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SUMMARY

This investigation studied the influence of refinement of the cast
grains on the mechanical properties of nickel base superalloys (713LC ,
MAR—M—246 and C103). The purpose was to improve the service life of
T—63 rotors which now have their service life limited by fatigue in the
rim sections. The rotor is presently produced from MAR—M—246 by a
vacuum investment casting process . The conventional casting techniques
employed in its manufacture resui.t in large columnar grains which cause
an anisotropic fatigue behavior. The primary emphasis of the investiga-
tion was to improve the fatigue properties .i...though other properties
including the tensile, stress rupture , combin€d fatigue—creep , thermal
fatigue and oxidation behavior were studied .

For 713LC and MAR—M—246, grain refinement was initially accomplished
on a small laboratory furnace by the additioi~i of 0.l%R and O.l%Zr to the
melt which was heated to about 2850°F. The melt was then partially
solidified in the crucible , reheated and poured with a 50—100°F super—

k heat into simple slab molds preheated to 1650°F. The resulting equiaxed
structure had grain sizes ranging from ASTh #2 (713LC hub) to ASTM #4
(MAR—M—246 rim). These compared to unrefined grains about 100 times
larger. For alloy Cl03 (an alloy that contains about 1% Hf) the forma-
tion of hafnium borides at temperatures above 2804°F prevented the
formation of other borides which served as substrates for heterogeneous
nucleation. A technique was developed with a maximum melt temperature
in the range of 2635°F to 2804°F which allowed these effective borides
to form in preference to HfB. The C103 melt was then partially solidi-
fied , remelted , and poured with a 50—100°F superheat into a slab mold
preheated to 1650°F to yield an equiaxed structure of grain size ASTM #3
3. 5.

Further development of the grain refining technique resulted in
eliminating the 0.l%Zr addition so that only 0.1%B was added and esta-
blishing proper time—temperature cycles to achieve refinement In the
variety of section thicknesses in the T—63 rotor. Thin section castings
including thermal fatigue blades and tubular (0.060 inch wall) stress
rupture specimens were cast successfully employing this grain refinement
technique. A production melting unit (Austenal Division of Howmet
Corporation) was used to cast grain refined MAR—M—246 rotors of acceptable

a quality and soundness.

The mechanical properties including tensile properties , low—cycle
fatigue resistance, combined fatigue—creep lives, thermal fatigue and
oxidation properties , and stress rupture behavior were determined for
the unrefined (baseline, columnar), fine columnar , and refined (equiaxed)
structures of the three test alloys . The number of cycles to failure in
low—cycle fatigue of 713LC and MAR—M—246 were improved above the baseline
structure by a factor of 2—4 upon grain refinement. The low—cycle fatigue

r performance of the fine columnar structure (obtained with CoO coated

1 
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~d~) was inferior ‘o both uh~ equiaxed and baseline structures. The
I tti gue performance of (.103 wis insensitive tc grain morphology .

The cycles to failure . ‘I t ;a ine.d during the fati gue—creep test which
utilized a 90 second i~old time at tii~ maximum strain showed significantly
‘onger lives at equivalent strains for grain refined 713LC and MAR—M—246
compared to the •~oa rsc~ colut~nar grained cast structure. The fatigue—
creep propertie s of Cl03 were little affected by grain refinement. The
slope of the strain amplitude—fatigue life test with the hold time is
steeper than the conventional fatigue life curves. At high strain ampli-
tudes the lives are s i m i l a r  to the conventional fatigue test for MAR—M—
246 and longer for coarse grt~ned 713LC and C1C3 indicating a hardening
‘.iffec t from the creep component in the latter two alloys.

Grain refinement pro~luced an increase of 10 ksi in the yield strength
of 713LC and M.\R—M- -246 :~o.. a sl ight decrease Ia tensile strength. Both
the yield and tensile stre:i~~ths of C103 d .~:reased ~.s a resuil of gra in
refinement.. The Mic ti lity was aiso lowered a small amount in the refined
compared to the ba~ elio.~ or unrefined condition. Thermal fatigue tests
en a burner rig failed to ::rtca ~aseUne o refined specimens of all three
alloys. Weight lo~ .; measurement s  indicate a higher oxidation rate for
~ r a in  r e f ined  sample .  ol  MAR—~1—?46 and C103.

The 1800°F stre s rupture properties of refined alloys were sli~~it ly
.~. iperior to baseline (columnar) alloys at relativ ly high stress levels
and equal to or slightly inferior , in the case of~ •713LC, to baseline
s ress rupture properties at lower stress levels. The stress rupture
tests at the higher temperature of 1850°F and lower stress level of 20.0
ksi indicated slightly shoter lives of 68.7 hours for refined MAR—M—246
alloy compared to the 88.4 hour lives with the coarse columnar structure.

It was concluded that the grain refining process developed could be
employed successfully to produce integrally cast rotors. These grain
refined rotors wottid have superior fatigue properties and adequate stress
properties at the service temperatures and stress levels presently found
in operating engines.

PREFACE

This  project was or~ omp lished as part of the US Army Aviation Systems
Com m and Manufacturing Technology program. The primary objective of this
program i .-~ to develop, on a timely basis, m an u f a c t u r i ng  processes , techni—
~~ 1es , and equipment for use in production of Army material. Comments are
s ijci~~ d on t~~it potential utilizat~ cn of the information contair~cd herein
as app lic (1 t~. present and/or future production programs. Such comments
sha .ld be sent to: US Army Aviation Systems Comma nd , ATTN : DRSA\—EXT ,
P. 1). Box ~u9 , St. Louis , MO 63l6~ .

Ih e  a u t h o r s  wi sh  to express their appreciation to the individuals who
L ntrih uted to thi~ work :  the personnel at AMNRC incl ud ing Perry Stnoot ,
t h e Technical Supervisor of the project , Mr. E. Scott Nichols of Allison
Division of Detroit Diesel , Mr. W.M . Garcia and Nt . R. Ransom of the
,\ii~ ten;i l Divis i on of Howmet Corporation , It Porte , Ind iana , and Dr. R.
Ashhrook and Mr. .J. Johns ton  it  N A S A , Lew is Research Ce n t e r .
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INTRODUCTION

Gas turbines are now used in a variety of aircraft , marine, indus—
• trial and vehicular applications as well as high performance military

aircraft. Since the early 1960’s a trend of rapidly rising turbine inlet
temperatum es has occurred (1*) because of the increase in efficiency (2).

• The growing demands of advancing gas turbine engine technology have,
since the early 19/tO’s, required the development of high strength heat—
resistant materials. To keep pace with the increasing temperature in
recen t years , improved technology has led to the developmen t of alloys
capable of hi gher stren gths at these elevated temperatures. These
approaches have ircluded directionally solidified alloys and eutectics ,
superalloy powder metallurgy , dispersion strengthening ) and processing
improvements. Howe’~er , the disparity which exists between alloy capa-
bility and th~ rise in inlet temperature has not been offset completely
by advancements in component cooling concepts , so a need for improved
materials remains .

A. Service Considerations

While the high temperature capability of an alloy is most commonly
expressed in terms of a temperature to produce rupture in 100 hours at
a given stress, several additional properties must bo. considered . The
choice of wh ich proper ties are most critical depends on the location in
the gas turbine under consideration . This study will be restricted to

• the hot section of the gas turbine engine , with emphasis on improving
• the properties of the turbine rotor .

A rotor is customarily divided into three general areas; the hub,
the rim , and the blades. As shown in Figure 1, thc hub section is
located near the axis of the disc. In the hub section , operating tem-
peratures are low (approximately 500°F) bu t stresses from centrifugal
loads are hi gh. High tensile strength and good low—cycle fatigue re-
sistance are primary requirements in the hub section . The rim section
is the outer region of the disc in the area of blade attachment. In
this region temperatures of 1400°F (760° C) add hot corrosion resistance
to the fatigue and tensile requirements. In the blade section, where
operating temperatures are the highest, up to 1800°F (980°C), stress
rupture life is of primary importance. The blade root is subjected to

• temperatures of 1400—1600°F and stresses of 40,000 to 80,000 psi (3),
and requires strength , creep ductility and low—cycle fatigue strength.
Steep thermal gradients of 500°F along a blade span in normal engine
operation add to the combination of fatigue and creep . Since these
par ts are in contact with high—temperature combustion products of high
oxygen con ten t , good oxidation resistance is mandatory . Resistance to
surface degradation by hot corrosion (oxidation in combination with

*Numerical notations refer to literature listed under references.
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c i  on , ~~~ r , ‘~ i nad i~ ni Ind ct i& r fu~ 11 (03 i t  i n ! !  ants) i s  ilco

~~ inpc rtnn t ri’cuirenent.

All th ree sections of th~ ro or are sub~ ectcd to mechanically anii
a tk.~r;~alTy induced cyclic strain. Tne mechanical strains have a hig~i

.: e r i c i  ;t r• ~rt ( f r o m  the  c e nt  ‘i uc ~o 1oadin g)  with a Ice a l t e r n a t i n g  nt r iii’.
f rom ‘: hcations of the  s pin n i nc  r o t o r .  The f r e q u e n c y  of t u e  CVt h G
‘i : r a in  ~n the  huh and r im depends upon r ot at i o n a l  speed , wh i l e  the blade

•ir ~ b lade  root  experience hi gher f r e q u e n c ie s  f rom a ir f o i l  twis t  and bend—

i n c  t t - ~rmt1i y intlu od cycl ic  s t ra in  .i .~is~~s b r i n g  accc k ’rL~t 1on and
l e r a ti o n  of the  turbi ne. During acceic~-at ion , t~i r L in e  b iado  l ead ing

md t m i l l i n g  edges op ~~~ t t ’r n n d  oxpana more  t h a n  the cooler mid-
• h r d  r e g i on .  This o ‘ 1i !or ~i heat ing i e su Jt s  in ~n t e r r t i  • ‘.tr e saes  which
a’ e co rlpre ’si .‘~ i n .  the L o t t o r  :ep~ one and tensile  in ‘:he cooler re~~lons .
Fcllowing ic ce lerat ion i c ;  an :~qu i l i b r i um  p e r i o d  d u r i n g  wh~~cr a near ly
un~ f e ’ r c  cer;~.c r a tu r e  J a present acrcos e bi ade . On ~ie elerat or~ , the
1~~~L~ t ’b on , ;  t r a i l i n g  o l g e ,- cool acre raoidly than t h t ~ c:enter n egio; re—

~u 1t  ac in t e n a i le S tr e e i c~ in t h e Ce i c r  .
~~~~~€ s n r ~ com~ cession i i i  the

h o t  . e n t e r .  This ~c~ o n ~ e is 3hl ~~~-n sd em a ti ca f l y in  F i g ir e  2 (4)  -

by a 1ni~ ~~~ m r r h . i o  i sa , ~ rim IS  ounjeotch to r:lieru a ’. cyclic strain

~~~~ ~he i t i ~ i .  I s  S t  :r t  ed and s topped

I n  t u e  p r e c e d i ng  o i sc u ss ion , the service requirenents wer~ treated
t n e  c~e n o r , 1  case of n gas t u r b i n e  r o t o r .  In th i s  at u d c , a p a r t i c u l a r

gas t i r h i e e  r ~‘o r  w i l l  be examined .  The ro to r  (F igure  3) is desi gned for
a;e in  t i l t . ‘iaa i 1 T— 6 3 gas t . a r b i n o  which  provides power fo r  OH6A and 0H58A

:i ’r: ’; hel  1 :o: ,t e r s  - C i i r o c n t l v , t h e  T— 63 i rst  s tage  t u r b i n e  ro tor  is being
r e r ~la~ cd at  ter  1~~flb a i rs of ao~ vice because of the appearance  of thermal
l i t  g~~e c r a c k s  in t h e  r im sec tion  as i n d i cat e d  by ar rows in Figure  1.
( : O l e i . h ( ’ r O l  i i  economic gain would  be rea l ized  if the f a t i gue proper t ies

be improved and se rv ice  l i fe  of the  ro to r  could he extended to 2000
it ’ r -  or more .

1’l’e T — 6 3  m o t o r  achieves a tempera ture  of an p r c .:i rn at e ly  i~+ O O ” F at the
r i ” . th ~ b l a d e s  encoun te r  con s l i t .  rably h igher  ( a  1800° F) temperatures .
The o n p er a t u r e  decreases  when moving toward the axi s  to no more than
5OO~~F in the  hub sec t ion .  The eng ine burns  a s tandard  grade ( J e t — A )

• 
~e fti l and nr oduces  320 horsepower .

i~ . Rotor Dove ] ojment: A ll oy s_and Processes

‘1 he T—6’3 roNir is c u r r e n t l y  being procuced as i i ’ into; .  ca l  wl iec l
( h I ; i d ~. s and disc: a r e  a s i n g l e  p i t . c c ’) u s i n g  a vacuum in\eStmen~ costl ng

1 ‘o:ess. S~~ ern nickel base st i p e r a l  loys are used to  p roduce  the  rot  r s :
• 71 ~C , 7i bC and ~L \ R — N — T 4 b . B e f o r e  or o c e e d i n g  w~ h t h e  d e t a i l s  of ~— 6~

r ot o r  p r o d u c t  j ö t~~ a b r i e f  r ev iew •,f the evi litt it~ of  ~~,ci ”~i 1 l oy s  and r , —-
l o t  ~‘d proces $es i s  In rde r -

I
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In the e’ir1’~ l94d ’s t h e  f i r s t  n r e c i p it a t i o n  hardening nickel—base
(80% n ickel , 20P e hr o m i u r n ) n) , l c~ ’s wer e  developed . Precip i t a t i o n  harden-
ing was acn i eved  by the aI’~t.’ii.n~ a~ili:i on o

1 aluminum and titanium which
tu rned  the y ( g’unn.a p r i m e ) p r e c i p i t a t e  in t I . . FCC (

~~) matrix. The ‘i ’

- 

. phase is the Fdi ’ coh erent intc ;-eetallii - phase Ni 3 (Al ,T t ) .  Du rin g the
lat e  1940 ’ s no!  i ’ L~~ a ium wa s  a dd . d  as o ;u l i d — s o l u t i o n  and carb ide  f o r m i n g
strengthen . r, atal t h e  a l loys were  used e x t e n s i v ely  in the production of
forged turbine ~~~~~~~ Processing, at this point , was limited to air—
mel ted  wrought ;t i ck e l— r i ;sa  a l l oy s .

By t i i c,  ~.ate l9~;0’ .~, • i tie reasiro~ t u r b i n e  o p e r a t i n g  t e m p e r a t u r e  was
• l imIted b ’  t h o  ~‘ :ipao [iii i t  ‘• of wroIi~ ht a L A c y  . ‘rhe ict roduct  .oa at

vacuum i rc d u c t i . a r ;  r e l t i  ig groct •~~v impr~~~ed t h e  q u a l i ty  arid p roper t i es  of
the exisr~og loys . Vacuum rcelting remove.i oxygen and nitrogen from the

• melt , preven ting  the ,r r e ac t i o n  w i t h  aL u m i n u m  and t i t a n i u m  ‘~o Lorm oxide
and nitride inc!us~~)ns. Titanium and -ilnminjm a;e thus retain~ d for
subsequent 

~
‘ ‘ fo ru a t i e n .  Alloys o( grea te r  s t r e n g t h  were available by

vary ing the cono as.,tion , hut no t,~e~~1oea were available to fergr alloys
w i c h  such excep ti a’iai rengti. at. hi oh teniperat-ires. Tic need ed strength
was made avai.laLl o by ~ rid’!ct 1.0”. molting and ia-.’ otneat casting wholly

‘ under  vacuum . ‘Inc vacuum Thve..tnient Cast lug rode it possible to closely
control aLoy comoositiun , ma inta in d~~ solveu oases at l O W  l evels and
facilitate mold filling. ‘I il .is rcr~ ~Ited ~.n tie use of lower metal pour
temperatures , allowing greater control of grain size.

~~ th thes cm i~r or o ce men t s , a i’.em~ f a m i ly  of n,ickel—base superalloys
evolveL specif i ’ ~~t l y  designed Tar high temperoture capability and for
production as “o,cu.ta investment cast parts. The microstructure of these
alloys consists of en FCC solid—solution matrix , carbides , and the co—
herent intermetallic phase , y ’ . These alloys are streng thened princi-
pally by aluminum , titan ium , columbium , and tantalum , which combine with
nickel to forn n~;e FCC -y ’ . Additions of cobalt raise the y ’ solvus
temperature , thus improving strength at high temperatures. Carbides are
the princ ip l secoa.~ phases. Various carbides exist , depend ing on alloy
composition and heat treatment. Carbon (added at levels of about 0.05
t o 0.2%) reacts sith ref ra cto r , elements present to form primary MC
carbides (large blocky— spherical particle;) which decompose to form
lower ca rb ide s such as M2 3 C6 and M6C , which are located at the grain
boundaries. ~irength is als.’ increased by elements in solid—solution ,
the most effective of which are molybdenum , rungsten and chromium .

• Aluminum and chroirittm provide oxidation resistance , and chrom ium and
• titanium are effective in imparting hot—corrosion resistance. Small

additIons of boron nih zirconium greatly improve stress—rupture proper—
• ties. Boron , in the form of an !13B2 haride. Is present at the grain

boundaries. ‘
~
‘rie oo’-;r rccen L alloys include the addition ef l.—2~ hafn i um

which al ter s carb ide , grain boundary , and ‘~~
‘ mor-pholog ies to improve the

t~ ansverse duct i ilt y of columnar grai’ino castings (5—9). The role of
• various eLements in superalloy analyses is summarized in Table I. With

increasing operatin g rcnl peratures and higher stresses , add iti onal streng th
at hi ghet. temp er athie ~ was required . This was accomplished by var iat ions

7
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~acess inc Dispers iu~ 1 !  t h ou A ’  p wan  o b tu  I t u r d  by pfl wd ts r metal I urgy
gr  : s j  r e s s i  iii t h e  use of J ar  i ; i  d i  e~’o r e& ( ! n i c k e l  and n i ck e l — c h r o m i u m

• 1lia’;S. The V ,U 1 !isj.~ersed a! l e e  war .. • h ’~~~h ’p. .d l a t e r .  These had t h e
c om b i n e d  a d v a n t a g e  of t h e  ~ t i e i ~~t h  of ‘fit ni c kel s l a v e  1’~dh ” F (5 5 0 C)

• . o i l  y ’ t t r e n g t he ui n g  a t  low-~r r ernher t ices. \‘ar . ia t  Ions In t l i e  t hermo —
nk .:io tI i t 1 orecesning cyc- l ‘s .s~ e c a v e L i t  I anal  supe ra l l .oy f o r g ings show
cr c  ‘L a s  of •L p r c , v i n g  c e r t r  Cm~isice ;i ~ ‘ ..‘mperatures  below 1.400° F (760° C)

Jr I h o  , a~~ . ’~~L 1 c e e  w e r e  n od e  ic t i t L e  ‘s in cal ‘f t he  d i r ec t ion  of
so1~~a i f ~~c i t i o i i , e n a b l i n g  rh o ~a ’ o d n c t .irn ci investment castings contain—
ing colul .Lns r ga’. ins •iricsut cd tarr o t el  to the  mc~ or et :-~ en a.ts . Title

or t ‘ i s t . .~ t 1on g r e a t l y  iLp r -.-es r os i  s t a n ce  to in t e :g s- s .aa ]  r L a c t u r e
at  ~ leva d t ‘np eca  Lit res , t n . s i  lsrro\ ii g ci’eco strength , d~ rt i I Lty , and

.,o rr s ; I f an  gao rt  -i ~ualLce d ’s) . A n o f  u r t ’ er inp rov cumer t  , gs am
‘ a in r i s ’  f o r  have  ecu e.i imin tt eU cc  t F . .~ sit • s ;  of crack .ini- :  larion arid

~hcnl cs 1 a~ e~ •.g. tion by car t ing : ; i i t ,gl e c n ’ s t a ls  u s i n g  t liL u ldirec tinlal
so! P if • cation t e c h n i qu e s  •~ r i  cc” ro 1 cc p l a i n  so ed in~~. ‘ t h i s pr ocedure
105 .-,n a w n  a d v a s i t i a g o s  in C C  is t t f  St ress-- r c o n n i e  p r o p e r t i e s  ~~ri’i corrosion
ie si ,tance.

A class a t  •:nhinc.site 1:: a:~ 
• s i l o  t h a t  o r T ir s the  possibi U tv r , f  ini~

‘~~~~ n eu t  n h :gh i’iipei a sure ,‘ac r or i .sn e ire the i ~ - — s f t i  so ip ’ .is. . .

~~ fically the direct ionali ; •oli1ifi.eu cu r o r  i ce . Th~.s,.’ mater ials
g e n e r a l L y  have an al.igned two phase structure consist hip of a hard ,
b r i t t l e  r e i n t a r c e m i n t  phase ~a a m a t r i x  of a more d u c t i l e  aate r ia ls .
The ali uted structure is for ir e ’si  du r ing  u n i d i r e c t i o n a l  so 1 i d i f i c a t i o n
1’ rs ’ . a ! ‘ L ’ t i . 5  neous l i qu id  piu s.. (14)

~he ma~ o emphasis of a L i ~~y and process developmen t is is been to in—
ac vo t he  s t r e ss - r ap t u r e  p r o p e r tie s  and the rmal ,  f a t i g u e  res i s tance  in
b l a d e  sec tions. For the T—~~s rotor under  cons ide ra t i on  in t h i s  s t u d y ,
fa i li r e wsi e net occurring f r o m  a stress rupturc cr thermal fatigue con—
‘lit ion in t h e  h i ‘i ~ t s but from e aj ob i n e l thermal ant mechanical fat I sue
Is the rim and hub. This sittuat . inn  occurs because the can hi tsioti s of use
of ’ L w  1 — 6 1  r o to r  •‘i t:e s i o b  th at the Is ’s jc’sie properti es in the rim artS
mo re :r i . c i a a l  t h i ~~ ì t h e  etr s r u p t u r e  p r o p e r t ie s  in the  b lades .  The
nickel,  ba se a !  [e v e  ar c  used irs f a t  igue app li cat  ions because t h e i r  en—
du r anc .  I f i r  I’. is m a i r t t a i  a0d at  h v i t i c t e m p e r a t u r e s  a l t l i o u u ~J some prob—
lens  e it h  t h e  r f a t  I guis ; behaci  or so occur ~l5) . The t a t  igue behavior
i s a c o n s e c t u ’ a r.e of t h e  p lanar  • l i p  mode cm i c h  a- c . p i r t t  i”e to appr ox i—

• r a t o l y  1~,00 ° F (7b 0 C ) .  Fa~~i ’ ~c; l i f e  is th e a  governed by t he  f a s t  s-rack
propus’ tion s t i es  a long p l a n a r  slip bands and th rough  c a r b i d e  ph”i ses.

• i’nerefore , to a tt a l : ’  the  u l t in Lt e  in f a t i gue p r o p er t i e s , s t r u ct u r a l
h t e r  .. , .es e it ies  ,~h~~i A. !  be e~ i l r L a t o I  and sli p d i s p e rs e d .

The ap p r d a oh  toward i m p r c c i r s g  st ~~es~ — r s i n l o r e  p r o p e r t  ies has been
to an t r a l  the  s o l i d i fi c a t  [ c o  bei i~. 4 nr  t o  r i n i s  iz e  the  g r a i n  boundary
‘.11 : or iii o i l :tca ’ n o r m a l  to the a tar et i c e s  d i r e c t i o n ;  th e  ext reme

X i’i~~H Ot t o i l s  i s i ng l e  c r , s r a l e .  Solidification control can also
h i ’  used to improve  f a t  I~ ’u ’ ’ f r a t ~~’’ es hv the product ion o’ a uniform ,
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I Inc eqs I ascc i grain si;’e . 1 n-u o”ed I a.’- c~~ Ic fat I gii c resistance with a
r~ d u t c t  E s ’! ’  Ia ar s~in  si s-’~ F L - I —  0 5 0  obta ued in  work involving wr ough t nickel—
base superdiloys (1 ,16,1 ,’) .  A 5 u s i i a r  in cr e a s e  in tensile properties
occurs w i t h  inocu la ted  and i a - hie d c i e t  a l l  O Y b  (18).

A i;aruc’genocio-, fine ~~nu ’ihsi i ~.r r io or e  }
~~e the  considerable advantage

of p t o v h i i u p  aol ora c a c ’er t  [€  a rn  s i l l  d i re ct i on s  compared to the greater
variation ~51 tAte a n . e o ! r  ;~J r  u , na l ..~r ’s es of  a columnar grained material.
Also , tt w fine graIns ~~~~ ~~ • u i . s 1c r s C  s l i p  and t. minimize the effects
of s eg re p .t t io n  a’-d sr r  u : t . ur :i l h e r  s roges5e  t i e s  by reduc ir.g their  degree
and extent.

C. So11dLf ic i~ i o i ~ and g r a i n  ~i i i ;’ ic’aL P r inci_ples

‘[ l ie i ,srar ’ .cru ” ’,i’i:h smusu a’ c ~ 1!:r:oJ I c  to r e f i n e  the cast  st r u c t u r e
car he ~cduced from ‘ :owru p~~i ti c ip ]eL- of so’!ihlfication. The transforrna—
tics’. fr :rc the f lqJ !  tin t:i e s a u d state is i two—step process involving
the ~uclcri t t.on of sr i i l c  j~~r ’  scl , ’s p  the melt and the subsequent growth
of t fes - e partic .t e’..

‘l i ’ s~ iar]oaLiois phase  c o i t i  • “ a dIfficCi .~ •.tep in Jt i  nro”eus (even
thoug h the solidification of a~ l ccrce rc .ial alloys occurs by hetero-
geneous nucleation) ts’cca se of r Ite surface e’~~ s-gy between the nucleus
and the melt. This ~n e r g v  is primarily supplied by the bulk free energy
difference between the two pha~ t’u; involved and requires undercooling to
p r c du c e  nucleation . dc n t i n ’ .:ed growth , once the  effect of undercoolthg
has been Lls ’&rcciui e, requires the removal of t~~at from the system, since
the c v o ] , i n g ’ heo t  of f - i ~~J n n  m i s — s  the tempera ture  at the liquid—solid
interface.

A concentration grc’iierut of solute g~~ierai1y forms at the liquid—
solid interface during t h e  growth of nuclei in al loy metals. This
v ar i a t i o n  in  composi t ion oc curs  because the soh.te content in the solid
particles rc~ ec ’ cd fran d i e  melt differs from that in the co—existing
li quid. The cc n i c e u i t r — i t i o n  ,~r a d ie nt  in the  l iquid next to the  advancing
interface produces a corresponding gradient in the liquidus temperature
distribution curve  (1.9—20), leading to the welL known phenomenon of
constitutiona l siunercooling of the liquid adjacent to the interface.
When a s u f f i c i e n t l y  shallow thermal  gradient  is obtained , Independent
nucleation in the melt ahead uf the liquid—solid interface occurs .

• The growth of the in,1.tial solid (usually cclumnar) crystals will be
stopped by contact wit ti the new equiaxed crystals. This situation is
favoied by low thermal gradien t to rate of solidification ratios or
G/Rl!2, high sol ut e con ten t and low eq ui l i bri um dis tribution coef f ic ien ts
of the solute elements. Interruption of the growth of colunmar crystals
can aLso be obtained by other mechanisms but  the constitutional super—
cool ing p i t i s  sep ara t e  n u c h ’oit j f l f l  p henomena appear to be the operative
mechan isms  l i t  r u t ’  study.

Rcfjnerwi ’it of tfO sic-cas t structure recuires; that nucleation occur
at a large number of  s ites and tha t extensive growth of crystals be
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avoided. It tollows t h u  pr ia~ re~ i!1ement. iii - a -e;’sltatcs both ease of
nucleation and i n n i l i t n o n  of tie— continued growth of crystallites In the
melt. Rn - id nucleation onri bs achieved through numerous methods includ-
ing. chill action , thermal cycling , mechan ica l vibra tion , rotation ,
convection , and in ’cul r i t - io r i . Chilling prunctea r.ucieation at the mold
wall Sut  does n (t , in itself , provide the additional nuclei required for

i t ine equiaxed structure unless accompanied by a ver’, low superheat.
verna l cycling i n v L , i J e s  the ~~a i i  m l  sol id i f i ca tion of a sui table alloy

• ~ l i i r h  i s  then rcsse-lted and pcur~ J quickly and with minimal superheat .
lit ;sei tain oi l l o ,-s , carbide a’~d other phases are slugg in h in dissolving
d i r  trip remelting. and an act as nuc l eation site’; rarsult ing in ~r a u~
ref ia s i l en t .  Mec-h in ical ~ br~~t s i has been ~‘i li .- ty  s t i u d . r . rj ‘iS  a m osa ic  c~
a c h i  t v  r i g  t r a  in r e f i n e m e n t  ( 1 9 — 2 5 )  . ‘dlii- offe rs occurs; be caus e  of i’ ss g—
m e n t a t :  ion of  -bssid it e  a ra s  t:o a s r  a~ s u bs tr a to s  c c  ~~~~

- nv  I tati an. The
d sad’:oint a-~e~ to this tosi5i iq ’’ e inc lude the (tOtap1exit~ of eq ui;a enL O
v i b r a t e  a h eate d  nw a 1n in a vacaui furnace and the  tend- t i er  tic hr :a~
ncids . Rotation cf th e  mold d a r t  i tg  sol idi f  i.c ,s i c - n  h~ ml s.soi beer a . e d
tc coatiol p a1 n iire ;iad st ’ueturs~ (10 2n) . (it is; ‘l-s t ’ , the ~_ t it -c—
m e t  is attributed to fragment’~~.iua of .H’s t ‘ug or~ stal~ which t e n
floas iot :t L hloi molten vane and c l ot  a s s  t e a  1~~j . . f ’~e ef~f~~’t of nat. ; P
convec t ion  h a s  been studied in t o ;  us of it hOsI’~~~ i :i l in structure con—
s a l  (2~’) . ~efineruent is rati 5;u.A vet i a  terms of a ~~‘ aln ing  do~sn i ’P
irelted off dendrite frsgntents.

Inoculation , or he acl litjon of stable suhscrates for heterogeneous
nucleation , has been one of the more effective techni ques for grain re-
finement when utilized along w i t h  constituti; na . supercoolin~~. Inocula—

• t ic n generally refers to the addition of a subst ance t the melt which
• p rovides finely dis ributnJ particles on which n ;e t e a t i c r s  of the parent

sol id cur t read ily a c c r r .  ‘These substances may be added to the crucible
before melting , to the aelt i t s e l f , or in t h e  form or’ a prime—coat on

• the mold . The m e c h a t u i s i t  by which inoculanr~ reduce the work of nuclea—
‘ij u  (and thus the critical nucleus size) c;~is; be ra tionalized in terms

of interfacial energies (28) . The tnt~urfsicial energy between the sub-
strate and the nuc leus  is  s’. b s t mt i a l ly  lens than between the liquid
a rai n u c l e u s .  This  an c p l u s  th e  ab i l i ty  of cc. g~ su r faces  on substrates

• to lower the number of atoms required to provide a stable nucleus and
to reduce the s’;rface area in contact with the liquid account for the
lower  i n t e r f a c i a l  energy for nucleation a t t a i s L h  by i n o c u l a tio n .

The cr iteria that an inoculant. must possess L i  perform as a stab Le
s u b s t r a t e  f o r  hetergeneous  sucleation are not entirely established .
A ~m rt i a l  l ist  of the  prer -quisit es i s  as fol lows (19 , 22 , 2 8 ) :

1. (I c- s i :-at ch ing b - ~ ‘earl  tie crys tal  st r u ct u r e  of ‘ li’ parent
sol id  aid the inoculat  Iti d particle to reduc e: in i er f ac  ial
i n o r  at this co n t a c t in g  surface.

- 
• 

2 . St ,;hi Litv of the f ;~t t i (sle at rue ireezing point of the
p a ;  t ; l1 material .
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3. Density of the particle must he such that ‘it is not
subject to appreciable gravit y segregation .

• - 4. The substrates must be fine partic ics which are well
• - dispersed.

5. Surfaces 0 F the substrates must he clean (free of
oxic~es or other components).

6. Substrates with rough surfaces reduce the surface
• energ-~ of the system.

In addi tion t o  the presences of stable substrates for nucleation sites ,
effective grain refinement depends upon the constitutional supercoolinv
produced by so l ute concentrations at the advancing interface , so that the
liquidus temperature in . the vicinity of the substrate will dt crea,e below
the nucleation temperature. The thermal conditions that favor constitu-
tional supercooling include a high strowth rate and a shallow thermal

• gradient. The conditions favoring graft-, refinement basted on inoculation
and grain growth restriction from constitutional supercooli1ig can b-?
sununarized as follows :

1. Availability of sites of easy nucieatic’n which are well
distributed throughout the melt.

2. Low pouring temperature and a preheated mold to guaran-
tee a shallow temperature, gradient in the liquid .

3. The presence of suitable solute alloys.

Grain refinement by inoculation has been successfully applied to a
number of alloy systems . Most frequently used are additions which form
the desired substrate after a chemical reaction in the melt , thereby
prov iding a clean , reactive surface. Form , et al (19) describe the
addition of Co, W, and Fe powders to copper , TiC and ZrC to steel, and
FeSi to gray iron . The refinement of steel by Ti addition (29), and
austenitic stainless steel by addition of Zr (22) and CaCN (30) has been
documented. Cerium has been found to he an effective inoculant for
certain nickel and aluminum alloys (31). Within the abundance of in
formation that exists in the li tera ture , the use of elements such as
Ti, Zr , C and B appear to be most favored for use as inoculants since
they form compounds such as TIC , TIB , ZrC and ZrB in the melt.

Inoculation at the casting surface Is also a useful technique ~or
gra in  r e f i n em en t .  Metallic oxides such as CoO in the farm of a prime
coat in investment molds will be reduced to Co (when in contact with
the molten metal) which acts as an inoculant. Using this technique ,
the surface of t•he casting will appear to have a fine equiaxed struc—
ture , but internally a columnar structure Is present with grain size
increasing toward the center of the casting.

11
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t D. t i e s-h n f c j l  1’estin~,

To ~v a l u a t e  the s u it  : : L i l i t v  of a nsi~~er  t o i l  f o r  t u r b i n e  a p p l i c a t i o n ,
• sup s u p r T h t e  ri-a -i oin .ical propectt- .icrt a must  be accumulated. The mechanical

• . ttSts niut t he c-1;ose;i to siur:il a :e iii - service conditions in terms of
- ‘  ,~~i ’i aL~ ~sp te a’ : rat- sc- :- . C f l /  eronsi - ri t a i s s l  t ype  of load i u ~s .  1-or an integral

n t or .  load t1 ; g ~a ‘it i on - and temper atures vat-v considerabl” from the
bvudes u the hs~ , mr sng it -upossible to run ci single type of test to
assess ttu~ suitability of tu e material accurately . For t h e T—63 rotor ,
te n s-c l 1t , nat -b u s i c s l  fatigs - an; stress rupture data are necessary fo r

i t e r i- : ovciluatiun , A detnilo .; description of these tests -i s presented
‘n Experi .iuenta l. Procedures .

1mteg .~ily caat turbine rotors are used in army hel icopter engines .
suyb as t1 uo ‘ l—~~3 en. . , in c . Some problems  have been encounte r ed  in th e
pas t  w i t i s  thermal fatigue crackiso of the rLn of t u e  T—63 tirst s tage
tu r i Inc rotor. The pr e s e n t  w o r k  -~as u n d e rt a k & a  t o  ov arcont .  thcse poob—
i on- s  with the following spe-:ific ob je ct ives .

1. De’ -:’l op a tech nique fur t ru ct er- c cc:itro of - as-c t rotor
r i m , hub , and ‘el ude oi’ tidttS .

2. Test the effect of s t r ~i ctu r a l  c o n t r o l ,  on proper t ies ,
using a comb ination of tensile , low—cycle fatigue ,
comb i s  cud fatigue--creep, thermal fatigue—corrosion ,

• 
, and stra- s scip ti rt s tests.

3. A d a p t  the techn ique ci,  a production f a r t lity for
limi ted pro ’uction of rotors with controlled struc-
ture and ‘ roperties

EXPERIMENTAL PROCEDURES

- . A~~~~~~Se1ection

The th ree  a l loys  chosen fo r  u s ’  in this study were 7l t i c , MAR- :-i—
~ : c , and 0103 with their compositio ns listed in ~

‘.bi.o ii.  These alloys
were selected to fulfill the following, criteria:

1. A l l n ’ u s  t e s t  ed s ; h rc. , Id repres-icnt materials current i~’ usec
in the prod--ct ion of cast turhi;ue components.

2.  The s e l k ’  - s  d oil t o y s  shou ld t rov~ de a i ’o i u i i ’ t of conpual—
tion to insure t l , o i t  t he  y t a  i n  r e f i n i e u i ’ s’hn io ic
developed will h-we a relat ici ly w ide - ppi i .aLi on .

— ~~~—~~~~~~~~~~~~~~ - - - -- •~~~~ 
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3. Baseline properties of these alloys (yield strength ,

tensile strength , elongation , stress—rupture properties ,
corrosion resistance , etc.) should vary over a range
typical of the family of cast siuperalloys .

4. Traditional , well—established alloys through “state—of—
the—art” materials should be represented.

7l31,C has had widespread use for a number of years in the production
of tu rb ine componen ts, including the T—63 rotor. It has a rather lean
compos ition compared to most superalloys , with no cobalt or tungs ten and
low carbon . This alloy is the least expensive of che three tested sino
is considered easy to cast (23) in produetion applications. The alloy
was obtained in the form ol 3” diameter remelt stock from ~~-ecial Met-iie
Corpora t ion , New Har tford , New York.

KAR—M—24 6 has also had widespread l i s P  ~n t h e  production of turbine
componen ts , replac ing 7131.C in some applications including a revised
design of the T—63 rotor. Compor i tionally, MAR—M --246 differs from 7131 C
by its increased carbon (O.1SP compared to 0.011 for 7131 C’ and the pre-
sence of 10% cobalt and 101 tunauten which improve some properties and
inciouse the cost per pound of the alloy. MAR—M—246 has increased
st r e n g t h  and reduced ducti lity (compared tc  7l5l~C) it temperatures up to
1800 °F (32—33) . This alloy was supplied in the form of 2.75” diameter

p rr-n -ut l t  stock from the Alloy Division of Hownet Corporation , Dover , New
Jersey .

L u l l  is a recently developed experimental superalloy . The most
signifi unt hange in the alloy is the addition of IT• hafnium to increase

• t r a n s v e r s e  d u c t i l i t y  and Improve hot corrosion res i s tance .  Whi le  alu-
minum plus titanium is maintained at approximately 7’~ for  all three
alloys , 4.0% titanium is used in C103 compared to 0.75—1.5% for 13LC
and MAR—M-246. Further , columbium plus tantalum art- incteased in C103
from 1.5 to 5.0% to offset the reduction in tungsten (from lO.01 to
5.0’i). This alloy was supplied in the form of 2.75’ diameter remelt
stock from Detroit Diesel, Allison Division , General Motors , Indiana—
pol ls , Indiana.

B. T nve stment  Mold Design
a 

I nvestment molds were designed to simulate th a  therma l prc esslng
ot the hub , rim , and blade sections of the T—63 rotor. These molds were
designed and produced for casting to permit the development , evaluation ,
and perfection of structure control techniques separatel y on earl-, of the
three section before using the more expcnsive rotor molds. The de s ign
of the simulated sections was based on the drawing of the 1—63 rotor
shown in FIgure 3. Thc most. important parameter to be controlled is
solidification t ime , which is proportiona l to (V) 21(SA) (V easting
volume , SA~surface area of casting) , which therefore varies for ther hub , r im , and blade sections. The molds must also be designed such that
sound castings can be produced . The molds taper inward fcom the top to
the bottom to insure proper feeding and are adequately rirsered. The
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i usn~’ o~ t ~ c a s t i n g  his th e  ( lume of  the  r i ser  is limited to a maximum
n i  i ~s s t ~_~~~ u i i c  l~~c h - s  or t i n ’  ~~~~~~~~~~ v o h u s r ~ - of t h e  c r u c i i . ~~e a v a i l a b l e

or t ies  s~~ad . l I e  gonna  i rv  of t h e  cast  ing mus t  be such t h a t  a maximum
rs ( i l r , r e O~ spec i~~-o [lS c - in  be ib t . o t i c  I to mtn f in i ze  h ea t - -to—hea t var ia t ions

0 p r op e t ’ t i t  ~- F~ s ‘ l i v , the mc l~!— r i” e r — p o u r i n g  basin  assembly must  f i t
• - rutu ic m o l d  h~~~t -u r s’~ t h i i  the  i t r u s t e e

[ice h ..Is and rio mu l e s  des igned  t o  s - n e t  these  q u a l i f i c a t i o n s  are shown
in i’igs-res - 4 and 5. U l t ~ molds were  pt - e1u ~~-d at a coomiercial plant

• ‘~1ic-r w co ’j  R e f r a c  on ~~~~ (“. ) su p p l y in g  t h e  t u r b i n e  component i n d u s t r y ,
u s i n g  seven l e v e i s s f zh  - on f ~our s l u r ry . H a l f  of the ma ids  had a CoO
pr ime C-j s’L . The s p e n i m e os ac-ed ~rs tons- 1 o , L os g,-e , and combined creep—
f a t  ~, u t es ts  w i - u t -  m : t c0 in-~’l f r ’ s - u  001 and r i ts- muid s . fhc therma l t~~t igi- e---
o.:id-u i ‘on sreciirs- urn t il’ i~ i n  S i s -  ~ rupture so2u imerss were C~~st In
cI  i s tc n s s  with i- ’ ~: •- L i  :5 a r ran p d “b r  a riser or each “~~:1. Det-iils
Of s p -  ~-~n u I - , u i ! .  art’ r1 . :stad ,iiI. s~ o-~~t~ v.

lit - ~ c~~ s g s s  of tin - •~~~~ - . s ’ p ~ s a! ‘ use r aid s  ~ : , l u s e , s  ~ i i  t _ O oi S t U i ~J
identical to that -in.. -~ i u l v  t sed iss t he  in d u ’~ r y .  F lat  t r e s s  r e d t u r e

I - -aiSles were cast in p l s s c c  I .- l s i f~~ , ci a se ‘ ‘ - i  ~~~~~~ ~~is h~ iL inch dia—
m e u e r  rotor . ~ i i s  t y p e  of c a s t i n c  pe~~~ t t t e i ‘ nc ~v a iu a t i on  of t i ~ st r ess
r u l t u r o  p r o p e r t i e s  of ti lL oi1oy,’~ w i t h  gus , ’ a m- ’r i - s ol sg : ~s t~i c n  sissuls t c

I c  s . r u c i u r c a  obtained in 1 nt e u ’r  rL J y  cas t  r o t o r  b l r i d e s .  ftc T — r 3  r o t o r
m o l d  used to cast  f i n a l  tu t o r s  was the Di) 536—A mold cast  b’. Austenal
Di ’.- i s i u - n  of I-lowmE t Corporat ion , La Por ti , in d i a n a.  The ro to r  molds were
circi p of seven to nine la ’,- c s - s  of z ircon f lo ur ur ry  and hau a prime coat
of CoO.

t ’ . 
~~~~~~~~~~~~~

, t f of the exper inwnLoi~~, sitiulated section castings were produced in
a snail ex~’erirrentoi l vacuum Jnduction furnace; the rotor castings were

- sic in tho reduction l imi t  ( A u s ten a l  Division of Howmet Corporation)
Fir heats from ‘he  small furnace , the charge (remelt stock nius additions)

~,s u .-Itmed in si stobil lued zir ronici crucible which is placed within a

~r t p h ite s s i n s . .’p L c r .  Power i s - - supplied by a 275 KV ,\ , 960 cy c le motor—
r € ; l e r i t O i  set  with ip~’ropria - controls. The six pound charge Is melted

* i t )  . : t p p r o x s i : 1 t , ( - iv  f i f t  c ii minutes and can I Is”  he pa ir ed  by t ipping the
.r,la :e t o w a r d  the  mold p c s i i  i c - d  in the  mold n r eh e at in ~ ‘y i n .

Fe i a i -p t ci  I. heat , the t e - c i n  I ru le used is as; fri i own . A f tu  r loau ing
so ’ - ltsi r u , t-’ , t h  f i r n , j ’ m e  i ~ e s u i s ’ u a t d to a pressure of 10—25 microns
d;ir u i g  the pr ’-as’: t ion rses ;tin F of rot curs , a v ‘ ‘nun of 8—20 microns is

I ( 3 ) )  rr -qI I r I ~F. a - d sp  J ’~~ a time to h— 12 :soi ’trs us iri~- a mechanical
r o s s~~it  u sc  p i t s -  a .  The u~~ 1 l  ri-heating c’’on is - , s t a r t e d  and c o n t r o l  led to
+ l j ° F .  Tin u s e r , ’ is t h e n  hcate- d , and as toe It  linu begins the furnace is
h i - k —  f i l l e d  w i  - ?  mitmos”h re of sirgon to p m ’~- - an t  he los~ of h igh

• -
~ I i o r  pr .’~~u I ii cm e~ e ’ ; - ue ‘i ts and r~ di t ce  bubb l ing  sit, t i e  su r f  a e 01 the  m e l t .

u s u 0 c r h e .-it j : i ; i -oired w i t  t i n  +:‘ 5° F usit -ig a P t — I t  l~)S Rh ~‘s;ot rr ’iOf l
• i i -  i ’n e ’ ’ ’ pl e- . When t he  desired superhea t  is • i c h  I c v i ’d , th e  f u r n a c e  is

14
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poured in approximately one second. The vacuum is then broken, and an
• exothermi~ “hot-top” compound is placed on top of the xiser to assure

soundness and avoid nucleation from particles falling from the top
surface. The mold preheating oven is then turned off -and the casting

- -
. allowed to cool in the furnace.

Several hub and rim castings and all of the rotor castings were pro—
‘ 

- duced on the production melting unit at Flowmet. The furnace is rated at
90KW and operates at 3000 cycles per second. A fourteen pound charge
can be melted in approximately five minutes. After melting and following
the selected thermal superheating and thermal cycling, the interlock be—

• tween the melt chamber and the mold chamber is opened and the molten
charge is poured into a preheated mold. The interlock is then closed and
the vacuum is broken in the mold chamber only .

Before proceeding with the development of a grain refinement tech—
• nique , the values of mold preheat temperature and melt superheat tem-

perature were established. A matrix of heats was produced with mold
preheat temperature varying from 1500°F to 1900°F and melt superheat
varying from 200°F to 350°F. The combination of a 1650°F mold and a
250°F superheat was selected for use as baseline conditions. This
selection was based on the as—cast structure which produced an average
grain size (coarse columnar morphology) and secondary dendrite arm
spacing that was similar to those for the T—63 rotor produced on a com-
mercial basis. This combination of mold temperature and superheat also
results In the best as—cast mechanical properties (33).

With a casting process established for the production of baseline
heats , a series of variations from the basic technique were evaluated in
terms of their effect on control of grain size and morphology. A de-
tailed description of the techniques used and their effect on the micro—
structure are provided in the Results and Discussion section since these

• techniques h ave to be discussed in terms of the resulting structures .
In brief , the hub and rim molds were altered , using a CoO prime coat to
produce fine columnar grains. The alloy compositions were changed by
the addition of small amounts of cerium, calcium cyzinamide , nickel—boron

• powder , boron and zirconium to the melt. The maximum melt temperature
was carefully controlled to insure the production of the proper sub—
striV es. Thermal cycling techniques with pouring temperatures as low
as 50°F were also employed . The end result was the attainment of coarse
columnar , f in e col umnar , and fine equiaxed structures depending on the
cost ing technique employed . These techniques were applied to the pro—

• Juction of hub , rim and blade sections and later to the production of
r,,turs .

P . Mechan ica l_ Test ing

The schedule of mechanical testing is sunmtarized in Table III.
Hub and r i m  sections were subjected to tensile and low cycle fatigue
tests (strain controlled) at temperatures consistent with In—service

r
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oI’ c ’ T & t i i 1 ~.; t i - - p e t ,  l o r e  ( s - , - ni  t em’ ip t  a t t i r e , 1000° F , l40O~ i for rio speci -

s-i co n :  ;‘~~~:n t i - S i t - u  i s iu r e  - - n d  ‘OO ° F t a r  l i i i ,  apt- - i t i s e i ss )

A t n t  en ded  uu-  he irp tuiss sn sun . (l- ’ I~~ i t r ~ , ( - )  ws, c~ i i , ’ m j~”i’ed for use
in the t c-as I • 1 e , o r  r i in nyc I t  f — i : S • - 

~~
- O t t  1 a I g u e— C i c ’c’ p t e at  a at  r oom

r id H i ’  ‘cited t u c ; : u p e r c i t i r - ~- . The !c - a i g s  is s in f i r t o  t h a t  u s e - I  in p r e ci o u s
s t u d i e s  ( 5 4 — 3 6 ) .  Sat - - i us en dirnen gicui~ were l im i t e d  b” t he  d imensions of

cu cast t s 1 ~ ; to c,~ m a x  i n - u n ,  I i s c i l ,  of  2 .  750’ ’ and l u a u. im l inc  d i n n e t e c r it the
thread of 0.Y-U~~, ~~L tit a minimum diameter  o~ 0.250” . I~~e stress concen—

:.. , r rat ion factor from th is  sii~~ e ,s’s ‘alculated to he I .527  ii the outs ide
‘:i -sise ter. The t a-si r~~

l ,oss-; pca nsc - ’ rv  of the gaps s~ ct’ion w ~s coosen after
- - ‘osideration et the :.idvan:ap-us a id dlsca*,scc ges o( t }t - i ’. desi ,e~i (34 ) .

- - ~s s advantages irs. : ccnt-relling as .1 cc-, 3su r i n ~~ th~ St  n-sir ’ a t  the irac—
t, r , - , ros:- — seu - i . ; u f i l i s - s a t i o n  of I - s - r g e  C O s -~~Tt- : 5 5 1 J l  5~~~5 ’ O 5 l - ~~ w t l e t s t

• buck l ing  a I Is - t t Led I i- n c t i  over  si- t c t t  the  I c’su p cm ra t  ire mis to fe
— - i o d  c losely : r t ~c u c f e g the  s i-~n u f i c n n t  t s  st, s ’-ct ion ; soul t ’ e a u y  c e c c i t  v-n

o~ the  d i w n i s tr a l  s t r - s - i n  sensors w i t h  al lowance 1 c r  t I s e ~~r a c cu r a t e  mea—

‘-~c - : h ; j n i c s i I. f a t i g u e  ~~td tensi~ c tests were pc: fos’n.-o~ on m i s s

~l c s ; r d  loop ser’~o — h v c I r n u 1 i c  Le st  t r i p  f a c i l i t y .  The mov ement  ot i l u e  axial
ruin was control i e~ by d i a rn e t r ’i l ~, t t  u s i n  t r n a s u r e d  by the  movc-nent  of t,~/ o

“ s c l r t Z  rods Iocat  - as srcs’u the’ dm amet’er of t h -  sp ens imen . Th~~-s strain
was then ccu or e ct e d  e l e c u r c u i j e a l I ’  in to  axial strain fed into the PDP—1l
c o m p u t e r  of the IP .  L . S .  u n i t .  (ocn ,’er sion of  d ia me t r a l  s t  r a In  to axial
strain r eq !Lc rc ( i  an inpu t  ni }‘c-isson ’s ras let or Young ’ s modulus  i n to  the
1 i;l Ui s -ci i - u -t n s on i p u i t e r  . ~~~~ ‘,‘nlue c - ‘crc ob s- ;tined for each materia l
at eac h grain size on a Baldwin machine ~:hich can be cal-ibrated directly
i c i n g  hanging seiphts for louts ua]ibration and a rod of known taper
dr i” e n  th roug h a 1I—t ’ ,-p e s t r a i n  gage i cr  - t r , H ,n c i 1 i b r ~~t ion .

For ~~~~~~~~~ temperature testing, heat was supplied frets, a double wound
I n du c t i o n  coil .  S I t e  t empera tu re  was control ied  to -1-9°F by a thermocouple

• ‘ at u d d t l - e ’CL l ’z  benea th  the  ro i l  near the  top of the hou rg l a s s .  A
i ’e cc r d  t h e r m o c o u p le was a t t a ched  at tire in n ½csss ’s diameter , be tween  the two

• 1~~i r t  z r n - I a .

u i i  a !  i ~ssr-osit of the load cell . , specimen , and Toni was achieved
i S.  o t i - ~h u s e  use ci a Wood ’ s meta l  grip sit the bottom of the s;pecinen .
\ i  cc i  the  O p e l :  [men was i nse r t e d , the c -r ip  i-via h o s t e l  u n t i l  t he  Wood ’ s
m e t a l  bc -u inn  mo l te ’ im . Limes spec i s - S - n  was thc - .i f r e e  to f l o a t  and sxia l, ly

c i i  j t  s - I f  w hen  a small  load was appl ied;  the  ¶~ood ‘ s meta l  was then
c i i  - v t - u !  L i  sai l idtf y and , i h u c r e h v , p roper l y 1 o s - at  ed t h e  specimen

Th t -  s-a- - lu  ‘ n i - o i l  f aL I g I I e  t e a t ’- 0 0 1 c m  - i n d s u t i d  i i i  a st  - cnn c - - s-s- t: r ol
m c d i ’ . w i t h  -r  z - - r u * ’ ir : St  r u S t .  To d~~t€ ’~ n i j i ,~ the s t . m i i n  lr-’-:,’ls l o r  tile

L 

c c - c t ; , the  s’ h - ’pn at  t h e  c vs .  t t - ij rvcs was t : s t i ; ’ ; m u t c - c ]  f i r s t .  This was
i - - ~ u r p 1  i shed 1- ’, us - u ’ s: the  -i o ta f rom a ns n o t o r i L c  t ’u i a i l e  t e s t ,  a s ingle
st rain cOflt, r’’ led ‘it  LpIJ i” test , and an incremental s t ep  t e s t  ( 3 n )  -

16
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Selection of a suitable cyclic frequency was based on the capabilities
of t -se testing system , which is usually limited by the dynamic character—
isties of the extensonueter . Frequencies are limited to those levels which
do not disrupt isothermal conditions because of adiabatic heating. Further ,
poor hysteresis records result when the X—Y recorder is driven excessively
fast. For these rests , the cyclic frequency was var ied from 0.3 Hz to
0.5 Hz depending on the strain range. At higher stra in ampl itudes , a lower
frequ ency was used to maintain a nearly constant strain rate for all strain
ranges. The cyclic frequency selected is within the range used in pre—
vious studies (36) where no significan t difference in fatigue life was
observed for frequencies of 0.i to 10 Hz.

A one—channel block program was used to produce the fa t igue—creep
cycle . The load was app lied as a sinusoidal wave function wi th respect
to time and begafl the first cycle in the third quadran t or compression
direction from the zero stress and strati-u or igin . The first channel block
program cycled the specimen through the third fo ur th and f i r s t quadran ts
of the sine function or from zero strain to maximum cos’s-pression to zero
strain to maximum tension . At this point the computer held the specimen
at the maximum tensile strain for 90 seconds. After completion of the
hold t ime , a second channel block program returned the specimen tc zero
strain. After a few cycles, a stabilized hysteresis loop was generated .
Apar t from the 90 second hold time, the cycle was completed in 0.5 seconds.

The tensile hold time of 90 seconds was chosen to produce significant
stress relaxation in each cycle while allowing the tests to be completed
in a reasonable length of time . Comparing the test frequency of the pre-
sen t study , .01 Hz, to earlier (37 ,38,39) strain range partitioning re-
sults , indicates the creep component of the cycle, Ac-cc as approximately
10%. The half—cycle strain ran~es investigated were 0.3 to 0.6% which
produced failure within I to i0~ cycles. These ranges were comparable
to those used to establish the conventional low—cycl.e fatigue data.

The therma l fatigue performance of simulated blade specimens was
evaluated us ing  the specimen shown in Figure 7. Testing was conducted
on the thermal  f a t i g u e  facility at NASA Lewis Research Center. This type
of equipment Is typ ically used to simulate the environment of a jet en-
gine and is widely used in the evaluation of turbine alloys. The paddle
specimens were quickly heated In the blast of a jet burning a mixture of

• Jet—A grade jet fuel and air to a temperature of 1800°F at Mach 0.3 and
then quickly cooled to 1000°F in an air blast at Mach 0.7. ro assure
uniform heating, the sample holder was rotated iii the blast at 450 rpm.
All specimens were weighed before testing and were weighed and inspected
at ten hour intervals. The test temperature was monitored using an
optical pyrometer which was calibrated by placing a thermocouple on a
dummy specimen . The test cycle had a duration of 2.5 minutes , with two
minutes heating and 30 seconds cooling. A total of 2400 cycles was run
Iii the 100 hour test duration . This technique is similar to that used
by other investigators (14).

17
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B out  cubu  ci  and f l a t  V c1~. c m I :  st re - s o  r s r - t are L e St  s were  p e r f o r m ~ J
~:s S i t es- ~s- :d ei. t,[ t’~~e-e~ u n i u ~ - Tho t a b u l a r  spec c r uu t ’n s  i l l u s t r a t e d  in

- cc  3 -..‘t ’ r cm t cStcmd tic ìi.i ~~u, 5fl ( )  F +3° F and t h e  f l a t  specimens shown
in r m~ -~sc- 3 ~ern t e s ted  ic  a it i- ,hd ” f +~ I- . Teiu tpera ts ures  were con--
t n .  lou ~ 1c i ~ ci1-un c l--alumsI tl -ccm- ’cu - c - .suples. ‘l~~nts were made a t  cons tant

,~ ia w i t h  a i t i r l  s tr e ss  level i or 17 .62 to 38. 13 k~ I fo r  tubn lar  sped —
cLin i cs :1111 2 0 . 0 0  k i t  fcc - f ’vst spec ins-na .

S 1i e c c c n ’ -c ~Li uifl I-c l - s t ’ccs u o èd f’-i sele- . t cd  st r ss-s  levels by ir s ’n~-
a s -  i n ~ Ic-a-a Li auc t - c -  i s - n  i ; t t :  a LVI)’!’ c it h  the  c c 1  r u t  measured on a char t

r ecord-sr. i~rc~~i d ’ -l a c - us urd -or a’~ics i dis~ 1slrcnuesn t vs. tine .
!lin::’surc creep r ~t u - s s-lore c,i] -uilci: cmcu t r out thE; S. u5’ - ‘~ th s’ ‘~ t !  ci ihc t sec—
t u; p  nf i ii- cr c -cu - curve cL, c - fol ia~ nS tic - . 

~~ 
c oasT-’ c”eu ss-p portion . A~ I

- o s - i n s - s o were  t cnt -d t t  f~~ i~~c s i c ;  u I C 1 Iii u~~i t i  na t fn iltis e were s - s - a s s i r e - d
S th dlv ’ ,js - a ai d i s - u  1 t ~ r

F:. 145 c :’ns-tiUctat~~l ~~ j~~~1li ~~~~~!S

A rs-alo :- p o r ti a  of [ I ; . ‘c s - l i e  usir - uLural os-n , is - mis; inn -I cast . In c s-c
test 5 1’eci cc-OSS was ~ce ’r~ oc : ‘; e- L5 s- sl ap  i I ~l t  usc i s -  na~~:-o~;v and su t’s ci - - d  n .;t a l l o —
u r  iph ic L - .- l u ni qs~ s. Thc~ o - ,.c asc;L h a L  l :ho f .T -1 io4 iu1 ~ c c j ~ - s i t  ion : 150 ml
so~~tLc~nni , Yb ni~ rSh~ , ant ’ 2 . 5  ~~s - ; l ’L- C C12. 1S t- ,‘r,iia s-lot - ;,- ‘t l i n a c ,

i-us - s pc L f l O  si .:e an’! d c st r  O m i t  io n , 5 s-a :  Ds-_lsll.ary mu ~ h n l c p , ’ and Se
r r a r p h u lu ~ y of c o r b i a l t  a , sor  i d e s  and o t h e r  phases we --r e evaluated .

• Iii’s I 5h r  m i c r ’ - ic ”j .y  Ct’s s-v was augmen t~’d by t he  o~ ectron  micr oprobe
which was u m E  1 to i n v e s t  i s - a L t ’  Lice - ps-trtitio t,ing of a l loying elements .  A
Ni a b — r ial s  — lysis  Company kdel 400 S m i c r op r - ’h e  was employed icr th i s
s t u d y .  The th r ee  s p e c i t n u r s - t e r -  s y s t c r u  was o p e r a t i c !  at  20 KeV using K-as 1
cad i-s t I ‘us .

RE SUI  7’S AND I) I SCL S S I O N

St r u s - t a r ’ a  (Y n t r o l  ii  Suj~~r n1 Icy C ; a t i n ~~~

As d~ s-,c ribed In ‘- -
~p s-rim entcci Procedures , ‘i mo ld  p rehea t  t empe r sit ’ s - r ’uu

— m t  165O~~F in s-omi t s -a t ion with a ~iper ccaL of 250°F won selected for use
in the  ~‘ro !rc -t i on of basel i ne t s - L 5  of hc t l u r ’ - -  alla5,’n . This se l ec t ion
- rov ides  a structure sinu ia r  to 5i ; t  t a t  tnt- it in the  T— 6 3 r o to r  vroduced
on ,~ c- ’a rsnet c ial  b a s i s .  The cs’scr ’mut ructure of cu Ly ~- ica l  commercial  c o t s - c r —

is a !. - -s-s c f ri I-’i~ss , r .’ 1 0 -  T~ o mac rest  s - s i c  tori- of a b a c t - l i n o  heat of 7 13LC
i s  sh own i n  F i s - ’ m - - l l l~, O t t 5 ; a c-curse c-1o ”nu s•_ rn1’ t u  cc and g ra ins  up
t u ’  (j.~~~

’ d i am et e r .  ,\ r~~ar 1i 1 : - i t t  ita l , s L r c c - L u i c c  i n  - s S L , t  h int ’, c r ,’u ’ bss seli~~i-
ic ,iLs-u of i-1Ai~— > 1— l - +h iSle! C I V )  wi rSt mit si i .g ic t  increase in maximum gra in  si z e

- ‘c , cs }i m o l u s  ‘ l’ ’ ! ” d t’ ’i to ~
‘ a r n o I c c S .

To ol d _ - i i s ,  a f i n e  - u t  i c i - ’- u u , r i r s u _ -t u r e , an t im ’  e’St ~n -n t  s a i l s -  i ’ i u c u l : s t  ca - _ c
w i t h  mit Lr i m e  ceo c o s - n ’  i i  L O t u s  05 ide (C s- cd ’  i s - i s .- : p  I c’’ i-d . IT s L o g  mu us ’
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• H

7 13LC and t r i c r m a l  condi t ions  i d e n t i c al  to those f o r  a baseline heat , the
s t r u c t s r c  shown in Fi gure lIb  was p roduced .  As the  molten metal  comes
~t rto contact with the n a l d  wall , the CoO is reduced to Co which acts  as
a sc’Ls~~ra .e for nucleation at the surface. The very fine columnar grains
at the surface changes to extended gro~ r Ii of those grains oriented most

- - r m , o o r a h l y  f o r  growth , r esu l t ing  in the grain size increasing toward the
“enter of the casting . A similar result was obtained for !4AR—M—246 and

u :ds ’s .0: i i s u s c ’s i a t e d  r im molds.

To obtain ‘i f ine equiaxed s tr u c t u r e  requires  that  nucleat ion occur
a t  a large number of s i tes.  As discussed in the  In t roduct ior , inoc -u la—
tie-u together with constitutional s’ipercoolin~ 5 StS been lu uiid -a be the
most e f fec t ia e  technique f o r  grain r e f i n em e n t , with Ti, Zr, 2, and C most
w i d e l y  used as inoculants  sod tb’s s c - I a l e sta~~;-e~~’st i -on a t  the so l id—l iqu id
i n t e r f a c e -  provided by the so lu te-  elements present in the alloy . For the
a l l oys cur se -er cons idera t ion, t it an i u m  and ca rb ca  contentru  are closely
controlled to allow the fo rmat ion  c-f a s- c i t a b l e  p r o p o r t i o n  uf gamma prime
and carbides f o r  optimum mecaa :c t c a l  p roper t i es  but  s u f f i c i e n t  l at i tude
is avai lable for  addit ions of these elements  as inoculants  w i t hou t  major
m i c ro st r u c t u r a l  changes.  Using an i niocalated mold preheated to 1600 °F ,
a d d i t i o n s  of 0.1 wt .  % Zr ( in sponi,L fo rm )  and 0.1 w t .  %B (elemental
powder wri 5 ,r c ’d in nickel ~o i i .  scion a)  were made to a crucible  charged
with 71 :ILC .

To obtain refinement , suitable substrates must be formed in the
r n - a l t .  cits  Ti—B—C ternary phase- diagram (Figure 12) (40) serves only to
ssu ’r c sima te  solid s ta te  t r a n s f o r m a t i o n  temperature  in cer tain highly
segregated regions of the Ni  r i ch  systems being considered . It is
appar ent from Figure i2 that t1ie melt must he heated to temperatures
above t he  1510° C (27 50 °F ’) i so therm (shaded or cross hatched) to form
TiB and n C .  Melt temperatures in excess of the similarily shaded
2IfM ’C ( 192C ”F) isotherm are required to form TiB2. Based on this

• apj’ro ’~imaLion , the melt temperature was established in the range of
2R50°~ —29OO °F si rs -m e higher temperatures are regarded as extremely detri—
m e n t a l  t e  cru cib le  lif e and significantly lower temperatures probably
would not, permit the formation ,-i TiB and TIC. After this temperature
range is achieved , the charge is allowed to s-Ooi in the crucible for
10—25 minutes (until solidification has progressed sufficiently to
t r - 1t2- e the top metal comp letely over) to provide substrates of TIC and
TiB . The charge is then reheated and poured quickly wIth a 50—l00~ i-

• • - c ~
- erheot . This freezing and remelting has the advantage of facilita—

ting temperature control on the pour temperature . When this’ thermal
cy cling t a - u ni que was perfnrned on 713LC without any added boron or
zir r -’u i sc m , no effect was observed on the g r a i n  macrostructure. Ho~ —

is - Is --n 0.llP, and 0 .1%Zr weri  added to  the charge and the thermal
cycle was perfor i ed , gsafn refiaens ’-r,t was obtained .

Th e m a c r o s t n c ~c t t i r e  r e s u l t i n g  f r o m  t h is  ca s t i ng  technique  is shown
in Figure h a .  ‘iltis - i s a fine equiaxed structure with a grain size of
-\ ‘  FM I f 3 .  The same techn ique was then applied to the larger hub mold ,
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tc ’’~’i1 ~ ~i~’s ii ttc st ruc tuic- shawut 1u Fl - is - s 131— . This fine equiaxed
str u ctu re vith ut t’t u n  Co ::nincr i- in it ti -: s o r t  ac~ - hut s a grain size
c,,,t , - c i ~ i u~2 .  ‘fhis chn i ’i-ia oas is -p i~~ad to  aHoy MAR—M — 2 4 6 h u b  and rim
i ’’  is to -se-La i s- eve- n f iuc-i ~‘ ‘ a  i - uxs - 1 s t r u c t ures wit  is ~quIaxc sd g r a i n
cc ~~~ ‘~~ 

5 -S’t’M i t s -  and ASTM u~3. 5 f’’r lie rim and Itoh sections , re.spec:iv-~—
- ‘  1 y . I - - m i l i t L ,  O i l  r e f  i u - e r a en t  r . ~ - i ’ . al isv compared to that of 713LC

is at ’ r u t - - to-’! tc the hi- :,-er 1 cur:; ~ru ui d  r e l r m c t o r y  conten t  of M A R — M - - s 4 6 .

a r q - i  I :~~r l o u t  - c i  h ‘ prc- - ,’~ c-u s- 1’-’ d€- s- t : :ihed r ‘crbii i q u i s -  i ’r cv e--d 1.0—
c, ta ~-o  ;f ui~, ~~~ ‘ t ,~ r it  -me - c t ions ~ t ‘1 v: C,L(J I . A coarse s-s lumnar structure

• - i s t I S r  to t h a t  i t  r’i gure- 11:-i a s c  t ss- c’oi uc -est . rn s-iiov C~ ’I~ the  most
~ c o n i~~ L : : . ’ :  :J~~s • A r L g sd- ’ i t i c n i  : , - ,  , I d- ,:~c -ci t ’  7 i iJ C nn ~ ‘ ‘o_  

~~~
) ios 17:,

~ - t m iuun . Si tic -a t l - t c  c x i  S t  0’, ‘ Ii  r et ’ - r-~~urr ’uit ~it ,-s-~ ic - u based on the
f - ’ ’- ’ ar iri s of t L a - u u u i u i m  and r i s - c u ut ~~- :ru b . ’ r i d c - s - s - i d  u , b cio~ in tl~~ el!
(oc ,j s - I t i , e : i  a s - c  u~ sn h ’ - t i - o i , a c ,  1 : - i -  ~ e t - ’~- ,p c - o n , u s  n:ic ’1€,’s-fiOn~ , it: i s
S i s i l d i t :  it  H ~ a i .ici ,er a~~c;:~ti ’’s- s - its ’s e.1er ’~ sL ~‘c’ ’’5t5l1op exi sts j , ,’t

c a l u c i u u r u ’  - - r r J ~~s ~tid carh ides t’ic ~ ‘ f ’ s -  ti - v - ti t -tc :’im S . , ! z.Trcoss u uTt. c’ sunt (-V—
t c-  ( i  si IC 1 ’ ) ( I . ~ ~)O 

~~~~ ‘1 I~ ‘ I - , j r . au S’’/ W~ U I d  - t~ C : a ted to
reac t ~‘rcfercritiaily w it i c  t u~ h.  t U f l  -‘iSis ’ ~~r 1s- ! )fl , n’s- -I ’- : ’  t b -  u t - u c s - - u n t
,t ~~s - i l a b 1 t -  t - .c ri ’ s’ t i t - s i c  l u n  n t - . ’ ‘‘ ‘ 1 - I ’ S . The ha~ y’ i- ,m hr- r io - s aas’l car—-
o t~~c’s it s- S ir en  t~ -~ s- do out us - t a~ ~

- - ec~~i’-ca ~u i~-~~t~ ‘t e S  i t ’s -  r •- r~ - ~~~~ th ut
wu 1.1 be d j c c u u . , -,s-’ l later -

To ‘cc-ri f’1- tue prt- ;sent:ss of ti:cfnlnc c :s.s thu ac ui r ce of the  p r ob l e s , a
u ’e m~ ‘ins una~ cu s:sin~ cit I u~- -~lAF - -i-I— ’~4h “s -I a 1/ sddit ion  ef hafnium . The

• a~~t lug tecl:c.i quue employ, d u - ’sc - : t lus t which pr o -.’ io ccsly produced refinement
in HAR— -l - - 24 6 .  I n - s t e a d  o1 the sr- ’vic r~s- fi-ise s-t’ -ll’. ed equiaxed stru cture ,
c-ma rs ’s s - i  cs: :’cd g r a i n s  r esu l t  w i t h  a r e - c l o u t  ci ’ fine colun’i n r  c ra m s at
tis.- s- u’t’a ce .

‘c compar i son  of t h e  T i - - Z r - - -c and Ti—HF— B ( ‘ -‘t O)  ternary phase dia~~raru— s
(ig :ui-: on i  -; 

~se -rviuig c-s ‘i ;spr o ~~ima t ions in a h ~“h v ~ f1 oy~ d . Ni—rich
s,’ste,i) ju t ‘i g s i ’ - es- 14 a r t - I  15 indicates that ti - e t I ta’siu -tt siusd /irs-cnium
n on l e - - u  begin  t ” - f o r m  upon coo l ing  f r o m  t em p e s -c r i : -es above t h e  I -~45 °C

2635 ‘F) ru i n  imum ihcc - -,~n jn F i g,:rc- ‘c . However , the haf;i d uus -  h e r  i ic- c s - m n
tu ., ! i f l  t f o r m  r i p o s coo l ing  f r o m  t c- s-pc- ” t s i r ~ c-’ ab ov e- about  l5!,O° C (2~II)-’~°F)
as -s ui ts -ri i t t  1-’i c - t i r e  1 ~ . T h e r e f  c-I ~s , Le--’t in 5, t o  t he in c  e r r n e e  St e  I e s -t i e r s—
t o r e  range betwe ’:si  2635° F and , -~I ti I~°F is s i e S i  cu i ~ ci to r es t s ! t In  t h e  fc, r n ’ s —
t f s ’ s -  of e f f e c t i v e  s u b s t r a t e s  ef c i  t c i u u i u r c  or z i r o c u n ; w n  l ’o r L c ’ s s  w i t  - a
r u i t i i .u-ta l. loss or su b - -it r a t es  f r o m  the  p i  - sun  e of h c f n iuj n  because  t h e ’-

ho r s -ru t c  not t i ’ :-d up as h a f n i u m  h c , r i u e s  t h a t  a’n’ct r- ;’nt Iv fr ’ j 1 t c sc’rvr
is sub s t ra tes .

U s in t Is r us t  a nd z i r c- ’ sc ’  iiu r r as u ’ s  u ccc t- s in ’ a c- u h ,- ilt-sc , s oxid
- i s  -‘i t e d  r i- u r ’ - ” - l d  , si s i b  i i - c u t t  r.~ -~ is- dc’ h-c hea t  i n , . - Ic ’ : ip p r o x t m a te lv

‘ n b ) ’ F , cs-s-l i n t :  and thi n P s - c u r i n g  ‘. s - i t h a 50° F s p u n  s-c i t . The c o s t  i s u g
s u i t t - i -  i was - r i - , os- s- U c~ r’ is - - s-u I c r  is - ,~~ - c u t  i ts  hoc , u , ’si ’  of  Iii- ’ ccl ion
ot  the  m o l ’I  i n c - c  i i ’ f f l ’  a n , ’ th e  l u u , - H  s- I  t h ~ c a s t in ~ was e q s - i n s - e u  ~s - i t h
an ; ive r cj c r . o c u r - s in  s-i s u e t  ~- r of 0 .0 ’ ’ . l~u u i l e  chi t -  s t r u  t r u e is  - - ‘t  as
f u i s ’ s - t a  i r s - i d as t - i s - se  of 1 iLC or ~~\ ‘ : , — M - — 2 4 6 , it r - - s ’r c sc o t. - a ti gn if 1—

n j !  s- v t - u s - -  - r u t  cmc ’ npci rod L ’s  p u s - - ,‘ I ‘ins sit ‘“pt s o 11 ,1 - ( - I O T ~ nu  this 
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iuvestigati -utu -t . A second heat was made under the same conditions with
the maximum temperature increased to the upper limit (2804° F) suggested
by the phase d iagram approximations . The structure was wholly equiaxed ,
with an average grain diameter ,‘rf 0.004” (ASTM #3.5). The- same techni—

- - que was then applied to an inoculated huh mold and the s t r u c tur e  was
whol ly  equia-xed w i t h  an average gra in  d iameter  of 0 .005 ” (ASTt-I 113).

B. Produc t ion  of Test Castings and Rotors

The gra in  ref inement  t echn ique  u t i l i zed  on the  simulated mold sec—
tion cas t ings  employed alloyinA addi t ion s of 0 . l%B plus 0.l~AZr  and a
therma l -v c l ln g  between 2800° F for  713LC and ~-!AR—!’!—~i46 or 2635 to
2804~ F fo r  CI03 and the me l t i ng  tempera ture  of the  v a— i s - u s  allo\-s .  Af-
ter  th is  c y c li n g  a low p o u r i ng  t empera ture  wi th  50 ~To 80° F superheat
and lo-j moL d t empera ture  of 1650 ° F was u t i l i z e d .  In addit ion , the melt
chamber was h a c k — f i l l e d  wi th  1/2 atmosphere ot argon a f t e r  me l t i ng  had
started . Dur ing  th e  product ion  Las t ing  of -in tegra l ly  cast ‘:otors in a
commercial  m e l t i n g  un i t , these a il o v i n g  addt t i. mrn s and therma l cycl ing
can be readily accomplished but the  low pour ing  and mold temperatures
and argon b a c k — f i l l  would in t - :r f e r e  wi th  fi l lit -ig th e  th in  b lade  s-cc :t ions
of the rotor. Zirconium additions could lead to hot taa~ ing probl ems .

Sirs’,’e l-L-’R—M—246 ah oy is now used for production rotors , this com-
position was the one investigated . Two experimental heats of MAR—M—246
were cast f rom tne  small size furnace into rim molds to determine -

‘

whether  the z i rconium addit ion and argon b a c k — f i l l  were necessary to
g r a i n  r e f ine  in the experimental furnace . The resu l t s  showed that grain
re f inemen t  was obtained without  zirconium addi t ions  wi th  only 0. l%B
added . However , the argon b a c k — f i l l  proved to be necessary In this
l abo ra to ry  f u r n a c e .  These resul ts  indicate tha t  t i t an ium borides are
the primary substrates  f cr  heterogeneous nuclea t ion  of the nickel solid
solut ion phase.  Poor vacuum conditions once mel t ing begins (pressure
a p p r o x i m a t e l y  200 microns and an excessively hi gh leak ra te)  in the
small size experimental  fu rnace  may have contaminated the surface o
these  subs t ra tes  wi thou t  argon b a c k — f i l l .  A 1/2 atmosphere  b a c k — f i l l
reduces the leak rate of outside air to a very low level and minimizes

• the available oxygen for substrate contamination . The production
melting unit was capablc- of much better vacuum conditions (less than
one micron and very low leak rates). An argon back— fill was later
proven to be unnecessary for grain refinement on this u n i t .

The tubular stress rupture specimens were cast on the laboratory
cas t ing facility. An argon back—fill was used , 0.lflu was added and
thermal cycling was employed in grain refined heats. Problems with
f illing the long, thin tubular specimens made higher pouring and mold
temperatures necessary . Mold temperature was hold at l900°~~, base-
line heats were poured with 250°~

’ superheat and refined heats were
pou red with 150°F superheat. The baseline heats had long colummar grains
oriented perpend icular to the specimen axis which often extended across
the entire tubular cross—section . The refined heats exhibited an equi—
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‘u sed s t r L c t i i ~e i c i t h  g r o i n  d i a m e t e r s  ol - i n s - r o x i m a t e l y  0 .005— 0.010 i n s - i t .
Th.,-’-e eq t n x s d  g ra ins  ar e  sli  i r i t t l y  l ar g e r  Lhs - ri the 0.004 i n c h  d i a m e t e r
c r a ’ ss-s o b t a in e d  rut c-v los -u-i lv in r i m  molds h o c - u - s - s e  of the h i e i t c - r pour
‘f lu l  u s -Id t eiu:-t-i cit ures tha t  cs-~’-re r ,ee3ed to  f i l l  the th in  t u , t u i i u r r  specimen
ms-I si s - .

l b ~. r i - - c - s - i- , 0 c the cast  i , c g  s-~~ s- s- os-s c o n d u c t  on tlic - pr - uu!ri: t i c n
i’acilitv at Austeis. i u)i cisiosi n i  lo-uiniec ~orporation . La Porte , Indiana
‘is - i - g IIA }5 — ’-1- -2 e~. Two series of hub s-rid ri - ” molds (Lc:ats 1—10 and lceats
li—L u - ) were cast to establish s - c t  optimum refinement t e c h n i que . Tables

curt ! VI suminnrl~ e Lie pvc . is-’Lu’Sr’-’ re— s-sits s-i t l i e s - c t  i ,- -sts . The t c : ’—
c c ,  u t  i r s - s reforred to ~n these- two tables were ohtai auid with an optical
p /s - meter. A cii~~s- ss of the m u - i c i r O  t e n l u e r a L l u r e  or ~Lf --

~~ 1- -2 ~~,b using the
s-p t is-al ~ Y!’ s - s - d c t t- ’ s1 - w ~-d s-he- ~a i I s - ’  to melt at 22 50 ° F. P~ us ’i ou s  expi - r i —
- -s -c e w i t t  N I - ~r - - 1 — 2 4 6  C u t e  t I r e  - ;r e~- ’~- o i c  r u  f u t rua c c u su n g atu i mi cut - sion

11 , - t  nou, s-uo i€ m d c  ~ di ed that  t ’r s u  s - i  II is’ ,’ melts at cq’ p r ex i ; u a L e i  - 2350’ i .

i s - ‘ i I S C r e u  ms-v  s-s-u s- c -c l tI5e reported tempeis- rures in 1ob1 es ~~ s- nd VI
to be u-os ’- ‘,~- ii at Lor~ . I - i  a-ic! ;-t s-u, t h e time reg-iire ui Ic’ :‘c~c , cui  the ucscex ir , su m

‘~u c s n e r a t u j r e  of tries t d u - r i i , u l  cyc le  w - is  riot e -i tr~ 1 led or  e s e  S s - t e s s - r i d  l~t
hose h e a t  r; while -it hod hi-’~ r c ’s- -si stu-n t iy 21- ‘uiflut -cs- c In us a t S  s-ride on

t h e  c e r i m c r n r n l  f ad  I i  r y .  Tb ’  t uc ”k of c -  c 1 t i m e  s-nd i m p  r s - t - i r c
‘ l u L l  ol ‘;s-r, resruor, :uible f r - - the ‘ u s  - s i r s -  e st en t  t , u u  s - C s - S  ~ rc gc ~~~ r t~ c s - s - r ig

4 ~~~~~~~~~~~~~~ in Ic” e.u preliminary p s- c-i-u s - tic s (c i lia .

( ‘ n - ’ hea t s  1~3 arid //10 showed a wholly cl e taxed s t r u c t u r e .  However ,
t h i s  ser ies  of heats,  provided considerable  u i s c f s u l  i n f - -rmation . Heat #3
de u cu ~u u u s t r a t e c !  aga in  that grain refinemen t s-oi let tue obtained without a
iir s -o ilum hut not witijout a boron -addition. Heat -~l3 •-onflrmed that
ref inc-cu ’s-tnt was possible without an argon back—fill and that only a
lu e r o r -  a u d i t i on an d p r ape r  t ine and t e m p e r a t u r e  control  of the  thermal

• v o le ;,eru- necesi-,ars-, Based on these results , the formation of titanium
I’s-rides to act as pot s-rut sriis scruto s for hete-ropeneous nucleation appears
I u ) be c (Lp ercule nt s-ru nc ’ti time and temperature . [h ose two p4crisr :eters- were• Ca ’  ~u i ’uIl y sc cr,t r o l l s - u i  in subsequent production heats to dup l i ca t e  the
c - u ’ u - l i  t i o n s  is-ed sui c ce au-cfr ] 1 y on t i c  exper imenta l  cas t ing  f a c i l i t y .  This
clu ~s l i - a t i o n  r e q u i r e d  t ha t  tIi ~ - m aximum t emperatu re  of the the rmal  s -v o l e
w , u ,~ i e o c i u ed in approximately u:went y minutes .

i h e  next series of hea ts  e- r r r ” ioved  M A R— M —246 cast in T— 6 3 r o to r
molds .  Tril le V I I  sh ot s the  r o e  i t s  of the six heats. -\ pheto prar- ’s

F of one oi the r o t - - cs ( s - cs- t~~O f l - s -  L’r s t r u c t u c  o e x am i n a t l o n ~ is- s-ho~~,i in

L 

F l - s - s i r -,- 16. The f i r s t  ro to r  ( ser i a l  number  3 311) w u s  cast as a con t ro l
s-i s - i i ’ l e .  (Aiu v e n t i c -n a l  p r o d u c t i o n  t echniqu es  of Austenal  Div~ s - i o n  of
H i ’s - m e t were  cised P o b t a i n  a ( -e r a s e  c i  t u r n s - a r  s t r u c t u r e  (Fi  ‘r ~ u i’e  17)
‘IC s-the— ev e r o t or s  s /c - r e  g ra in  r e f i n e d  (F igure  18) h t h e  f s- I lowing

m o l e  Lc ~d technique .

a. Add 0 . l2 ,B  ( powder wr a p p e d  in N i  fo i l )  It ’ the  c h a r c e .
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b. Thermal cycle to melting temperature plus 375—450°F
in approximately 20 minutes.

c. Cool the melt until partial solidification had occurred .

d. Reheat and pour with 10—25°F superheat into an 1800°F
mold.

Ibis technique resulted in a consistent fine equiaxed structure with
alu approximate grain diameter of 0.004 inch and is the recommended ref m e —
ment technique . The low pour and mold temperatures caused incomplete
till in the blade sections of the rotors. Three additionai grain refined
MAR—M—24 6, T—63 rotors were poured into 2100° F molds at superheats of +20 ,
+50 and +100° F (not listed in Table V I I ) .  The rotors poured at +20 and
+50° F scperheat also fai led to f i l l  in the blade sections p r o p e r l y .
However , the rotor poured at -flOO°F superheat was completely filled . The
grain structure remained wholly equiaxed with an average grain diame ter
of 0.004—0.006 inch.

The 7 1/2 inch diameter test rotors with stress rupture paddles in
place of blades were also cast with MAR—N—246 in 2100°F r olds at the
produc t ion  f a c i l i t y .  A baseline- (columnar) rotor was cast usitig con-
ventional practice. The macrostructura in the paddle is identical to
that of a conventionally cast T—63 rotor blade (similar to Figure h a) .

$ A r e l i ned  (equiaxed)  test rotor was cast using the modified grain re—
finement technique and a superheat. of +100°F. The refined structure in
the strs- us runcure paddles is  identical  to tha t  observed in grain re—
fined T—63 rotor blades (similar to Figure l3a).

C. Microstructural Analysis

A micros tructu ral analysis was performed on these cas t ings wi th the
objective of investigating the following features: gamma prime s:ze and
dIstribution , carbide and boride morphology and grain bojndarv strr ’-tus-e.
Fi gures  19 a and 19b dep ict a low and high magnification view of a base-
line heat (non—inoculated mold , 1600° F, +200°F superheat) of ,illov
713LC . In Figure 19a the y phase (Ni3(Al ,’ti)) is dist lnusr uis hable from
the matrix by the surface texture. The grain boundaries are smooth and
rounded . In Figure 19b , the -y ’ phase is more evident , ocs- ’ipvi ng a
-iolume fraction of between 60—70%. Two types of carbides ire- visibl e ,
the large , blocky MC carhides , and the irregular , eloig ;ute d ‘1 3C6 carbides
at the grain boundaries. This structure is unchanged with the addition
of a CoO mold wash. The grain refinement technique to produce equfaxed
grains produces a grain boundary carbide and boridc ne twork  In the mIcro—
structure of alloy 713LC as indicated in Figure 39c . This 71JLC refined
st ructure has been compared to MAR—M—24€ in the refined condition as
shown in Figure 19d. Both a cellular and script morpholoec’.- of M:53C6
carbides is evident with a higher volume fraction of MC carbides compared
to 713LC because of the higher carbon and refractory content In MAR—M-
246. Grain boundaries in this alloy are smooth and angular, and gamma
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s-r ‘,~ua ‘. , l um€  fr ; - t c t i o n  is s-omparab’e t o tha t of 71 3LC .

I - l i - ’r s -g r ap lus of a u ,c/e itn- s-ci t ‘i a’llo-, Ci (j .~ -ir e shown In Figures
?c)o arid 2~~~. 1 he- ‘t r uro t crc i t  t h u s .- y and ‘ p l i o c c e  is d i f f e r e n t  compared
to the other c i i  lcuyr , sirs-ce it (‘t (s-rs i i ,  g l o b u l a r  i s - l ar d s  of ~ / s- ‘ eutec—

- - r i - u .  To s ~r .lln5 ace ps -pu  i s - I - -u ! i t b  as-c~eilar hexagonal carbides as- shown
ii i  2 (11-. . A m i r r - ’ t, - ’ i n l -  01 thIs i i  1ev in tire refined condition in Figure
20c :r i s - i u - c~ e t ie cur ’s-s-u i i ed ~ i - -’in t o ’ . - Js -cy  geometry r e s u l t i n g  from the
r r e s e n c e  ci f t~rc i i - ’ €e t es - t i c  i - - i u i r - c i s -  Tir e gr c u i ~u boundary carbides
u s - C  i O S iI’100 r c , t s - e  u j  a ce l , L i i l c t c - . ro ’- p r s - s - l c g y  as exper ienced w~ th the otherI ]  u c v S  1) 1  1co.~ rig s- s- I ~ IC cLt LL . t i ~ r i i c r o st r i i c t rre  o~ C103 h i s -  undergone
~-oo e change i ir i~cg s- his - gr o~.i ni i t C i  1 ‘u -fleet. Moss- -‘ i t s - n i t  is-ant the indrease
hi  volcime t ti t ~u , n ot the /~

- • C i ’t es-’t c wIth 3 decrease ‘ ii the number  ~rr- l
- i .e 01 the c u i g r s i a r  s-~~r hj , d e. - w i r 1 u i r  Lue grains .

2u - ales-Proc rusis-ro oc s-ho c m i  ~ was r f ’r . -ued on grc~ re ra~
’ [ned

rim sections’s s-f the th ree a l l oss  t” in”est i g  Le the p a r t t t i o n i - i g  of the
na~ ot- s I  le;ing c l o n i c , , ~~ . o u u ,il r ra t ~c-~ ce - ‘u ’ ts were  s-is t a m ed ~‘i the t orm
of x — r  i; fl .O d t i i , 3 L~~Ofl i i i  - u s - s - r u t  p i t s - . Is ’  s - t i o y  flJl .C tho - ’ sr b ~~c -/s are de—
p Leted i s -  te -ress ’; s-f 0 LC -u s-u i Wjt’iu r us-’,’ s -ru  i, ~c h i  I-i l carhi dec; 5-5 ~d c,5 r0t iuIm
s - r d  T I  - yhd~ riuuut r i ot - M 2 - -3 C’~ c a r b id e - . us ~ r ed t cr  ad by e- rs -t ion  r~quat1on :

MC + y -“- M
93

d
6 

4’ - ‘ ( ‘ii’

• (1i ,I’l s ’i C  r (N i , Cr ,Al , Tfl -
~~ Cr Ao 2 fl + Ni . (5’J ,Ti)

21 _ 6

L i t t l e  :s ’i f c i ’ r n ~- s -t ioii was ga ines-I on the partitioning of Ta and Zr or B and
A . -\ s i m il a r  ress ’  t Is present  in alloy 11AR —11— 2 c+6 w i t h  cs -r b i d e s  lean
irs terms of Ni and Co and ‘

~~ -‘j , Zr and Ti partitioned to the NC carbides.
I s - r u “Is- jC6 carbid e-s t i r e  r i ch  in Cr , 14o and W w i th  l i t t l e  infc- rnsation

c s - ’ , r i l a h l e  on B and A l .  in alloy CIO3 , the hafnium is I:as-titioned in two
i s - - ports-nt Is-s at i o n s - :  hi gher concentrat ions of Hf are present in the
I ’ e u t e c ti c  phase compared to the matrix; and this element is- also

‘ - s - ’ T i u u en t r a t ed  in the angular primary carbides characteristic of hafnium—
‘ : u d i f i e d  alloys.

the se-  rs--.;cits provide inis-ri’s-tion on tirs - difficulty experienced

~‘is h u t r - i i n  refining tha hafnium—modified alloys. A s suu n i n s-; t1 at  car’s-’ides
n - i  bo r i i~-~ r e s u l t  in s t ab le  s u b s t r a te -s f o r  nucleation , .‘srr’ioth angular

l !c-s ( O i l  fall to pro -r ide tiR’ surface roughness requirement and a
i - ’ r  cc  —t.rIlog r ;u shi c match occurs between the crystal structure of the
u - s - r ’ - r ’ t .. - ~~id and t i r e  s u b s t r a te  p a r t i c l e .  The l a t t i c e  paramete r  of HI C

A i s  L’ larger than t h at of the nickel matrix at 3.52 A.

i .  i~ h- s - rI - e l  restln~

I . 1 - r s- I Ic t p ~~r,’s

t~a- i n t l u e - r u c e -  of anisotropy on tensile properties was studied 1s-v a

:~ 
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series of tests to relate the stresses and strains in “hard” and “soft ”
— grains to the “hard” or “soft” orientation for controlling the test. The

terms “hard” and “sof t” refer to regions of high and low modulus of
elas tici ty ,  respectively. To obtain an axial strain e (edi/v) , using
subscripts S = soft, H = hard , d = diametral, v = Poisson ’s ratio , and
E = elastic modulus, the following table is generated :

EXTENSOMETER CONTROLLING IN SOFT ORIENTATION

“Sof t” Grain “Hard ” Grain

1 1 EdSAxial Strain — e — e —u3 d~ Vs d 1 Ed

i e 
EdsAxial Stress — e E -‘ d . —---- E

v
~~ 

d
1 

d
5 “s l E d dH

-
5 

H

EXTENSOMETER CONTROLLING IN HARD ORIENTATION

E
d

4~xial Strain 
-
~~ e —fl- e

i

s . 

“H 
d
l
E
d 

VH d1

E
d

Axial. St r ess e —a E ~~
- e E

“H d
1 
E
d d

5 ~~~ 
d
1 

d
H

From these relations, the maximum stress is equal in hard and soft
grains when controlling in the hard orientation. The maximum ..~train
occurs in the soft grains when controlling in the hard direction. It
would then be predicted that failure would initiate in the soft grains
with the test controlled in the hard orientation . This behavior was con-
firmed by conducting a pair of f atigue tests  on samples f r om the same
heat , wi th  nearly equal anisotrophy , positioning one sample in the hard

• orientation and one in the soft  orientation . The specimen tested In the
soft orientation had nearly double the fatigue life of its counterpart.

The orientation used to control fatigue and tensile tests of coarse
grain ed samples exer ts a sign i f ican t  e f f ec t  on the results and has to be
selected prior to test ing.  Using the hard or ienta t ion  results in con—
servative estimates which may not accurately ref lect  the properties of
a larger section. Using the soft orientation results in a consistently
optimistic performance. The rise of an “average” orientation has been
chosen since the results will be somewhat conservative but w~ hl sti ll

r re f lec t  the scatter character is t ic  of the coarse grained material .  It
may be d i f f i c u lt to locate an average orientation since the properties
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s-us-s u:!ljfl-, L  d i scout kliuro ue , I ~ ,r~~~i 0 moving trone a hard to a soft grain.

~n s s - r u i cases , 51us - h ~rd orie-is t citi on is  s i l o s - C O  o r  the test  direction as
ot ’ ’~~e a t i ve  i : a c i ; - . r I ~~r

~~~ r e - o s - r I o  test rcsul~ s ~-1 rim , i i i uj  hub molds s-n a summarized in
‘ s - h u e , V i i i  u 0 1  i :031ic c ti- - s- ’ . This  data rs-prcsents specimens from
r i m  ~,s-lds u’~~~- - r  -s-s-c t ’s-;;red at r oom temperature , 1000° F and 1400 °F ~ i t f
bass-- [ I s -  - -in-i s-e~ is- cd cr~r i i  nc-v hologies. Columnar grained specimens: w~- r-s- tcs- t e - d  cit no ’s- i ’. c - l u  ot ra t cr * only since- toot properties were inferior.

i n  - l i r d e d  in  L o i s - c  ~able s  ;r ’ e -  d o t s -  r r r m huh mold specimens tested
at r o cu t s -  t€cp:r .r t l u r e  s - i d  ~ C) f l  F (- - ,rus e li n ,ru and s -u fined) - The uc5s - :ilated
dci : a r - - i  ; - s u ’ii N, t i r e  a v a r a~ 0’ s- I  cc Is l i i J , : tc ru ln  ci s-oo t e s t s  unless-  o ,N e r w is e
iuo1ica t -~d.

“ s - s-r r- ~~r~ ~ :i o t u c c L h  arid t~~r us - lle- stren —~th sf at : ths-ee ’1 ic- ys are
Ps -  i s o  n- s - u s -- Lug s - C  ‘1~ ‘ s-rune -ra t s-i-- . I t i r -  v i ~-~~d snren5~Lh

of hs-c g~’ inc h o ~Ls i s-cr c  -is -s--s ro:. about 110 k s - i  or 713 it to ~25 ks-i f or
Ns- t~— ’l -— -1+ 6 at is i  I i fo r  ~~ 1 : 1  - c i i ;  s - i, ii: ss-~ -- r s-cl s- s 4 r; an increase
is y ie i - i  strength o~ 7 1 TIl t i~~u 120 i-st s-s- si - u - ~~- - l 4 6  to l3~7 Is - s i  w i h
s l i g h t  d e s - s r - a s - i  in t e - s - le - - s - i s - ne- i c to: t -se a~ loys. Tf-c v i e- l d  strength
i - i  Cw 3  d e c - c a s e s -  to i2~ ks-i -u u s - d teustle ~surengtir also is lowered as
a resu l t of grain r~~

’irus - ss-- s- ot . ‘~ h& I i r e  ccl - i - - s - c r ~t r s - i i u s -  .1 structures s-re
lower in bOL }~ s- us - u s- L i e  ~~ie1 V i e ~~-J s - : r~ s - u~t~ - osnp -’sre,i to their baseline and
re-lined counterpart’s-. Th s-- ductility of the three alloys decreases at
ternper atos--os-s — s -b u v e  l?0(i ’C . A 1ls-y 7l3LC has s-onsiderably grea ter  duc t i l i t y
(~~2 ;~ e l o n c a t u - r a ) s- han MAR—M- -246 st 5% and C1 ’ii3 at 6% in both  the baseline
aca d re- t i i - s - o  sta e,s because s-f t h e  r e l a tu v e ly  small volume f rac t ion  of
c ar b i i o  s in this’s low cs-~rbon au oy. (rs-1n r ef loans-nt  r e s u l t s  in a small
d e s -r c a -u s- in d - s - c t i l i t - q  f o r  t in - s - Os alloys at tt-iesc- test temperatures which

a t t r i b u t e d  to t O 5 - increase in  b r i t t l e  constituents such as networks
of h - r i d ~~s nd a l p c - t s - 5 1  c- ’rbid e  mo ’rphologies .  The columnar grained cast-
ings  r i v u -  ~ r o , r s e r - d i i c t i I i t y  t han  r e f i n e d  c a s t i n g s  but less than baseline
cc -~ i i l i s- l u - - c s - r i s e  the  co lumnar  t r a i n  boundar ies  a s -u s -  ali gned normal to the
m a j o r  s t r e ss  ax i s  bu t  do not contain  the boride and a l t e red  carbides
pi s- seat  in the gr a i n  r e f i ne d  s t r u c t u r e .

The modulus  of  e la s t i c i t y  and Poisson ’ s- r a t io  as de te rmined  by
‘ r o n v e n t i o n a l  methods  are summarized in Table X. Poisson ’ s ra t io  is

. 316 f o r  the three a l loys ;  the elast ic  modulus at  room t empera tu re  in-
creases f rom 2 9 . 7  x i06 psi f o r  713LC to 3 1.53 x 10 6 psi for  MAR— M —246
and 32.11 x 106 psi f o r  C103. The modulus of e l a s t i c i t y  of t he  three
a l l a y s  decreases at 1400° F w i t h  t he  avera~~e decrease f r o m  about 31 x
106 psi at ros- ;-r t empera tu re  t -~j ; i t o ’u i t  24 x ~~~ ~~~~ a ’ 1400° F.

2. Low (‘s-is-- Es-i tt s- _ ire  ‘Ls-;t s

Room t c ’c ; ’~~t i tu r e  : ; t s - a i n — 1 c r e -  cu rves  of r i m  mold spa c ir ;t - l I s  are shown
in  F igure  21. S v  rc  1 t r  t u n i s - ’ a rt -  appa ren t  as- uk c r i b o d  below.

1. The hi a~ line m a t e r i a l  s-b ows c - s -os -  i s - s - s - a b l y  gr e at e r  s ca t t e r  t I s -  ii the
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columnar or ref ined materials as a result of the anisotropy e f f e c t s .  An
accurate assessment of the limits of the scatter band requires testing a
greater  number of specimens ; these l imits of the scatter band are essen—
tial to designers since the lower limit must be employed in the design.

r 2. The baseline properties of the alloys are superior in performance
to their  line grained columnar counterparts  because of the orientation of
the  f ine  columnar grains wi th  their  major axes norma l to the tensile axis
of the specimen.

3. For alloys 713LC and MAR—M—246 , the slopes of the fa t igue curves
fr- h ow the relation (42)

(2N
f)

X se
T 

= K

with }~ varying from 0.032 for 713LC columnar to 0.07 for MAR—M—246 refined
and x = 0.24. Alloy Cl03 has a considerably shallower slope and does not
conform to this behavior.

-1+. The performance of baseline MAR—M—246 and baseline 713LC is nearly
identical. Columnar grained MAR—M--246 has a distinct advantage over colum— -

nar 713LC .

5. The fatigue performance of refined 713LC and MAR—M—246 is superior
to their respective columnar ot baseline grain structures . At a strain
amplitude of 0.003, refined NAR—M—246 has a factor of four increase in
cycles to failure compared to baseline MAR—M—246. Refined 713LC has fatigue
hite increased 1.8 times that of baseline 713LC at the same strain amplitude.

6. The shallow slope of the 3 strain—life curves for Cl03 indicates
that this alloy is extremely sensitive to small changes In grain morphology ,
with columnar , baseline and refined data falling on nearly the same line.

The poor strength behavior of the columnar grained alloy in room
temperature fatigue and room and elevated temperature tensile tests pre—
dicates the elimination of this grain morophology in future testing.
Emphasis is, therefore , focused on the performance of baseline and refined
material. -

The 1000°F (538°C) fatigue performance of rim mold material Is shown
in Figure 22. The relative positions of the fatigue curves are unchanged
with respect to the room temperature data. The slopes of the 713LC and
MAR—M—246 baseline curves have decreased somewhat with the following para-
meters; x 0.224 for MAR—M—246 and 713LC refined , and x = 0.21 for
MAR—M-.246 and 713LC baseline (coarse columnar).

This slope change can be rationalized in terms of the variation in
ductility with temperature for the materials tested. At 1000°F, the
elongat ion of 713LC baseline has decreased from 15% to 12%, with MAR—M—246

— baseline dropping from 8.71’ to 5.0%. Refined 713LC , refined MAR—M—246,
and Cl03 baseline and refined show a much smaller decrease in ductility
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r ire - s asie- te- ci .,, s- - is - c : . r c - . hi, is, -s - lu ,~eL,r-i hr which th is  decrease in
-~uc t ; I r t ’ ~ s - i l  t~ - i s -  c c ,  s-loupe of t h e -  I r i i 5’rio c u l l  cc - -s - s - i ’ he expla ined in terms

-~~~~~~~ s ’t  ~
} l- e- s5st1C .~nd p I~i - ’ us - i - - .t r  rio co atr ci> u rlo ns to the total strain life—

- - - C u l  ye .  A t l u i w  s t e  dIfl - l i - i ’ tr , s - ,,-s t~’ t i ’  !u pe rlorir - ince is dependent

~r a ’ c i r  qu as i t i l t ’ S S  5 - I r s - I l l  s - I  t i c  “ e i tu ~ u r ici I s - I r i s - ’ the s -training is -s-lmost
- ‘  i-~

_ - i Li-j s-lo~s-~~l . At ai ,1t s& .-r ~- t i - r i u  s- s -u ’ l I I r i d s - s -, iii,- s l s j c c i c i a r n o ou of the
u . L a s - t i t u  r , a s u ~ r ’r i s  u ‘-  I ’  0 - 1  cr5 L~ 1o- ., : c - i 5 r (  t i f  l)lastic st raining increases.
‘1cc l u ’ s - u :  ~‘t s- c - a t  u c r t ’ t  s - -~1 dricti l ity ,  as r e f l ec t ed  by the fa tigue ducti—

l i L y  s-- ’- j - s  f l o a t  ir i s- cr ’s-f f cc .sit , cr ~ rea saus - — ‘i ~~h r n c r c a s - i i g~ p las t ic  s t ra in .
- r i s - ’ r i - f i s -e- , t O e s  s - l i ’ i ~~~ -~~ t dc ic i  i i  it-I p s-es -co t at ; 1000° F r o s s - s i l t s  in decreased
h i gh s- tr-itt ; tati gue ti le 5-l~~i1 J a w  s t ra in  f a t i g u e  l i f e  un a ffe- : ted , thereby

- - c e l ~ic us -  the  s lope of Lii f a t  s - c r c  s ar v o t .

I r e  f a t  f g u e  c s - s - v - -s hur r i m n -o’: e r s - s - I  te ss ‘1 a t  ~-~d
’’ are  SitOS” i L U

Fi gur e  23.  ~i - v e - i s- i s grcif jc;sji s f t - - e t u s -~ s or ’s- aupar es -’ P in I h i s -  r i g u r r

1. The p e r f o r m s - r i ce  of s- - f i n e d  t-! tP~~f - - 2 4 ~r and r e f ined  7l3T .C is- super ior
to h a p  -~~~~ h c c ’ l  i-c e- i s’:t;; ci thi st ‘-c- t c - s-i - - i i s .  

—

2 .  i’i’a s - I ~up - -u ot all sit: for 1 15 5 c c  c ; u r v - -s - s - s - s c  s - r . s r c &  u - a s u 2 J r s u d  to the
I u c )0 °F  Oosa. Th i s - is again the  r o t s - ’ ,J t of a ‘ i - c u - I  I it v loss . s- I t O  s - I r s -  mi s -i-
ns- li Hi thu - u1ti ’ t~’ l 5 t ’~ versus  tem -c- r ~~s - c i r e  s - a i r ’ s -n (i ’ ab l e  V I I I )  OcClsrrlr5g

1400” r .  ‘the e~~ i c d  ‘51 p~ ’3 s i r - Li’ s. p , , r - t S i i s - t C i S  x 0. 20  I c r
7 13LC s-j ; -. i x = 0. ]~ for  MA s1—M-d u ,6.

3. \t h i d  srroio anp l tudesc , 7) l I t  has consider~ hl y better fatigue
1i f 5~ t han  ~1~\°,— M--2 46  s- i  C103. ft- is is sct tri i~i rs - s r i  ‘ s- t he  d u c ti l  i t~ s- f  713LC
which , s-to 1400° F , i s-  t h r e e  t i m e -u  t h a t  of ~-1Ar1 --P- 246 or C]C1 . At is-s-er
t e n  p e r a ’u r c r e s  7131 (1 t s u r u h  n e a r i ’-  s i o u h i e  the  d - i c t  J i t y  c -f  MAR—M — 246 , but  the
s t r e n c . t h  ;ad’’nu t as-us - o s-~~1\R _ 1TI6 00;- sr t L i s u n ~ to c’ourip en ss -’ st f o r  i t s
lcd s-n or d uc t i l i t y .

4 .  Mt I - ~ - i t s - - r i o  l o t s - - c - i s  ‘ A E — 1 1 - — s- -ts 6 has t i c - so s -es - icr f at i g i c e l i f e .
I, m o e  L O u ’ s c r : c  S n  i I t s ’  i S  ‘. 1- a st  l - ~ in t h i S  s - C u ’ [ n f l , the ’ s - t  r i o - I t  I of ~1A R- ~~1 2 4 €s
(IC u n  100 t 05

5. A t 1~~ St eul i s i  I i ’ s. 1” , thr lilt ‘ s - l s (  i l o f e  of M A I-i —~-1- 2- ,6  and ( 1103 is
s - s i c - I - n or ( a t  1400° F) t - - - t i  i t  u t r s-om t ers -p- - r c r t s . u r  . A t  ~ t ( ) ° F , the  de—
crease- in the s i - u  j i l s of u -Is i s: ic i ly ‘i - il u l -  ,s) r€-’u ,u il t s in lest, St  to’s-S re—
‘~5 i r e- - f to cn-h~ e s- u -  ci t ics - ri s - tr - H . S I n s  - - t~~, e- l u l l  i -s -s e I t s -  t, is b c - i n~i t - c c - -
- l ’ i c t e d i - c  a r , i i a c ’ u t ro I n s - s i i  , ~is-eC jrs&’ ruu ~ at  the s-a-’c, s-~ti r:a in 1ev ~ I s-re• 
sublect to li- s- -i s tr e s s -  I t  I T I f l O’  I’ ‘ O s - r i  at  s-os-tSr teniperat’ - ’ - - . - l i l l  us- the
nc ; d r j u c s -  I ’ - ;  ri’s-sc - ‘- i t ~ - t s--n ~ er uc. ‘ I i  t ’ , I i ’  v i i i  u t rc - Ii u !i c~ of t h e s e  -il lovs
-I r e  e-Ssc- t h u l l ’,, ~~~~~~~~~ p i -  l- ~( u ’ ~~F’ (T a b l e  \ ‘ 1 l 1 ) .  s- h - r i  f -ce , curslc ’ r
-s o s - l i ’, t ic  s t ’ s - t n  c i s i c u t l t  u - i s , I a ’  u - - i . - 1 1 : , - at ~~~~~~~ -~- L l l  he s - u s - sI ‘l et
to t h a i  - a t  room t s.- : p e- s u i t  us - - .

R s - s s -il t i- so p - - r’ t u i :  I’ at  r a l  - - — i I - e c- .i i ’ ’ s. ’su a orb r;u ia - -~ u o ’ o- I n e -f l — c  i r s -  - ;t r -’~’iu
in ~ i gi rrt -’ 24. ‘i0 r , -i.e .1 l i t r u -  very c-Is-se - ‘ c i ,  u t  W j t t u  ~~r t  of rc rn n t en—
I - s - c s - t i n - - r i m  s-c s i t o . For ‘l.’s. u l —s - l - - 

~, or5 I ~1 i L L , ret ~ n o J  -u~-ec-i”--tcrs r a V e
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superior fatigue performance compared to their baseline counterparts. The
f a t igue  parameters for  room temperature hub mold specimens are X = 0.24
and K = 0.072 for MAR—M—246 refined and K = 0.051 for 713LC baseline .
Again , C103 has a much shallower slope of the ~ie~ /2 vs. 2Nf curve than

- -

- 713LC or M A R— M — 2 4 6 .

The 500°F fatigue performance of hub mold material is shown in
rigure 25. At this low test temperature , the fatigue curves are nearly
identical to those at room temperature. This is the expected result since
no significant changes occur in tensile properties at 500°F compared to
room temperature as shown by the data in Tables VIII and IX.

The f a t i gue cur ves for each of the alloys at various test temperatures
and grain morpholog ies ar e shown in Figures 26 , 27 and 28 for 713LC ,
MAR—M—246 , and ClO) respectively. For 713LC (Figure 26), the decrease in
slope of the f a t i gue cu rves with increasing test temperature is apparent
fo r both baseline and refined materials. Baseline material is more sus—
ceptible to the slope change as it experiences a greater decrease in
ductility with increasing temperature.

The behavior of MAR —M—246 is significantly different as shown in
Figure 27. The slopes of the fatigue curves decrease with increasing
temperature. However, the baseline and refined curves , at a g iven tem-
perature , remain nearly parallel. The high temperature, low strain be—
havior of MAR—M—246 is Interesting since the reversals to failure exceed
thos e for room temperature specimens at the same strain amplitude.

Cl03 has the unique characteristic of being insensitive to changes
in test temperature or grain morphology (Figure 28) with extreme sensi-
ti v i ty  to changes in strain amplitude. At low strain amplitudes this
material is comparable to the other alloys in terms of fatigue life but
at strain amplitudes in excess of 0.004.

3. Combined Fatigue—Creep Tests

The resul ts  of the fa t igue—c reep tests conducted at 1400° F f or the
three alloys are contained in Figures 29, 30 and 31. In general, several
trends are evident.

1. The slopes of the fatigue—creep curves are steeper than the
• conventional fatigue data. This indicates that the hold—time reduces

t he cycles to fa i lure  at lower strain amplitudes — higher l i fe  values.
The creep damage is most evident in the high—cycle region at the longer
test times. An exception to this was ref ined 713LC.

2. Both 713LC and MAR—M—246 demonstrate significantly longer lives
in the refined than baseline condition in the fatigue—creep test. Cl03
shows only very limited effect of the grain morphology on fatigue—creep
behavio r. The data for the ref m e d  alloy indicates slightly better
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f s - s -  I ; - - t s . ’- r i - ,,~- e - r ,  h eh av ion .  [‘lii ; - is  in ogreement w i t h  ea r l i e r  f a t i g u e  t e s t s
v5uc ~:ri ssi- -j w- sI C i t l l i s i n sen -; i t i s e  t o  t s . -s- t 1 s . m s - s - - ’ ; l t : u r e  and gi -c in s i ze .

‘ 3. The t a t  g i t  s.:rc- (’ts dat i at s - i l l  t e n  j V L s  and h i gh strain 0iP~u i i —
tacos ; d u O  s-s.;. c - r - u i l~~v s in r i l a n  t5 s-; i1- i -t Liori1l I a~ I s - s r i ’  propert it-s f o r
MA P - M - - - 2 ’ ,6 and :es’ s.- I s - u n - c c - - I s ’ ,- . ; t ori s - I I ’ ’ u - - n c d L u - e s - i  f a :  i s - s u e  f o r  h s - s e l i n e
!l~~LC and Cu . 5> .

an the C-)r i V s l u t  i s i r s -  1 y u -s-t i-i t h~aoe li n ot cond it . i-it; both 7I3LC aoc MAR—N---
2 -+rs . s ic ~lergo a redact Is -ut, in i i  t t~~~~~~~~~ ’, i i  s - l i ,— hold s- inst -s tes t  at long lives
s -n pur rt-d to thc- st sasicIr i riI t a t -i s- rot cs-ta. Ar s-bout 1 () i rev er c s - i  s , the 11 f e
is r -- 1u5 - ;J s-y cc factor of 2.5 Ic r otis u ; l Lo - ,-s . TI’r~ u-- is u - sr , :;c;rbl,s- to the
rotor t ion by 1 1 actor ‘i 5 t c - j ) i )  u -t ’s-d s t l-t-;’

~—s-I - s-Os -- c-s-i - -cs -u i ,r grained
s n u e t e r i c  t - s -  S t  u-d so  tensic a—s -c-n ;- c u r at: u a u ) I d ’F l - ~i 5 > ) .  t h i s  -Is-ta -or °~c-~ erence
43 was- s - u s -  d c - u t  o t s -  - i s :  a ce -s-c fc’s-c ;uen -v e~ 3 .0 33  cps ciuu -

~ t h is r e - d i r _ d on
f a c t o r  o u s ; ~Ited ruc -r 10- ueser -,rui s . I 1 t i S - ’  s -i - s-s s-tjijfl of 5 n l i f e  is corn—

-i sr s - I )~~~- t o  t he  p r s - s o - n m  nc -s-k  5 L:rc- s-5 s-he t o t s - u  tr - ’- rs.u- r: - ltuss c~ of l C ~ i)  ~~~F is i’s-sw
s-h it - c m s . s - ’ t  s-i i r s - c  u s - t i ,  t~~ )ni i- -c s - u t  c-v - s - s - s  - u 5 t  ci ~5igh e r  teniperat  ire-

of I 7uil u F , t he s?j u’-I’ s o - I n r -  - in , - u - ’ p a  S s r - —u ,’uCtjon in I t f e  ci two orders  of
l i d s - l i  I t  e de.

u l e  1sf s - _s c - c -  of :~r o r o  u i - s_s T r u t ,  ,, u s -~, on I - s i -  hold Ll5rs c- s - E - s t t  p roPer t i es
r - -; - cv i d e n t  in t ig ures 29 t u st u g s -  I I .  - hi u dt1 s-uie~ creep properties of
r e f i n e d  7 1 ~LC and ~ Alt - -M - 2 4 i  were unproved over the baseline condit ion ,
indicati ng that s-hts f is -i- .’ gr ins were not d e t ri me n t a l  to creep at t h i s
s-is - n p _ s r i t - r r - - - . A u r is-ill -J r ef I c-ct fo r  c reep  in n ickel—base  suoeralloys has
hi s-: r e p c - r t . _ sd in the  I iuurat siu e . It hoc he- sn shown far i~iAR—N—20 0 i~t
1 s-)OJ- i d iOt .‘sgl e cr - - v s - a l  ar id  n u c a r s e  c s - i s - in -i t g ra ins  demons t r a t e  larger
p r i m :ir-,- c s - Ee l s st ra in; Lu r mi r p o lv c r ya t ul l is-re n u a s - e r iurl (44). The creep de—

u ;n l I h ; t tor i  at  l — i O M °F in t-tj r R ~~t -  200 and s imi la r  advanced n ickel—base  super—
-s - l tsJ l,s- is r : s - r t e d  to  occur by v i r c o ’s - s  gl ide of s tacking f a u l t  pairs wi th
a ri€- ’ 1~s s - s c c c - - v ec to r  s-f a ‘ 112 -’ (~u5 ,i . The d i s loca t ion  glide occurs  over
rot  l o t  ive  l y  s i r s - c -  d i st ;r i ’ - ’es--- s - l e n s -  the  n-us -ne s l ip  p l a n e  p r o d u c i n g  re lat  ively
L et  er - u c e neous s- s.- I s-i - inca t ion . Ti re gra in  b o u n d a r i e s  4 n toe  ‘-efined ma te r i a l
s-ac t as h a r t  i c u s  to s i l s -  and i n t e r s e c t i o n s  w i t s  a d j a c e n t  s -r a i c s  l i mit  the
s - I i d e  d i st a n c e  (4su). At t ’ i n s - e y a t u r e s  over 1550 0 s- the  d i s lo c a t i o n  d i s t r i -
h u t i o n  i- more  iao n r. )gus -is.uo u s ; c-a irs -lo g in t e r a ct  ions at sma l l e r  gl ide d i s —
m an s-i -s so t h - - u t  b o t h  c iu , l r s e  - O i l  f i n e  s~r - i n  m at e r i a l s  show s imi l a r  p r imary

- r oi - € p s t r a i n s .

• 
The g r a i n  boue -n dar i e s  - ‘i  the r e f i n c  s- a l l o y s - c  c o nt a in  g rea t e r  OaT-c lots

of discontinuous carbide and borith phases sis shown hy the photomicro—
graphs (F i gu res 19 and 2 0 ) ,  because- o the add tic ’n of boron and zirconium
d ia r  nc~ re f is~einc i t .  l tco t c e p1rs -~ ots - improve  c s - E s .  p p roper t  tes by i n h i b i t  in - c
g r a i n  - - s - - n d - r i  v . 1  i din s - ; rl ’t~5-s-’ s. a , g r 5 i n  u ’ c s - c r , d n r v  si i l l s - ; ujus -iU ;‘ot be Cd-’—-

s - c - c - t e d  a t  1400° F.

A lt i r cuirg u r th e l j t , -i ; i t i u i s - I . i I I s - , I L s . s -  t i - i t  h o t - I  I u.s- s e - S  i t s - s e e  the  :sus-be - s-
of c - n - u i-, to failure , the u ’q Ie s - v u  I u-nt perfs.ui n - uc - nce of ~ -\ t\ - - ’I—~:46 s-ne d i s’s- prcu -5’c tI

-It)
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V

I

l i f e  of 713LC and Cl03 at high s t ra in  ampl i tudes  ( l i f e  less than 3 x 102
reversals)  is not too surpris ing.  A large number of the tests reported
in the literature have been at temperatures where creep is the predominant
mode. At 1400°F, the creep rate of nickel—base superalloys is low. Other
studies (46) have shown for the cast nickel—base superalloy Ud imet 500
that a cyclic—hardening effect occurs at decreasing test frequencies
( k. - . increasing creep effects) at less than 102 cycles at a test tempera-
ture of 730°C (1350°F). This trend reverses itself at 790°C (1450°F ) ;
at higher temperatures and the lower frequency does produce lower life.
The cyclic—hardening at lower temperatures is attributed to a strain—aging
effec t. -

-.

to determine whether strain—aging did account fo r  the greater l i f e
in tire i.ow—cc~c1e region , the highest strain aruip litide hysteresis loops for
baseline and refined 713LC were examined. It was expected that strain—
aging would cause an increase in s-he modulus between the initial and final
stab ilized cycles and be most apparent in baseline 713LC. ~o significant
change in modulus was observed ; however , the width of the loops tended to
decrease af ter a few cycles , indicating less inelastic strain or an in-
crease in yield strength. Another approach was tried by comparing toe
hardness of the f rac tured  specimens in the heated test  section tc- tha t  of
the  unheated , essentially unstr,iined , threaded port ion for  both shcrt  and
long l i f e  specimens. The r e su l t s  shown in Table XI indicated tha t  the
greatest increase in hardness in the heated test section from strain—aging
occur red wi th  7 13LC. This d i f ference  in hardness usually decreased wi th
increasing test  t ime , indicating that  the greatest e f f ec t  should occu r
a f t e r  a few cycles. Both 713LC and Cl03 indicated a larger increase in
hardness than the slight increase for MAR—M—246 . This is consistent with
the  observed hold time results since these indicated that MAR—M—246
main tained equivalen t l i fe  compared to conven tional fa tigue whereas base—
line 713LC and Cl03 demonstrated an improvement at less than i03 reversals.

A summary of the results of the hold time tests for each of the
alloys in the refined condition is shown in Figure 32. These data illu-
strate that refined 713LC has substantially higher life at all strain
amplitudes compared to MAR—M—246 and Cl03. At a strain amplitude of
0.004 , the l i fe  of 713LC is greater by a fac tor  of 7 than for MA R—M—246
and Cl03. This improvement is attributed to the greater duc t i l i ty  of
713LC at 1400°F indicated by the tensile test results in Table VIII and
IX. This higher ductility allows the alloy to absorb the effects of

• creep damage. In addition the higher strain—aging r esponse of t h is alloy
imparts strength during cycling.

4. Thermal Fatigue and Corrosion Testing

Th erma l fatigue tes t ing  of baseline and ref ined blade specimens of
the th ree al loys was performed on a burner rig with  air  velocity of
Mach 0.3. The samples were cycled between 1800° F and 1000 °F with 2400
cycles accumulated during the 100 hour test duration . Examination of
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,e sp e u - i m - -n i  r i --v s-t ile I t li - tn. none torn-ed thermal fatigue cracks during the
- I i i  i s -  s;-ec ril e- i IS s l ni l ar  s - u s -  - h I  -cs - c -  shape ari d does not  have a

s- i -hope  hu;is - p i o d u c e - s  sc ’c- .- r e  t h ie ~ sis ;i gr ad i cu s s - v w i t h  high thermal  stresses.

‘s-lot t i - u s -  - .~s-s in t e r u s - i l  u - I  p u - r i o d i c a h i v  and t h e  specimens were exa—
m i t - . - i I u- e r oc~.s s i n s- we- s r -  rewei g ic~-d t s-u mit-  us n i r e - t i e  co r ros ion  r a t e .  A
p1 — t 1 t.Le- v- i g b , t  h inge “it s - cs - os- e,~~- o s u r e -  t ime i - shown in Figure  33.
. \ 1 l  ‘ 1  the- ~s -- e s - i ; c n e u u - -s gals-rd ~ - - i ~F i t  in t ;ie f i r s t  10—20 hours  as oxide

i t  - L i t i l t  s ’~~Os~i his - 5~1( - i t l € S u  u - u s  s-face. -st te - ‘ reaching a maximum , the
I s I n  b c-c -~ n Ic - — k - : r s c s i c : F -  as s u t f a c e  scale  was r u -ac ~ed by t h e  gas f low .

- ‘ s . t l i f n -~ I _ ,-cre , s - - i - u - s c )  cs-5s-~~’ - u i - - l t s  ca.i ~ e

‘- f t  s-r i--n- ,posl ur e tim e--s c-f ~ () s- 70 horurs de-p endin s- s--n the-
• a - I - , Ii ’ s- cs - s - c - o t - -lit los- :, a s - - p r u a -  l ies-  s-i “steady st-i t c- ’’

s - ’ n i i u . i. casE-r& u t he  f s ”  r n n s - t j o f l  ant i o~~s, of ox ide scs- t es a re  at
-- ‘a t  c c - .

? .  ot ’c i i n  r e f i n e n i e s t  pr os -ui- s-cu .- 1! ;  i : i c r E - - r s - u -  in wei c u t  ioss t~~r
l-1AL -~ t -—24 6 and ClOt , ~j i ‘ is r e f  h-u - - i nit -s--i ) s f l S u - j  m e  7 1 i s - C  —

u .  u s - I i es-us -s .

1. - r~~t e  of vi~ j s- ; L l o s i S  is si pusini cantl y greater for C103
s-Is - t i er  the ot t i c  r s-n I h e ’- s .

The v s .u 1 m i t ’  o f  o x i s i r  I a ver s  w ar -  conf ined  m a i n l y  to the leading edge
or L HC; b h c i - .r - f~ r ’e rs-s-ion of gas imp ingement .  A s tudy  of the  corroded
is u ; c - - i t  t he  5 - 1(1101’ edge of a 713LC n a se l i ne  specimen was conducted at
s-h e poi -it s-I ~n - s - i s - u~ ir test temperature in the center along the length of
‘ i s _ s s - u i - i d e - . i’n u~ ~ r inu- ip a l t us -s t sures  are an oxidized layer 0.001” thick 

l ep i - - t e l  zc.ue br-n ’s - t ic i t - . The gamm a prime in the alloy appears
~~~‘ h n a ’ J r -  u nc ar ss - lCd sc - u --wh at f r o m  the  h igh  t empera tu re  exposure.

gr ;u i i i  r e f i n e d  therma l f a t i g u e  specinien c- f a l loy  7 13LC was also
s- - 2  i~~J - t h u s .  - ; - s - i i r s -  was c o n f i n e d  to the curved edge of t i le blade and
sl id not extend  to s - h -  lace of s-he b iadis- whereas the scaling of the base-
l i n e  c p - . - c imen  does occur as s-h e  f-ice. The corroded layer was thicker
(0 .0 02 ” s - a x i s - u s - u) u - i t  some l o s - u - c  ions on the i c - f i n e d  specimen and the de—
pi et s - - u j  s-out- ins- coarsened t;auuum-o prime wit -rc- sim ilar to  those of s -he -  base—
h i s . .- s p e c i men .

• An € 1-s - c t ron m i c r op r o h r -  s - t r u d y  s-f this surface lover was perfornued .
I I u ~ I - av er  is- h e a v i l y  -n u l l s ’ s -n ’s- r i ted  w i t h  Cr -is -n d N i  w ith uu cns-e c o n c e n t rat i o n
cut Ti and - \ I .  A r eg ion  ‘f u -hr ums -n iu nc depletion is apparent , w i th  evidence
of some !lurs i .suu urn - h - p 1 - si n  at the r - s s - t : J — s s-c  i n t e r f ac e .  No a pp r e c s ab
e - i i i i ,  - :51 r a tion o1 sulfur is-, v i s - i - l e  i-i roe ba ss -s meta l  or sc,:cie.

s-~- - i . u ’ -Ici , e ‘i i -- ~l-- I Y-- its I vt s- a : t i r  red a’ t h u - t a d  l a s - i s - - r e  c - x is -  are .
(is - ni -/ a r ; n i n i i l i w  (.‘O. ss - l ’’ j din u- m uon s seal ’ I, rn,s; on this ah oy. -i
shal low s ca l e  i n s  - i t  Sc- i i  s. c--s -u t  on tee - refined sample s with h l icreasc -u -1 lit s~-

_ .~~~~~~~~~~~ 
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‘ i t  -n a te r ia l  at the  l ead ing  edge. The rnicrostructure has the character-
istic coarssened gamma prime , but does not snow any evidence of the
f ormat ion of sigma or other emF ’rittIsng phases commonly formed after
high temperature exposure. El.sctron microprobe analysis of this scale
on MAR—M—246 indicates a heavy concentration of nickel and chromium
in the siirfae.s u lscs -yer in addition to a build—up of aluminum and titanium .

thin (0.0005”) layer at the metal—scale interface is depleted in
chromium and aluininumn . No significant sulfur concentration is present
in the scale. The tuuicroprobe results- obtained for 713LC and MAR—M—246
are consistent w i t h  those r epor t ed  in the l i t er a tu re  ( 4 7 — 4 9 ) .  In therma l
f a tig u e  tests involv ing  hi gher L emperatu re s , long r du ra t ions  and ex-
posu re to sea salts , su l fu r played a snare dominant rote.

Severe corrosion was apparent on the Ch03 baselit;e specimens that
were tes ted.  ihe  corrosive a t t a c k  extends over half of the face  of the
s-lade w i t h  bottl e damage at the trailing edge. This condition deteriorates
with the refined C103 sample where the m a j o r i t y  of the blade s u r f a c e  is
affected . A relatively shallow surface scaie was press.-nt which overlies
a prominent depleted zone. The surface layers were rich in Ni , Cr and Ti ,
w i t s -h rio v is ible depletion o~ -U .

5. Stress Rupture Tests

The results of the as cast , tubular stress rupture tests are listed
in Table XII ;  the stress vs. l i f e  curves are shown in Figures 34—3 6 and
summarized in Figu re 37. At high stress levels and lives of less than
about 15 hours , the refined 713LC has longer stress rupture l i fe  than
the basel ine alloy (Fi gure 34). However, at lower stress levels (less
than about 25.0 ksi) the curves cross with baseline rupture lives longer
than refined. The elongations to failure of both the refined and baseline
alloy exhibit a max imum (Table XII) at approximately 23.0—25.0 ksi. At
higher stress levels the refined elongations are greater than the baseline

• elongations; at lower stress levels (where the baseline lives are superior)
the base line elongations exceed the refined elongations. At these low
stress levels (20. 56 ksi), the minimum creep ra te of the refined 713LC
is approximately three times that of the baseline 713LC. This fas ter

• creep ra te  and reduced ducti l i ty at low stress levels are responsible
for t he crossing of the stress vs. time to rupture curves in baseline
and refined 713LC.

• Fi gu re 35 shows the stress rupture behavior of baseline and ref m e d
M A R— M — 2 4 6.  Again , at high stress levels, the refined material shows
significantly longer stress rupture lives than the baseline material.
The two cu rves converge at  about 1.10 hours and 26.5 ksi.. However , they
do not cross over as in the case of 713LC. The elongations listed in
Table X I I  dci not show the sharp maximum seen in 713LC. The elonga t ions
of the ref ined MAR—M— 246 are greater at higher stress levels than the
baseline alloy and they converge at lower stress levels along with the
t ime to rup tu re .  The minimum creep ra te of the refined MAR-41—246 at
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is-- . ~~~~~~ i~~ ~~~~~~~~~~~~ u c ! v  t h i s - c -  t l n ~es t ic - l i t c u t  bc5s. - h irie MAR--}1—246. The
fiat St r s-s-S r i p t r n i s -  .5 u- 1 C C L S . i tt L ssts I - c - i f s - i t - m e d  ciii relined and baseline

~t ~ - s~ - ~cre cs-n i n n s - r e d  as- a I s  os-s r sn r u ’s-s i s - s - s - u i  ( 2 0 . 0  ksi) and a higher
t osu~j c r ~~t - n . -e .  ihe ~ s..s ’ . l t~ i ol t us - -S~~ tests or ihiss -ussed later in this
s-c-c - r i  - ci - u - f  t h e u - t i . . u s -  •

l~ u€- S - c - u - u -  s u S s t u r c -  s- ’ eliu s ’~ s-i ! s~~ base l ine  and r e f in e d  -~~~ 03 is shown
in ~Ls - sr s -  lb . ‘Is - c - ,:~-,s~ !t,-s are -similar to those obs--tuned with MAR— l-i—2L+6
but tIcs - ~. s - r - ’c-s s- c  c- c- - s - c - c  ~~i H ”  lower and converge at about  110 hours and
~i. 3 h s- i .  ~ c~ s s ~ is - : j u l  / u - i s - s t e  :- s- sitter i_s ev ident in the data for the Cl0J

- -~ -~~o\’. s- cue ~ l. .- c u g~ ’ , ‘ u f l -  ~-: s- hts - X~~1) of the r e f ined  mater ia l  a re  si g n i f i —
u- - :u n rl y hi s’ Iue r ~t - -.i~ :‘sr.~,;- - i i-’- -l s ths-n rh-s baseline s - - a t e - :  Ia ’ was
t 5 s- C/i  s- wi th ~A s-~~~~2-,r u , no ‘55 L. ii5 i liu5 ~ in ci -siC-t t u s - f l  i-r obscr ce n- ’e r  the
St: s—s r i n s - u,u 1 s t - ‘ . Th~’ s--u- r n ’ s-urn c-re ’s-I’ rate (ut ’s- 3 0.  () ks i )  of r s su ined
C - )3  i s  s-h~. - - L~ - s - s - r  L ins - :h c t c - f  h a s - e l  ins- C103. The r n j n i j ’ u - u - rn creep

- - t i : -  s-I h ot i s  L r~s- s- u - i s i s - I  Inc as-c l :ef l u - i u u d  Cl - a rt . - approx ii- a s-su y one half
s - i f  t I s . - hast se.I :u- . l u  Sc- r s - f isis -u ~is.nui ’cu in s creep - -at es- of M.t1 !—- I~---24b at s-he satne
-u-s t  rs -’ a- lssvcl . ~~h I - : l u s - t : , n v i s - -r is us’s - tr i u - - t e s s is _ s the cc-us’s- is - u s - c ’l, interlocking
is - s -u sc b u ss -a sh -r u s is  ails - v

g nre }7 i a vu i ns i a r :~ u -- f h us- is- O~~F ts b tla r s t ress  rupture l i d s .-’ —

i Cs - us) ta. A t l u - s-’ I-t t
~-~-s-l— -i~ is c i e ar 1 v u--s-u-no r icr to tine other two allays ;

(11.03 Ii , u.s: “ ‘ n.H. s - s t  s i t . s :-sS i. u t p ~ ~re r - u s--’ti c-v s o 7 13LC at t si-u - hi g her  -;t c a s-ss
levels but  is- ; s - u s - sc - n or t o  u - I  is-C .t s-he loWer s tress levels. Based on
these rc - -s ’ 1~~tss aid t sO St  ohs-cr-u - e d  earl ier , I-1iR—M—2~~6 in the refined condi—
t ic - si cp~’e i s-cs- to Is - - s - I c c -  be- c :sateria l for re-to - r’nodn :ct ion and was selected .

- -
~~ u - h  i v  p u s - u -. s - i s - i s behni~ used for the production of T—63 rotors. The

- a - - i s - c - ;  s- I s- s n Ii ref his. s-I :-~AIt- 11—246 ro to r s  h nc- a l r e a d y been discussed in
o ~-r - ev lou s  sect u .n of th i’ re ’s-ct.

i l l  I s s - - ’ ; hs - the c s - s - s - p s-s t c - C u -s- c s -tb  t’xprs-sss-~1 i s -  t ’srms of minimum creep
s - i t s -  a :  5~u - r~~s - ; I l n n c -  n a t - s - i: u I  is higher than that of refined material in all 

. s- n . - ,-~t a l l oy s , tIse t i u u - s - u -~ to rupture of s-F-a r e f i ned  ai~c-’ys are longer
15:011  ~u a s e i  L ’ r € s  s - l l oy s  ~r s -  cs - Isn Lkvely i igh stress levels. This effect has -:

a l r eady  b~~u -nc a tt r hhuu - t ed to the increased creep ductimity of the refined
u- . - te ~~ial at thesc-’ - - t rce-u- s levels. The ~‘rnI s u st z - u e t u r e  of t h e  basel ine
t u b u l a r  si r e v s  rupL s-nre- s- I - s-- u u- sit s. -is wa s- columnar with the  long axis s-if the

• n.~rs-J ri --u s.-r ien tcu- sl perpendicular to the specimen and p r i n c i p a l  s t ress  axis .
l i e  rs- I isi ~~s1 specimens had oct  - coxes -I cs-rains with s-r-nth diameter s s-i 0.OCS—

-). 01) in- Ii. Thieae strictures s-i r s-. u-, i mt l n r ’~ to tb -sic - observed in tho
cs - i.tical zone of stress r ’ ’p L  re i n  base- I ins- s-~suJ refined turhin s- rotor

• b I s u s i t . ~~~. t i c s - -  location ‘f this criti cal zone iv d e u u c 5 u i s t r a r e d  in Figure
38 (3(1).

The s l - r I / u s - s  s- of ge -u n b u i r u d n u r i c  s s - u s - u s- are p er p e n d ic u l a r  to c r a c k
g row t  : i  0 ire(-s- 1 - h i  i j l i . I l i ce -s  p a r r l  [ci to the s- t r c s s  axis) in the enhance— *
ment u ’ f  r i p s - i r s - -  1u -~f i -  i n s  irr up t : (it in the. work -n Cirectionally solidified
i -s- st sups -ra)luv s and s . s l c i i i’ u -i t i ’d o r a i n , d i n ~~e I v i o n .  ha rdEned  structures.
Cc’ I u i .nla r grni ins wh ich are u r i -r n t i s-I perpend icular to tIre - major stre:-s axis
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produce lower rupture live’s ar id  creep d u c t i l i t y  in supcraiioys when corn—
pu -i r s- s - I to coitin rnui r grains orien t ed p a r a l l e l  to the stress axis fri direc—
t ionall y solidified or equiaxed structures (ii). The results  obtained
in this study support this theory despite the increased grain boundary
area of the refined alloys over the baseline alloys . This increased
grain boundary area causes a higher creep rate by a factor of approxi-
mately three because of enhanced diffusional creep. Diffusional creep
can be broken into two distinguishable components: when bulk diffusion
dominates , it is called Nabarro—Herring creep ; and when boundary diffusion
domina tes , it is known as Coble creep. No attempt has been made to dis-
tinguish between the two in this study. Despite the enhanced diffusional
creep, the de trimen tal e f f ec ts of unfavor ably orien ted columnar grain
boundaries on rupture life and creep ductility make equlaxed grains
superior at high stress levels.

In addition to the grain boundary orientation effects discussed
above , the increass-d boron level in the refined alloys is considered to
have inf luenced their  creep propert ies .  Trace . addit ions of boron ,
zirconium and magnesium to superalloys can increase life 13 times .
elongation 7 times , rup ture  stress 1.9 times and n , stress dependence of
creep ra te , f rom 2 . 4  to 9.0 (51). Although each of the throe test alloys
contain base levels of 0.005—0.020% boron, the refinemen t technique adds

~.lOOZ or approximately a tenfold increase. This added boron both forms
substrates for heterogeneous nucleation and boron segregates at the grain
boundaries. The skeletal grain boundary borides found in grain refined
7 13LC and shown in Figure 19 support this theory .

While some mechanisms to explain the boron e f f ec t  on stress rupture
properties in ni ckel base superalloys have been offered (51 ,52) ,  con—
siderable differences of opinion still exist. Most hypotheses hinge on
the unusual size of the boron atom (about th ree—four ths  the size of the
usual substitutional elements, Fe, Cr , Co , Ni , Mn and V , but somewhat
larger t han the interst i t ials  H , C and N) .  Boron atoms segregate to
‘ar a i n  boundaries where , because of their odd size, they are accomodated
b y natural lattice imperfections or holes which result from orientation
differences between neighboring grains. The obvious result is that
boron slows dowii diffusion through the grain boundaries.

Since boron atoms in the grain boundaries block short—circuit dif—
fusional  pa th s , they can be expected to disrupt normal grain boundary
precipitation kinetics. This leads to the development of discontinuous
rather than continuous grain boundary precipitates in several alloys .
Also bo ron has been shown to retard the formation of depleted grain
bou ndaries (carbides surrounded with an all ‘I’ or all y ’ zone) .  Thes e
depleted zones can develop on boundaries transverse to stress during
creep and cause reduced l i f e  and duc t i l i ty .  In y ’ — f r ee a lloys , bo r on
slows down carbide precipi ta t ion in grain boundaries and shunts carbon
into the grains (53 ,54).  The one general mechanism that is consistent
with the above observations is that boron retards grain boundary diffu-
sion.
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is - n e c t  c l - u - i si~~.SS s - li p s - i-I e s - C - s c : ;  d i s - ,s - r c c s - s-s-s--d above served la rge ly  as
s- ; s - eerui r’,ç test to detu -,-r ’s-Ln p : i lui  h of the  t h r e e  alloys ‘as m u s t  sui  tab l.e
ta r rc - t u r product L u -c - .  the  dec is i i - s-n to ca st  refined ~-L d—H—246 rotors was
b r; -;u - u- -u s-h:— c- sg s -nitJ cant i r u ; r n - J € - n o n s -  in low cyn ic- fatigue j:roperties that
t~~in ; alloy dcu -  p ldvcs i upon ref isv ’inQrs- and its super ior stress rupture

- ‘  I u b - -~r t~~os 
‘F i s - u rn c . The u u- —j s--~~~j u -~~ af r~~f i  c-ed r i nd baseline MAR —M— 246

St r --- ; s; r up t u r e  c- U r ’- -u-~ u- it I s h u - J  01  s - - s - S  levels suggeusted s-hi t c-r~der extreme
s-cs ’ n~-s s - d uts - s - -cs - -L s- lu - t u - - i n s ’s -  s-ns - crre s and low stresses) the cefined  s-~~~~~e

5 s l s - S iu - t 51u-05 1 ~i .~ s s :  to cu nu - s i  Is in s~ r s —  -- s i rs - s - I re properties to be acceptable
fo r  r s - - t u -’r p i  - -u c t i o r . . F~~ar  ss-n cu- s c s ~ s - n rc p u - i s - l i e s  cast  in place s-f ro tc r
i-~- -ides on cu -a ,s --s -~ [no s- u - u - ref ioeci u-1 - iC -  M — 2 4 6  t est  ro to r s  were tes ted to deter-
mine vh es -Ise~- t h i s  was s-bc - - i - u - i - v u-u .

— u- bL rt± -si~- £ - u - s - u sc, s-eu -- ST -i ~ ( i s . t  s - i u -~ u- -c 20 Lu-i .c’nd 1b50 ’F, 5u -rr cs t h u - c s  ies s - lt~
on f u - is - ha -cs - - i c s- c  e s - u-i st u d  b n s - t su-i ~- - P — : t — 2 ’ -16 ps i - u - dIe 5t O c - I T ’u-~u - i I u- s - i s - -  s i loW s i icc
;~~h 1~~ ~~~~~~ u-’)u-u I f iu-s Os -  t I C  u u - c s - s l i T s -  - t - ’.c ss s- sI.u - (~ L . .  Lu 110ur5) is
Icu- -s-:s;r s- lis - i , t h u - u t of the , e ’u- irs -n d s 1 - e u s - i r s t -”o (1- 8 .7  bu rs t. ) - is - c - f i n e d  c - r c -uu - 1s-
e : s - i r s -. . u - :  i--u .s c - i-n e nd Ls -~~s-e1 ti -n ; D ’~~~.1 j ’ u-s- ’ el- -u .s- u - n t ons. y l - 1L 5 ’ u u - T ;  - reop tsitCs -
of  r u - l i  m c  ~I u - i  11  oy - ens- s - c p j u r o x u r s s c t  e I~ ‘~~is ’c -  I Li t:  “ s- ru -i f l U J i i  creep ~s-;i t s--s of
s-s -u - S e t i n - ’ u-~~ 1 c s - s-’.

Based c-u s-hese r s -- su L s , it appears  that  under u - s -~u - d i t i  s-s s- f -s-en ’v
h i s-s-i t u ’ s - p e s -  i t i r r s .- a  s- rc d relative s- ~ I - v  rs-ress I s -  vc l .s ,  s-- c-s -is -ne d ~tress rupture
pr o~s e -  ties i n  ~- s - s - R — h - - 2 L ub rotors are slight ‘s-S inferior to baseline properties.
1h,s- C ”s t u u f l S T € ! s j  d i f f u s i o n - -ni  cr eep  which resui  -u -a ron i s - s - r e u sed grain boundary
i r s - - c  i n  the s- iued  a l l o y  has overcome the grain botindart-’ orientation and

i n c u s - u s - r i  e l f - - s i  s ~~iIch caused improved s t ress  r u pt i r e  p rope r t i e s  in ref ined
alloy cu t lower s- e u - s u pu --’iatues ans- h i - icr stress levels. It should be noted
however , in ’ s- t h u - v- - u - crc u-s ec- s. s- c rondit ions employed in these tests  are

105. u’Cprs-’u-sen ’ -ative c i u - u - - i s - l it ions icc t f r e c r i t i c a l  zone fo r  s t ress  rup ture
in a t u r b i n e r o t o r :  b lads- -  shown ti’t F igu re  38. T n  the  T—63 ro tor  the
s-sci xlsscnsru - b L~-s u n  t u . [5 s-

) s  s - s - I  u r e  i-n s - s - u s - m t 1800° F ( i t  the  blade t ip)  and the  rim
op e r s - s t e s  - i t u-’ t u u u u t  1 -Y)O ’F ; the  c r i ti c a l  zone probably experiences tempera-
tures of app r ’ - i n , - i t u - -  l y 1500— 170 0 ° F. B e a rj n ’  t h is  in mind , the stress
I s - i c - I -i t : propert IC - S of a refined MAR—M—246 rotor could be as good as base—
l i _ s e  ~1u- ’ -~i - d4 6  ro to r  St s tos- s- riuptiure prus )euties cinder service conditions.
1150 it has ~s - 1 r ead y bc- e u shown tha t  the fat i g u e  p roper t ie s  of the re f ined

• Il oy are superior to the fati gue 1)roperties of the baseline allay. The
C ’ u p l s - U -  l o a d i n : ;  ar d  r e -r s s t s - r a t u r e  d i s t r i b u t ion  condit i-.-es in an in t eg ra l ly
cast s - a s - o r  suggest  s-ho t s - s - cu -- ref inc-i al loy may wel l  h ive m u -’,— eruli advan—
r aces. This- f i n a l  e v n l ’ - - a t : ion of s-c- c - inc - s I versus basel 1ne rotor  r t :r f o rm ance
ushvl ousiv r-u-quires -cervice test tag.

(ONCTITs - ION S

T hj v’ t s - j u r c - t  I -is-ion was conducted t n ’ u -los -ermine the m I m es-use of grain
s - mu - s t  l u - ni’ s - i s - f l -. s-iiid is -he ro- s t c r’ s - o r a l control i - n  hc slgnlfi- ::cnt properties ci
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nicke l—base superalloys for  use in integrally cast turbine rotors such
as the ‘ — 63 commercial rotor produced in investment molds. The alloys

- 
- selec ted were 7l3LC, MAR—M—246 , and C103 and the properties studied were

tensile at room temperature to 1400°F, low cycle , strain controlled
mechanical fa t igue at room temperature to 1400 °F , combined fat igue—c reep

- - at 1400°F, stress rupture at 1800 and 1850°F in air , thermal fatigue , and
hot oxidation resistance. This investigation yielded the following con—
clusions :

F 
- 1. A grain refinement technique was developed to attain a fine

equiaxed grain structure compared to the conventional commercial coarse
columnar grains throughout the various sections of the integrally cast
rotors. T—63 rotors of good quality were successfully cast with this
f ine  s t ruc ture  throughout .  The technique consists of adding 0.1% boron
powder wrapped in nickel foil to the charge followed by thermal cycling
the melt. This cycling was to raise the temperature of 713LC and MAR—H—
246 mol ten alloys to over slight ly  2800°F and to between 2635 and 2804°F
for Cl03 in approximately twenty minutes followed by cooling the melt
until partial solidification has occurred . The alloy is then reheated
and poured into an 1800—2100°F mold with about a 100°F superheat. Re—
finnement is attributed to tine formation of titanium borides which act
as stable substrates for heterogeneous nucleation.

2. Grain refinement produced an increase of 10 ksi in the yield
strength of 713LC and MAR—M—246 with a slight decrease in tensile
strength. Both the yield and tensile strengths of Cl03 decrease follow—
ing grain refinement. Grain refinement also resulted in a small decrease
in the ductility of each alloy at the given test temperature.

3. Grain refinement produced an increase in low cycle , strain
• controlled fatigue life by a factor of 2—4 compared to baseline material

for alloys 713LC and MAR—M—246. These improved properties could poten—

• tially be used to improve service l ife.  Baseline specimens exhibit
considerable scatter because of anisotropy. Fine columnar castings are
decidedly infer io r to baseline or refined castings. As the test t empera-
tu re  increases , the  slopes of the  s t r a i n — l i f e  curves decrease as a result
of the lower ductility at elevated temperatures . At low strain amplitudes ,
f a t i gue l i f e  increases wi th  increasing temperature.  The f a t igue perform-
ance of Cl03 is insensitive to changes in test tempera ture  and grain
morphology , but it is extremely sensitive to strain amplitude.

4. The cycles to failure during the fatigue—creep test which con-
tained a 90 second hold time in the fatigue cycle are significantly
longer for 713LC and MAR—M—246 with a grain refined , fine equiaxed
compared to coa rse gra ined columnar structure. Comparison of each of the
re f i ned alloys in the hold time test showed 713LC was superior in l i fe
to MAR—M—246 or Cl03 by a factor of 7 at l0~ reversals. Alloy Cl03
shows only a ve ry slight improvement in fat igue—creep behavior resulting
f rom refinement.
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. s-be i~~-)0°F stress rupture tents conducted on coarse grained
- s - u ) . - rc- -n r  u i r d  fine equi.-rcre1 nickel—base superalloys indicated that grain
s - u - i  if l u ; ~~ c -y ct  prod uced slight iv c ut t e r  stress ~upture properties at high

- s -c  v s  h ~e1n than coarse columnar  s t ru c t ur e s  w i t h  the los-nt gra in  -ix is
: u r i e n m ’ tcs -n perpendicular to the stress axis, f u r  stress levels rreater than
is-os -it 2 3 . 0  n-u-s i and I i -/ cS  oil 1.eis- nn than about  15 hours , grain r e f i n e d  71 i.(l

li,i-s I u - u - i p u - s- sirs-S T rs ’pLIcre lives than the coarse columnar all ‘s - . H o w e - - e r ,
- n t  cu - es -  ‘t l es S  7 u- i s .  toe c :nrv cs  cross  over and the s - u p s - t i r e  lives are
1or-~ -?r for the- coarse c- cnlr r’ii --r;ir th -~rr f ine  ecuia .-ed  g r a i n s .  At h i g h  s t ress

s~- u - v e l . -  gra in r e f i ne d  MAR --M— 24 ó ~- ind C103 have longer r u p tu r e  lives thar.
tine base~ Inc alloys ; the h e h a vfor  of the two stru-:tures coirs - ’o-rn ’ at a

1 9  u - s - f  ? i l s u - ) U L  J 10 hours  and a stress oc 2 6 . 5  k s - i. for  MAi-I —~i - ‘~ !u-6 as-i
~~Q .  S csi fo r  s - I O~~. Fhe s s t rc - s s  n ip s-u :  0 ore’~~ t t i e s  of ~~~~~~~~ in s - I t
s cast -s - c s- n,  I i  t~~ u - m u-ire u-~cr I- er ta r s - u - , those o~ s - l u- u -- u- - s - h e r  two ar lie-- s -at

- l-~01s- ’F. The sr iper ic r  r ap tu re  l i v  u - u s  cml r e f i n e d  al io”r o’.’-.- r Is-aseline
i lo ’~s (at h igh St ress levi- I s) ir a tt r  s - b i u - u c - d to the hi ’ s - u -  - r lovel  of boron

in s - h e  ref  ~r u - es - l  a l l oys  a-i s-I to Pra ’; .  s- u - r i m s - i n - v •)r s i ~ it.ru - t i.c:,n u - I  c c  is a

( u - .  At a hi gher t empera tu re  o~ iP - i 0~~F i i i  lower stress level s-’1 20.0
t:- m- stress rupturv pr -ps- “cies ~c- lu-i-s-ge -o umnar 7ra~ rItu -~ )IAR—M--246 was

s f s  s-s- 1 r 5 . l v t u - s - - r~n s.-r  at 88.4 h our s  ‘s- s r n l - . I r - e r3  to 6? . 7 hours for fire rr c-tinecl
-u-- q u  i ss- :s - u- s l iInu,R ~~l_ 2 4 6. [ds~u- r u - i n  irnu is - r r e ep  r a N  s of t he  coils-co - - i u -  I ov wer e
i~ 

1 r u ~-s s - c ! -  ‘s~~ice s - s - u -  mir:ir’u-’m e cc-el:- s-~~s-e/ of s-he coarse columnr r
‘t-\1-t—M—246; creep elongations of the refined structure were 9.5% compared
t — )  5.~~fl for the course columnar structure.

7. Conventional thermal  fatigue in a burner rig did not produce
s- h e r s - al s - t I s-, u -j O cracks in. basel ine or ref ined spec imens o f the three

- - ‘ ;~~ al loys .  The n i x n i : s - t~~i-n rate ‘ u - u -s u’ stu - i s -sirre d by weight cs-cans-si-) was in—
er e r u e d  f o r  n - -r u i n r ef ins - --d samples of C103 and MA R—M—246 but the same for
il l ’s - .

u--s- . is -c s - t r u e s -  iral control techni que was proven by adapting it to a
ju roduction facility for limited production of rotors with controlled
structure and properties.

9. As appropriate , ‘ I - u s -  process to control structure and properties
-nay now be fur s - ius - - r developed and used in pilot production s-c increase the
life of army turbine wheels.

RECOMMENDAT IONS

4 The purs-sose of this project was to develop a technique for ~trueture
control of integrally cast rot --r hub , rim , anul blade sect ions  for  turbine
e n g i r u - n u ,  s i mi l a r  to the Army T— 6 3 eng ine .  T-’u - t e g r a l  cast t u r b in e  wheels
are  used in c- i rmy  engines  suc:h as the T—6 3. A problem c r — u t s reduc ing the
- , . - r v i .-c- u s-u: for the 1— 63 engine ‘is thermal fatigue eras-Ping of the r i m .
Tic Is Inves t  igci t - ion was u n d e r t a k e n  to c o r re c t  th i s  the rm a l f i t  I cu e  e r a s - k i n g
by structure - u u - r m t  ro l .  This c - r - i u - -k ing re sir  I t s  becau se  of the large grain

L ~~~~~~~~ - ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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s ize  and possible anisotrop ’, is: fatigue behavior exhibited by these as
cast grains in the nicke l base s--~per-tll oy s at this rim location. These
grai’~s ar e columnar and somewhat longer than with. with a breadth of about
0.2 5 inches. Grain ref inement  of th e  cast s t r uc tu re  should have the
capability of changing these grains  c-i an equlaxed s t ruc ture  with a dia-
meter of about 0.004 inches. Inese finer equiaxed grains would essentially
provide isotropic behavior in the rim locat ion and sh-auld improve the
fatigue properties of the rim.

After the successful development of this grain refinement process
for production , the production implementation of this procedure requires
both that the other significant properties of the rim , blade and hub

- 

- 
sections are not influenced deleteriously (at least to a significant de—
gree) and that the process of grain refinement be feasible  in production
without  undue scrap or production delays. This project  f i r s t  developed
the grain re f in ing  technique for three modern nickel base superalloys ;
the alloys investigated were 7 13LC , MAR—M—24 fu and Cl0 3. The technique
consisted of the addition of 0.1% boron and -:arutrolled thermal cycling to
produce what are believed to be t i tanium boride substrates for heterogene-
ous nucleation of the grains during sol idif icat ion.  This technique
changed the grain structure from the coarse columnar grains presently
being obtained on the coimnercially cast rotors to a fine equlaxed struc—
tore. The width of the columnar grains now being obtained in the hub ,
rim and blade sections was reduced from 0.200, 0.100 and 0.030 inches
respectively to equiaxed grains of 0.006, 0.006 and 0.004 inch diameters
by this grain refining procedure.

The grain refining technique resulted in a significant improvement
in the low cycle fatigue behavior of both the 713LC and MAR—M—246 and had
no significant effect on the low cycle fatigue properties of C103. This
imp rovement was apparently produced by elimination of the anisotropic
behavior of the large columnar grained s tructure.  The ef fec t  that this

• grain refinement had on stress rupture properties in the blade sections
of the rotor depended on the temperature and stress level. At lower
tempera tures and higher stress levels grain refinement increased the
stress rupture life; at the highest temperature of testing (1850°F) and
lower stress levels (20 ksi) the stress rupture properties were reduced
sl ightly compared to the unrefined coarse columnar structure. The pri-
mary emphasis in this stress rupture  testing was placed on the MAR—M—246
because it is being used commercially to cast T—63 rotors. Grain ref m e —
ment increased the yield s t rength and reduced the tensile strength and
elongation slightly for 713LC and MAR—M—246. For C103 all three tensile
properties were reduced slightly . None of the unrefined or refined
specimens of the three superalloys exhibited thermal fatigue cracking
under the test conditions . Grain refinement increased the oxidation
rate of MAR—M--246 and C103 and had l i t t l e  e f fec t  on the 713LC. On balance
the most significant improvement in mechanical properties is the higher
f a t i gue st rength of the 713LC and MAR—M—246 as a result of grain refine-
ment ; this property is most s ign i f ican t  because fa ti gue cracking can
l imi t  se rvice l i f e .  Considered in the light of service conditions , the
e f f e c t  on st ress rup tu re  proper t ies  appears to be small. The influence
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c - f  ~ c a r a  r e  - a ins-ment ou u-. i~~. idal Lu - n i I ~~h . i c  i at requires further s t u d y  I o es ta—
hi S i  Is-S s i g u l i l  ics-inc .~.

ILI C g i- a lu  r ef i ’ i l i r s -  t e c hn i que c - u - s - - b! j a r . s- on labor3tory equipment and
. intilated seu-sts i on sizas was u - s - u : u - e s -~~f i r i t y  trans las -s--d to t h e  p roduc t i on  of

— 6 3  fir5t st u -s - u -e turbine rotors by t h e  m a n u f a c t u r s -  of grain r e f ined  r o t - r s
i t the  u-’m u u ~u- t enal I ) 7 - i i~~~s-a of :s J’ Tflie t corporation in La Porte , Ind iana.

iesc- rot.u~
- u- W E- i s -  p r  i l t u - t ’ 1  utilizing i’cs-,ular producs-i n investment melds ,

u- -is - I ti um g, as-cl u- .O~ - s -~ 1T1~ I ,ii~ i i i  l ies  ‘s-b e , ,  ttera s-ioiss in the  mci u~u f a ct u r in g
~r--u- e ss requ ired f-~r u- s - Oi l s-  ret l~r ’u -r~~ruL were the addition of 0. It% boLon ;
- - u-s -r~i nl cycling between s-bout  2800° F and the mel ting  t€mper a ti ir e  and
p )c!s- I n~ w i t h  about 100 1 ss-t lu -a r~1eat : ar-id Jrr-: re :s-g tii-- ~r u j  c u -  u p era t i ir e

- r u  1800° F to i l O C ~
u- f~ ‘ Is - u - u - u the ~e u - u s : d  kr- . s-- u±r u -rri r :d f u  t n c  se changes in

p r a ct i  Ce w as - -  r j _  s - s - c \  i r i s - s - mu - c -  :y t w e l r e  minut es  mor s-  per  u i , t  t hs-  ( f s -  u - r u  s-The’ s- 6
to 1-3 m i nu t e s ) .  r I - u  f i n u - ’ J  cs-toY produced was ao ’n -r c i  atud of -~cceptable
q u a l i t y . The gr- s:in ief iuement attained was consistent thrc.ughout the rc-
L ined u - u - J S L j i i~ Y S

I s-is resulLs ai this s - u r o j e - c t  show that grain refinement of produc~ iou
i i r t - ~~ r a l ’ y s - ; a s - t  ro tors  u t  ‘n si . u - k u - u - I  base su - s - u p e r a l l u - u v s  is --c- ’mierc ia1ly feasi—

~m u - l u - u -  Ih e  fati u-u- :’ properties -as .ro i m p t o v . s - i ;  the  s s -u - e s s  s- s- i -t or e  propert ies
~~e-~~e r e i n - u-ui to o n ly  -a s i ig l . ’. c: Ccct  ruder some condi~ ios-s; ane the oxida—
t i - n  res~ ss- a nus - - - was Lu)w, r ed  aomLwhat. This indicates that the grain u - c -- -
c l u ing process bus the po ten t i a l , of producing better lntegraliy cast
ru t s -ms . Obviously, s i n s - m i n t e d  service testing of grain refined rotors is
a s- n , s s s a r - ’ -  u- u - c u r e r  s t s - p  p r io r  to their commercial utilization . A patent
ss-~~~ u- u- i . ’- us -~~oi hit s been f i l s-d  on this  grain i s - l i n i n g  process .

- i — I
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TABLE I I  COMPOS ITION OF ALLOYS

Lie r r e n t  7 13 112 Mar- M-246 C-103

c-~arb u , i  0 . 0 3  - 0 .07 0.15 0 . 1 4  - 0.18

Chr omium 11 .00 - 13 .00  9 .00 11.2 - 11.8

~r,i1 y Lws-ninm 3,80 •- S . 20 2 . 5 0  1.75 - 2 .25

t o i s - u - s - u l u - i ’ s - u - n  
1.50 - 2 . 5 - 3  1 50 4 . 8 0  - 5 .201 . - n s - t  u - t l u u-

A l u m i n u m  5 .53 - o.5C 5.~~~ 3.3() - 3.~~~~0

• ‘titanium 0.40 - 1,00 ~ .5 3.~~C’ - 4.20

Boron 0.005 -- 0.015 0.015 0.010 - 0.020

Zircon i um 0.05 - 0.15 0.05 0.05 - 0.12

S i l i c o n  0.05 max. 0.05 0.30 max .

Manganese 0.50 max. 0.10 0.20 max.

Iron 0.50 max. 0.15 0.50 max.

Copper 0.50 max. !AP*

Sulfur 0,015 max . LAP* 0.015 max .

Cobal t - 10.0 8 .0 - 9.0

Tungsten - 10.0 4.8 - 5.2

Hafni um - - 0.80 - 1.202

Nickel Balance Balance Balance

* Low as Possible
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TABLE III SCHEDULE OF MECHANICAL TESTS

TEST REQU I R E M E N T S

- - - Type of Test Section Tenp. °F

1. Tensile HUB Room , 500

2. Tensile R I l l  Room , 1000 , 1400

3. Fatigue , HechJ1~ HUB Room , 500

4. Fati gue , Mech . RIM Room , 1000 , 1400~~~

5. Fati gue , Therr ~~1 BLADE iS30 °F~~~

6. Fat i gue-Creep RIM 1400

7. Stress Rupture TUBULAR 1800

8. Stress Rupture BLADE 1850

$ 4OTES:

(1) Strain controlled test.

(2) Cyclically heated rapidly to 1800°F, cool rapidly to
• 1000 °F , observe crack pattern at various intervals.

(3) Screening test.
4
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I ‘
1Table I\ - ’ 
jr . .~ Free energy of formation of hafnium, titanium, and zirconiu m

carbides and borjdes.

11B2- 

. NbB2I-, Hf B2 TaB2F. - 
I “ — I I I —40 30 20 0 

~~~~6
0

T IC VC~ Cr7 C3 F 3C

ZrC NbC Mo2C

I HfC b C  W2CI- I I40 30 20 10 0
TI N VN Cr2N

- ‘ ZeN NbN Mo2N
.

HtN TaN

I I I I
40 30 20 10 0

kcol /9 atom

( I,~CRE AS IN G NF~~~AT1\-T FREE ENERGY
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TABLE VII

SUMHARY OF I-EAT S FOR PRODUCTION FACILITY
CAST T-63 ROTORS

SERIAL NO. J311 J269 3314 33(1 
— 

32 91  3289

ADDITION NON E B B B B B

ThE RMAL CYCLE NO YES YE S YES YES YES

?-IAXP-fUM Thj4p (°F)~ +300 +400 +400 +400 +450 +375

POURING SUPERHEAT * +300 *10 +25 +15 +1E +25
(° F)

TYPE OF GRAINS Column ar Equiaxed Equiaxed Equiaxed Equiaxed Equiaxed

APPROXIMATE
SIZE OF GRAINS ( In . )  .250” .004” .004” .004” .004” .004”

* TEMPERATURES REFER TO HOW HIGH ABOVE Tft~ EXPERIMEN TALLY
ESTABLISHE D ME LTIN G TEMPERATURE THE ALLOY WAS.

—F
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TABLE V I I I  TE~ Si LE DA TA - RI ’i ~OL i ) S

Temperature 0.2% Yield Tensile Elongation
A l1~ç~y Grain 

__________ _Strength Strength 
_________

713 LC Base1 R.T.  110,000 131,201) 15.0

*713 LC Base 1000 112,000 130,400 12.0

713 LC Base 1400 113)200 134,700 10.2

713 LC Ref.
2 

R.T. 120,000 130,800 12.0

*713 LC Ref. 1000 122,000 128,200 11. 8
713 LC Ref. 1400 118,600 130,000 9.6

Mar M 246 Base R.T. 124,000 140,800 8.7

*~4ar M 24t Base 1000 125 ,300 143,000 5.0

Mar M 246 Base 1400 124 ,100 141,100 3.0

Mar M 246 Ref. R .T .  138,100 139,000 5.4
I
,

‘ 4Mar M 246 Ref. 1000 134 ,600 138,500 5.0

Mar M 246 Ref.  1400 131 ,200 135 ,600 3.0
C103 Base R.T. 133,400 142 ,800 6.0

— *C103 Base 1000 131 , 700 143,900 6.1
C103 Base 1400 129 ,900 140 ,300 3.4
*C103 Ref. R.T. 127,900 141,400 5.9
C103 Ref . 1000 127 ,400 136.200 5.4

*C103 Ref. 1400 127,800 133,200 3.0

~713 LC Co l. 3 R.T. 108,600 115,600 10.8

*Mar M 246 Col. R .T .  123 ,000 139 ,400 6.6
- 

• *CJ03 Col . R .T. 127 ,6(0 132,200 8.0

1Base l ine Heat .

Refi ned Heat .

3Coluninar Heat.

Single Tes t .

- .  52



TABLE IX TENSILE DATA - HUB MOLDS

Temperature 0.2% Yield Tensile Elongation
Alloy Grain ___________ Strength Strength %

713 LC BF- -,e1 R.T. 108,800 130,000 14.0

713 LC Base 500 109 ,000 131,400 12.8

713 LC Ref.
2 

R.T. 119 ,600 133,300 11.7

*713 LC Ref.  500 120 ,200 132,000 11.6

Mar M 246 Base R.T. 125 ,100 141 ,000 5.2

Mar M 246 Base 500 126,000 141,300 5.0

Mar M 246 Ref. R.T. 137,600 139,500 5.0

*Ju4ar M 246 Ref. 500 137,500 140,000 5.0

C103 Base R.T. 130,400 139,000 7.0

C103 Base 500 131,500 140,000 6.3

C103 Ref. R .T. 128,200 140 .400 6.4

4C103 Ref. 500 127,900 141 ,000 6.0

• ‘Baseline Heat .

2Refined Heat.

*
Single Test .

53

_ _  _ _  _ _ _ _



- ~~~~-~~
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- TABLE X - ELASTIC CONSTANTS

E 6 E , 6- 
- Temperature long (x 10 diain Cx 10

Alicy Grain °F psi)~~ psi)* V

I~
- 

- 
713 LC Ref.  R .T.  2 - j .7  94.0 0.316

— 
- 

713 LC Ref.  500° F 28.0 88.6

- - 713 IC Ref .  1000°F 25.0 79.1

713 LC Ref .  1400°F 22 .2  70.3

- - ‘ Mar M 246 Ref. R.T. 31.53 100.0 0.3155

— Mar M 246 Ref. 500°F 29.1 92.2

- 

Mar M 246 Ref. 1000°F 26.5 84.0

Mar M 246 Ref. 1400°F 24.3 77.0

C103 Ref. R.T. 32.11 101.6 0.316

C103 Ref. 500°F 30.0 94.9

C103 Ref. 1000°F 27.2 86.1

C103 Ref. 1400°F 25.0 79.1

•

*~~asur ed

**Calculated 
-
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- -
. . TABLE XI

COMPARI SON OF HARDNESS BETWEEN THE HOT TEST SECTION
-
- , 

- AND COLD GRI P PORTION OF THE FATIGUE-CREEP TEST
SPEC Il-lENS

10 kg Vickers Hardness Converted to Rc

Alloy Reversals Hot Area Cold Area Difference

713 LC Base (334) 37.0 32.0 5.0

- 713 LC Base (882) 37.0 33.0 4.0

713 LC Ref. (128) 39.0 35.0 4.0

713 LC Ref. (3262) 36.5 35.0 1.5

11 14—246 Base (24) 38.5 38.0 0.5

M M—246 Base (10,270) 38.5 37.5 1.0

M M—246 Ref. (126) 36.0 35.0 1.0

M M—246 Ref. (5414) 39.0 38.5 0.5

C—1 03 Base (72) 38.5 36.5 2.0

C—103 Base (1230) 44.0 41.0 3.0

C—1 03 Ref. (52) 42.5 40.0 2.5

C—103 Ref. (1546) 41.5 40.5 1.0

k



FABLE X I I

RESULTS OF AS CAS T , ‘IlJBULAR STRESS Ru PTu RE
TESTS CONDUCTED AT 1800 °F IN AIR

MINIMUM
GRAIN a LIFE % CREEP RATE

ALLOY STRUCTURE (ksi) (HR.) ELONG. (IN./IN./HR.)

35.25 0.3 1.8
30.00 2.1 3.4
26.43 3.2 4.7

L 713LC Baseline 23.50 10.8 7.4
20.56 47.6 5.6 3.08 x i0~~
17.62 134.1 4.8

30.00 0.4 2.1
30.00 3.0 4.2
2f - .43 6.1 8.7

713LC Ref ined 23.50 13.5 3.5
20.56 25.3 4.~ 8.62 x io~~

F 
17.62 72.7 3.2

• 3 8 . 1 8  5 . 4  2 . 4

35.25 10.1 2.9
30.00 25.0 2.4

MAR-~1 246 Basel ine 30.00 41.0 3.1 1.23 x i0~~
26.43 119.6 4.8
26.43 112.6 3.6

38.18 7.0 3.9
35.25 12.8 5.7
30.00 28.2 5.0

MAR-H 246 Refined 30.00 53.2 4.6 4.50 x 104
26.43 120.0 4.7
26.43 96.6 3.8

35 .25 1.8 2.0
30.00 0.3 0.0
30.00 1.5 1.2 9.85 x i0~~

C-103 Baseline 26.43 19.1 1.6
23.50 29.6 1.4
20.56 139.6 2.1

33.25 2.7 6.1
30.00 4.7 5.7
30.00 12.2 4.9 2.56 x
26.43 41.7 4.1

C-103 Refined 23.50 57.2 3.6
20.56 138.2 4.1

56
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TABLE X I I I

RESULTS OF BASELINE AND REFINED ~lAR-M 246 FLA T
STRESS ‘WPliJ RE TESTS CONDUCTED AT 1850°F AND 20.0 KSI IN AIR

MINIMUM
GRAI N LIFE % CREEP RATE

STRJJCTIJRE (HR.) ELONG. (IN./IN ./HR.)

Base l ine * 62.8 5.2 7.35 x 10-4
Baseline 124.0 7.3 5.60 x i0 4
Baseline 59.5 5.1 7.36 x 10-4
Baseline 71.4 5.9 6.57 x 10-4F 

Baseline 98.7 5.2 5.13 x 10~~

Refined 112.5 13.0 1.09 x 10-3
Refined * 29.4 5.6 1.84 x 10-3
Re fined 72.9 9.8 1.35 x 10-3
Refined 50.7 7.8 1.36 x 10-3
Re fined 38.5 7.5 1.68 x i 0 3

Ave rage
Baseli ne ** 88.4 5.9 6.17 x i~ -4

Average
Refined ** 68.7 9.5 1.37 x 10-3

* Broke In Grip - Invalid Tes t
** Aver age of Four Valid Tes ts

57
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FIGURE 1: Schenialic Cross Section of Turbine Rotor Showing Hub ,
- Rim , and Blad e Areas , Ind icating initiating Cracks.
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L EA D I N G  A N D TR A ILING

- 

- -

- 

EDGES HEAT UP FASTEN

AND EXPAND MORE THAN

V 

~~~~~~~~~~~~~ 

a) ON ACCELERATIO N TH E

I 
L TH E CENTER REGION.

b.) ON DECELERATION THE

LEADING AND TRAILING

EDGES COOL MORE

RAPIDLY THAN THE

CENT ER REGION.

/ c.) THIS ALTERNATING

CYCL E RESULTS IN

TH ERMAL FATIGU E

CRACKING OF THE

LEADING AND TRAIU NG

_________________  

EDG ES -

FIGURE 2: Sequence of events leading to the development of

. . . (4~~thermal fatigue cracks in gas turbine blades . -
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a) COARS E COLUMNA R BASELINE STRUCTURE

p !.
I • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~t L . 

- 
• .

b) FINE COLUMNA R STRUCTURE

FIGURE 11: MACROSTRUC11JRF. OF COARSE COLUMNAR AND FINE COLUMNAR
713 LC CASTINGS IN A RIM MOLD, l.SX.
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a) BA~ ELI ~~ C 103 Si-lO WiNG y/y ’ 1 ~L.\~Th b) BASELINE C 103 SHOWING h EXAGON AL
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c) REFINED C 103 SHOWIN G CON VOLU ThD , INThRL O CKIN G GRAIN BOUNDA-
RIES AT 25 0X.

FIGU RE 20: -flCROSTRUCTURIi S OF BASELINE (COARSE COLUMNAR) AND GRAIN REFINED
C 103 .
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