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The effects of hafnium addit ions on the m i c r o s t r u c t u r e  of ALLOY 713-LC have been inves t iga ted  
using e lec t ron  mic roscopy  and by a rad iographic  technique which r evea l s  the g ra in  boundary  
s t ruc tu re .  It is  shown that the chinese  sc r ip t  MC carb ides  in ALLOY 713-LC a r e  a l t e r ed  to a 
par t icu la te  morphology in al loy MM-004 (hafnium-modif ied  ALLOY 713-LC).  Unlike the scr ip t  
ca rb ides ,  the d i s c r e t e  MC pa r t i c l e s  do not provide any easy path for rapid c rack  propagat ion and 
hence,  duct i l i ty  is enhanced.  In the ha f n i um- be a r i ng  a l loy,  the morphology of y '  phase is  also 
modified.  Colonies  of (~ + ~') with a rose t t e  morphology a r e  formed and individual  y '  p la te le t s  
exhibit dendr i t i c  growth. It is  shown that this morphology of ~/ causes  gra in  boundar ies  to be 
d is tor ted  f rom p lanar  equ i l ib r ium in t e r f aces  to a convoluted in ter locking  conf igura t ion.  It is 
suggested that the in ter locking boundar ies  r e t a rd  g ra in  boundary  s l iding and sepa ra t ion  dur ing 
c reep  and r e s u l t  in higher s t r e s s - r u p t u r e  life for hafn ium-modi f ied  a l loys .  

C A S T  n i cke l -base  supe ra l loys ,  used in tu rb ine  hard-  
ware ,  a re  typical ly composed of approx imate ly  60 vol. 
pct of a V' phase coheren t ly  prec ip i ta ted  in an fcc 
m a t r i x ,  together  with eutect ic  phases  and one or  m o r e  
carbide  phases .  Since these  al loys cannot be heat 
t r ea ted ,  i . e .  one cannot solut ion hea t - t r ea t  and r e -  
p rec ip i ta te  the y '  phase ,  the i r  p rope r t i e s  a r e  governed 
by the a s - c a s t  m i c r o s t r u c t u r e .  The la t te r  has become 
inc reas ing ly  complex in r e sponse  to the cont inued 
need for i m p r o v e m e n t s  in e l e v a t e d - t e m p e r a t u r e  
s t rength .  Unfor tunate ly ,  concomitant  with ga ins  in 
high t empe ra tu r e  s t r eng th ,  there  has been an a s s o -  
c iated penalty in that the ambient  and i n t e r m e d i a t e  
temperat~xre duct i l i ty  of cas t  supera l loys  is usua l ly  
poor.  Recent ly ,  however ,  it has been shown ~'z that ad-  
di t ions of hafnium to n i c k e l - b a s e  supera l loys  can 
lead to subs tan t ia l  improvemen t  in both duct i l i ty  and 
high t e m p e r a t u r e  c reep  p rope r t i e s .  This  paper  p r e -  
sents  r e su l t s  f rom a study under taken  to define the 
ro le  of hafnium in modifying the s t r uc tu r e  and s t r u c -  
tu re -dependen t  p rope r t i e s  of n i cke l -base  a l loys .  

EXPERIMENTAL PROCEDURE 

The exper imen t s  r epor t ed  here  were c a r r i e d  out 
on the c o m m e r c i a l  a l loy ALLOY 713-LC and the 
hafn ium-modi f ied  a l loy MM-004 kindly provided by 
the Mar t in  Metals  Company in the form of i nves t -  
m e n t - c a s t  tes t  ba r s .  The composi t ions  of these  al loys 
a r e  shown in Table  I. 

The e lec t ro ly te  used for etching the spec imens  
p r i o r  to rep l ica t ion ,  and for opt ical  examina t ion ,  was 
a 6:8:30 mix ture  of HF,  HNOa, and g lycero l ,  r e s p e c -  
t ively .  Thin foils  were  p r epa red  by twin- je t  e l e c t r o -  
pol ishing of 3 m m  diam disc spec imens  in an e thanol-  
10 pct pe rch lor ic  acid bath at 32~ All  obse rva t ions  
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Table I. Alloy Compositions 

Composition 
in Wt Pct Cr Mo Al T1 Cb Zr B C Hf Ni 

713-LC 12.5 4.1 6.1 0.8 2.0 0.10 0.12 0.08 - Bal 
MM-O04 12.5 4.1 6.1 0.8 2.0 0.10 0.12 0,08 1.5 Bal 

were  c a r r i e d  out us ing a JEM-7  e lec t ron  mic roscope  
opera ted  at 100 kv. 

To study the morphology of g ra in  boundar ies  in 
ALLOY 713-LC and MM-004 a l loys ,  the b o r o n - m a p -  
ping technique based  on the obse rva t ions  of F l e i s c h e r  
e t  a l .  3 was used.  By mapping the boron  d is t r ibu t ion  it 
was poss ib le  to revea l ,  i nd i rec t ly ,  the g ra in  boundary 
s t r u c t u r e .  Th i s  p rocedure  i s  based  upon the o b s e r v a -  
t ion that ce r t a in  nuc l ides  can cause highly local ized 
and detectable  damage in f i lms  of mica ,  polycarbonate  
r e s in ,  or  ce l lu lose  n i t ra te .  Of specif ic  i n t e r e s t  to the 
p r e se n t  work is  the fact that the energy,  1.8 mev,  of the 

pa r t i c l e  r e su l t ing  f rom the B ~~ (n, ~) reac t ion  is  
within the range  of values which produce detectable  
t r acks  in ce l lu lose  n i t ra te .  In this work,  10 m i l  thick 
f i lms  of ce l lu lose  n i t ra te  were  glued to highly pol-  
ished su r faces  of the s amp le s .  These  packages were 
then i r r a d i a t e d  for 5 min  in a t h e r m a l  neu t ron  beam 
having a flux of 5 • 10 ~ n per  sq cm per  sec in the 
Union Carb ide  r eac to r  at S ter l ing  F o r e s t ,  N. Y. The 
damage t r acks  left by the ~ pa r t i c l e s  in the ce l lu lose  
n i t ra te  were  subsequent ly  r evea led  as sma l l  etch pits 
by etching the f i lms  in a 6.5 N aqueous solut ion of 
NaOH for 2 to 3 m i n  at l16~ 

RESULTS 

a) I n t r a g r a n u l a r  Carbide  Morphology 

The " a s - c a s t "  al loy ALLOY 713-LC has a c o a r s e -  
g ra ined ,  complex  m i c r o s t r u c t u r e  in which the co lum-  
bium (Nb)-r ich  MC carb ides  form a network with a 
chinese  sc r ip t  morphology.  A composi te  m ic rog raph  
showing the extent of this sc r ip t  ca rb ide  s u b s t r u c t u r a l  
network in a longi tudinal  sec t ion  of a t e n s i l e - t e s t  spec-  
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Fig. 1--Optical micrograph of a tensile specimen of ALLOY 713-LC. Longitudinal section. Magnification 236 times. 

i m e n ,  which f r a c t u r e d  a f t e r  3 pct  e longat ion  a t  r o o m  
t e m p e r a t u r e  is  shown in F ig .  1. An ind iv idua l  c l u s t e r  
of s c r i p t  c a r b i d e s  is  shown in the p l a s t i c  r e p l i c a  m i -  
c r o g r a p h  in F ig .  2(a). In c o n t r a s t ,  a l loy  MM-004 in the 
" a s - c a s t "  condi t ion  exh ib i t s  MC c a r b i d e s  having a 
d i s c r e t e  p a r t i c u l a t e  morpho logy ,  a s  shown in F ig .  2(b). 

The d i f f e r ences  in c a r b i d e  morpho logy  found in 
ALLOY 713-LC and MM-004  s e e m  to be p r i m a r i l y  
r e s p o n s i b l e  for  the enhanced  t ens i l e  duc t i l i ty  in the 
ha fn ium-mod i f i ed  a l loy .  The r eg ions  m a r k e d  by the 
a r r o w  in F ig .  1 shows that  c r a c k s ,  p e r p e n d i c u l a r  to 
the tens ion  a x i s ,  a r e  i n i t i a t ed  at  the s c r i p t  c a r b i d e  
phase .  Once c r a c k  in i t i a t ion  has o c c u r r e d ,  the con-  
t inuous  ne twork  of the s c r i p t  c a r b i d e s  g r e a t l y  f a c i l i -  
t a t e s  r a p i d  c r a c k  p ropaga t ion .  Thus ,  the MC c a r b i d e s  
p rov ide  r e g i o n s ,  within an o the rwi se  duc t i le  m a t r i x ,  
a long which c r a c k s  can in i t i a te  and p ropaga t e  in a b r i t -  
t le  m a n n e r .  F o r  e x a m p l e ,  in F ig .  3(a) the scanning  
e l e c t r o n  m i c r o g r a p h  shows f r a c t u r e  d imp le s  t yp i ca l  of 
c r a c k  p ropaga t ion  by void c o a l e s c e n c e  in the m a t r i x ,  
but b r i t t l e  f r a c t u r e  of the s c r i p t  c a r b i d e s .  Th is  s t r u c -  
tu re  p r o v i d e s  room t e m p e r a t u r e  duc t i l i ty  in the range  
of 3 to 5 pct .  On the o the r  hand,  a scanning  e l e c t r o n  
m i c r o g r a p h  of an MM-004  t ens i l e  f r a c t u r e  s u r f a c e ,  
F ig .  3(b), shows that the f r a c t u r e  is  duct i le  th rough-  
out.  The MC c a r b i d e s ,  which a r e  d i s t r i b u t e d  a s  d i s -  
c r e t e  p a r t i c l e s ,  F ig .  2(b), in a l loy  MM-004,  m a y  s t i l l  
p rov ide  s i t e s  for  the nuc lea t ion  of m i c r o v o i d s  but t he i r  
shape  and d i s t r i bu t ion  does  not p rov ide  a p r e f e r r e d  
pa th  for  c r a c k  p ropaga t ion .  As  a r e s u l t  the duc t i l i t y  
of MM-004 is  c o n s i d e r a b l y  enhanced,  and t y p i c a l l y ,  

MM-004 exh ib i t s  t ens i l e  duc t i l i ty  in the range  12 to 
15 pct .  

b) 7 '  Morpho logy  

In add i t ion  to i t s  inf luence on the morpho logy  of c a r -  
b ide s ,  the addi t ion  of hafnium to ALLOY 713-LC a l so  
mod i f i e s  the d i s t r i bu t ion  of 7 '  phase  in the a s - c a s t  con-  
di t ion.  F o r  e x a m p l e ,  F ig .  4 shows a reg ion  of the in-  
t e r d e n d r i t i c  (7 + Y') eu tec t ic  in the ALLOY 713-LC,  
with the s o - c a l l e d  " b l o c k y "  7 '  morpho logy ,  t oge the r  
with the  i n t r a g r a n u l a r  h o m o g e n e o u s l y - n u c l e a t e d  y '  
phase ,  which f o r m s  on cool ing a f t e r  so l id i f i ca t ion .  
The v '  s t r eng then ing  p r e c i p i t a t e s  have a t yp i ca l  
~001)~/ JL ~001~'  morpho logy  and each  p a r t i c l e  is  d i s -  
t inc t ly  cubic .  

The morpho logy  of 7 '  phase  in a s - c a s t  MM-004 
a l loy  is  c o n s i d e r a b l y  d i f fe ren t .  As  shown in the op t i ca l  
m i c r o g r a p h  in F ig .  5, r eg ions  of (y + 7 ' )  with a r o s e t t e -  
l ike morpho logy  can be o b s e r v e d .  The f ingers  of y ' ,  
which i n t e r p e n e t r a t e  the ~ m a t r i x  within each r o s e t t e ,  
exhibi t  a b locky  morpho logy ,  and extend up to the in-  
t e r f a c e  be tween  the r o s e t t e  co lon i e s ,  a s  is  evident  in 
F ig .  6(a). L o c a l l y ,  s e r r a t i o n s  can be o b s e r v e d  at  the 
~/~' i n t e r f a c e ,  "S" in F ig .  6(b), of the ~ p l a t e l e t s  in 
a given colony.  These  s e r r a t i o n s  a r e  m o r e  c lo se ly  r e -  
vea led  by thin foi l  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 g r a p h y ,  
F i g s .  7(a) and 7(b). T h e s e  m i c r o g r a p h s  show that ,  in 
fac t ,  the f i nge r s  o r  p l a t e l e t s  of the 7 '  phase  in MM-004 
exhibi t  a d i s t i nc t l y  " d e n d r i t i c "  morpho logy ,  with p r i -  
m a r y ,  " 1 "  in F ig .  7(a), and s e c o n d a r y ,  " 2 "  in F ig .  
7(b), g rowth  d i r e c t i o n s .  The s e c o n d - o r d e r  dendr i t e  
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Fig. 2--Plastic replica micrographs showing the morphology 
of MC carbides. (a) "Chinese script" carbides in ALLOY 
713-LC, and (b) discrete particles of MC in MM-004 alloy. 

a r m s  exhibit s e r r a t e d  facets  which cor respond  to 
{001} in te r faces  for n o r m a l l y  cube-shaped p rec ip i t a t e s .  
This  suggests  that the typical  7/7' or ien ta t ion  r e l a t i on -  
ship is  main ta ined  in the hafn ium-modi f ied  a l loy ,  de-  
spite growth in a p r e f e r r e d  (110) d i rec t ion .  

Fig. 3--Scanning electron fractographs showing (a) brittle 
fracture of MC platelets and ductile fracture of the matrix in 
ALLOY 713-LC, and (b) ductile fracture in alloy MM-004. 

c) Gra in  Boundary St ruc ture  

Figs .  8(a) and 8(b) a r e  radiographic  maps  of the 
boron  d i s t r ibu t ion  in ALLOY 713-LC and MM-004,  r e -  
spect ively .  As is  gene ra l ly  observed in cas t  s u p e r -  
a l loys ,  the boron  is  concen t ra ted  pr inc ipa l ly  at i n t e r -  
faces  such as  g ra in  boundar ies  and subgra in  
boundar ies .  4 Inspec t ion  of Fig.  8(a) indica tes  that the 
713-LC alloy exhibi ts  a convent ional  type of g r a i n  
s t r u c t u r e ,  in which the g ra ins  a re  bounded by r e l a -  
t ively p lanar  i n t e r f aces .  By con t ras t ,  the g ra in  bound- 
a r i e s  of the MM-004 al loy exhibit a convoluted s t r u c -  
tu re ,  in v~hich the g ra in s  appear  to in te r lock  with each 
o ther ,  as shown in Fig.  8(b). This  unusua l  g ra in  bound- 
a ry  morphology s e e m s  to be re la ted  to the tendency,  
for the 7 '  phase in MM-004 al loy,  to form in the den-  
dr i t ic  m a n n e r  desc r ibed  above.  Thus in Fig.  9, it is 

Fig. 4---Plastic replica micrograph of as-cast  ALLOY 713-LC 
alloy showing "blocky' ' 7 '  together with intragranular 7'  pre- 
cipitate. 
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evident  that  under  the  inf luence  of the d e n d r i t i c  y' 
phase  growing in two ad j acen t  g r a i n s ,  the g r a i n  bound-  
a r y  has  been  d i s t o r t e d  f rom an equ i l i b r ium p l a n a r  
i n t e r f a c e .  

DISCUSSION AND CONCLUSIONS 

It is evident from the results presented above that 
the addition of hafnium to ALLOY 713-LC has the fol- 
lowing effects upon the mierostructure: i) the chinese 
script MC carbides are modified to a discrete partic- 
ulate morphology, ii) the 7' phase exhibits a "den- 
dritic" morphology instead of the usual cube-like ar- 
rangement in the unmodified alloy, and iii) the grain 
boundaries are modified from planar interfaces to a 

Fig. 5---Optical micrograph showing roset te- l ike "y + 7 '  colo- 
nies in MM-004 alloy. 

convolu ted  conf igura t ion  as  a consequence  of the den-  
d r i t i c  morpho logy  of y ' .  

It  i s  s u g g e s t e d  that  these  changes  a r e  r e s p o n s i b l e  
for  the i m p r o v e d  low t e m p e r a t u r e  duc t i l i t y  and high 
t e m p e r a t u r e  c r e e p  r e s i s t a n c e  of MM-004 l 'z r e l a t i v e  
to the c o r r e s p o n d i n g  p r o p e r t i e s  of ALLOY 713-LC.  
Thus ,  i t  i s  expec ted  that  the m o d i f i e d  c a r b i d e  d i s -  
t r i bu t ion  would r educe  the a v a i l a b l e  pa ths  for  b r i t t l e  
f r a c t u r e ,  t h e r e b y  improv ing  duc t i l i t y .  Secondly ,  a l t e r -  
a t ion  of the  g r a i n  boundary  s t r u c t u r e  f rom p l a n a r  in-  
t e r f a c e s  to an in t e r lock ing  conf igura t ion  would be 
expec ted  to p rov ide  i n c r e a s e d  r e s i s t a n c e  to g r a i n  
boundary  s l id ing  and s e p a r a t i o n  dur ing  c r e e p .  Indeed ,  
the i m p o r t a n c e  of m i c r o s t r u c t u r a l  f e a t u r e s  which 
r e t a r d  g r a i n  boundary  s l id ing  and ,  hence ,  p ro long  
s t r e s s - r u p t u r e  life, has long been recognized. F o r  
e x a m p l e ,  S i m s  5 and G r e s h a m  6 have p r o p o s e d  that  i m -  
p roved  i n t e r m e d i a t e  and e l eva t ed  t e m p e r a t u r e  s t r e s s -  
r u p t u r e  l i fe  in cas t  n i c k e l - b a s e  a l l o y s  is  dependent  
upon the e x i s t e n c e  of a f i lm of 7 '  phase  at  the g r a i n  
b o u n d a r i e s .  Th is  Y' a t  the g r a i n  boundary  s e r v e s  to 
de lay  the onse t  of f r a c t u r e  by a c c o m m o d a t i n g  the l oca l  
s h e a r  a s s o c i a t e d  with g r a i n  bounda ry  s l id ing--both  in 
the ca se  of g r a i n  b o u n d a r i e s  which a r e  r e l a t i v e l y  f r ee  
of c a r b i d e  p r e c i p i t a t e s ,  and in the c a s e  where  (due to 
a high c a r b o n  concen t ra t ion  a s ,  for  e x a m p l e ,  in MAR-  
M-200 o r  IN-100 a l loys )  c a r b i d e s  such as  M23C6 occu r  
at  the g r a i n  b o u n d a r i e s .  In h a f n i u m - m o d i f i e d  a l l o y s ,  
such  a s  MM-004 ,  it  a p p e a r s  tha t ,  r a t h e r  than a g r a i n  
boundary  f i l m ,  the i n t e r lock ing  d e n d r i t i c  7 '  in a d j a -  
cent  g r a i n s ,  shown in F ig .  9 and dep ic t ed  s c h e m a t i c a l l y  
in F ig .  10, p r o v i d e s  the r e s i s t a n c e  to g r a i n  boundary  
s l id ing .  

Other  f a c t o r s ,  not exp l i c i t l y  c o n s i d e r e d  in th is  i n v e s -  
t iga t ion ,  m a y  a l so  con t r ibu te  to the s u p e r i o r  m e c h a -  
n ica l  p r o p e r t i e s  of h a f n i u m - m o d i f i e d  a l l o y s .  C o n s i d e r -  

Fig. 6--Plastic replica micrographs of as -cas t  MM-004 alloy showing morphology of 3/' phase. (a) "Blocky" -/' at an interface 
between adjacent 7 +'Y' rosettes;  (b) serrations at 7 / ' / '  interface. 
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Fig. 7--(a) and (b). Thin foil micrographs of "as -cas t"  alloy 
MM-004 showing the directional growth and dendritic mor- 
phology of "y'. 

ing that hafnium has a low solubi l i ty  (< 1 at.  pct) 7 in the 
y m a t r i x  but a cons ide rab ly  higher solubi l i ty  (~7 at .  
pct) in Ni3A1, 8 it is  expected that hafnium would tend 
to segrega te  to the 7 '  phase r a the r  than to ~ dur ing  
sol idi f icat ion.  Recent ly ,  Doherty et al.9 have shown 
that hafnium does indeed segrega te  to the Z' phase in 
MAR-M-200 alloy and that it s t rengthens  the 7 '  r e -  
gions.  It is not known whether  the segrega t ion  of haf- 
n ium to 7 '  has any inf luence  on the " d e n d r i t i c "  growth 
in MM-004 alloy; but the fact that the 7'  is  fu r the r  
s t rengthened  by hafnium segregat ion  is  cons i s ten t  with 
the f r a c t u r e - r e t a r d i n g  effect of the in te r locking  7'  con- 
f igura t ion  at the g r a in  boundary .  

F ina l ly ,  it is worth noting that the observed  d i r e c -  
t ional  growth of 7 '  in hafn ium-modi f ied  MM-004 alloy 
has impl ica t ions  with r ega rd  to obtaining d i rec t iona l ly  
sol idif ied supera l loys  under  more  re laxed growth con-  
d i t ions  thffn a re  n o r m a l l y  cons idered  feas ib le .  As yet ,  
the mechan i sm  whereby hafnium causes  d i r ec t i ona l  
growth of y '  is not c l ea r ,  but the fact that it does 
r a i s e s  the i n t e r e s t i ng  poss ib i l i ty  that d i r ec t iona l  so-  

Fig. 8--Optical micrographs of cellulose nitrate films showing 
the distribution of boron in (a) ALLOY 713-LC, and (b) MM- 
004 superalloys. 
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Fig.  9 - -Thin  foil  m i e r o g r a p h  of a s - c a s t  M M - 0 0 4  a l l oy  s h o w i n g  
a g r a i n - b o u n d a r y  d i s t o r t e d  f r o m  a p l a n a r  i n t e r f a c e .  

l i d i f i c a t i o n  c a n  b e  i n d u c e d  b y  c o n s t i t u t i o n a l  f a c t o r s  a s  

w e l l  a s  b y  c o n t r o l  o f  t h e r m a l  p a r a m e t e r s  d u r i n g  

s o l i d i f i c a t i o n .  

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

A c k n o w l e d g m e n t  i s  d u e  to  M r .  M .  M e y e r h o f f  f o r  

h i s  a s s i s t a n c e  w i t h  s p e c i m e n  p r e p a r a t i o n  c o n n e c t e d  

Fig.  1 0 - - S c h e m a t i c  r e p r e s e n t a t i o n  of a convo lu t ed  g r a i n  b o u n d -  
a r y  in a h a f n i u m - m o d i f i e d  c a s t  n i c k e l  b a s e  s u p e r a l l o y .  Th e  
c o a r s e  c o n v o l u t i o n s  a r e  de f ined  by the  o v e r a l l  o r i e n t a t i o n  of 
a 7  + 7 '  r o s e t t e  colony,  s e e  F ig s .  6(b) and  8(b), w h e r e a s  the  
f ine c o n v o l u t i o n s  r e s u l t  f r o m  the  d e n d r i t i c  g rowth  of the  ~/' 
p h a s e ,  s e e  Fig.  9. 

w i t h  t h e  r a d i o g r a p h i c  s t u d i e s .  T h e  f i n a n c i a l  s u p p o r t  
o f  M a r t i n  M e t a l s  C o m p a n y  i s  g r a t e f u l l y  a c k n o w l e d g e d .  

S e v e r a l  d i s c u s s i o n s  w i t h  M r .  W i l  D a n e s i  a n d  D r .  A .  J .  

S e d r i k s  w e r e  v e r y  u s e f u l  a n d  i t  i s  a p l e a s u r e  to  a c -  

k n o w l e d g e  t h e i r  h e l p .  
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