.6 797 47.0 

1000 47.5 328 118.5 817 46.4 

57.2 
59.9 
29.8 
43.2 
18.8 
36.9 
39.5 
40.6 
36.2 
37.2 
43.2 

81 
82 
94 
93 
94 
89 
88 
90 
87 
87 
84 

*All specimens were given a solution-treatment of 2150~ (1177~ h, A.C., before exposure. 

and over 190 ft-lb (258 J) after 50 h at 1200~ (649~ 
The minimum value obtained was about 50 ft-lb (68 J) 
after 1000 h of exposure to 1200~ (649~ The 1000- 
h samples  show only a slight increase  in impact 

~ ) �9 "I 

(o2:,.) ~ ( i l o > O  59.5 6) (20i/ 

. . . . . . . .  11;" (.S~.) (].11) (1[ [ )  ( 2 "-~ 2. ) 
�9 " Q " " I 0 o 

~(3o~) @ ({{o> 

(402) (ill) (220) (~i) (~2) 
o o o 

Q Matrix Spots �9 Carbide Spots ~ E'Superlattice Spots 

Ri11 = 36,5 mm Each spot is a 1/3 RII 0 = 30.0 mm 
R220 59.5 tam increment from the 

= corresponding matrix R210 = 47,5 mm 
R311 = 69. mm spot. 
R222 = 72.8 mm 
R402 = 95. mm 

F i g .  12--Electron diffraction pattern of thin f o i l  f r o m  S p e c i -  
m e n  1. S p e c i m e n  e x p o s u r e  w a s  1 2 0 0 ~  (649~  a n d  35 k s i  
(241  M P a )  f o r  9 5 6  h .  T h e  f a i n t  g a m m a  p r i m e  superlattice 
spots a r e  i n d i c a t e d  b y  a r r o w s .  Z o n e  a x i s  i s  [ 1 1 2 ] .  

strength between 1200~ (649~ and 1400~ (760~ 
the temperature range where gamma prime would be 
influencing the resul ts .  The 50-h samples  show a 
sharp decrease  in impact strength over the same  t e m -  
perature range. 

From 1400 to 1600~ (760 to 871~ the impact 
strength is improved, and this is to be expected in 
view of the microstructures  that have been presented. 
That is the temperature range in which the numerous 
M~3C 6 carbides precipitate.  Because they are d iscrete  
part ic les  they provide strengthening and tend to reduce 
embrittl ing effects related to a f i lm morphology. 

INCONEL alloy 617 is used for its exceptional creep 
and rupture properties  at temperatures  in e x c e s s  of 
1800~ (982~ Fig. 14 compares  rupture properties  
of this al loy with those of INCONEL alloy 625. Unlike 
INCONEL alloy 625, which depends on a sluggish pre-  
cipitation of Ni-  and Cb-rich gamma prime for its 
strengthening, INCONEL alloy 617 achieves  its strength- 
ening through the precipitation of stable, d i screte  M~3C 6 
carbides.  It therefore maintains its strength in the t e m -  
perature range (1400 to 1800~ (760 to 982~ where 
gamma prime is in solution. It can be seen in Fig. 14 

Temperature, ~ 

55O 
240 ~ I 

_\X~" 220 " ~  

200 \ 

180 \ \ 
160 

140 ! 

120~ 

100: 

8O 

6O 

4O 

20 

o I 
As-~I000 

600 650 700 750 800 850 325 i.~ I I I I I _~ 300 

275 

~ h r  250 
Exposure -7 225 'n 

200 

\ 175 
\ is0 \ 

125 

\ ~ 1100 e 
\\> 

75 

lO00-hr Exposure 50 

25 

I J I I I 0 
1100 1200 1300 1400 1500 1600 

Ann. 
Temperature, ~ 

F i g .  13--Metallurgical stability of alloy 617 as indicated b y  
room-temperature impact strength (Charpy V-notch) after 
e x p o s u r e  to  i n t e r m e d i a t e  t e m p e r a t u r e s .  
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Fig. 14--Larson-Miller parameter plot of rupture strengths 
of INCONEL a11oys 617 and 625. In the parameter, T is tem- 
perature in ~ and t is time in h. 
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Fig. 15--Effect of high-temperature exposure on the room- 
temperature hardness of INCONEL alloy 617. Specimens 
were from 0.750-in. (19-mm) diam hot-rolled rod solution 
treated at 2150~ (I177~ h, A.C. 
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Fig. 16--Effect of temperature on tensile properties of 
LNCONEL alloy 617. Specimens were from 0.750-in. (19- 
mm) diam hot-rolled rod solution treated at 2150~ 
(1177~ h, A.C. 

that  INCONEL al loy 625 has be t t e r  rup tu re  p rope r t i e s  
at t e m p e r a t u r e s  l e s s  than 1400~ (760~ The curves  
i n t e r s e c t  at about 1400~ and the higher  t e m p e r a t u r e s  
favor INCONEL al loy 617. 

The age -ha rden ing  r e sponse  of al loy 617 can be dem-  
ons t ra ted  with the ha rdness  data shown in Fig.  15. The 
m a t e r i a l  had a ha rdness  of 81 R b in the annealed con -  
di t ion,  and 50 h at  1200~ (649~ inc rea sed  the h a r d -  
ness  by only one point .  When the t ime was extended to 
1000 h, however,  the ha rdness  inc reased  to 94 R b. The 
ha rdnes s  level  r e m a i n s  the same  at 1300~ (704~ and 
then d e c r e a s e s  as gamma p r i me  solut ioning begins .  At 
higher  t e m p e r a t u r e s ,  the ha rdness  r e c o v e r s  because  
of extens ive  carb ide  p rec ip i ta t ion  as shown in the m i -  
c r o s t r u c t u r e s .  As indicated by these  r e su l t s ,  the 
amount  of gamma p r i me  prec ip i ta ted  is not suff icient  
to cause apprec iab le  hardening.  

Shor t - t ime  h i g h - t e m p e r a t u r e  t ens i l e  data show that 
al loy 617 ma in ta ins  a high level  of s t rength  to 2000~ 
(1093~ Fig. 16 gives va lues  for annea led  ho t - ro l led  
rod. The yield s t rength  is n e a r l y  cons tant  at t e m p e r a -  
t u r e s  f rom 1000~ (538~ to 1700~ (927~ This r e -  
sul ts  f rom the combined effects of so l id - so lu t ion  ha rd -  
ening and the prec ip i ta t ion  of d i sc re t e  pa r t i c l e s  of 
s table  M23C 6. 

SUMMARY 

The m i c r o s t r u c t u r e  of INCONEL al loy 617 was s tud-  
ied af ter  l ong- t ime  exposure  to t e m p e r a t u r e s  of 1200~ 
(649~ to 2000~ (1093~ The major  phase p re sen t  
in the al loy af ter  such exposure  was found to be M2aC 6. 
A sma l l  amount  of gamma p r i me  was found in s amples  
exposed at 1200~ (649~ and 1400~ (760~ The 
CrMo (C, N) phase was identif ied in al l  spec imens ,  but 
the phase was de te rmined  to be ve ry  r a r e .  No MC or 
MeC was conc lus ive ly  identif ied in any sample .  Also 
not found were topological  c lose -packed  phases  such 
as  s igma,  mu, and chi. 

The a l loy prec ip i ta tes  polyhedral  pa r t i c l e s  of s table  
M2aC e ca rb ides  i n t r a g r a n u l a r l y  dur ing  cooling f rom the 
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anneal ing  t e m p e r a t u r e .  During subsequent  exposure  to 
t e m p e r a t u r e s  ove r  1400~ (760~ the a l loy p r e c i p i -  
ta tes  addi t ional  d i s c r e t e  M23C 8 ca rb ides  in the gra in  
boundar ies ,  along twin boundar ies ,  and around the po ly-  
hedra l  p a r t i c l e s .  Only M23C 6 ca rb ides  fo rm and they 
always f o r m  as  d i s c r e t e  p a r t i c l e s .  The p r e c i s e  m e t a l -  
l u rg i ca l  r e a s o n s  for  ca rb ide  p rec ip i t a t ion  of that  na ture  
a r e  not ful ly  unders tood,  but the phenomenon is thought 
to be r e l a t e d  to the s y n e r g i s t i c  in te rac t ion  of molybde-  
num and cobalt .  

The g a m m a  p r i m e  phase in the al loy is not prone to 
ove rag ing  or  t r an s fo rma t ion .  A sample  exposed to 
1400~ (760~ for  o v e r  10,000 h exhibi ted gamma  
p r i m e  of the s table  Ni~A1 type, indicat ing that the 
gamma  p r i m e  does not t r a n s f o r m  to any morpho log -  
ica l ly  de l e t e r i ous  phase a f te r  long exposure  t imes .  
Overag ing  of the gamma  p r i m e  is though to be r e t a r d e d  
by the combined p r e s e n c e  of molybdenum and cobalt .  

The m i c r o s t r u c t u r e s  c o r r e l a t e  with the a l l oy ' s  m e -  
chanica l  p r o p e r t i e s .  Although the amount  of gamma  
p r i m e  f o r m e d  is not suff ic ient  to cause  app rec i ab l e  
hardening,  it does p rov ide  some s t reng then ing  at t e m -  
p e r a t u r e s  of 1200 to 1400~ (649 to 760~ At h igher  

t e m p e r a t u r e s ,  which solut ion the gamma  p r i m e ,  the 
a l loy is s t rengthened  by the p rec ip i t a t ion  of s table,  
d i s c r e t e  M23Ca ca rb ides ,  
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