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The c r e e p  de fo rmat ion  of Mar -M200  single c r y s t a l s  of v a r i o u s  o r ien ta t ions  has  been s tudied at 
a t e m p e r a t u r e  of 1400~ It was found by a combinat ion  of t r a n s m i s s i o n  m i c r o s c o p y  and analy-  
s i s  of la t t ice  ro ta t ions  that s h e a r  of the 7 -7 '  s t r u c t u r e  occu r s  by the gl ide of loose ly  coupled 
i n t r i n s i c / e x t r i n s i c  fault  pa i r s  with a net  B u r g e r s  v e c t o r  of a (112). The or ien ta t ion  depen-  
denc ies  of both the ra te  and extent  of p r i m a r y  c r e e p  a re  c o r r e l a t e d  with the Schmid fac to r s  
and mul t ip l i c i ty  of sl ip for {111}(112) s y s t e m s .  It is a l so  shown that s t r a in  hardening  due to 
i n t e r s e c t i n g  s l ip  is  n e c e s s a r y  to obtain the t r ans i t ion  f rom p r i m a r y  to s t eady- s t a t e  c r eep .  In 
addit ion,  it was found that the de fo rma t ion  mode is a function of s t r a i n  ra te  at 1400~ In con- 
t r a s t  to the obse rved  glide m e c h a n i s m  during c r e e p ,  t ens i le  de format ion  o c c u r s  by the shea r  of 
the ~ and 7'  phases  by a/2 (110) supe r l a t t i c e  pa i r s .  

PRECIPITATION-hardened n i c k e l - b a s e  a l loys  have 
found useful  appl icat ion in gas  turbine engines  p r i -  
m a r i l y  because  of the i r  exce l l en t  e l eva t ed  t e m p e r a -  
ture  c r e e p  r e s i s t a n c e .  R e s e a r c h  on the c r e e p  behav io r  
of these  m a t e r i a l s  has been main ly  confined to g ra in  
boundary phenomena,  1-8 and ove ra l l  phenomologica l  be -  
havior,V-~2 with v i r tua l ly  no a t t empt s  having been made 
to unders tand  fundamenta l  c r e e p  de fo rma t ion  m e c h -  
a n i s m s  and t he i r  impl i ca t ions .  The recen t  deve lop-  
ment  of cas t ing  techniques  ~3 that y ie ld  s ingle c r y s t a l s  
of these  m a t e r i a l s  has p rov ided  an opportunity to in-  
ves t iga t e  these m e c h a n i s m s  in deta i l .  

In this  study, s ingle c r y s t a l s  of Mar -M200  of va r i ous  
o r ien ta t ions  have been  c rep t  at a s ingle t e m p e r a t u r e  
and a s ingle s t r e s s  to d e t e r m i n e  the or ien ta t ion  de-  
pendence of c r e e p  behav io r ,  and t r a n s m i s s i o n  e l e c -  
t ron  m i c r o s c o p y  has been combined with these  o b s e r -  
va t ions  to e lucidate  the c r e e p  m e c h a n i s m .  

I) MATERIAL AND E X P E R I M E N T A L  PROCEDURE 

Severa l  d i f ferent  hea ts  of m a t e r i a l  were  cas t  fo r  
this  inves t iga t ion .  Close con t ro l  was main ta ined  ove r  
the composi t ion  of these  hea ts ,  Table  I, p a r t i c u l a r l y  
with r e s p e c t  to a luminum,  t i t an ium,  and niobium (colum- 
bium) which cont ro l  the amount  and s t r eng th  of the y '  
p rec ip i t a t e .  Carbon  was main ta ined  at a low leve l  by 
not making de l ibe ra te  addi t ions of it to the mel t .  This  
p reven ted  the fo rmat ion  of MC ca rb ides  and g rea t ly  
reduced  the number  of MesC8 ca rb ides .  

Af t e r  cas t ing ,  a l l  c r y s t a l s  were  so lu t ion ized  in a r -  
gon at 2250~ fo r  100 hr  and a i r  cooled.  They were  
then aged at 1600~ fo r  32 h r  and a i r  cooled  which r e -  
sul ted in the s t r u c t u r e  shown in Fig .  1. The o r d e r e d  
fcc y '  p a r t i c l e s  a r e  cuboidal  with rounded c o r n e r s ,  
-0 .25 p on edge,  and coheren t  with the d i s o r d e r e d  
fcc y ma t r i x .  The compos i t ion  and volume f rac t ion  of 
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the y '  p a r t i c l e s  f rom three  d i f ferent  heats  is  shown 
in Table  II. These  de t e rmina t ions  were  made by a r e -  
cent ly developed ex t r ac t ion  technique,  14 and the r e -  
por ted  va lues  for  the three  d i f ferent  s ingle c r y s t a l  
heats  indicate  the exce l l en t  h e a t - t o - h e a t  r ep roduc ib i l -  
i ty.  The amount  of y ' - f o r m i n g  e l e m e n t s  ( t i tanium, 
a luminum,  niobium) in these  hea ts  c o v e r e d  mos t  of the 
range for  these e l e m e n t s  shown in Table  I. 

The o r ien ta t ion  of each  mach ined  c r e e p  spec imen  
was d e t e r m i n e d  by the Laue back-  r e f l ec t ion  X- ray  
technique by placing the spec imen  in a f ixture  de-  
s igned to al ign the spec imen  axis  pa r a l l e l  to the X - r a y  
beam.  Repor ted  o r ien ta t ions  have an a c c u r a c y  of +1.5 
deg. The s p e c i m e n s  used in this  inves t iga t ion  were  
ident ica l  to a p rev ious  design.  Is An e x t e n s o m e t e r  was 
a t tached  to r idges  at the e x t r e m e s  of the gage sec t ion  
and s t r a in  was m e a s u r e d  by an LVDT. Most t e s t s  
were  p e r f o r m e d  at a s t r e s s  of 100 ksi  and t e m p e r a t u r e  
of 1400~ in constant  load c r eep  mach ines .  The t em-  
pe ra tu r e  was main ta ined  to within +2~ over  the 1.5 

Table I. Analyzed Compositional Range of Mar-M200 Single Crystals 

AI 4.5 to 4.8 wt pct 
Co 9.8 to 11.3 
Cr 8.5 to 9.4 
Nb 0.51 to 0.71 
Ti 1.5 to 1.8 
W 11.4 to 12.3 
B 0.003 to 0.019 
Zr 0.032 to 0.051 
C ~50 ppm 

Table II. Composition andVolume Fraction of ~" in Three Single Crystal Heats 

Wt Pct 

Heat Vol Pct, 7' A1 Co Cr Nb Ni Ti W 

X4C 57.1 6.8 6.2 2.39 1.11 67.9 2.28 13.3 
X4K 58.4 6.7 6.2 2.37 1.05 67.8 2.29 13.5 
X4W 56.5 6.8 6.3 2.38 1.04 67.5 2.28 13.7 
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Fig. 1--A transmission micrograph of the -y -3/ structure of 
heat-treated Mar-M200. Magnification 29,000 times. 

in. gage length. Most spec imens  were run to fa i lure  
(~200 hr) while o thers ,  f rom which thin foils for t r a n s -  
m i s s ion  mic roscopy  were taken,  were f o r c e d - a i r  
cooled under  load to room t empe ra tu r e  at var ious  
s tages in p r i m a r y  and s t eady-s ta te  creep.  

Thin foils  were p repa red  by an es tab l i shed  pro-  
cedure.Z8 The polishing solut ion used for f inal  thin-  
ning cons is ted  of 83 pct methanol ,  7.5 pct su l fur ic  
acid,  3 pct n i t r i c  acid,  2 pct hydrof luor ic  acid,  and 
4.5 pct lactic acid.  Po l i sh ing  was pe r fo rmed  at room 
t empera tu re  and 10 v. 

II) EXPERIMENTAL RESULTS 

A) Charac te r i za t ion  of Creep Behavior .  The o r i en -  
ta t ions  of the tens i le  axes of the single c rys t a l s  tes ted 
are  shown in Fig.  2. All spec imens  are  within 18 deg 
of [001] with the exception of c rys t a l  1. Some creep 
curves  are  shown in Fig.  3(a). The curves  for c r y s -  
ta ls  6 and 13 a re  typical  for most  o r ien ta t ions  tes ted,  
exhibi t ing an incubat ion per iod  and regions  of p r i m a r y ,  
s t eady- s t a t e ,  and t e r t i a r y  creep .  The slope of the 
l i nea r  port ion of the p r i m a r y  creep region is  defined 
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Fig. 2--The initial orientation of the tensile axes of the single 
crystals in the standard stereographic triangle. 

E 

10 

I 
5.0 

-C / ~  5.0 
TIME (HRS) 

40 80 

40 

30 

20' 

I.G 

! 
I 

CRYSTAL 13~ 

/ / / 
J 

CRYSTAL 6 

12n 

TIME (HRS) 
(a/ 

160 200 240 

/ 
/ 

J 
2.0 3.0 4.0 5.0 6,0 

TIME (HRS) 

(b/ 
Fig. 3--(a) The creep curves for crystals 6 and 13. The in- 
set shows the initial portion of the creep curves including the 
incubation period. (b) Creep curve for crystal 1. 

as  the p r i m a r y  creep ra te ,  Fig.  4. The creep curve for  
c rys t a l  1 is not typical ,  exhibi t ing no t r ans i t i on  to 
s teady-s ta te  creep p r io r  to fa i lure ,  Fig.  3(b). 

Table III s u m m a r i z e s  the creep data for al l  c r y s -  
ta ls  including the p r i m a r y  creep s t r a in  (ep in Fig.  4), 
p r i m a r y  creep rate (~p), s t eady-s ta te  c reep  rate (~s), 
and the rat io of p r i m a r y  to s t eady-s ta te  c reep  ra tes .  

Table  I I I .  Creep Data  

Primary Creep Steady-State 
Crystal Stress, Primary Creep Rate (ip) X 10 "2, Creep Rate (es) X 10 "4, 

No. ksi Strain, Pct hr "1 hr "l ip / i  s 

1 100 Unconventional creep curve, Fig. 3(b) 
2 100 5.5 1.96 4.20 46.7 
3 100 4.5 1.49 2.82 52.9 
4 100 3.3 0.975 3.40 28.7 
5 89.2 1.5 0.105 0.62 16.9 
6 100 1.7 0.610 3.52 17.3 
7 100 1.9 0.555 3.06 18.1 
8 100 2.2 0.553 - 
9 100 2.4 1.02 4.77 21.4 

10 100 4.0 1.52 3.40 44.7 
11 85.5 Test stopped in primary creep at 1.4 pct strain. 
12 100 12.5 5.60 12.5 44.8 
13 100 5.2 2.07 5.05 41.0 
14 100 6.3 1.60 4.53 35.4 
15 85.0 0.8 0.0516 0.348 14.8 
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Fig. 4--The definition of the pr imary creep strain (ep) and the 
pr imary creep rate (~p) shown on the creep curve for c rys -  
tal 13. 

F o r  the t e s t s  run at  100 k s i ,  the p r i m a r y  c r e e p  s t r a i n  
and p r i m a r y  c r e e p  ra te  i n c r e a s e  p r o g r e s s i v e l y  with 
o r i en ta t ion  in the fol lowing o r d e r :  [001] t ens i l e  ax i s ,  
t ens i l e  ax i s  on [001]-[01I]  bounda ry ,  t ens i l e  ax i s  b e -  
tween [001 ] - [0 i l ]  and [001 ] - [1 i l ]  b o u n d a r i e s ,  and ten-  
s i l e  ax is  on [001] - [1 i l ]  boundary .  The s t e a d y - s t a t e  
c r e e p  ra te  i n c r e a s e s  with o r i en ta t ion  in the s ame  o r -  
d e r  as  the p r i m a r y  c r e e p  ra te  but does  not exhibi t  a s  
l a r g e  a s p r e a d  as  the p r i m a r y  r a t e .  This  i s  m o r e  
c l e a r l y  seen  by c o m p a r i n g  the r a t i o  of p r i m a r y  c r e e p  
ra te  to s t e a d y - s t a t e  c r e e p  r a t e .  The r a t i o  i n c r e a s e s  
f rom about  18 fo r  a [001] o r i en ta t ion  to 45 to 50 for  
c e r t a i n  o r i en t a t i ons  r e m o v e d  f rom [001]. Th is  r a t io  
would have been  even h igher  for  s p e c i m e n s  e x p e r i -  
enc ing  l a rge  p r i m a r y  s t r a i n s  if the t e s t s  had been  
conducted  under  cons tan t  s t r e s s  r a t h e r  than constant  
load,  because  es would have been  c o n s i d e r a b l y  r e -  
duced.  A t t empt s  to r a t i o n a l i z e  the o r ien ta t ion  depen-  
dence of the extent  and ra te  of p r i m a r y  c r e e p  by con-  
s i d e r a t i o n  of the Schmid f a c t o r s  (S.F.)  and m u l t i p l i c i t y  
of s l ip  for  a s s u m e d  {111}(110) s l ip  s y s t e m s  p roved  
f r u i t l e s s .  Th is  can be seen  mos t  c l e a r l y  by c o m p a r -  
ing the p r i m a r y  c r e e p  r a t e s  of c r y s t a l s  6 through 10 
on the [001]-[011] boundary  line with the Schmid f ac -  
t o r  for  (1i l)[101] s l ip  for  each c r y s t a l .  As the o r i e n -  
ta t ion dev ia ted  f rom [001], the p r i m a r y  c r e e p  ra te  
in i t i a l ly  i n c r e a s e d ,  p a s s e d  through a m a x i m u m ,  and 
then d e c r e a s e d ,  w h e r e a s  the S.F.  cont inual ly  i n c r e a s e d ,  
Fig .  5(a). Iden t i f ica t ion  of the ac tua l  s l ip  s y s t e m s  was 
then under taken.  

B) Ident i f ica t ion  of Opera t ive  Slip Sys t ems  Dur ing  
Creep .  Most  de t a i l s  of the a n a l y s i s  p e r f o r m e d  to 
ident i fy  the ope ra t ive  s l ip  s y s t e m  have been  d e s c r i b e d .  ~7 
H e r e ,  only the sa l i en t  f e a t u r e s  of that  a n a l y s i s  a r e  
given and some addi t iona l  o b s e r v a t i o n s  a r e  inc luded 
as  well .  F ig .  6(a) shows the d i s loca t ion  s t r u c t u r e  in 
c r y s t a l  11 in p r i m a r y  c r e e p  at  a s t r a i n  of 1.4 pct;  the 
plane of the foi l  i s  n o r m a l  to the t ens i l e  ax i s .  Sl ip-  
induced s t ack ing  fau l t s  can be seen  on two d i f fe ren t  
p lanes .  The s l ip  p lanes  were  ident i f ied  as  (111} by 
c o m p a r i n g  a s i m i l a r  m i c r o g r a p h  conta ining s t ack ing  
fau l t s  on th ree  d i f fe ren t  p lanes  with a s t e r e o g r a p h i c  
p r o j ec t i on  of the (111} s l ip  t r a c e s  in the plane of the 
foi l .  It was found that  mos t  s t ack ing  faul ts  in th is  foil  
were  p a r a l l e l  to the c r i t i c a l  p lane ,  ( 1 i l ) ,  r a t h e r  than 
the n o r m a l l y  expec ted  p r i m a r y  plane ( ] i l ) .  F o i l s  
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Fig. 5--Schmid factor contours for the most highly s t ressed 
(a) {111} (110) slip system, (b) {111}(112) slip system. 

were  then p r e p a r e d  p a r a l l e l  to both ( 1 i l )  and (]11). A 
r e l a t i v e l y  high dens i ty  of v e r y  long d i s l oc a t i ons  was 
found in the c r i t i c a l  plane (1 i l ) ,  but  v i r t u a l l y  no d i s -  
l oca t ions  were seen  in the p r i m a r y  plane ( 1 i l )  con-  
f i r m i n g  the t r a c e  a n a l y s i s .  

An example  of the d i s loca t ion  s t r u c t u r e  in the c r i t i -  
ca l  plane is shown in Fig .  7. The d i s l o c a t i o n s  a r e  
s h e a r i n g  the ~'  p a r t i c l e s  a s  l oose ly  coupled p a i r s  
a s s o c i a t e d  with i n t r i n s i c  and e x t r i n s i c  s tack ing  fau l t s .  
F o r  e x a m p l e ,  the s t ack ing  faul t  be tween d i s l o c a t i o n s  
1 and 2 i s  i n t r i n s i c  and be tween 3 and 4 i s  e x t r i n s i c .  
D i s loc a t i ons  1 and 4 in F ig .  7 have B u r g e r s  v e c t o r s  
of a/3 (112), and d i s loca t i ons  2 and 3 have B u r g e r s  
v e c t o r s  of a / 6  (112). ~7 The d i s l oc a t i ons  a r e  a l l  of the 
s ame  sign and,  t h e r e f o r e ,  the net  B u r g e r s  v e c t o r  of 
the p a i r  is  a ( l 1 2 ) .  In addi t ion to the d i s l oc a t i ons  with 
a/3 (112) and a / 6 ( 1 1 2 )  B u r g e r s  v e c t o r s ,  some d i s lo -  
ca t ions  with a / 2  (110) B u r g e r s  v e c t o r s  were  a l so  ob- 
s e r v e d .  

In o r d e r  to d e m o n s t r a t e  convinc ing ly  that  the a(1127 
d i s loca t i ons  were  p r i m a r i l y  r e s p o n s i b l e  for  the c r e e p  
de fo rma t ion ,  the l a t t i ce  ro ta t ion  of s e v e r a l  c r y s t a l s  
was d e t e r m i n e d  a f t e r  f a i l u r e ,  F ig .  8. The mos t  highly 
s t r e s s e d  s l ip  s y s t e m  for c r y s t a l s  12, 13, and 14 was 
(111)[i 12], and the c r y s t a l s  ro t a t ed  c i r e c t l y  t oward  
[ i12] .  In the case  of c r y s t a l  1, the d i r ec t ion  of r o t a -  
t ion was toward  [211] which i s  the s l ip  d i r ec t ion  in the 
most highly stressed slip system, (III)[211], for this 
orientation. Since lattice rotation in single crystals 
tends toward the slip direction, ~ this confirmed that 
the dislocations with net Burgers vector of a (1127 
were responsible for creep deformation. In addition to 
the above results, crystal 5 rotated along the [001]- 
[011] boundary toward [001] which is consistent with 
equal slip activity on the (Iii)[I12] and (ili)[I12] 
systems, and crystals with a [001] tensile axis were 
stable, indicating equal activity on all four equally 
stressed slip systems. 

C) Activation Energy for Creep. Activation ener- 
gies were measured during steady-state creep by the 
temperature cycling method. ~9 The results are sum- 
marized in Table IV; all values for activation energy 
(AH) are the average of 6 to 7 determinations. The 
measured values of -150 kcal per mole were inde- 
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pendent of s t r e s s  and c r y s t a l  or ienta t ion .  In addit ion,  
it was obse rved  that AH was independent  of s t ra in .  

D) Ef fec t  of Strain Rate on Slip C h a r a c t e r  and Slip 
Sys tems .  C r e e p - i n d u c e d  deformat ion  was quite ho- 
mogeneous  as  i s  ev ident  f r o m  the uni form d i s t r ibu -  
tion of d i s loca t ions  shown in Fig .  6(a) and the sur face  
s l ip  of fse ts ,  F ig .  6(b). In con t r a s t ,  the de fo rmat ion  
produced during tens i le  t e s t ing  at 1400~ and a s t r a in  
ra te  of 2.0 per  hr  was e x t r e m e l y  he t e rogeneous ,  F igs .  
6(c) and (d), and o c c u r r e d  by the mot ion of s u p e r l a t -  
t ice pa i r s  in intense bands as has been  obse rved  at 
room t e m p e r a t u r e  for this  m a t e r i a l .  2~ The pa i r s  at 
1400~ were  ident i f ied  as  a / 2  (110) d i s loca t ions  by 
the g.b. = 0 c r i t e r i o n .  In addi t ion,  dur ing tens i le  
tes t ing  the la t t ice  ro ta ted  toward  (110) conf i rming  
that shea r  o c c u r r e d  by the mot ion  of a[2 (110) supe r -  
la t t ice  pa i r s .  

(c) 

Fig. 6--(a) Transmission micrograph showing intr insic/ex-  
trinsic fault pairs {arrows) in crystal 11 at 1.4 pct strain in 
primary creep. Magnification 16,800 times. {b) Uniform dis- 
tribution of surface slip offsets in specimen crept to 1.5 pct 
strain in primary creep. Magnification 95 times. (c) Trans- 
mission micrograph of tensile specimen at 1.8 pct strain 
showing intense slip band and a/2 (110) superlattice pairs 
(arrows). Magnification 21,200 times. (d) Surface offsets 
showing the heterogeneous nature of tensile deformation at 
1400~ Magnification 95 times. 

Fig. 7--Transmission micrograph of a section parallel to 
the critical plane, (111), showing loosely coupled intr insic/ex- 
trinsic fault pairs in the plane of the foil. Dislocations 
marked 1 and 4 have a/3 (112> Burgers vectors and disloca- 
tions 2 and 3 have a/6(112> Burgers vectors. The super- 
lattice intrinsic stacking fault energy was estimated at the 
locations denoted by the double arrows. Magnification 
25,500 times. 

494-VOLUME 1,FEBRUARY 1970 METALLURGICAL TRANSACTIONS 



211 
O 

2T1 

011 

111 

112 

101 

t3>. ~,- 
ool -~-s 

1T1 

011 

112 IT2 

TI t TTI 
TO! 

~u. ~.T1 

Fig. 8--The rota t ion of the tens i le  axes  of c ry s t a l s  1, 5, 12, 
13, and 14 during c reep  deformat ion.  The ini t ial  o r ien ta t ion  
is denoted by the c rys t a l  number  and the final o r ien ta t ion  
by the c ry s t a l  number  with a " p r i m e "  supersc r ip t .  

Table IV. Activation Energy for Steady-State Creep 

Activation Energy, 
Crystal No. Temperature Range, ~ Stress, ksi kcal per mole 

10 1364 to 1410 100 150 
7 1365 to 1426 100 150 

15 1372 to 1427 85 150 
15 1377 to 1401 76.5 143 

Table V. Effect of Prior Creep Deformation on the Critical Resolved Shear 
Stress for {111 ) < 110> Slip 

Yield Critical Resolved 
Stress, Schmid Shear Stress, 

Crystal No. History Temperature ksi Factor ksi 

8 Solutionized and aged 1400~ 146.7 0.482 70.6 
and crept to 2.7 pet 
strain at 1400~ and 
100 ksi. 

X5M1 Solutionized and 1400~ 131.5 0.44 57.8 
aged. 

7 Solutionized and R.T. 178.3 0.408 72.8 
aged and crept to 
6.3 pet strain at 
1365 ~ to 1426~ and 
90 to 100 ksi. 

Y4B4 Solutionized and R.T. 131.5 0.408 53.6) 
aged. ~ Ave: 55.1 

X4K4 Solutionizedand R.T. I17.5 0.482 56.6J 
aged. 

t i o n s  a s  s h o w n  in  F i g .  9. T h e  i n i t i a l  p o r t i o n  of  the  
c r e e p  c u r v e  f o r  t h i s  c r y s t a l  a t  1400~ a n d  a s t r e s s  of 
100 k s i  i s  s h o w n  in  F i g .  10. T h e  i n c u b a t i o n  p e r i o d  was  
c o m p l e t e l y  e l i m i n a t e d  p r e s u m a b l y  due to the  i n s t a n t a n e -  
ous  g e n e r a t i o n  of a ( 1 1 2 )  d i s l o c a t i o n s  in  t h e  p r e s e n c e  
of the  s h o c k - i n d u c e d  s u b s t r u c t u r e .  T h i s  s u p p o r t s  the  
i d e a  t h a t  the  i n c u b a t i o n  p e r i o d  i s  c a u s e d  by  a c o m b i n a -  
t i o n  of  the  low i n i t i a l  d i s l o c a t i o n  d e n s i t y  a n d  a b s e n c e  
of e a s i l y  a c t i v a t e d  d i s l o c a t i o n  s o u r c e s .  

B)  O r i e n t a t i o n  D e p e n d e n c e  of P r i m a r y  a n d  S t e a d y -  
State Creep. In order to understand the orientat ion de- 
pendence of the extent and rate of pr imary  creep ,  one 
must  cons ider  the Schmid fac tors  and mul t ip l i c i ty  of 
s l i p  f o r  { 1 1 1 } ( 1 1 2 )  s l i p  s y s t e m s .  S e h m i d  f a c t o r  (S .F . )  
c o n t o u r s  in  the  s t a n d a r d  s t e r e o g r a p h i c  t r i a n g l e  f o r  the  
m o s t  h i g h l y  s t r e s s e d  s l i p  s y s t e m s  24 a r e  s h o w n  in  F i g .  
5(b).  S e v e r a l  i m p o r t a n t  d i f f e r e n c e s  e x i s t  b e t w e e n  t he  
c o n t o u r s  f o r  ( 1 1 0 )  a n d  ( 1 1 2 )  s l i p ,  a s  f o l l o w s :  

1) T h e  S . F .  f o r  ( 1 1 2 )  s l i p  i s  c o n s i d e r a b l y  h i g h e r  f o r  

III)  DISCUSSION 

A) I n c u b a t i o n  P e r i o d .  I n c u b a t i o n  p e r i o d s  h a v e  b e e n  
f o u n d  in  the  c r e e p  t e s t i n g  of  a n u m b e r  of d i f f e r e n t  
s i n g l e  c r y s t a l  m a t e r i a l s  21-23 a t  b o t h  h igh  a n d  low t e m -  
p e r a t u r e s .  In g e n e r a l ,  i t  wou ld  a p p e a r  t h a t  t h i s  p h e -  
n o m e n o n  c a n  be  a t t r i b u t e d  to  the  low g r o w n - i n  d i s l o -  
c a t i o n  d e n s i t y  f o u n d  in s i n g l e  c r y s t a l s  a n d  the  a b s e n c e  
of g r a i n  b o u n d a r i e s  w h i c h  c o m m o n l y  a c t  a s  d i s l o c a t i o n  
s o u r c e s .  In a d d i t i o n ,  in  the  c a s e  of n i c k e l - b a s e  s u p e r -  
a l l o y s ,  a h i g h  m a t r i x / p a r t i c l e  i n t e r a c t i o n  s t r e s s  l i m i t s  
the  m o b i l i t y  of a/2 (110) d i s l o c a t i o n s  u n t i l  t he  c r i t i c a l  
r e s o l v e d  s h e a r  s t r e s s  i s  r e a c h e d ,  s~ T h i s  s t r e s s  i s  
58 k s i  f o r  M a r - M 2 0 0  a t  1400~  T a b l e  V, w h i c h  i s  c o n -  
s i d e r a b l y  l a r g e r  t h a n  the  a p p l i e d  s h e a r  s t r e s s e s  on 
the  c r e e p  s p e c i m e n s .  

In o r d e r  to  d e t e r m i n e  the  e f f e c t  of i n i t i a l  d i s l o c a t i o n  
d e n s i t y  on the  i n c u b a t i o n  p e r i o d ,  a c r y s t a l  w a s  l o a d e d  
a t  r o o m  t e m p e r a t u r e  by  a s h o c k  wave  of 250 k b a r  i n -  
t e n s i t y ,  r e s u l t i n g  in the  i n t r o d u c t i o n  of m a n y  d i s l o c a -  

M E t A l  I.URGI('AL TRANSA('TIONS 

Fig. 9 - -Transmis s ion  mic rog raph  of the dis locat ion s t r u c -  
ture  int roduced by 250 kbar  shock wave. Magnif icat ion 
32,200 t imes .  
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Fig. 10--Initial portion of the creep curve for the shock 
loaded crystal. Note the absence of the incubation period. 

[001], [011], and [111] o r i en t a t i ons ,  3) The p r i m a r y  plane 
[111] i s  inc luded in the mos t  h ighly  s t r e s s e d  s l ip  s y s -  
tem for a l l  o r i en ta t ions  for  (110) s l ip ;  however ,  for  
(112) s l ip ,  the c r i t i c a l  plane [111] i s  m o s t  highly 
s t r e s s e d  in the a r e a  [001]-X-Y,  but the p r i m a r y  plane 
i s  mos t  highly s t r e s s e d  in the a r e a  Y-[011]- [111]-X;  
3) With i n c r e a s i n g  d i s tance  f rom [001] out to about 
20 deg along both the [001 ] - [0 i l ]  and [001 ] - [1 i l ]  bound-  
a r y  l ines  as  well  a s  be tween these  b o u n d a r i e s ,  the 
S.F.  i n c r e a s e s ,  p a s s e s  through a m a x i m u m ,  and then 
d e c r e a s e s  for  (112) s l ip  but  cont inual ly  i n c r e a s e s  for  
(110) s l ip ;  4) The [001]-[111] boundary  line is  a s y m -  
m e t r y  line for  (110) duplex s l ip ,  but s ingle  s l ip  oc-  
c u r s  along this  boundary  be tween [001] and X for 
(112) s l ip .  

Al l  the e x p e r i m e n t a l  o b s e r v a t i o n s  of p r i m a r y  c r e e p  
behav io r  can now be expla ined .  F o r  e x a m p l e ,  a long 
the [001]-[011] duplex s l ip  ((111)[i12] and (iil)[112]) 
boundary  the p r i m a r y  c r e e p  ra te  (~p) and p r i m a r y  
c r e e p  s t r a i n  (Ep) fo r  c r y s t a l s  6, 7, 9, 10, and 8 in i -  
t i a l ly  i n c r e a s e ,  r each  a m a x i m u m  for  c r y s t a l  10 and 
then d e c r e a s e  for c r y s t a l  8 in a c c o r d  with the t r end  
in S.F.  for  the two equal ly  f avo red  s l ip  s y s t e m s .  
C r y s t a l s  2, 3, 12, 13, and 14 a r e  in s ingle  s l ip  o r i en -  
t a t i ons ,  (1 i l ) [ i 12 ] ,  and exhibi t  the l a r g e s t  Ep and ~p. 
C r y s t a l s  6 and 7 have four  equa l ly  s t r e s s e d  s l ip  s y s -  
t e m s ,  i.e.,  (111)[112] , (i11)[112], (111)[112], and 
(111)[112], and exhibi t  the s m a l l e s t  Ep and ~p. The 
d i s loca t ion  s t ruc tu r e  for  [001] c r y s t a l s  is  shown as  
a function of s t r a in  in p r i m a r y  c r e e p  in F ig .  11. It 
can be seen that s t r a i n  ha rden ing  due to i n t e r s e c t i n g  

s l ip  is  found at s m a l l  s t r a i n s  and th i s ,  in addi t ion  to 
the r e l a t i v e l y  low S . F . ,  accounts  for  the s m a l l  va lues  
of Ep and dp. The ef fec t  on the p r i m a r y  c r e e p  s t r a i n  
of in t roduc ing  a high dens i ty  of d i s l o c a t i o n s  on i n t e r -  
s ec t ing  s l ip  s y s t e m s ,  which l i m i t s  the m e a n - f r e e  s l ip  
d i s t ance ,  is  f u r t he r  i nd i ca t ed  by  the r e s u l t  on the shock 
loaded  c r y s t a l ,  Sect ion IIIA. Th i s  c r y s t a l  had the 
s ame  or ien ta t ion  a s  c r y s t a l  4, but  i t s  p r i m a r y  c r e e p  
s t r a i n  was 0.33 pct  c o m p a r e d  to 3.3 pct  for  c r y s t a l  4. 
In o r i en t a t i ons  where  s t r a i n  ha rden ing  i s  not ex ten-  
s ive  in p r i m a r y  c r e e p ,  dp can be p r e d i c t e d  ana ly t i -  
ca l ly .  25 

A m e a s u r e  of the p ronounced  s t r a i n  ha rden ing  due 
to i n t e r s e c t i n g  s l i p ,  which l e a d s  to the t r a n s i t i o n  f rom 
p r i m a r y  to s t e a d y - s t a t e  c r e e p ,  was obta ined  by p e r -  
f o rming  t ens i l e  t e s t s  at a s t r a i n  r a t e  of 2.0 p e r  h r  at  
room t e m p e r a t u r e  and 1400~ on p r e c r e p t  s p e c i m e n s .  
The c r i t i c a l  r e s o l v e d  s h e a r  s t r e s s  for {111}(110) 
s l ip  i n c r e a s e d  f rom 55.1 to 72.8 ks i  at  r oom t e m p e r a -  
ture  and 57.8 to 70.6 ks i  at  1400~ Table  V. The 
s t r a i n  ha rden ing  exp la ins  the s m a l l e r  s p r e a d  in 
s t e a d y - s t a t e  c r e e p  r a t e s  c o m p a r e d  to p r i m a r y  c r e e p  
r a t e s ,  Sect ion IIA, a s  a function of o r i en ta t ion .  S t ra in  
ha rden ing  due to mul t ip le  s l ip  i s  a lways  p r e s e n t  dur ing  
s t e a d y - s t a t e  c r e e p ,  w h e r e a s ,  dur ing  p r i m a r y  c r e e p ,  
the s t r a i n  ha rden ing  i s  l a rge  for  mul t ip le  s l ip  o r i e n t a -  
t ions  such as  [001] but  i s  s m a l l  for  o r i en ta t ions  which 
in i t i a l ly  exhibi t  p r edominan t l y  s ingle  s l ip .  

The impor t ance  of deve loping  mul t ip le  s l ip  in o r d e r  
to get the t r a n s i t i o n  f rom p r i m a r y  to s t e a d y - s t a t e  
c r e e p  i s  d e m o n s t r a t e d  by c o m p a r i n g  c r y s t a l s  1 and 12. 
Both c r y s t a l s  a r e  in s ingle  s l ip  o r i en ta t ions .  In the 
ease  of c r y s t a l  1, the S .F .  on the mos t  highly s t r e s s e d  
s l ip  s y s t e m ,  (111)[211], i n c r e a s e d  dur ing  l a t t i ce  r o t a -  
t ion f rom an in i t i a l  value of 0.48 to a m a x i m u m  of 0.49 
and then d e c r e a s e d  somewhat  to 0.453 at  the end of 
the tes t .  At the s ame  t i m e ,  the S .F .  on the next  mos t  
highly s t r e s s e d  s y s t e m ,  (111)[211], i s  i n i t i a l l y  0.43 
but  decreased cont inual ly  dur ing ro ta t ion  to a f inal  
value  of 0.25. T h e r e f o r e ,  the s l ip  ac t iv i ty  on the 
(111)[~11] s y s t e m  was n e v e r  suff ic ient  to cause  s t r a i n  
ha rden ing  and no s t e a d y - s t a t e  c r e e p  was o b s e r v e d  for  
th is  s p e c i m e n ,  F ig .  3(b). Single s l ip  was fu r the r  con-  
f i r m e d  for  th is  s p e c i m e n  by c o m p a r i n g  the c a l c u l a t e d  
e longat ion fo r  the o b s e r v e d  l a t t i ce  ro ta t ion  with the a c -  
tual  m e a s u r e d  e longat ion.  The ca l cu l a t ed  and m e a s -  
u red  va lues  were  34 and 33 pet ,  r e s p e c t i v e l y .  F o r  
c r y s t a l  12, the mos t  highly s t r e s s e d  s y s t e m  i s  
(1i l)[112] and the in i t i a l  S .F.  of 0.48 i n c r e a s e d  dur ing  
l a t t i ce  ro ta t ion  to 0.5. The next mos t  highly s t r e s s e d  

(a) (b) (c) 
Fig. l l - -Transmiss ion micrographs showing the development of strain hardening (intersecting slip) during primary creep for 
crystals  with a [001] tensile axis; (a) 0.35 pct strain, (b) 0.80 pct, (c) 1.35 pct. Magnification 11,700 times. 
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sl ip sy s t ems  for  this  or ienta t ion  are  ( ] i l ) [  112] and 
(111)[112] which in i t i a l ly  have S .F . ' s  of 0.43 and 0.42, 
respec t ive ly .  However,  dur ing  lat t ice rotat ion these 
va lues  increased to 0.45 and 0.46 leading to sl ip ac-  
t ivi ty on these s y s t e m s  and eventual  s t r a in  hardening .  
Consequent ly ,  s t eady-s t a t e  creep was found despite 
the ve ry  large  p r i m a r y  c reep  s t r a in ,  Table III. 

C) The Shear Mode and Rate Control l ing P r o c e s s  for 
Creep.  1) Primary Creep. Since the shear  of the ~-~ '  
s t ruc tu re  by a/2 < 110> supe r la t t ice  pa i r s  r equ i r e s  a 
l a r g e r  s t r e s s  than the applied creep s t r e s s e s ,  the 
subs t i tu t ion  of an a l t e rna t ive  shea r  mechan i sm (in- 
t r i n s i c / e x t r i n s i c  fault pa i r s )  can be ra t ional ized  on 
this  ba s i s .  In addit ion,  ca lcu la t ions  have indicated 36 
that d is locat ion pa i r s  coupled by in t r in s i c  or ex t r ins i c  
faul ts  in single phase ~' have a lower total  energy  
than a pai r  of a/2 < 110} d is loca t ions  separa ted  by an t i -  
phase boundary for an APB energy  ->150 e rgs  per  sq 
cm. An es t ima te  of the super la t t i ce  in t r in s i c  s tacking 
fault energy was made in a r e a s  such as those indi -  
cated in Fig.  7 where cu rva tu re  effects were mi n i -  
mal  and therefore  neglected.  The ca lcula ted  values  
ranged  f rom 8 to 17 e rgs  pe r  sq cm. These values  
a re  even lower than those a s s u m e d  in the ana ly t ica l  
t r e a tmen t ,  36 lending fu r the r  support  to the conclus ions  
of the ca lcula t ion  compar ing  the ene rg ie s  of the two 
different  d is locat ion a r r a y s .  

The motion of the s tacking fault  pa i r  through the ~' 
pa r t i c l e s  is most  l ikely cont ro l led  by diffusion (vis- 
cous slip) s ince an ad jus tment  is  r equ i red  at or nea r  
the core of the a/3 <112> d is loca t ions  just  as they en-  
t e r  the y'  p a r t i c l e s  in o rde r  to obtain the proper  
shea r ing  sequence.17 This  expla ins  why this shear ing  
mode is  not observed  at high s t r a in  ra tes .  Viscous 
sl ip has prev ious ly  been  proposed for c reep  of s ing le -  
phase o rde red  al loys and compounds.  2s'2~ The t em-  
pe ra tu re  of 1400~ in this  inves t igat ion is about 0.65 
of the sol idus  t empe ra tu r e  and,  the re fore ,  diffusional 
p roce s se s  should be rapid.  

2) Steady-State Creep. The in te rac t ion  between 
in t e r sec t ing  [111}<112} slip sy s t ems  leads to a 
s t eady-s ta te  subs t ruc tu re  such as that shown in Fig.  
12 for c rys t a l  10 at 9.4 pct s t r a in .  Dis locat ion net -  
works have formed at the ~-~ '  in te r faces  and in many 
cases  c l ea r ly  outline the ~' pa r t i c l e s  (arrows).  Under 
these c i r c u m s t a n c e s ,  the mean  free sl ip dis tance of 
d is locat ions  is  probably on the o rder  of the ~' pa r -  
t icle size in cont ras t  to the large d is tances  over  which 
dis locat ions  can glide dur ing p r i m a r y  creep .  

The m e a s u r e d  act ivat ion energy  of 150 kcal per  
mole dur ing s t eady-s ta te  c reep  was independent  of 
s t r e s s  which is indicat ive of a d i f fus ion-cont ro l led  
creep p roces s ,  2s but it is ex t r eme ly  large in magni -  
tude. A s i m i l a r  ac t iva t ion  energy  was found for the 
s t eady-s ta te  creep of c o l u m n a r - g r a i n e d  Mar-M200.  29 
Pu re  nickel  ~~ has an act ivat ion energy  for s teady-  
state creep of 66 kcal per  mole (equivalent to the 
act ivat ion energy  for se l f -di f fus ion)  and this only in-  
c r e a s e s  to 80 kcal per  mole with the addition of 30 
pct Cr  31 in solid solut ion.  On the other hand, a value 
of 107 kcal per  mole has been  found for the c reep  of 
Ni3 (A1,Mo), 32 and comparable  va lues  have been de- 
t e r m i n e d  for other  n i cke l -base  supera l loys .  5,12 It is  
poss ib le  that the act ivat ion energy  for  diffusion of 
n ickel  in the y'  phase is  l a r g e r  than that in d i so r -  
dered  nickel  a l loys  as is the case for the diffusion of 
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Fig. 12--Transmission mierograph of the steady-state creep 
substructure in crystal 10 at 9.4 pct strain. Magnification 
34,400 times. 

copper and zinc in o rdered  and d i so rde red  /3 b r a s s ,  33 
and expe r imen t s  a re  underway to check this  point.  
However,  it i s  quest ionable  whether the act ivat ion en-  
e rgy  for  diffusion is  as  high as  150 kcal  per  mole ,  and, 
therefore ,  the poss ib i l i ty  that shear  of the y'  pa r t i c l e s  
occurs  by the same me c ha n i sm  as  in p r i m a r y  creep ,  
but some undefined p roces s  at the y -~ '  in te r face  is  
r a t e -con t ro l l i ng  dur ing  s t eady-s t a t e  creep cannot be 
ru led  out. 

D) Impl ica t ions  for Alloy Design.  Some gene ra l i za -  
t ions  may be drawn from the r e su l t s  of this  study 
re la t ive  to the his tory  of the design of n i cke l -base  
supera l loys .  For  example ,  the obse rva t ion  that the u 
pa r t i c l e s  are  sheared  dur ing  p r i m a r y  c reep  is  a key 
point. Obviously,  if shea r  of the ~' pa r t i c l e s  could be 
avoided by bowing of d is loca t ions  between them by the 
Orowan m e c h a n i s m ,  34 the c reep  r e s i s t ance  would not 
be near ly  as high, and this  is  probably  the operat ive 
c reep  deformat ion m e c h a n i s m ,  at l eas t  dur ing  p r i m a r y  
c reep ,  in some of the ea r ly  supera l loys  that contain low 
volume f rac t ions  of V'. So, the evolut ion of a l loys  with 
higher  a luminum and t i t an ium contents ,  and conse-  
quently with higher volume f rac t ions  of ~', can be un- 
ders tood on this ba s i s ,  and indeed,  the most  c reep  r e -  
s i s tan t  a l loys  such as IN-100 and Mar-M200 have 
g rea t e r  than 55 vol pct ~,.14 

In addit ion,  it can be seen that l a r g e r  pa r t i c l e s  would 
offer more  res i s t ance  to p r i m a r y  creep deformat ion  
than s m a l l e r  pa r t i c l e s  for the same volume f rac t ion ,  
s ince the dis locat ions  tend to conform to the par t ic le  
shape at the ~-~ '  in te r face ,  and the r e s t o r i n g  force of 
curved  d is loca t ions  i n c r e a s e s  with dec reas ing  radius  
of curva ture .  The re fo re ,  penet ra t ion  of the d is loca-  
t ions into the ~' pa r t i c l e s  will be e a s i e r  the s m a l l e r  
the par t ic le  radius .  Consequent ly ,  aging condit ions 
that produce large (>0.1 p), closely spaced ~' par t i c l e s  
should maximize  p r i m a r y  creep r e s i s t ance .  

Alloying should affect p r i m a r y  c reep  behavior  in at 
leas t  two ways. Diffusion ra tes  will be changed by al-  
loying,  and ce r ta in  al loying addit ions may tend to 
s tabi l ize  s tacking faults  in the y'  pa r t i c l e s  which 
would decrease  dis locat ion mobi l i ty .  In the case of 
diffusion,  al loying will affect the act ivat ion energy for  
diffusion through its  influence on the bond ene rg i e s  
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b e t w e e n  n e a r e s t  n e i g h b o r  a t o m s  i n  t h e  o r d e r e d  T '  p a r -  
t i c l e s  a n d  t h r o u g h  t h e  s i z e  e f f e c t  on  a t o m i c  m o b i l i t y .  
S t a b i l i z a t i o n  o f  s t a c k i n g  f a u l t s  i s  a s p e c i a l  c a s e  of  t h e  
e f f e c t  o f  a l l o y i n g  o n  b o n d  e n e r g i e s  a n d  m a y  o c c u r  
w h e n  t h e  f a u l t e d  s t a c k i n g  s e q u e n c e  c o r r e s p o n d s  t o  t h e  
c r y s t a l  s t r u c t u r e  o f  t h e  p a r t i c u l a r  a l l o y i n g  a d d i t i o n  
i n  c o m b i n a t i o n  w i t h  n i c k e l .  F o r  e x a m p l e ,  t i t a n i u m  

t e n d s  t o  s t a b i l i z e  art  e x t r i n s i c  f a u l t  i n  t h e  L12 s t r u c t u r e  

(y ' )  s i n c e  t h i s  f a u l t  i s  e q u i v a l e n t  to  s e v e n  l a y e r s  o f  

N i 3 T i  (DO24). 
S t e a d y - s t a t e  c r e e p  r e s i s t a n c e  d e p e n d s  p r i m a r i l y  on  

h a v i n g  a l a r g e  v o l u m e  f r a c t i o n  o f  y '  p a r t i c l e s  w h i c h  
c a n  s t a b i l i z e  t h e  d i s l o c a t i o n  n e t w o r k s  f o r m e d  b y  i n t e r -  

secting {III}41125 slip. The presence of the ~' par- 
ticles reduces the steady-state creep rate by reducing 
the rate of recovery. This phenomenon has been ob- 
served in other studies at this laboratory and by other 
investigators. '2 The differences in steady-state creep 
resistance from one alloy to another will depend on the 
details of the rate controlling process which is not 
known at this time. It would be expected, however, that 
the rate of diffusion and/or the mismatch in lattice 
parameters at the Y-7' interface would be important 
parameters in controlling the creep rate. 

Finally, since the Schmid factor for 41125 slip is a 
minimum for a 41115 tensile axis and 41115 is a mul- 
tiple-slip orientation, single crystals of this orienta- 
tion should be most creep-resistant, and evidence ex- 
ists to support this proposal. 35 

CONCLUSIONS 

I) In general, the creep curves of Mar-M200 single 
crystals at 1400~ are characterized by an incubation 
period followed by the usual three stages of creep. 
The incubation period is caused by a combination of the 
initial low dislocation density, the absence of grain 
boundary dislocation sources, and the high resistance 
to glide for dislocations in this material. Multiple slip 
and subsequent strain hardening are necessary to at- 
tain s t e a d y - s t a t e  c r e e p .  

2)  C r e e p  d e f o r m a t i o n  i s  h o m o g e n e o u s  a n d  o c c u r s  b y  

v i s c o u s  s l i p  o f  i n t r i n s i c / e x t r i n s i c  f a u l t  p a i r s  w i t h  n e t  
B u r g e r s  v e c t o r  a 4 1 1 2 5  t h r o u g h  b o t h  t h e  7 a n d  ~ '  
p h a s e s .  I n t e r s e c t i n g  { 1 1 1 } 4 1 1 2 5  s l i p  l e a d s  t o  n e t w o r k  
f o r m a t i o n  a t  t h e  7 - 7 '  i n t e r f a c e  d u r i n g  s t e a d y - s t a t e  
c r e e p  a n d  t h e  a c t i v a t i o n  e n e r g y  f o r  s t e a d y - s t a t e  c r e e p  
i s  150 k c a l  p e r  m o l e .  

3) T h e  d e f o r m a t i o n  m o d e  a t  1 4 0 0 ~  i s  v e r y  s e n s i t i v e  
t o  s t r a i n  r a t e .  I n  t e n s i l e  t e s t s  p e r f o r m e d  a t  a s t r a i n  

r a t e  of  2 . 0  p e r  h r ,  s l i p  o c c u r s  in  w i d e l y - s p a c e d  b a n d s  
b y  t h e  s h e a r  of  a / 2  4 1 1 0 )  s u p e r l a t t i c e  p a i r s  t h r o u g h  
b o t h  t h e  ), a n d  7 '  p h a s e s .  

4)  T h e  f i n d i n g s  f o r  M a r - M 2 0 0  s h o u l d  b e  g e n e r a l  to  

a l l  ~ '  p r e c i p i t a t i o n - h a r d e n e d  n i c k e l - b a s e  s u p e r a l -  
l o y s  w h e r e  t h e  v o l u m e  f r a c t i o n  o f  7 '  i s  l a r g e  e n o u g h  
t o  r e q u i r e  p a r t i c l e  s h e a r  d u r i n g  c r e e p  a n d  t e n s i l e  d e -  

f o r m a t i o n .  
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t e n s i l e  t e s t i n g ,  J .  H a r t  f o r  s p e c i m e n  a n d  t h i n  f o i l  
p r e p a r a t i o n ,  a n d  L .  L e m a i r e  f o r  o p e r a t i o n  o f  t h e  e l e c -  
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