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AFSTRBCT 

Various types  of congruently melt ing phases were 

s e l e c t e d  and tested t o  determine t h e i r  p r o p e r t i e s  and 

a s i b i l i t y  f o r  cao t ing ,  The better congruently m e l t i n g  

l e  number a f  addi- 

f i e d  a l l o y s  had compl 

obtained w i t h  t h e  

an t h e  s t r u c t u r e  of these two a l l Q y s ,  

ba r s  was employed t o  determine t h e  phases a s soc ia t ed  w i t h  

e during t e s t i n g .  Based on t h e s e  examinations,  

anents  respons ib le  f o r  embr i t t l i ng  phases,  those t h a t  

had l i t t l e  fec t  o r  dup l i ca t ed  t h e  inf luence  of more 

desirable elements were removed, Although chromium did 

provide ca rb ide  s t rengthening,  it w a s  a poten t  sol id  

s Q l u t i Q n  s t rengthener  and w a s  increased.  T h i s  composition 

modi f ica t ion  process  w a s  e f f e c t i v e  i n  changing t h e  micro- 

s t r u c t u r e s  of t h e  a l l o y s  t o  t h e  desired ones where s m a l l  

discrete p r e c i p i t a t e s  were randomly d i s t r i b u t e d  i n  t h e  
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matr ix .  T h e  stress rup tu re  p r o p e r t i e s  of the  Fe - 50 Co 

base a l l o y  w e r e  n o t  g r e a t l y  a f f e c t e d  but  t h e  behaviour<of 

t he  Co - 15 W base a l l o y  w a s  markedly improved. A f a s e e r  

s o l i d i f i c a t i o n  rate and p a r t i a l  d i r e c t i o n a l  s o l i d i f i c a t i o n ,  

obtained w i t h  a c h i l l  a t  t he  bottom of t h e  heated mold, 

increased t h e  stress rup tu re  p r o p e r t i e s  of both a l l o y s .  

Lower  mold temperatures  p l u s  c h i l l i n g  of t h e  tes t  bar  base 

produced a f i n e r  s t r u c t u r e  and s o m e  f u r t h e r  improvement 

i n  p r o p e r t i e s .  T h e  C o  - 15 W ,  2 0  C r ,  2 Z r ,  2 T i ,  1 C 

a l l o y  developed i n  t h i s  s tudy,  when cast  w i t h  a c h i l l  a t  

t h e  base of t h e  cas t ing ,  exh ib i t ed  stress rup tu re  beha- 

v iour  comparable t o  t h e  b e t t e r  nickel-base supera l loys .  
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INTRODUCTION 

%The cons iderable  s ign i f i cance  of temperature i n  

rmining t h e  output  of gas t u r b i n e s  makes it d e s i r a b l e  

t o  c w t i n u e  t o  dievelop high temperature materials with 

hplroved p r o p e r t i e s .  This  p r o j e c t  Is concerned with t h e  

means of improving t h e  s t r e n g t h  of metallic materials usetca 

f o r  s e r v i c e  a t  about 1 8 0 0  F, These are commonly c a l l e d  

supera l loys .  The s t rengthening techniques employed f o r  

supera l loys  include s o l i d  s o l u t i o n  hardening, p rec ip i -  

t a t i o n  hardening, d i spe r s ion  s t rengthening ,  d i r e c t i o n a l  

so l i c i i f i ca t jon ,  and e u t e c t i c  modif icat ion.  

The e x t e n t  of s o l i d  s o l u b i l i t y  v a r i e s  widely between 

d i f f e r e n t  combinations of m e t a l l i c  elements.  For s o l i d  

s o l u t i o n  Ftrengthening purposes,  t h e  most u s e f u l  a l l o y  

systems are those  wherein the  s o l u b i l i t y  l i m i t s  are only 

f a i r l y  wide, I f  t h e  s o l u b i l i t y  l i m i t  i s  too  narrow, t h e  

second phgt$@ may p r e c i p i t a t e  o u t  and cause sorhe loss i n  

s o l i d  sn lu f ion  hardening e f f e c t .  I n  a l l o y  systems 

where complQte s o l i d  s o l u b i l i t y  i n  a l l  propor t ions  are 

'observed, t h e  binary elements are so a l i k e  i n  atomic s i z e  

and chqnical  p 

neg l ig ib l e .  

p e r t i e s  t h a t  hardening effects are 

Recent t r e n d s  i n  supera l loy  development i n d i c a t e  

t h a t  t h e  common r e f r a c t o r y  m e t a l s  are t h e  major elements 

used as so l id  s o l u t i o n  s t rengtheners .  The r e f r a c t o r y  

-1- 
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. .  
1 solu- 

, _ - - _ -  metals have very kd.g.h . * % p Q u  -and .- 

i n  k h e ’ n i c k e l ,  e o b a l t . a n d  i r o n  supera l loy  base 

elements c u r r e n t l y  used. Unfortunately,  t h e  refractory 

metals ox id ize  quite! r e a d i l y  a t  high temperatures (1) * an 
may decrease e ox ida t ion  i s t a n c e  of the bag@ @ l a w & ,  

t h e r ,  these are g vy and may inazn;.eaa@ aLhy 

density--an important cons t i o n  i n  aeroapwca nppliaam 

I n  an  i r o n  base a l l o y  it was de nad khnt t h e  

of combined a d d i t i o n s  t h e  

was g r e a t e r  than t h e  sum of t h e  cont  

1 elements (21 ,  T h e  better pro 

complex a l l o y s  have been a t t r i b u t e d  t o  more e f f e c t i v e  

keying of g r a i n  boundaries by mixtures  of s o l u t e  atsms of 

d i f f e r e n t  s i z e s  ( 3 ) .  Thus t h e  composition of supera l loys  

have become more complex and these a l l o y s  may conta in  8 t8 

1 2  i n t e n t i o n a l l y  added a l loy ing  elements.  Unfortunatsly,  

1 2  i n t e n t i o n a l  a d d i t i o n s  also in t roduce  1 2  reasons why a 

m e l t  can be o f f - s p e c i f i c a t i o n .  

P r e c i p i t a t i o n  hardening has been, and s t i l l  i s ,  %he 

major mode by which commercial supera l loys  are strengthened. 

most important f a c t o r  respons ib le  €or t h e  high temp@- 

ga tu re  s t r e n g t h  of t h e  widely used n i c k e l  supera l loys  - 

i s  the  p r e c i p i t a t i o n  of a second phase--the N i 3 A 1  

e t a l l i c  compound gamma prime (4,5). The exact  

* The numbers i n  parentheses  r e f e r  t o  t h e  bibl iography 
a t  t h e  end of t h e  thesis.  
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mechanism by which it e f f e c t s  s t rengthening i s  n o t  

e n t i r e l y  e s t a b l i s h e d  but it has been hypothesized t h a t  

t h e  major s t rengthening  e f f e c t  of t h e  p r e c i p i t a t e  i s  no t  

from coherency s t r a i n s  but  a r e s u l t  of a d i f f e r e n c e  i n  

flow c h a r a c t e r i s t i c s  between two phases ( 6 ) .  

If the  major e f f e c t  stems mainly from p a r t i c l e  s i z e ,  

i n t e r p a r t i c l e  spacing, and uniformity of d i s t r i b u t i o n  of 

a s t rong hard p a r t i c l e  i n  t h e  mat r ix ,  then any s t rong  and 

s t a b l e  p r e c i p i t a t e  o r  d i spe r s ion  may provide t h e  r e q u i s i t e  

high temperature s t r eng th .  I f  t h i s  e f f e c t  a p p l i e s  

gene ra l ly ,  it should be poss ib l e  t o  s t rengthen  o t h e r  mat r ix  

m a t e r i a l s  s i m i l a r l y  r e g a r d l e s s  of how t he  d i spe r s ion  i s  

introduced. This  type of behavior has been demonstrated 

by t h e  va r ious  d i spe r s ion  hardened a l l o y s  t h a t  have re- 

c e n t l y  developed, such as t h e  SAP a l l o y s  ( 7 )  and TD- 

n i c k e l  (8 )  used for  extending t h e  high temperature 

c a p a b i l i t i e s  of aluminum and n i cke l .  Dispersion hardening 

has a l s o  been appl ied  i n  an aftempt t o  improve t h e  

s t r e n g t h  of nickel-base ( 9  -12)  and cobal t -base (13,14) 

a l l o y s  i n  t h e  temperature range where conventional super- 

a l l o y s  a r e  commonly used. 

The d i spe r s ion  hardened m a t e r i a l s  are commonly pro- 

duced by powder metal lurgy methods. 

i nhe ren t  d i f f i c u l t i e s  such as non-uniformity of dis-  

T h e  technique has 

pers ions ,  bulky equipment, and l i m i t e d  s i z e  and shape of 
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products. It is therefore desirable to find other means 

of introducing the dispersion. Internal oxidation 

has been attempted but has problems including limited 

selection of alloy systems, complications in alloying 

to allow introduction of the oxidant, and the control of 

dispersion size and distribution ( 1 5 - 2 0 ) .  Dispersions 

that harden effectively at high temperatures must be 

fine, uniformly distributed and have a small mean free 

path (21-23). Precipitation hardening has been success- 

ful in meeting these requirements and is widely employed. 

It also appears feasible to introduce these precipitated 

particles from the melt. It has been demonstrated (24) 

that stable nitride dispersions of about 0.1 micron size 

can be introduced into high purity chromium melts. 

Carbides precipitate from the melt in a variety of 

shapes, sizes, compositions and distributions that may be 

beneficial or harmful. Uncontrolled, the carbides can 

grow to large sizes, segregate to delineate regions of 

weakness, or form deleterious structures. However, the 

variety of sizes, shapes, compositions and distributions 

can also be taken as an indication that with judicious 

selection of alloy systems and proper control, carbides 

could precipitate to provide considerable strengthening. 

One of the objectives o f  this investigation is to attempt 

to produce an alloy with excellent high temperature proper- 



t i e s  s t rengthened with carbides p r e c i p i t a t e d  from t h e  

m e l t .  

The s t rengthening  phases i n  p r e c i p i t a t i o n  hardening 

r e t u r n  t o  golu t ion  a t  t h e  solvus,  Since t h e  solvus i s  

gene ra l ly  w e l l  below t h e  melt ing po in t  of t he  a l l o y ,  

p r e c i p i t a t i o n  hardened m a t e r i a l s  cannot take f u l l  ad- 

vantage of t h e  melt ing p o i n t  of t h e  a l l o y .  Theore t i ca l ly ,  

p r e c i p i t a t i o n  hardened a l l o y s  can be used t o  t h e  solvus 

temperatures.  However, they lose t h e i r  s t r e n g t h  w e l l  

below t h e  solvus temperature.  On t h e  other hand, phases 

t h a t  form during s o l i d i f i c a t i o n  i n  cast  materials may be 

s t a b l e  and a t  least  t h e o r e t i c a l l y  capable of r e t a i n i n g  

t h e i r  s t rengkh t o  c l o s e  t o  the  melt ing poin t .  Some re- 

c e n t  w o r k  designed t o  take advantage of t h i s  fact  involved 

modif icat ion Of e u t e c t i c  a l l o y s  ( 2 5 - 2 7 ) .  Eu tec t i c  modi= 

f i c a t i o n  

conceived because of t h e  success  of t h e  technique on 

materials used a t  l o w e r  temperatures i n  changing 

coa r se  e u t e c t i c  s t r u c t u r e s  i n t o  f i n e  p r e c i p i t a t e s  ( 2 8 , 2 9 ) .  

The aforementioned s t u d i e s  d i d  show t h a t  an a l l o y  w i t h  

supe r io r  high temperature p r o p e r t i e s  could be obtained 

from a modified eutect ic  a l l o y .  

as appl ied  t o  h igh  temperature materials w a s  

The modi f ica t ion  r e s u l t e q  

i n  t h e  replacement of t h e  continuous o r  p l a t e l i k e  cons t i -  

t u e n t s  w i t h  equiaxed or  discont inuous phases.  
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It has been observed that,failgre of stxess rupture 

specimens occurred at grain bounGaries transverse to the 

direction of application 05 stress ( 3 0 )  It became 

apparenk $hat if the number of grqin boundaxiqs were re- 

duced by increasing the grain size gr if the grain 

boundaries were aligned with the direction of stress, an 

improvemest in mechanical properties wev$d result. St 

has been demonstrated (31) in an invggtment cast stellite 

type alLoy that, by simply increasing mold temperature, 

coarser grained castings with decidely iqpraved stress 

rupture lives Could be obtained. 

A special, precision casting technique has bean de- 

veloped, based on directional solidification, $0 prcduce 

columnar grains parallel to the majqr axis of gqs turbine 

components thus eliminatinq grain boyndaries transverse 

to the direction of stress (30,32-35). Tests on the 

castings showed guperior strength w d  ducbility at both 

roQm and high eemperatures over covventionally cast 

components. Directional solidification has also been 

applied to eutectics with some limifed success (36). Ex- 

amination of the cast structure revealed that: (a) primary 

dendrites were aligned properly but the peqopdary dendrite 

arms grew transverse to the dirackion of stress; qnd (b) 

considerable segregation during solidification caused 

eutectic phases to f o p  wiChin the interdendrgtic zones. 
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E u t e c t i c  a l l o y s  have the advantage of a s i n g l e  

s o l i d i f i c a t i o n  temperature and good c a s t i n g  pro 

al though r ap id  cool ing on t h e  presence of a d d i t i o n a l  

a l l o y s  can markedly a f f e c t  t h i s  behavior and can cause 

cons iderable  segrega t ion  during t h e  formation of pro- 

e u t e c t i c  phases ( 3 6 , 3 7 ) ,  To minimize d e n d r i t i c  s e g r e g a t i m  

i n  e u t e c t i c  a l l o y s ,  an a l l o y  with very l i t t l e  tendency to 

be a f f e c t e d  by small  changes i n  composition and cool ing 

ra te  is  p re fe r r ed .  

Congruent mel t ing phases appear t o  o f f e r  t h e  poss i -  

b i l i t y  of minimizing segregat ion and a s i n g l e  mal t ing 

temperature,  s i n c e  t h e  l i q u i d  and s o l i d  i n  equi l ibr ium with 

it have t h e  same composition. T h e i r  s o l i d i f i c a t i o n  i s  

s i m i l a r  t o  t h a t  of pure meta ls ,  Many congruently melt ing 

phases have very ex tens ive  sol id  s o l u b i l i t i e s ,  e s p e c i a l l y  

a t  the  higher temperatures,  and some of these a l l o y s  ex- 

h i b i t  l i m i t e d  s o l u b i l i t y  o r  order ing a t  lower temperatures.  

These phases e x i s t  i n  var ious  c r y s t a l  s t r u c t u r e s ,  from 

sLmple t o  complex. These facts  suggest  t h a t  a v a r i e t y  af 

st rengthening mechanisms e x i s t  f o r  these a l l o y s .  Accor- 

d ingly ,  another  objective of t h i s  s tudy i s  to i n v e s t i g a t e  

t h e  f e a s i b i l i t y  of using congruently mel t ing  phases as 

base a l l o y s  f o r  high temperature cast superal loys.  
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Some high temperature a l l o y s  have been developed by 

an  empir ica l  process  involving t h e  making and t 

hundreds of a l l o y  combinations,  t h e  e f f o r t  f i n a l l y  cu l -  

minating i n  t h e  s e l e c t i o n  and refinement of t h e  b e s t  i n  

t h e  series. Because of t h e  growing complexitv of t h e s e  

a l l o y s ,  means of decreasing t h e  number of experiments is 

very d e s i r a b l e .  By necess i ty ,  s t a t i s t i c a l  methods had 

t o  be used t o  analyze t h e  hundreds of a l l o y s  t e s t e d .  A 

n a t u r a l  consequence of t h i s  i s  t h e  extension of s ta t is t ics  

t o  t h e  design of t h e  experiments themselves. S t a t i s t i c a l l y  

designed experiments allow t h e  simultaneous v a r i a t i o n  of 

t h e  type and q u a n t i t y  of a l loy ing  elements and an accurate 

eva lua t ion  of r e s u l t s  from fewer a l l o y  combinations. 

T h i s  technique employing the  La t in  Square and f r a c t i o n a l  

f a c t o r i a l  des igns  has been employed i n  t h e  development 

of one of t h e  s t r o n g e s t  experimental  cast  high temperature 

a l l o y s  ( 4 , 6 , 3 8 , 3 9 ) .  To minimize the  number of a l l o y s ,  a 

technique t h a t  involves  sub t r ac t ing  t h e  amount of material 

t h a t  goes i n t o  t h e  p r e c i p i t a t i o n  of st rengthening phases 

from proposed a l l o y  compositions has been employed (5). 

I f  t h e  mean e l e c t r o n  d e n s i t y  number c a l c u l a t e d  f o r  the 

r e s i d u a l  m a t e r i a l  exceeds a c e r t a i n  va lue ,  it is  pre- 

dicted t h a t  t h e  proposed a l l o y  i s  prone t o  t h e  formation, 

of e m b r i t t l i n g  phases and t h e r e f o r e  need n o t  be s tud ied  



-9- 

f u r t h e r .  The p r e d i c t i o n s  of t h i s  method provided excel-  

l e n t  c o r r e l a t i o n s  wi th  observa t ions  on t h e  presence of 

e m b r i t t l i n g  phases i n  e x i s t i n g  a l l o y s .  

I n  developing t h e  a l l o y  series examined i n  t h i s  

study, t h e  microprobe w a s  employed t o  e l imina te  undesir-  

a b l e  phases.  I n  t h i s  technique, t h e  s t a r t i n g  p o i n t - i s  a 

complex a l l o y  loaded wi th  a l l  t h e  a l loy ing  elements 

expected t o  impart  s t r eng th .  T h e  cast  s t r u c t u r e  is  exam- 

ined and t h e  presence of e m b r i t t l i n g  o r  undes i rab le .  

phases noted. The elements mainly respons ib le  for  t h e s e  

undes i rab le  phases o r  s t r u c t u r e s  are then i d e n t i f i e d  wifh 

t h e  microprobe. Removal o r  reduct ion  i n  t h e  amount of 

such elements may t h e n  r e s u l t  i n  improved p r o p e r t i e s ,  

T h i s  technique i s  t h e  reverse of t h e  usua l  p r a c t i c e  of 

adding m o r e  and more elements t o  the  base a l l o y  u n t i l  a 

good combination i s  obtained.  



MATERIALS AND PROCEDURE 

I n  searching  f o r  a s u i t a b l e  a l l o y  base for more de- 

t a i l e d  i n v e s t i g a t i o n ,  b inary  a l l o y s  which melted congruent- 

l y  a t  temperatures above 1 , 2 0 0  C w e r e  chosen from a v a i l a b l e  

phase diagrams ( 4 0 ) .  These a l l o y s  are l i s t e d  i n  Table T. 

The s e l e c t i o n  i s  v a r i e d  t o  a l l o w  r e p r e s e n t a t i v e  a l l o y s  

which may be s t rengthened by s o l i d  s o l u t i o n  s t rengthening ,  

p r e c i p i t a t i o n  hardening, s t rengthening  through o rde r ing ,  

o r  hardening through complex mechanisms i n  a complex crys-  

t a l  s t r u c t u r e .  Although minimum melt ing p o i n t  phases w e r e  

p r e f e r r e d ,  maximum melt ing po in t  phases w e r e  a l s o  included 

i n  t h e  study. 

Elements t h a t  imparted oxida t ion  r e s i s t a n c e ,  s o l i d  

s o l u t i o n  s t rengthening ,  o r  produced d ispersed  phases w e r e  

selected as modifying elements.  For oxida t ion  r e s i s t a n c e ,  

C r ,  A1 and S i  w e r e  used: Z r ,  T i ,  C and B w e r e  s e l e c t e d  t o  

provide carb ides  and borides:  f i n a l l y  for s o l i d  s o l u t i o n  

s t rengthening ,  elements w i t h  high s o l i d  s o l u b i l i t y  i n  the 

binary elements (p re fe rab ly  refracGory metals) w e r e  

s e l ec t ed .  The phys ica l  p r o p e r t i e s  of t h e  base elements and 

t h e  a l l o y i n g  elements are l i s t e d  i n  Table 11. High p u r i t y  

materials of the form and p u r i t y  l i s t e d  i n  Table I11 w e r e  

used as melting stock. The q u a n t i t i e s  of modifying ele- 

ments added w e r e  s u f f i c i e n t l y  l a r g e  t o  i n s u r e  t h a t  t h e i r  

-10- 
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effects o r  d i s t r i b u t i o n  i n  t h e  a l l o y  could be detected. 

In a previous study on mocifiei. e u t e c t i c  a l l o y s  ( 2 7 ) ,  

it w a s  found t h a t  a (Zr + T i ) / C  r a t i o  of 0.76 appeared 

t o  be an optimum r a t i o  when t h e s e  elements w e r e  used 

toge the r .  Accordingly, t h i s  r a t i o  was u t i l i z e d  i n  t h i s  

work. 

A s m a l l  MRC (Mater ia l s  Research Company) l abora to ry  

vacuum arc furnace,  equipped w i t h  a water-cooled copper 

hea r th ,  was used t o  m e l t  and cas t - in-p lace  t h e  explora tory  

a l l o y s  i n  1 / 2  atmosphere of g e t t e r e d  argon. The c a s t i n g s  

w e r e  i n  t h e  form of ba r s  1/4"xl/2"x4" long. To improve 

t h e  d i s t r i b u t i o n  of elements i n  t h e  but tons ,  they w e r e  

remelted three t i m e s .  The arc-melting and cast ing-in-place 

process  subjec ted  t h e  a l l o y s  t o  a severe c h i l l  and t h e s e  

s o l i d i f i e d  r a p i d l y  i n  a high thermal g rad ien t .  The 

b i n a r i e s  which cracked during t h i s  s o l i d i f i c a t i o n  and 

cool ing process  w e r e  considered unsu i t ab le  and no t  

s tud ied  f u r t h e r .  

The. following melt ing p r a c t i c e  w a s  followed i n  producing 

the  a s -cas t  stress rup tu re  tes t  bars .  Heats of 1 8 0  cubic  

cent imeters  w e r e  induct ion melted i n  a 960 cps furnace 

and s t a b i l i z e d  z i r con ia  c r u c i b l e s  surrounded by a g r a p h i t e  

susceptor .  A few p ieces  of coarse melt ing stock and t h e  

Z r  and T i  sponge w e r e  loaded i n t o  sepa ra t e  charging b ins ;  
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e remaining charge m a t e r i a l  and melt ing s tock  w a s  

ed i n t o  t h e  c r u c i b l e  and l a t e r  i n s e r t e d  i n t o  t h e  

susceptor .  A l l  powdered melting s tock  w e r e  pxe-mixed 

before  packing i n t o  t h e  c ruc ib l e .  The chamber of t h e  

vacuum furnace w a s  f i r s t  evacuated t o  a pressure 2 0  

microns Hg. I t  i s  en backf i l l ed  with 

and re-evacuated t o  about 30 m i c r  Hg, Dbring .t; 

evacuation process ,  s u f f i c i e n t  power w a s  p l a  on t h e  

induct ion c o i l  t o  produce a ba ly d i s c e r n i b l e  glow i n  

t h e  charge.  The b a c k f i l l i n g  with argon, re-eva 

and a p p l i c a t i o n  of increasir)g payer t o  t h e  ind 

was repeated 5 t i m e s .  On t h e  f i f t h  r e p e t i t i o n ,  t h e  charge 

was reaching t h e  melt ing poin t .  The chamber w a s  f i n a l l y  

b a c k f i l l e d  w i t h  argon t o  1/2 a t m  and held a t  t h i s  

vacuum. Higher power l e v e l s  t o  melt and superheat t h e  

charge w a s  t h e n  appl ied.  

When t h e  charge melted,  i t s  temperature w a s  r a p i d l y  

increased t o  approximately 2 5 0  degrees F superheat as 

measured by o p t i c a l  pyrometer. The Z r  and Ti w e r e  then 

added success ive ly  and r ap id ly .  When a l l  t h e  Z r  and T i  

w e r e  d i sso lved ,  t h e  rest of t he  melt ing s tock  w a s  added, 

The l a r g e r  p i eces  of mel t ing stock reduced t h e  temperature 

apprec iab ly  and usua l ly  d i d  n o t  m e l t  immediatelyb but  

ned o r  tumbled i n  t h e  m e l t  f o r  a few seconds. 
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During t h i s  t i m e  more power w a s  app l i ed  t o  increase  t h e  

churning a c t i o n  and raise t h e  temperature .  The m e l t  

was poured as it a t t a i n e d  pouring temperature.  The t i m e  

expanded from t h e  s t a r t  of a c t u a l  mel t ing  t o  pouring ob 

*ha mall: ranged gram 8 t o  1 2  minutes ,  

The c a s t i n g  was allowed t o  c o ~ l  down t o  about 290 p 

r t y  measured $Q evaluat 

e prcaperties of t h e  aLby@ wag c ~ ~ $ t ~ ~ ~ ~  

upture  l i f e .  T e s t  temperatures  were 

maintained a t  1850 F f SF i n  an a i r  atmosphere, 
w 

Checks on melt ing p o i n t s  were made by means of Pt - 
P t  1 0 %  Rh immersion t h  ocouple.  Af te r  f i l l i n g  t h e  

mold w i t h  molten a l l o y ,  t h e  c r u c i b l e  was re turned  i n t o  

an up r igh t  p o s i t i o n  and t h e  m e l t  temperature  followed by 

t h e  o p t i c a l  pyrometer. A t  t h e  appropr ia te  pyrometer reading ,  

thermocouple i s  imersed and t h e  temperature measured 

versug time. A t y p i c a l  thermal a n a l y s i s  curve i s  shown i n  

Figure 1, The mel t ing  p o i n t s  of t h e  a l l o y s  were usua l ly  

c l o s e  t o  t h e  temperature  c a p a b i l i t i e s  of t h e  quar tz  

pro t tmt ion  tube  and i n s u l a t o r s  and h igher  than  t h e  

t eed  re l iab le  readings  for  t h e  thermocouple. I f  

the thermocouple i s  i n s e r t e d  too  soon a t  too  high a 
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temperature,  t h e  p r o t e c t i o n  tube  i s  weakened considerably 

and even tua l ly  fus ing  of both thermocouple and i n s u l a t o r s  

occurs .  Because of t h e s e  d i f f i c u l t i e s  t h e  repor ted  m e l t -  

ing temperatures should be considered as approximate. 

The molds and mold furnace used and t h e  procedure 

f o r  making convent ional ly-  and d i r e c t i o n a l l y - c a s t  tes t  

bar c l u s t e r s  w e r e  t h e  same as those  used i n  a previous 

study ( 3 6 ) .  The m o l d  furnace was modified s l i g h t l y  t o  

permit assembly and dis-assembly i n s i d e  t h e  vacuum chamber 

and t o  f a c i l i t a t e  t h e  r a i s i n g  and lowering of t h e  c h i l l  

block i n  t h e  furnace chamber. Figure 2 i l l u s t r a t e s  how ~ 

t h e  molds w e r e  set i n  t h e  mold furnace,  The depth t o  

which t h e  copper c h i l l  block i s  set i n  t h e  r e f r a c t o r y  

bottom of t h e  mold furnace and the  temperature maintained 

i n  t he  mold furnace chamber determined t h e  s teepness  of 

t h e  temperature g r a d i e n t  i n  t h e  mold, 

Two sets of samples w e r e  i n i t i a l l y  prepared f o r  

microprobe examination. For one set, t w o  s h o r t  p i e c e s  

w e r e  c u t  from t h e  middle of t h e  gage s e c t i o n  of un te s t ed  

stress rup tu re  bars .  One p i ece  w a s  ground t o  expose the 

long i tud ina l  s ec t ion .  B o t h  p i eces  w e r e  then  mounted i n  

coppe r - f i l l ed  d i a l l y l  p h t h a l a t e  mounting powder. T h e  

mounted samples w e r e  ground, po l i shed  w i t h  3 micron diamond 

abras ive ,  and examined i n  t h e  unetched condi t ion.  The  
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o t h e r  set w a s  made by c u t t i n g  off two s h o r t  p ieces  from 

ruptured t es t  ba r s  and prepared t h e  same way as t h e  

f i r s t  set. The p iece  sect ioned l o n g i t u d i n a l l y  always 

t a i n e d  t h e  ruptured sur face .  Comparison of t h e  two 

sets showed t h a t  tested specimens were e s s e n t i a l l y  t h e  

same as untes ted  specimens. Except f o r  ox ida t ion  of t h e  

su r face ,  no e f f e c t  of long t i m e  exposure t o  1850 F could 

be detected.  i n  t h e  a l l o y s .  Subsequently,  un te s t ed  

specimens wera no longer  prepared. 

An MAC (Mater ia l s  Analysis Company) Model 4 0 0  electron 

microprobe was used fox microprobe ana lys i s .  Light  

e l emen t  a n a l y s i s  was conducted a t  an e l e c t r o n  a c c e l e r a t i n g  

vol tqge  of 7 .5  KV and a specimen c u r r e n t  of 0 .20  

microamperes heavy e l e m e n t  a n a l y s i s  w a s  made a t  2 5  KV and 

0.03 microampere specimen c u r r e n t .  Light  element ana lys iq  

ways preceded heavy element a n a l y s i s  because t h e  beam 

d e p o s i t s  a t h i n  f i l m  of mate r i a l  on t h e  specimen su r face  

which, i f  too  t h i c k ,  i n t e r f e r e s  w i t h  l i g h t  element 

ana lys i s .  

Using the  microprobe i n  t h e  x-ray modulation mode, 

x-ray images of t h e  elements w e r e  obtained t o  show t h e  

semi-quant i ta t ive d i s t r i b u t i o n  of t h e  elements i n  t h e  

ious  phases i n  t h e  a l l o y .  Amore q u a n t i t a t i v e  des- 

c r i p t i o n  of t h i s  d i s t r i b u t i o n  w a s  obtained from s t a t i c  
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probe ana lyses  of s e l e c t e d  a reas .  The following pro- 

cedure w a s  followed t o  o b t a i n  t h e  s t a t i c  probe analyses .  

The instrument w a s  f i r s t  tuned t o  t h e  element s p e c t r a l  

l i n e  des i r ed .  The background and peak i n t e n s i t i e s  w e r e  

then measured from t h e  s tandard f o r  a g iven  acce le ra t ing  

vo l t age  and specimen cu r ren t .  The desired a rea  t o  be 

examined was then quick ly  swung under t h e  beam and 

t h e  peak and background f o r  t h e  same s p e c t r a l  l i n e  

measured. T h e  s tandard was re turned  t o  t h e  beam and 

again t h e  peak and background measured. T h e  r e t u r n  t o  

t h e  s tandard was a check t o  be assured t h a t  a l l  readings 

w e r e  taken a t  the  same condi t ions .  I n t e n s i t i e s  w e r e  

counted e i ther  f o r  1 second o r  5 seconds, depending on 

whether t h e  l i n e  i n t e n s i t y  was s t rong  o r  not .  Direct 

cornparisions between t h e  two n e t  i n t e n s i t i e s  w e r e  t hen  

made. No c o r r e c t i o n s  f o r  f luorescence o r  absorpt ion w e r e  

at tempted s i n c e  t h e  a l l o y s  i n  t h i s  study are s u f f i c i e n t l y  

complex t o  make c o r r e c t i o n s  very d i f f i c u l t  and hazardous. 

Before mounted specimens w e r e  examined under t h e  

microprobe, they  w e r e  subjected t o  microscopic examination. 

When e tch ing  w a s  r equ i r ed ,  a s o l u t i o n  of 1 0 0  cc HC1,  50 

cc HNO3, 50  cc H 2 0 ,  and 1 0  cc of 30% H202 w a s  used. This 

e t chan t  w a s  m o r e  e f f e c t i v e  i f  a s tock  s o l u t i o n  of aqueous 

HCl-HNO3solution w e r e  prepared ahead and drops of hydrogen 
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peroxide adced la te r  as needed. 

Secondary d e n d r i t e  arm spacings and number of pre-  

c i p i t a t e s  i n t e r s e c t e d  by a l i n e  of s p e c i f i c  l e n g t h  w e r e  

measured wi th  a f i l a r  eyepiece calibrated a g a i n s t  a 

micrometer. To determine t h e  s i z e  d i s t r i b u t i o n  of t h e  

p r e c i p i t a t e s ,  photomicrographs of a micrometer and t h e  

specimens w e r e  taken a t  magni f ica t ions  of lOOX and 500X. 

T h e  p i c t u r e s  w e r e  then  enlarged a s i m i l a r  amount. Based 

on the  p i c t u r e s  of t h e  m i c r o m e t e r ,  square r e fe rence  g r i d s  

of i nc reas ing  s i z e  w e r e  then  i n s c r i b e d  on a sheet of c lear  

acetate. The side of the smallest  square g r i d  was 

equ iva len t  t o  0.0008 nun o r  0.8 micron long. T h i s  l e n g t h  

w a s  taken as the  u n i t  of measurement. Thus each square 

i n  r e fe rence  g r i d  N o .  1 hau Gimension of 0 .8  micron x 0 . 8  

micron and an area of 0 .64  square micron; i n  r e fe rence  

g r i d  N o .  2 ,  t h e  l e n g t h  of each sicle w a s  2 x 0.8 microns; 

i n  r e fe rence  g r id  N o .  3 ,  3 x 0.8 microns; and so on. 

T h e  area occupied by t h e  p r e c i p i t a t e  w a s  estimated by 

superimposing t h e  r e fe rence  g r i d s  upon it. The 

r e fe rence  g r i d  equal  t o  or  s l i g h t l y  l a r g e r  than  t h e  

p r e c i p i t a t e  s i z e  w a s  r epor t ed  as  the  p r e c i p i t a t e  s i z e .  

The s i z e  d i s t r i b u t i o n  data allowed t h e  c a l c u l a t i o n  of 

t h e  arithmetic mean p r e c i p i t a t e  s i z e  and t h e  volume 

f r a c t i o n  of p r e c i p i t a t e s  i n  t h e  a l l o y .  The mean f r e e  
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p a t h  (MFP) w a s  then  c a l c u l a t e d  from t h e  equat ion 

where Vp i s  the  volume f r a c t i o n  of p r e c i p i t a t e s  and N 

equals  the  number of p r e c i p i t a t e s  i n t e r s e c t e d  pe r  u n i t  

l ength  (41). 

The specimens employed t o  determine ox ida t ion  resis- 

tance  w e r e  slices about 0.05 inch  t h i c k  f r o m  t h e  314 inch 

c e n t r a l  downgate of the  c l u s t e r  ca s t ings .  They w e r e  

po l i shed  w i t h  6 0 0  g r i t  sandpaper and washed w i t h  methanol 

p r i o r  t o  s c a l i n g .  Some specimens w e r e  subjec ted  t o  s ta t ic  

oxida t ion  tests a t  1850 F i n  s t i l l  a i r  i n  a muffle fur -  

nace. Others  w e r e  suspended on one arm of  a magnet ical ly  

damped chainomatic a n a l y t i c a l  balance by a f i n e  nichrome 

w i r e  i n  a v e r t i c a l  tube furnace and t h e i r  weight ga in  

observed w i t h  t i m e .  The temperature i n s i d e  the  furnace 

w a s  maintained a t  1850 F - + 3 F. 

w i r e s  w e r e  c a r e f u l l y  measured and c u t  t o  t h e  s a m e  l engths ,  

C a r e  was made t h a t  t h e  same lengths  o f  w i r e  w e r e  exposed 

i n s i d e  the  furnace and t h a t  t h e  specimens w e r e  placed a t  

t h e  s a m e  p o s i t i o n  i n  t h e  furnace a t  each test. Oxidation 

t es t  on t h e  nichrome w i r e  i t s e l f  showed t h a t  i t s  weight 

change w a s  n e g l i g i b l e  compared t o  those of t he  specimens. 

The nichrome suspension 



RESULTS AND DISCUSSION 

Exploratory Unalloyed Binaries .. 
. .,r- - . . 

The goal of this phase of the investigation was to 

determine alloy bases that have a potential of improvement 

by suitable changes in composition and cast structure. 

Table IV lists the basic compositions and hardnesses of 

agc-’melted exploratory binary alloys. 

microstructures are shown in Figures 3 and 4. Magnifica- 

tions of lOOX and 250X were employed as required to illus- 

trate the structure. The Fe - 30 Ti, Fe - 45 Cb, M n  -10 

Mn - 10 Fe, and Cr - 15 Si alloys were too brittle to be 
ground and polished satisfactorily. This extreme brittle- 

ness prevented reliable hardness testing. This brittle- 

ness also eliminated these alloys from further considera- 

tions. 

Their corresponding 

The Fe - 65 Ni, Fe - 22  Cr, Fe - 50 Co and Go - 15W 
alloys were single-phased--indicating that they probably 

solidified in the expected congruent manner. Their hard- 

nesses were low, from a high of 23 Rc for Co - 15 W to a 
low Of 0 Rc (81 RB) for Fe - 65 Ni. Nevertheless, except 

for the Fe - 65 Ni binary, they were judged to be 
suitable for further study. Both Ti - 47 Cr and Fe - 34 

Mo bin3ry alloys have Widmanstatten-like microstructures. 

-19- 
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T h i s  probably occurred because two-phase f i e l d s  e x i s t  

on ly  50 F below their  mel t ing  poin ts .  The Ti - 47 . C r  

b inary  had a hardness  of 56.78 Rc and passable  d u c t i l i t y  

w h i l e  t h e  Fe - 34 M o  b inary  had a hardness of 60 .00  Rc 

and good d u c t i l i t y .  These hardnesses  are except iona l ly  

high f o r  b i n a r i e s  and t h e s e  t w o  b i n a r i e s  were s tud ied  

f u r t h e r  i n  t h e  a l loyed  condi t ion .  T h e  C r  - 20  M o  b inary 

w a s  a l s o  s tud ied  f n r t h e r  f o r  i t s  high hardness and pass- 

able d u c t i l i t y .  

Although t h e  Fe - 37.5 T i  a l l o y  i s  n o t  a congruent ly  

mel t ing  composition, it w a s  included t o  determine t h e  

hardening e f f e c t s  of t he  p e r i t e c t i c  r e a c t i o n  on the  b inary  

a l l o y .  

h ighes t  among t h e  b inary  a l l o y s .  Thus, t h e  r e a c t i o n  can 

be considered a po ten t  hardening r eac t ion .  T h i s  hardness 

w a s  no t  compared w i t h  t h e  hardness of t h e  congruent ly  

mel t ing  Fe  - 3 0  T i  b inary  because of  t h e  l a t t e r ' s  br i t t le-  

ness .  I t  w a s  noted t h a t  while  t h e  Fe -30 T i  b inary  cracked 

severe ly  while  cool ing  i n  t h e  copper hear th ,  t h e  Fe-37.5 Ti 

binary  d i d  not .  I t s  except iona l  hardness and passable  

d u c t i l i t y  q u a l i f i e d  t h e  Fe - 37.5 T i  b inary  f o r  f u r t h e r  

s tudy  i n  t h e  a l loyed  condi t ion .  

T h e  hardness  of 62 .10  Rc fo r  t h i s  a l l o y  w a s  t h e  
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Exploratory Alloyed Binary A l l o y s  

T h e  compositions and observed p r o p e r t i e s  of t h e  

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

s t rengthening,  ox ida t ion  r e s i s t a n c e  and f o r  production 

of p r e c i p i t a t e s  from the  m e l t  a r e  l i s ted  i n  Table V. 

T h e  high T i  con ten t  a l l o y s  w e r e  a l l  b r i t t l e  and e i ther  

f r a c t u r e d  when dropped on t h e  f l o o r  o r  cracked w h i l e  

the  investment m o l d  was being removed. Alloying seemed 

t o  aggravate  t he  b r i t t l e n e s s  of these a l l o y s  and there- 

f o r e  t h i s  group w a s  considered a s  unsu i t ab le  f o r  add- 

i t i o n a l  study. 

B o t h  t h e  a l loyed  and unalloyed Fe - *34 Mo a l l o y s  

oxidized severely.  Unalloyed, a t h i c k  grey  s c a l e  was 

formed; a l loyed ,  t h e  scale was t h i c k e r  and had a bubbly 

o r  mott led appearance. T h e  r ap id  growth of t h e  scale 

corresspondingly decreased t h e  load car ry ing  dross 

section of t h e  test  bars .  Thus, even i f  t h e  ma te r i a l  

was s t rong ,  t h e  r ap id  decrease i n  cro - sec t iona l  area 

caused stresses t o  i n c r e a s e '  r e s u l t i n q  i n  t h e  rup tu re  

of t h e  specimens i n  a s h o r t  t i m e  when tested i n  a i r .  This  

a l l o y  w a s  e l imina ted  because of i t s  poor oxida t ion  

r e s i s t a n c e .  
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A s  i nd ica t ed  i n  Figure 5, t h e  Fe - 15  W base and t h e  

Fe - 2 2  C r  base a l l o y s  have similar mic ros t ruc tu res  and 

deformation behavior.  These f i g u r e s  show t h e  cast  

s t r u c t u r e  and t h e  deformed s t r u c t u r e  a f t e r  stress rup tu re  

t e s t i n g .  A t  1850 F ,  t e s t  bars of both a l l o y s  elongated 

as  f a s t  as the  load w a s  appl ied .  Reductions i n  diameter 

w e r e  p r a c t i c a l l y  uniform throughout t h e  gage length .  

Necking and f r a c t u r e  occurred when t h e  c ross -sec t ion  

w a s  a l r eady  too  small  t o  support  t h e  load. Tota l  

e longat ions  i n  both a l l o y s  w e r e  about 200  % .  A s i m i l a r  

deformation behavior was previous ly  observed by Vishnevsky 

( 3 6 )  i n  extruded modified Co - 35 W base a l l o y s ,  and he 

subsequently found these t o  e x h i b i t  s u p e r p l a s t i c  behavior.  

T h i s  suggests  t he  p o s s i b i l i t y  of f ind ing  ' supe rp la s t i c  

behavior i n  t h e  Fe - 1 5  W and Fe - 2 2  C r  a l l o y s .  T h i s  

study, however, does n o t  include examination of t h i s  

phenomenon. 

I n  these two a l l o y s ,  t h e  matr ix  apparent ly  r e t a i n e d  

t h e  l o w  hardness of t h e  unalloyed state.  The 

p r e c i p i t a t e s  apparent ly  had a n e g l i g i b l e  s t rengthening 

e f f e c t .  The e u t e c t i c  s t r u c t u r e ,  which spreads t o  wide 

areas, may be expected t o  have some s t rengthening e f f e c t .  

However, t h e  e u t e c t i c  s t r u c t u r e  also deformed w i t h  the  

ma t r ix  and broke up i n t o  s t r i n g e r s  a l igned  w i t h  t he  
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d i r e c t i o n  of flow. These s t r i n g e r s  even tua l ly  served 

as  reg ions  of weakness where c racks  i n i t i a t e d  and grew. 

These c racks  tended t o  s k i r t  t h e  discrete p r e c i p i t a t e s .  

- 15 W base and t h e  Fe - 50 C o  base 

a l l o y s  showed promise among t h e  f u l l y  a l loyed  explora tory  

a l l o y s .  These t w o  were analyzed more c l o s e l y  and a r e  

discussed i n  t h e  following sec t ions .  

The Exploratory Fe  - 50 C o  B a s e  Alloy 

T h e  mic ros t ruc tu re  of t h i s  a l l o y ,  shown i n  Figure 6 ,  

i s  composed s o l e l y  of discrete p r e c i p i t a t e s  which occur 

i n  t w o  s epa ra t e  s i z e s  randomly d i s t r i b u t e d  i n  the  matr ix .  

The large-s ized p r e c i p i t a t e s  assumed a s t r a i g h t - s i d e d ,  

equiaxed morphology averaging 2 0  microns across; t h e  

smaller p r e c i p i t a t e s  are much more numerous and a r e  about 

4 microns i n  s i z e .  The p r e c i p i t a t e s  do n o t  appear t o  be 

p a r t  of a e u t e c t i c  s t r u c t u r e  and no e u t e c t i c  s t r u c t u r e  

w a s  observed. O p t i c a l l y ,  a l l  t he  p r e c i p i t a t e s  appear t o  

have t h e  same i d e n t i t y .  

T h e  p r e c i p i t a t e s  apparent ly  served as  t h e  l o c a t i o n  

of crack o r  void formation during stress rup tu re  t e s t i n g .  

shows t h e  void formation i n  t h e  region near  

t h e  f r a c t u r e  su r face  of f r a c t u r e d  t es t  bars. The voids  

appear t o  form i n  t h e  i n t e r f a c e  between the  p r e c i p i t a t e s  

and t h e  mat r ix  a t  su r faces  perpendioular  t o  t h e  appl ied  
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stress and grow i n  t h e  d i r e c t i o n  of stress app l i ca t ion .  

This  p r e f e r e n t i a l  l o c a t i o n  of void formation i r i  the  

a l l o y  agrees with t h e  l o c a t i o n  of maximum t e n s i l e  stresses 

between t h e  mat r ix  and a sphe r i ca l  p a r t i c l e  shown i n  

Figure 7 as  analyzed by Goodier ( 4 1 ) .  T h i s  a n a l y s i s  f o r  

s p h e r i c a l  p a r t i c l e s  i n  an e las t ic  mat r ix  apparent ly  a l s o  

appl ied  t o  t h i s  system of c u b i c a l l y  and i r r e g u l a r l y  shaped 

p a r t i c l e s .  

Since s m a l l  p r e c i p i t a t e s  predominate i n  t h e  micro- 

s t r u c t u r e ,  more voids  e x i s t  near small  p r e c i p i t a t e s .  

However, t h e  voids  ad jacen t  t o  t h e  big p r e c i p i t a t e s  grew 

t o  much l a r g e r  s i z e s .  T h i s  i n d i c a t e s  t h a t  a s i z e  e f f e c t  

on t h e  magnitude of maximum stresses e x i s t s  such t h a t  

t h e  l a r g e r  p r e c i p i t a t e s  probably reduce s t r e n g t h  and 

d u c t i l i t y .  A s  Figure 7 shows t h e  l a r g e s t  t e n s i l e  

stresses occur a t  t h e  90 degree pole  of a void as  soon 

as the  void i s  formed. These t e n s i l e  stresses enlarge  

t h e  void f u r t h e r  and u l t i m a t e l y  cause f r a c t u r e .  

To o b t a i n  an idea of t h e  e f f e c t s  of the  va r ious  

a l loy ing  elements on t h e  mic ros t ruc tu re ,  two procedures 

w e r e  employed on t h e  microprobe. X-ray images of t h e  

va r ious  a l loy ing  elements w e r e  taken and s t a t i c  probe 

a n a l y s i s  of t h e  a l l o y  a t  selected a r e a s  w e r e  made. 
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The d a t a  obtained are shown i n  V'Igures 8 t o  1 0  and 

Table V I .  The x-ray images show semi-quant i ta t ive ly  h o w  

t h e  elements w e r e  d i s t r i b u t e d  among t h e  phases i n  t h e  

a l l o y .  The s t a t i c  probe a n a l y s i s  q u a n t i f i e s  t h i s  

d i s t r i b u t i o n .  W i t h  t h e s e  d a t a ,  t h e  following 

observa t ions  w e r e  made: 

(a) Tungsten w a s  added f o r  s t rengthening t h e  

mat r ix .  However, t h i s  element segregated t o  t h e  discrete 

p r e c i p i t a t e s  so t h a t  only a small  percentage remained i n  

t h e  mat r ix .  T h i s  i n d i c a t e s  t h a t  t h e  s t rengthening 

e f f e c t  of W on t h e  mat r ix  i s  n o t  f u l l y  r e a l i z e d  i n  t h e  

presence of T i ,  Z r  and C.  

( b )  Nearly a l l  of t h e  C r  and S i  remained d isso lved  

i n  t h e  mat r ix .  Although these elements w e r e  added 

s p e c i f i c a l l y  f o r  ox ida t ion  r e s i s t a n c e ,  these probably 

a l s o  cont r ibu ted  t o  t h e  s t rengthening of t h e  mat r ix .  

T h i s  e f f e c t  might be enhanced by l a r g e r  a d d i t i o n s  of 

these elements.  However, s i n c e  it w a s  desired t o  s impl i fy  

complex systems and ob ta in  the  desired p r o p e r t i e s ,  S i  

was el iminated and only C r  was employed i n  increased 

amounts i n  t h e  next  a l l o y .  

(c) P r a c t i c a l l y  a l l  of t h e  Z r  and T i  segregated 

t o  form two types  of p r e c i p i t a t e s  i n  t h e  a l l o y .  These 

are T i - r i c h  and Zr-r ich carb ides .  A l l  of t h e  large 
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s i z e d  p r e c i p i t a t e s  w e r e  found t o  be Ti-r ich.  The com- 

p o s i t i o n  of both p r e c i p i t a t e s  approximate an MC type  

carb ide  and conta in  very l i t t l e  C o ,  F e ,  C r  o r  S i .  

The Ti - r ich  p r e c i p i t a t e s  are much h igher  i n  W conten t  

than  t h e  Zr-rich p r e c i p i t a t e s  bu t  t h e  concent ra t ion  of 

carbon i s  approximately t h e  same i n  each. The occurrence 

of t h e  T i - r i c h  p r e c i p i t a t e s  i n  t h e  l a r g e  s i z e s  and t h e i r  

idiomorphic shapes suggest  t h a t  t hese  carbides p r e c i p i t a t e d  

w h i l e  t h e  m e l t  w a s  s t i l l  a t  very high temperatures.  

Since t h e  l a r g e  T i - r i c h  p r e c i p i t a t e s  apparent ly  

caused eventua l  f r a c t u r e ,  t h e  e l imina t ion  or  a t  least  

reduct ion  of t h e i r  s i z e  appeared d e s i r a b l e .  T h e i r  s i z e  

can be c o n t r o l l e d  e i t h e r  by reducing the  amount of 

p r e c i p i t a t i n g  m a t e r i a l  o r  t h e  appor tuni ty  f o r  growth. 

Thus, i n  the  next  a l l o y  c a s t ,  the  amount of T i  added w a s  

reduced from 2 w/o  t o  1 w/o and a t  t h e  same t i m e ,  t h e  

s o l i d i f i c a t i o n  ra te  was increased  t o  reduce growth t i m e .  

The f i n a l  a l l o y  composition, modified as noted above, is 

as fol lows:  Fe - 5 0  Co B a s e  - 8 1  w/o, C r  - 1 0  w/o, 

W - 5 w/o, Z r  - 2 w / o ,  T i  - 1 w/o and c - 1 w/o. 

Exploratory Co-15 W Base Alloy 

The o t h e r  explora tory  a l l o y  which showed promise fpr 

e leva ted  temperature use w a s  t h e  Co - 15 W base al loy.  As 
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shown i n  F igure  11, t h e  mic ros t ruc tu re  i s  composed of 

discrete p r e c i p i t a t e s  and a e u t e c t i c  s t r u c t u r e  randomly 

d i s t r i b u t e d  i n  t h e  mat r ix .  A s  w i l l  be shown s h o r t l y ,  t h e  

p r e c i p i t a t e s  occur  i n  two t y p e s - a s  they  d i d  i n  t h e  Fe - 
50 C o  base a l l o y :  a Ti - r ich  p r e c i p i t a t e  and a Zr-r ich 

p r e c i p i t a t e .  The T i - r i ch  p r e c i p i t a t e s  a lso have s t r a i g h t -  

s ided,  equiaxed morphology wi th  an average s i z e  of 1 0  

microns; t h e  Zr- r ich  p r e c i p i t a t e s  are  more i r r e g u l a r l y  

shaped and average 6 microns i n  s i z e .  This  i n d i c a t e s  t h a t  

t h e  T i - r i ch  p r e c i p i t a t e s  probably formed earlier dur ing  

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

Examination of t h e  reg ion  close t o  t h e  f r a c t u r e  sur -  

face (Figure  11-B) indicates  t h a t  vo ids  w e r e  i n i t i a t e d  

a t  t h e  zero  degree pole  p o s i t i o n  wi th  r e s p e c t  t o  t h e  

appl ied  stress j u s t  as i n  t h e  Fe - 50 C o  base a l l o y .  A l l  

t h e  voids  o r  c racks  w e r e  found only  i n  t h e  mat r ix  and 

e u t e c t i c  s t r u c t u r e  o r  ad jacen t  t o  t h e  p r e c i p i t a t e s .  Even 

though t h e  r e l i e f  of  t h e  e u t e c t i c  s t r u c t u r e  from t h e  

mat r ix  i n d i c a t e s  t h a t  it i s  harder  than t h e  mat r ix ,  t h e  

voids  apparent ly  grew i n t o  t h e  e u t e c t i c  s t r u c t u r e .  This  

may i n d i c a t e  t h a t  t h e  e u t e c t i c  i s  b r i t t l e .  

Necking of t h e  specimen i n  t h e  f r a c t u r e  zone w a s  very 

s l i g h t ,  i n d i c a t i n g  t h a t  t h e  specimen f r a c t u r e d  i n  a 

b r i t t l e  manner. P l a s t i c  f low w a s  n e c e s s a r i l y  s m a l l  y e t ,  
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a s  Figure 11-b shows, it e f f e c t i v e l y  broke up the  e u t e c t i c  

s t r u c t u r e  from i t s  usua l  p l a t e - l i k e  morphology i n t o  very 

f i n e  and roughly sphero ida l  p a r t i c l e s .  T h i s  f r a c t u r e  of 

t h e  eutect ic  s t r u c t u r e  and t h e  growth of t h e  voids  i n d i c a t e  

t h a t  t h e  e u t e c t i c  s t r u c t u r e  i s  no t  con t r ibu t ing  t o  t h e  

s t r e n g t h  of t h e  a l l o y ,  was b r i t t l e  o r  weak as previously 

mentioned and f o r  t h i s  reason should! be reduced o r  

e l i m i n a t e d .  

Since t h e  formation of phases i n  an a l l o y  system i s  

p r imar i ly  a func t ion  of composition, knowledge of the  

d i s t r i b u t i o n  of these e lements  should be he lp fu l  i n  

optimizing t h e  s t r u c t u r e .  The element o r  e lements  which 

p r e f e r e n t i a l l y  segrega te  t o  a c e r t a i n  phase may be 

considered a s  respons ib le  f o r  t h e  appearance of t h a t  

p a r t i c u l a r  phase.  T h e  e l e c t r o n  microprobe, used i n  t h e  

x-ray modulation mode, y ie lded  the x-ray images i n  

Figures  1 2 - 1 4  and show how t h e  elements d i s t r i b u t e d  among 

t h e  phases i n  t h e  a l l o y .  A selected a r e a  s t a t i c  probe 

a n a l y s i s ,  l i s ted i n  Table V I ,  y ie lded a more q u a n t i t a t i v e  

d e s c r i p t i o n  of t h i s  d i s t r i b u t i o n .  These d a t a ,  obtained 

w i t h  t h e  microprobe, permits  t h e  following observat ions:  

(a)  Two types  of p r e c i p i t a t e s  occur--a T i - r i c h  

p r e c i p i t a t e  and a Zr - r i ch  p r e c i p i t a t e .  N o  Cr-r ich d i s -  

crete p r e c i p i t a t e  w a s  l oca t ed .  I n  f a c t ,  t h e  C r  con- 
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c e n t r a t i o n  decreased t o  very low va lues  a t  a l l  t h e  d i s -  

crete p r e c i p i t a t e s .  A similar obseavation w a s  made 

e a r l i e r  i n  t h e  Fe - 5 0  Co base a l l o y .  The c o m p o s i t i o n s ~  

of t h e s e  p r e c i p i t a t e s ,  a s  shown i n  Table V I ,  correspond 
i 

t o  MC type  ca rb ides .  

(b)  Only C r  and S i ,  of t h e  elements added, 

p r e f e r e n t i a l l y  remained i n  s o l u t i o n  w i t h  c o b a l t  t o  form 

t h e  ma t r ix  phase. The o the r  e lements  segregated t o  

e i t h e r  t h e  d i s c r e t e  p r e c i p i t a t e s  o r  t o  t h e  e u t e c t i c  phase. 

These observa t ions  w e r e  i n t e r p r e t e d  t o  mean t h a t  C r  

performed no s i g n i f i c a n t  con t r ibu t ion  as a ca rb ide  

s t rengthener  but  provided s o l i d  s o l u t i o n  s t rengthening i n  

add i t ion  t o  i t s  recognized con t r ibu t ion  t o  oxida t ion  and 

cor ros ion  r e s i s t a n c e .  S i l i c o n  fol lows t h e  same d i s t r i -  

but ion a s  C r  and may be s a i d  t o  ac t  s i m i l a r l y  t o  C r .  

(c)  Molybdenum and boron segregated p r imar i ly  t o  

t h e  e u t e c t i c  areas. I t  w i l l  be noted t h a t ,  wi th  t h e  ex- 

cep t ion  of M o  and B ,  t h e  same a l loy ing  elements w e r e  used 

i n  t h e  C o  - 1 5  W a l l o y s  a s  i n  t h e  Fe - 50 C o  a l l o y ,  y e t  

t h e  Fe - 50 Co base a l l o y  does no t  conta in  any e u t e c t i c  

s t r u c t u r e  while t h e  Go - 15  W base a l l o y  shows ex tens ive  

e u t e c t i c  s t r u c t u r e  formation. This  sugges ts  t h a t  No and 

B may have been respons ib le  f o r  t h e  production of t h e  

e u t e c t i c  s t r u c t u r e .  I f  t h i s  i s  so, then t h e  e l imina t ion  
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of M o  and B should reduce o r  e l imina te  th$s e u t e c t i c .  

Oxidized specimens of t h i s  Co - 1 5  W base a l l o y  

exh ib i t ed  an o u t e r  scale which s p a l l e d  o f f  completely a s  

t h e  specimen cooled down, and a t h i n  green  inne r  scale 

which was very weakly adherent  t o  t h e  m e t a l .  The o u t e r  

scale has t h e  appearance of f ace t ed  c r y s t a l s .  The 

microprobe ana lyses  of both s c a l e s  are l is ted i n  Table V I .  

On t h e  o u t e r  scale, only Co and oxygen w e r e  determined t o  

be p resen t .  I n  t h e  inne r  s c a l e ,  t h e  a n a l y s i s  va r i ed  

g r e a t l y  from one area t o  another ;  i n  some areas only Co 

and C r  could be de t ec t ed  w h i l e  i n  o t h e r  a r e a s  a l l  t h e  

elements,  except  Z r ,  w e r e  detected. Zirconium w a s  n o t  

l oca t ed  i n  t h e  inne r  scale. T h i s  v a r i a t i o n  i n  composition 

i n  t h e  inne r  scale is  probably an i n d i c a t i o n  of t h e  va r i a -  

t i o n  i n  ox ida t ion  r a t e s  of t h e  phases i n  t h e  a l l o y  during 

t h e  i n i t i a l  s t a g e s  of oxida t ion .  The oxidized su r face  of 

t h e  l a r g e  void a t  t h e  t o p  of Figure 11-b and t h e  oxidized 

f r a c t u r e  su r face  a t  i t s  lower r i g h t  s i d e  show some indica-  

t i o n  of t h e  v a r i a t i o n  of ox ida t ion  rates of t h e  phases.  

T h e  unaf fec ted  carbide p r e c i p i t a t e s  are surrounded by 

oxidized material. T h i s  a l l o y  did n o t  e x h i b i t  t h e  p re fe r -  

e n t i a l  ox ida t ion  of ca rb ides  usua l ly  found i n  Co-base 

a l l o y s .  
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On t h e  basis of  t h e  foregoing observa t ions ,  t h e  a l l o y  

composition was s impl i f i ed  by excluding Mo, S i  and B from 

subsequent c a s t i n g s .  Molybdenum and boron w e r e  removed 

because t h e s e  elements  w e r e  apparent ly  respons ib le  f o r  

the formation of t h e  embr i t t l i ng  e u t e c t i c  s t r u c t u r e .  

C h r o m i u m  and s i l i c o n  w e r e  added t o  enhance oxida t ion  

r e s i s t a n c e  and as s o l i d  s o l u t i o n  s t rengtheners .  Since 

S i  w a s  found t o  simply d u p l i c a t e  t h e  a c t i o n  of C r ,  it was 

removed and t h e  C r  conten t  w a s  increased from 5 w/o t o  1 0  

w/o. The combination of Z r ,  T i  and C appeared t o  produce 

t h e  d e s i r e d  discrete  p r e c i p i t a t e s ,  so t h e s e  w e r e  re- 

t a ined  i n  t h e  same amounts and proport ions.  O n  a weight 

percent  basis, t h e  r e s u l t i n g  s impl i f i ed  composition of t h e  

next  a l l o y  s tud ied  was: Co - 15 W base - 8 5 % ,  C r -  lo%, 

Z r ,  - 2 % ,  T i  - 2%, and C- 1%. 

Modified Fe - 50 Co Base Alloy 

Modification of t h e  explora tory  a l l o y  composition by 

reduct ion  of T i  conten t  and inc rease  i n  C r  conten t  

e l iminated t h e  l a r g e  s i z e d  T i - r i ch  p r e c i p i t a t e s  i n  t h e  

modified Fe  - 50 Co a l l o y .  A s  show i n  Figure 15 ,  t h e  

s i z e  was more uniform and reduced t o  about 5 microns.  

T h e  l i t e r a t u r e  s t a t e s  t h a t  f o r  a d i spe r s ion  t o  be an 

e f f e c t i v e  s t rengthener  a t  e leva ted  temperatures,  it must 
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have a s m a l l  s i z e  (a l though smaller than  5 microns) ,  

uniform d i s t r i b u t i o n ,  and s m a l l  mean f r e e  pa%h i n  t h e  

ma t r ix  (20 ,43 -46 ) .  Since  t h e  average p a r t i c l e  s i z e  has 

been reduced, t h i s  modif ied a l l o y  w a s  expected t o  e x h i b i t  

b e t t e r  stress r u p t u r e  l i f e  than  t h e  exploratDry a l l o y .  

However, t h e  r e s u l t s  of stress r u p t u r e  t es t s  l i s t e d  i n  

Table V I 1  and  summarized i n  F igure  1 6  show t h a t  t h e  

mod i f i ca t ion  of t h e  Fe - 50 C o  a l l o y  reduced, r a t h e r  than  

improved, t h e  e l e v a t e d  temperature  p r o p e r t i e s .  

S ince  t h e  average p r e c i p i t a t e  s i z e  of 5 microns i n  

t h i s  a l l o y  i s  s t i l l  l a r g e  compared t o  t h e  usua l  s i z e  

range of 0 . 0 1  t o  1 . 0  microns employed i n  o t h e r  d i s p e r s i o n  

hardened materials., an  at tempt  w a s  made t o  decrease  t h e  

p r e c i p i t a t e  s i z e .  This  w a s  undertaken by inc reas ing  t h e  

s o l i d i f i c a t i o n  ra te ,  s i n c e  t h e  ca rb ides  w e r e  p r e c i p i t a t e d  

f r o m  t h e  m e l t .  The cool ing  rate w a s  i nc reasedB and t h e  

c a s t i n g s  s t i l l  p rope r ly  f ed ,  by c h i l l i n g  t h e  bottom of 

t h e  c a s t i n g  wi th  a water-cooled copper block as  shown 

i n  F igure  2-b. Th i s  r e s u l t e d  i n  a p a r t i a l l y ,  bu t  

c e r t a i n l y  no t  completely,  d i r e c t i o n a l l y  s o l i d i f i e d  

s t r u c t u r e  i l l u s t r a t e d  by t h e  macros t ruc ture  i n  F igure  17-d. 

Th i s  type  of s t r u c t u r e  i s  r e f e r r e d  t o  as  d i r e c t i o n -  

a l l y  s o l i d i f i e d  i n  subsequent sections, ,  a l though 

i t  i s  n o t  completely d i r e c t i o n a l  i n  i t s  g r a i n  growth 
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p a t t e r n .  A completely d i r e c t i o n a l  s o l i d i f i c a t i o n  w a s  

on ly  achieved i n  one case t h a t  i s  d i scussed  i n  t h e  l a s t  

s e c t i o n  of t h i s  r e p o r t .  

The use  of t h e  c h i l l  block d i d  achieve a ref inement  

i n  the  s i z e  of t h e  p r e c i p i t a t e s  and, a s  F igure  1 6  shows, 

t h i s  w a s  accompanied by an improvement i n  stress r u p t u r e  

l i f e .  T h i s  improved stress r u p t u r e  l i f e ,  however, w a s  

s t i l l  much lower than  t h a t  of t h e  complex exp lo ra to ry  

a l l o y .  Fu r the r  work w i t h  thLs phase of t h e  s tudy  w a s  

d i scont inued  because a t t e n t i o n  w a s  focused on the  better 

p r o p e r t i e s  of t h e  C o  - 1 5 W  base a l l o y .  

Modified Co - 15 W B a s e  Alloy: Conventionally C a s t  

A prime cons ide ra t ion  i n  t h e  modi f ica t ion  of t h e  

Co - 15 W base exp lo ra to ry  a l l o y  w a s  t h e  e l imina t ion  of 

t h e  lamellar e u t e c t i c  phase s i n c e  t h i s  w a s  c o n t r i b u t i n g  

t o  embri t t lement .  The mod i f i ca t ion  c o n s i s t e d  of s impl i -  

fy ing  t h e  composition by excluding M o ,  B and S i  bu t  

doubling the  C r  con ten t  f r o m  5 w/o t o  1 0  w/o. F igure  18  

shows t h a t  t h i s  mod i f i ca t ion  of t h e  a l l o y  con ten t  success- 

f u l l y  e l imina ted  t h e  lamellar e u t e c t i c  s t r u c t u r e  (compare 

w i t h  t h e  s t r u c t u r e  i n  F igure  11). T h e  r e s u l t i n g  micro- 

s t r u c t u r e  i s  composed s o l e l y  of discrete p r e c i p i t a t e s  

uniformly d i s t r i b u t e d  i n  t h e  ma t r ix  w i t h  an average s i z e  

of 3.5 microns.  
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The r e s u l t s  of stress rup tu re  tests on t h i s  modified 

a l l o y ,  assummarized i n  Figure 1 9 ,  s h o w  t h a t  an improvement 

i n  e l eva ted  temperature p r o p e r t i e s  was real ized.  T h e  

stress f o r  a 100-hour l i f e  a t  1850 F improved by a f a c t o r  

of 1 . 8  from 9 , 0 0 0  p s i  to 16 ,000  p s i .  I n  terms of stress 

rup tu re  l i f e  a t  1 8 5 0  F and 17,500 p s i ,  t h e  improvement i s  

a f a c t o r  of 24 .8- - f rom 1 . 9  hours t o  47  hours.  Figure 1 9  

a l s o  shows t h a t  these p r o p e r t i e s  are comparable t o  those 

of commercial Co-base a l l o y s  a s  t y p i f i e d  by t h e  a l l o y  

S M  3 0 2  ( 4 8 ) .  

The improvement i n  p r o p e r t i e s  may be a t t r i b u t e d  t o  

t h e  combined effects of t h e  inc rease  i n  chromium con ten t ,  

t h e  e l imina t ion  of t h e  e u t e c t i c  phase by removal of t h e  

molybdenum and boron, and t h e  refinement i n  p r e c i p i t a t e  

s i z e  w i t h  t h e  more r ap id  s o l i d i f i c a t i o n .  The d i s p o s i t i o n  

of elements i n  t h e  a l l o y  i s  shown i n  Table VI11 and 

Figures  2 0  and 2 1 .  Except f o r  t h e  absence of segrega t ion  

of elements t o  e u t e c t i c  reg ions ,  t he  d i s t r i b u t i o n  of ele- 

ments among t h e  d i f f e r e n t  phases i s  e s s e n t i a l l y  those of 

t h e  explora tory  a l l o y .  The i n c  eased a d d i t i o n  of C r  has 

p ropor t iona te ly  increased  t h e  amount of  C r  d i sso lved  i n  

t h e  ma t r ix .  T h i s  s t rengthened t h e  mat r ix  and, as  Figure 22 

shows, improved t h e  ox ida t ion  r e s i s t a n c e  considerably,  

A s  i n  t h e  exp lo ra to ry  a l l o y ,  s e r i o u s  s p a l l i n g  of t h e  o u t e r  

scale occurs  whenever t h e  a l l o y  i s  cooled, T h i s  p r o h i b i t s  
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t h e  a l l o y  from being used where thermal f l u c t u a t i o n s  

occur.  

I n  t h e  explora tory  a l l o y ,  t h e  e u t e c t i c  phase f r ac -  

t u r e d  and served a s  regions of weakness, Since C r  and W 

( t oge the r  with M o  and B) w e r e  p r i n c i p a l  elements i n  t h i s  

phase,  t h e  e l imina t ion  of t h e  l ame l l a r  s t r u c t u r e  no t  only 

removed t h e  regions of weakness but a l s o  l i b e r a t e d  some 

amounts of C r  and W an3 improved oxida t ion  r e s i s t a n c e  and 

s o l i d  s o l u t i o n  hardening.. 

Another probable reason f o r  t h e  improvement i n  pro- 

p e r t i e s  i s  t h e  reduct ion  i n  p r e c i p i t a t e  s i z e  from 8 microns 

i n  t h e  explora tory  a l l o y  t o  3.5 microns i n  t h e  modified 

a l l o y .  The refinement i n  p r e c i p i t a t e  s i z e  i s  probably 

a l s o  a d i r e c t  r e s u l t  of t h e  e l imina t ion  of t h e  e u t e c t i c  

phase. Tungsten p r e f e r e n t i a l l y  r ep laces  T i  r a t h e r  than 

Z r  i n  the  carb ide  p r e c i p i t a t e s .  The l i b e r a t i o n  of W from 

t h e  e u t e c t i c  phase made a d d i t i o n a l  W a v a i l a b l e  f o r  replace-  

men t  of both T i  and Z r  i n  t h e  carb ides .  The increased  W 

conten t  i n  t h e  ca rb ides  have changed t h e s e  from MC type  t o  

M2C approximate composition ca rb ides ,  Since t h e  melt ing 

p o i n t s  of t h e  carb ides  of W are lower than those  of t h e  

carb ides  of Z r  and T i ,  tungsten probably lowered t h e i r  

mel t ing p o i n t s  p ropor t iona te ly .  Accordingly,  p r e c i p i t a t i o n  

occurred a t  a l a t e r  s t a g e  o f  t h e  s o l i d i f i c a t i o n  process .  
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Modif icat ion of t h e  composition, as has been d i s -  

cussed, a l ready  r e s u l t e d  t o  some refinement i n  p r e c i p i t a t e  

s i z e .  However, t h i s  s i z e  was much l a r g e r  than those found 

i n  t h e  usua l  d i s p e r s i o n  hardened m a t e r i a l s .  I t  i s  there- 

f o r e  d e s i r a b l e  t o  r e f i n e  t h i s  s i z e  f u r t h e r .  As w i t h  t h e  

Fe - 50 Co base a l l o y ,  f u r t h e r  refinement of p r e c i p i t a t e  

s i z e  w a s  at tempted by c h i l l i n g  the  lower end of t he  

c a s t i n g ,  thereby increas ing  t h e  s o l i d i f i c a t i o n  ra te  and 

providing a degree but n o t  complete d i r e c t i o n a l  s o l i d i f i -  

c a t i o n .  

The r e s u l t s  of stress rup tu re  tests on t h e  d i r e c -  

t i o n a l l y  s o l i d i f i e d  c a s t i n g s  are p l o t t e d  i n  Figure 1 9 ,  

along w i t h  t h e  modified and explora tory  a l l o y  of t h i s  

Co - 15 W base a l l o y .  T h e  stress f o r  a 100-hour l i f e  a t  

1850 F increased from 1 6 , 0 0 0  p s i  t o  1 9 , 0 0 0  p s i  compared 

t o  t h e  convent ional ly  cast  modified a l l o y ;  t h e  stress rup- 

t u r e  l i f e  a t  1850 F and 17,500 p s i  f o r  t h e  d i r e c t i o n a l l y  

s o l i d i f i e d  a l l o y  increased  t o  200  hours.  The stress rup- 

t u r e  l i f e  of t h e  a l l o y  based on t h e  time t o  f r a c t u r e  a t  an 

i n i t i a l  stress of 17,500 p s i  w a s  improved by a f a c t o r  of 

4 .2 .  P a r t i a l  d i r e c t i o n a l  s o l i d i f i c a t i o n  had increased  

t h e  p r o p e r t i e s  of t he  a l l o y  t o  a l e v e l  comparable wi th  

commercial Ni-base a l l o y s  such as IN-100 and MAR M 2 0 0  ( 4 9 ) .  

This  improvement i n  stress rup tu re  p r o p e r t i e s  between 
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conventional and d i r e c t i o n a l l y  s o l i d i f i e d  c a s t i n g s  w a s  

rechecked w i t h  another  set of heats. Stress rup tu re  tests 

on t h i s  second set of  c a s t i n g s  w e r e  i n  good agreement with 

t h e  r e s u l t s  from t h e  f i r s t  set of c a s t i n g s ,  

The d a t a  i n  Table I X  i n d i c a t e s  t h a t  a reduct ion  i n  

p r e c i p i t a t e  s i z e ,  mean f r e e  pa th ,  and secondary d e n d r i t e  

arm spacing occurred with t h e  d i r e c t i o n a l  ca s t ing .  The 

observed improvement i n  stress rup tu re  l i f e  may be e n t i r e -  

l y  from t h e  refinement of these mic ros t ruc tu ra l  f e a t u r e s  

o r  a l s o  t h e  r e s u l t  of t h e  o r i e n t a t i o n  of t h e  p r e c i p i t a t e s  

o r  d i r e c t i o n a l i t y  of  t h e  g r a i n s  w i t h  r e s p e c t  t o  t h e  

appl ied  stress. 

Since t h e  d i r e c t i o n a l  c a s t i n g  involved t h e  use of a 

c h i l l  block, i t s  macrostructure  was p a t e n t l y  d i f f e r e n t  

from t h a t  of t h e  conventional ca s t ing .  The macrostructures  

of these two c a s t i n g s  a r e  exemplified by Figures  17-a and 

17-d. I n  t h e  conventional c a s t i n g ,  t h e  g r a i n s  are rela- 

t i v e l y  l a r g e  and of  a uniform s i z e  throughout t h e  gage 

length.  I n  t h e  d i r e c t i o n a l  c a s t i n g ,  the g r a i n  s i z e  v a r i e s  

from extremely f i n e  a t  t h e  c h i l l  end o f  t h e  gage length  t o  

a s i z e  approximating t h a t  of the  convent ional  c a s t i n g  near  

t h e  riser. The v a r i a t i o n  i n  g r a i n  s i z e  i n  t he  d i r e c t i o n a l  

c a s t i n g  i s  accompanied by a less marked v a r i a t i o n  i n  pre- 

c i p i t a t e  s i z e .  To accomodate these v a r i a t i o n s ,  t h e  m i c r o -  

s t r u c t u r a l  characterist ics w e r e  obtained from as near  t h e  
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middle of the gage length as was possible and thus served 

as average characteristics for the casting. Except for  

these variations in size, the microstructures of the con- 

ventional and directional castings appeared to be iden- 

tical. 

It is well known that fine-grained materials exhibit 

lower creep strength at elevated temperatures than do the 

same materials with a coarse-grained structure (3). The 

opposite behaviour of the fine-grained materials was 

observed in this investigation. Further, the test bars 

rarely fractured at the fine grained end but almost inva- 

riably broke near the center of the gage length in both 

conventionally and directionally cast test bars, 

Static oxidation tests on the two castings were made 

for 71 hours at 1850 F in still air. Even under very slow 

furnace cooling, the oxide scales of the oxidation samples 

spalled off completely. As Table X indicates, the conven- 

tional casting lost 155.8 mg per square centipeter of ori- 

ginal surface area while the directional casting lost 

157.4 mg/sq cm. The difference in oxidation resistance i s  

small and slightly inferior for the directional casting, 

so oxidation resistance could not account for the improved 

properties of the directional casting. 

Examination for microporosity, microshrinkage and 

inclusions other than discrete precipitates was made but 
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could no t  be used t o  r a t i o n a l i z e  t h e  d i f f e r e n c e  i n  proper- 

ties. Inc lus ions  w e r e  no t  observed i n  either c a s t i n g  

apparent ly  because of t he  high p u r i t y  charge m a t e r i a l s ,  

i n e r t  g a s  mel t ing and c a s t i n g  atmosphere, and very l i t t l e  

a t t a c k  on t h e  s t a b i l i z e d  z i r c o n i a  c r u c i b l e s  and investment 

molds. P r e c i p i t a t e s  which broke during gr inding  had a 

tendency t o  be gouged o u t  and form enlarged c a v i t i e s  

during subsequent po l i sh ing ,  making microscopic examina- 

t i o n  f o r  microporosi ty  o r  microshrinkage u n r e l i a b l e .  

Actual d e n s i t y  measurements on t h e  t e s t  bars showed a den- 

s i t y  of 0.3382 lbs/cubic  inch  f o r  t h e  conventional c a s t i n g  

and 0.3388 lbs /cubic  inch  f o r  t h e  d i r e c t i o n a l  c a s t i n g .  

These f i g u r e s  do n o t  o f f e r  any apprec iab le  ind ica t ion  of 

a microporosi ty  d i f f e r e n c e  between t h e  t w o  types  of cas$ings 

and f a i l  t o  expla in  t h e  d i f f e r e n c e  i n  p rope r t i e s .  

T h e  presence of v i s i b l e  su r face  imperfect ions,  such 

a s  p i n  holes ,  on t h e  gage l eng th  w e r e  noted p r i o r  t o  test- 

ing t h e  t e s t  bars .  Af te r  t e s t i n g ,  t h e  l o c a t i o n  of t h e  

f r a c t u r e  su r face  w a s  noted i n  r e l a t i o n  t o  these su r face  

imperfect ions.  Af t e r  s eve ra l  such observa t ions ,  it was 

concluded t h a t  t h e s e  imperfect ions had no r e l a t i o n  w i t h  

the  l o c a t i o n  of the f i n a l  f r a c t u r e  sur face .  A t  any case, 

p inholes  occurred i n  the d i r e c t i o n a l  c a s t i n g s  i n  about t h e  

same frequency as i n  t h e  conventional c a s t i n g s .  

these su r face  imperfect ions could n o t  be held a s  a g r e a t  

Hense, 
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f a c t o r  i n  determining t h e  s t r e n g t h s  of the  cas t ings .  

A closer microprobe examination o f  t h e  t w o  c a s t i n g s  

i n d i c a t e d  t h a t  t h e  d i s t r i b u t i o n  of  elements i n  t h e  d i r ec -  

t i o n a l  c a s t i n g  w a s  p r a c t i c a l l y  t h e  same as t h a t  i n  t h e  

conventional ca s t ing .  The only d i f f e r e n c e  between t h e  

t w o  w a s  t he  apparent  absence of  segregated high chromium 

areas i n  t h e  chromium x-ray image of t h e  d i r e c t i o n a l  

ca s t ing .  S ta t ic  probe a n a l y s i s  of t h e  mat r ixc  l i s t e d  on 

Table V I I I ,  i nd ica t ed  t h a t  t h e  mat r ix  became enriched 

with C r  and W. The r a p i d  s o l i d i f i c a t i o n  apparent ly  sup- 

pressed  t h e  formation of t h e  Cr-rich carb ides  leav ing  more 

C r  and W i n  s o l u t i o n  and f u r t h e r  s t rengthening  i n  the 

matr ix .  The inc rease  i n  t h e  concent ra t ions  of these ele- 

ments are no t  l a r g e  bu t  t h e i r  combined e f f e c t s  w i t h  t h e  

refinement and d i r e c t i o n a l i t y  of mic ros t ruc tu ra l  f e a t u r e s  

probably account f o r  t h e  improvement i n  p r o p e r t i e s  of t h e  

d i r e c t i o n a l  cas t ing .  

E f f e c t  of  Increased Alloying A d d i t h n s  . <  -’ 

Since chromium i s  recognized as the  element prima- 

r i l y  respons ib le  f o r  the oxida t ion  r e s i s t a n c e  of  t h e s e  

a l l o y s  as i n d i c a t e d  by i t s  e f f e c t  on t h e  oxida t ion  o f  

Co - C r  b inary  a l l o y s  i n  Figure 23 ( S O ) ,  a h igher  C r  

conten t  of 20  t o  30 w/o could be expected t o  improve t h e  

ox ida t ion  r e s i s t a n c e  of these a l l o y s  compared t o  t h a t  of 

t h e  1 0  w/o C r  a l l o y .  The preceding d iscuss ions  have 
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i n d i c a t e d  tha t  C r  w a s  a l s o  p a r t l y  respons ib le  f o r  t h e  

s t rengthening  of the  a l l o y  through s o l i d  s o l u t i o n  s t rength-  

ening of t he  matr ix .  The d i r e c t i o n a l  s o l i d i f i c a t i o n  pro- 

cess suppressed t h e  formation of  Cr- r ich  carb ides  thereby 

increas ing  the  C r  a v a i l a b l e  f o r  mat r ix  s t rengthening.  

Accordingly, the  a d d i t i o n  of more C r  would be expected t o  

f u r t h e r  improve s t r eng th .  The inf luence  of C r  on s t r e n g t h  

and ox ida t ion  r e s i s t a n c e  w a s  determined by adding up t o  

2 0  w/o C r  t o  t h e  a l l o y  and comparing t h e  r e s u l t s  w i t h  a 

c o n t r o l  a l l o y  of 1 0  w / o  C r ,  2 w/o Z r ,  2 w / o  T i  and 1 w/o  C. 

To minimize t h e  i n t e r f e r i n g  e f f e c t s  of new phases 

on t h e  eva lua t ion  o f . r e s u l t s  it was d e s i r a b l e  t o  keep t h e  

mat r ix  single-phased. The Co - W - C r  t e rna ry  phase 

diagram a t  room temperature shown i n  Figure 24  (51)  i nd i -  

cates t h a t  it i s  p o s s i b l e  t o  inc rease  C r  conten ts  up t o  

about 25 w/o without forming a second phase of t h e  t e rna ry  

a l loy .  A t  h igher  temperatures,  a h igher  s o l u b i l i t y  i s  

a n t i c i p a t e d .  Because t h e  e f f e c t s  of  complex add i t ions  of 

a l loy ing  e l e m e n t s  on t h e  s o l u b i l i t y  and s o l i d i f i c a t i o n  

characteristics o f  t h e  a l l o y  could n o t  be p red ic t ed  w i t h  

g r e a t  c e r t a i n t y ,  it w a s  decided t o  inc rease  t h e  C r  conten t  

up t o  20  w/o only.  Thus, t w o  o t h e r  sets of d i r e c t i o n a l  

and conventional c a s t i n g s  with C r  conten ts  of 15 w/o and 

2 0  w/o  w e r e  made. Figure 25 shows t h a t  t h e  microstruc- 

t u r e s  of these a l l o y s  remained s i m i l a r  t o  t h a t  of t h e  con- 

t r o l  1 0  w/o C r  a l l oy .  
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The r e s u l t s  of  stress rupture  tests on these  

c a s t i n g s  are summarized and compared with those  of t h e  

c o n t r o l  and commercial a l l o y s  i n  Figure 26. It i s  appa- 

r e n t  t h a t  i nc reas ing  C r  conten ts  y i e lded  imcreasing ele- 

vated temperature p r o p e r t i e s  whether t h e  a l l o y  w a s  cast  

convent ional ly  o r  d i r e c t i o n a l l y .  For a l i f e  of  1 0 0  hours,  

t h e  stresses requi red  t o  rupture  t h e  convent ional ly  cast 

15 w/o and 2 0  w / o  C r  a l l o y s  w e r e  1 7 , 0 0 0  p s i  and 18,500 p s i  

r e s p e c t i v e l y ,  compared t o  16,500 p s i  f o r  t h e  1 0  w/o C r  

a l l oy .  These correspond t o  improvements by f a c t o r s  of 

1 . 0 6  and 1.15 over t h e  c o n t r o l  a l l o y .  Likewise, a t  

17,500 p s i  and 1850 F ,  t h e  stress rup tu re  l i f e  of t h e  

conventional c a s t i n g s  increased  t o  87 hours and 150 hours 

f o r  t h e  15 w/o and 20 w/o C r  a l l o y s ,  r e spec t ive ly .  These 

r ep resen t  improvements by f a c t o r s  of  1.85 and 3.2 over 

t h e  stress rupture  l i f e  of 47 hours of t h e  c o n t r o l  a l loy .  

A s  p rev ious ly  mentioned, d i r e c t i o n a l  s o l i d i f i c a t i o n  

improved t h e  p r o p e r t i e s  of  t h e  c o n t r o l  a l l o y  t o  a l e v e l  

comparable t o  those  of  commercial Ni-base a l l o y s .  When 

d i r e c t i o n a l  s o l i d i f i c a t i o n  w a s  appl ied  t o  t h e  high C r  

a l l o y s ,  t h e  expected improvements w e r e  also r e a l i z e d ,  

Thei r  stress rup tu re  l ives  i n d i c a t e d  t h e s e  t o  be b e t t e r  

than t h e  commercial Ni-base a l l o y s  I N  1 0 0  and MAR M 200. 

A t  25,000 p s i  and 1850 F, t h e  d i r e c t i o n a l l y  c a s t  20 w/o 

C r  a l l o y  had a stress rup tu re  l i f e  of 28 hours;  a t  
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1 5 , 0 0 0  p s i ,  i t s  stress rup tu re  l i f e  w a s  1 , 1 1 0  hours. 

These stress rup tu re  p r o p e r t i e s  are in te rmedia te  between 

those  of t h e  better commercial Ni-base supera l loys  and 

t h e  b e s t  experimental  Ni-base supe ra l loy  a v a i l a b l e  today, 

t h e  TRW VI-A a l loy .  T h i s  l a t te r  TRW a l l o y  had a stress 

rup tu re  l i f e  of 1 , 6 0 0  hours a t  1 5 , 0 0 0  p s i  and 1850 F ( 6 ) .  

W i t h  a dens i ty  of only 0 . 3 3 4  lbs /cubic  inch,  these a l l o y s  

a l s o  have good p r o p e r t i e s  on a s t rength- to-dens i ty  basis, 

a s  may be seen from Figure 27. 

A common complaint wi th  most Co-base a l l o y s  i s  t h e  

cracking o r  s p a l l i n g  of t he  oxide scales during cool ing 

from high temperatures.  I n  t h e  s t a t i c  ox ida t ion  tests,  

t h e  oxide scale of t he  c o n t r o l  a l l o y  s p a l l e d  o f f  complete- 

l y  and n e c e s s i t a t e d  express ing  t h e i r  ox ida t ion  rates i n  

terms of weight loss p e r  u n i t  of o r i g i n a l  s u r f a c e  area. 

I n  o rde r  t o  compare i t s  ox ida t ion  r e s i s t a n c e  d i r e c t l y  

with t h e  o t h e r s ,  t he  r e s u l t s  of t h e  shorter continuous 

weight ga in  tests w e r e  ex t r apo la t ed ,  The e x t r a p o l a t i o n  

showed a weight ga in  of about 30 mglsquare cent imeter  of 

o r i g i n a l  s u r f a c e  area i n  70 hours.  Comparing it w i t h  t h e  

s t a t i c  oxida t ion  test  r e s u l t s  i n  Table X shows t h a t  t h e  

improvement i n  ox ida t ion  resistance i s  p r a c t i c a l l y  pro- 

p o r t i o n a l  t o  the i n c r e a s e  i n  C r  conten t  and t h a t  t h e  

s c a l i n g  behaviour improves wi th  inc reas ing  C r  conten t .  

A t  1 0  w/o C r ,  the  scale w a s  r a t h e r  t h i c k  and s p a l l e d  off  
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completely during cool ing;  a t  15 w/o C r ,  t h e  scale w a s  

t h i n n e r  and more adherent so t h a t  only a & m a l l  f r a c t i o n  

s p a l l e d  o f f ;  a t  20  w/o  C r ,  t he  scale w a s  very t h i n  and 

completely adherent  so t h a t  a f t e r  7 1  hours ,  i t s  ga in  i n  

weight w a s  only 7.69 mg/sq em.  T h i s  improvement i n  oxi- 

da t ion  r e s i s t a n c e  is r e f l e c t e d  i n  t he  continued 'improve- 

ment i n  stress rup tu re  l i f e  w i t h  i nc reas ing  C r  contents .  

It  i s  probable t h a t  both s t r e n g t h  and oxida t ion  resistance 

can be improved f u r t h e r  by f u r t h e r  add i t ion  of C r .  The 

optimum C r  conten t  was n o t  determined i n  t h i s  s tudy and 

is  suggested as a p o s s i b l e  o b j e c t  of a f u t u r e  study. 

For d i spe r s ion  hardened materials, it has been 

shown t h a t  t h e  volume f r a c t i o n  of t h e  phase i s  an impor- 

t a n t  v a r i a b l e  ( 4 5 ) .  With t h e  Z r  and T i  conten ts  f ixed  a t  

2 w/o each, t h e  volume percent  of  carb ide  p r e c i p i t a t e s  i n  

a l l  t h e  a l l o y s  remained a t  about 7 %. An at tempt  t o  in -  

crease p r e c i p i t a t i o n  w a s  made by inc reas ing  the  Z r  and T i  

con ten t s  t o  3 w/o each. The carbon content  w a s  a l s o  in-  

creased t o  1 .5  w/o i n  o r d e r  t o  keep t h e  ( Z r  f T i ) / C  ra t io  

a t  0.76 which, according t o  Ramseyer ( 2 7 ) ,  w a s  an optimum 

value.  These a d d i t i o n s  w e r e  made on 1 0  w/o  and 15  w/o C r  

a l l oys .  Table I X  shows t h a t  t h e  volume of p r e c i p i t a t e s  

indeed increased  t o  about 11 %. However, as Figure 28 

shows, t h i s  i n c r e a s e  took the  f o r m  of inc rease  i n  p rec i -  

p i t a t e  s i z e  rather than  inc rease  i n  number of p r e c i p i t a t e s .  
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Figure 29  shows no inc rease  i n  p r o p e r t i e s  i n  e i ther  t h e  

d i r e c t i o n a l  o r  conventional ca s t ings .  

Since t h e  l a r g e r  p r e c i p i t a t e s  w e r e  T i - r i c h ,  

another  a l l o y ,  where only Z r  w a s  r a i s e d  t o  3 w/o, was 

d i r e c t i o n a l l y  cast. A s  shown i n  Figure 28-b no over ly  

l a r g e  p r e c i p i t a t e s  formed. Figure 2 9  shows t h a t  t h i s  

higher  zirconium a l l o y  exh ib i t ed  poor stress rupture  be- 

haviour.  Apparently,  t h e  b e n e f i c i a l  e f f e c t  of T i ,  Z r  

and C add i t ions  i s  n o t  dependent upon t h e  ( Z r  + T i ) / ’ C  

r a t i o  a lone bu t  a l s o  upon t h e  T i / Z r  r a t i o  and t h e  amounts 

of each element added. T h i s  w a s  n o t  c la r i f ied  i n  t h i s  

study but  i s  suggested as a p o s s i b l e  o b j e c t  of a f u t u r e  

study. 

E f f e c t  of Casting Conditions:  

For any e s t a b l i s h e d  composition, t h e  c a s t i n g  

condi t ion o r  m o r e  s p e c i f i c a l l y ,  t h e  r a t e  of s o l i d i f i c a t i o n ,  

w a s  va r i ed  t o  c o n t r o l  t h e  p r e c i p i t a t e  s i z e .  T h i s  w a s  

va r i ed  by employing a c h i l l  block o r  varying t h e  mold 

temperature.  A l l  t h e  d i r e c t i o n a l  c a s t i n g s  discussed 

previous ly  w e r e  produced w i t h  a mold temperature of  1 6 0 0  

F. To determine t o  what  e x t e n t  t h e  p r e c i p i t a t e s  could 

be r e f i n e d  by t h i s  technique and i t s  c o n c o m i t a n t  e f f e c t s  

on t h e  stress rup tu re  p r o p e r t i e s ,  t h r e e  o t h e r  

d i r e c t i o n a l  c a s t i n g s  w e r e  m a d e  a t  mold temperatures of 
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80 F (unheated mold) ,  1 , 0 0 0  F and 2320 F f o r  t h e  1 5  w/o 

C r  a l l o y .  

The r e s u l t i n g  mic ros t ruc tu res  a r e  shown i n  Figure 

30; and stress rupture  t es t  r e s u l t s  i n  Figure 31. Com- 

par ing  t h e  c a s t i n g s  produced i n  t h e  molds a t  1 0 0 0  F with 

t h e  s tandard  1 6 0 0  F mold previous ly  d iscussed ,  t h e  stress 

rup tu re  l i f e  a t  1850 F and 1 7 , 5 0 0  p s i  i s  increased  by a 

f a c t o r  of almost 2 o r  from 300 hours t o  5 4 0  hours.  This 

c a s t i n g  had a secondary d e n d r i t e  a r m  spacing of 13.4 

microns and about 66  p r e c i p i t a t e s  p e r  l i n e a l  m i l l i m e t e r .  

The c a s t i n g  f r o m  t h e  unheated mold had f i n e r  p r e c i p i t a t e s  

and smal le r  secondary d e n d r i t e  am spacing than  t h e  

c a s t i n g  from t h e  1 0 0 0  F mold bu t ,  a s  qhown i n  Figure 31, 

d i d  n o t  produce any b e t t e r  stress rup tu re  p r o p e r t i e s  

than t h e  c a s t i n g  produced i n  a mold a t  1 6 0 0  F. This 

f a i l u r e  t o  provide improvement i s  probably t h e  r e s u l t  of  

d i s c o n t i n u i t i e s  i n  t h e  c a s t  stress rup tu re  ba r s  r e s u l t i n g  

from t h e  r a p i d  s o l i d i f i c a t i o n  and cool ing i n  t h e  co ld  

mold. Contract ion stresses produced by r e s i s t a n c e  of  

t h e  co ld ,  r i g i d  mold w e r e  l a r g e  enough t o  cause m e t a l  

unsoundness a t  t h e  h o t t e r  end of t h e  cas t ing .  The 

c a s t i n g  design wi th  t h e  s m a l l e r  diameter gage l eng th  

between t h e  t w o  l a r g e r  diameter tapered  g r i p  s e c t i o n s  is 

s u s c e p t i b l e  t o  h o t  t e a r i n g  a t  t h e  junc t ion  of t h e  gage 
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and g r i p  s e c t i o n s  of the tes t  bar .  The m e t a l  unsoundness 

a t  t h i s  l o c a t i o n  r e s u l t e d  i n  h o t  tears i n  2 of t h e  6 test 

ba r s  i n  t he  c l u s t e r  ca s t ing .  The o t h e r  4 tes t  bars w e r e  

sound i n  e x t e r n a l  appearance bu t  f r a c t u r e d  a t  o r  near  

t h i s  l o c a t i o n  during stress rup tu re  t e s t i n g .  

While t h e s e  c a s t i n g s  produced wi th  t h e  1 0 0 0  F 

and 1 6 0 0  F molds are termed d i r e c t i o n a l l y  s o l i d i f i e d  

because of t h e  c h i l l  a t  one end, these tes t  bar c a s t i n g s  

do n o t  e x h i b i t  t h e  usua l  long columnar g r a i n s  found i n  

completely d i r e c t i o n a l l y  s o l i d i f i e d  c a s t i n g s .  T h i s  type 

of g r a i n  could only be obta ined  when the  temperature a t  

t h e  t o p  of the  m o l d  i s  maintained c l o s e  t o  the  melt ing 

p o i n t  of t he  a l l o y  and t h e  thermal g r a d i e n t  from the  

t o p  t o  t h e  bottom of t h e  mold i s  s t eep .  These con- 

d i t i o n s  d i d  n o t  e x i s t  along t h e  e n t i r e  l eng th  of these 

c a s t i n g s  and were not  d e s i r e d  because a slower 

s o l i d i f i c a t i o n  rate would have r e s u l t e d .  

It  w a s  decided t o  s tudy t h e  in f luence  of a com- 

p l e t e l y  d i r e c t i o n a l l y  s o l i d i f i e d  t es t  bar on t h e  

p rope r t i e s .  The elongated g r a i n  s t r u c t u r e  o f  d i r e c t i o n a l  

s o l i d i f i c a t i o n  w a s  ob ta ined  by c a s t i n g  a t  a mold tempe- 

r a t u r e  of  2320 F. The macrostructure  of  t h e  r e s u l t i n g  

c a s t i n g  i s  show i n  Figure 17-e and does conta in  elongated 

g r a i n s  along the gage length.  This type  of g r a i n  s t r u c t u r e  
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w a s  accompanied by marked segrega t ion  of  p r e c i p i t a t e s  

i n t o  i n t e r d e n d r i t i c  zones, however, as i l l u s t r a t e d  i n  

Figure 30-d. With t h i s  s t r u c t u r e ,  wide regions of pre- 

c i p i t a t e - f r e e  mat r ix  w e r e  a l igned  i n  t h e  d i r e c t i o n  of 

stress app l i ca t ion .  When the  c a s t i n g  was loaded, t h e  

p r e c i p i t a t e - f r e e  region y i e lded  a t  r e l a t i v e l y  * l o w  stress 

producing a l a r g e  e longat ion  of 1 7 %  and necking and t h e  

low stress rup tu re  l i f e  of t h e  c a s t i n g  shown i n  Figure 31. 

This r e s u l t  i n d i c a t e s  t h a t  t he  s t r e n g t h  of  t h e  a l l o y  was 

no t  obtained simply by s o l i d  s o l u t i o n  s t rengthening  

e f f e c t s  on t h e  mat r ix  but  requi red  t h e  presence of t h e  

f i n e l y  divided carbide p r e c i p i t a t e s  randomly d i s t r i b u t e d  

i n  t h e  matrix.  

Room Temperature Tens i le  Prope 
of  t h e  C o  - 1 5  W B a s e  Alloys 

The room temperature p r o p e r t i e s  are of  some s i g n i f i -  

cance because b r i t t l e  behaviour of t h e s e  supera l loys  could 

produce problems i n  se rv i ce .  For t h i s  reason, the  room 

temperature t e n s i l e  p r o p e r t i e s  w e r e  determined. The re- 

s u l t s , a s  shown i n  Table X I  f o r  both t h e  convent ional ly  

and d i r e c t i o n a l l y  c a s t  C o  - 15 W base a l l o y s ,  i n d i c a t e  

apprec iab le  s t r e n g t h  but  poor d u c t i l i t y .  T h i s  t a b l e  

inc ludes  t h e  modified a l l o y s  with t h e  better stress rup- 

t u r e  p r o p e r t i e s .  The d u c t i l i t y  i s  repor ted  as reduct ion  
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i n  area because the  b r i t t l e n e s s  of  t he  material made 

it very d i f f i c u l t  t o  ob ta in  accu ra t e  measurement of 

e longat ion.  

The d a t a  i n  Table X I  i n d i c a t e s  t h a t  t h e  room tempe- 

r a t u r e  t e n s i l e  s t r e n g t h  improved s l i g h t l y  w i t h  h igher  

chromium contents .  The t e n s i l e  s t r e n g t h  increased  from 

98,800 t o  112,000 and then t o  1 2 5 , 0 0 0  p s i  as t h e  

chromium content  w a s  r a i s e d  f r o m  1 0  t o  15 and 20  w / o  

r e spec t ive ly .  The improvement i n  s t r e n g t h  w a s  n o t  

accompanied by any s i g n i f i c a n t  change i n  d u c t i l i t y ,  I t  

i s  poin ted  o u t  t h a t  t h e  technique employed i n  t h i s  

s tudy f o r  opt imizing stress rup tu re  s t r e n g t h  would no t  

be expected t o  provide high d u c t i l i t y .  



SUMMARY 

Various types  of congruently melt ing phases w e r e  

modified with elements to: (a) enhance ox ida t ion  

r e s i s t a n c e ;  (b)  provide s o l i d  s o l u t i o n  s t rengthening;  

and (c) produce d i s c r e t e  p r e c i p i t a t e  d i s p e r s i o n s  from 

t h e  m e l t .  For ox ida t ion  r e s i s t a n c e ,  C r ,  A1 and S i  w e r e  

used; Z r ,  T i ,  C and B w e r e  s e l e c t e d  t o  provide carbides 

and borides;  and f o r  so l id  s o l u t i o n  s t rengthening ,  

elements w i t h  high s o l i d  s o l u b i l i t y  i n  t h e  binary elements 

(p re fe rab ly  r e f r a c t o r y  meta ls )  w e r e  s e l ec t ed .  All t h e  

elements w e r e  added a t  t h e  same time thereby producing 

complex a l l o y s .  Based on stress rup tu re  p r o p e r t i e s ,  t h e  

promising high temperature a l l o y s  w e r e  t h e  Fe - 50 Co 

base a l l o y  and t h e  Co - 1 5  W base a l l o y .  

I n  t h e  Fe - 50 C o  base a l l o y ,  ove r ly  l a r g e  

p r e c i p i t a t e s  appeared t o  produce eventua l  rup tu re  of 

t h e  a l l o y  during stress rup tu re  t e s t i n g .  I n  t h e  Co - 
1 5  W a l l o y ,  a e u t e c t i c  s t r u c t u r e  caused embrit t lement.  

A microprobe study of t h e  a l l o y s  r e s u l t e d  i n  t h e  

following determinat ions:  

(1) Molybdenum and boron produced t h e  e u t e c t i c  

s t r u c t u r e  i n  t h e  Co - 15 W base a l l o y .  

(2) Titanium, zirconium, and carbon caused t h e  

d i s c r e t e  ca rb ide  p r e c i p i t a t e s  i n  both a l loys .  

-50- 
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( 3 )  A l l  l a r g e  p r e c i p i t a t e s  i n  both a l l o y s  w e r e  

Ti-r ich.  

( 4 )  C h r Q m i u m  and s i l i c o n  acted s i m i l a r l y  and 

appeared tQ have no s i g n i f i c a n t  roles ab carbide 

s t r eng thene r s  b u t  w e r e  s o l i d  s o l u t i o n  s t r eng thene r s  i n  

both a l l o y s .  

These r e s u l t s  from the  microprobe led t o  the following 

changes i n  composition: 

(1) Titanium w a 6  decreased i n  t h e  Fe - 50 Co 

base a l l o y  t o  reduce the  s i z e  of t h e  large p r e c i p i t a t e s .  

( 2 )  Chromium w a s  increased  i n  both alloys t o  pro- 

duce improved ox ida t ion  r e s i s t a n c e  and s o l i d  s o l u t i o n  

s t rengthening .  S i l i c o n  w a s  e l imina ted  because it simply 

dup l i ca t ed  t h e  a c t i o n  of chromium. 

( 3 )  Molybdenum apd boron w e r e  removed f r o m  the 

Co - 15 W base a l l o y  t o  e l imina te  the d e l e t e r i o u s  

e u t e c t i c  s t r u c t u r e .  

The modi f ica t ions  on t h e  a l l o y  composition w e r e  

succesgfu l  for  t h e  m o s t  p a r t  i n  producing t h e  d e s i r e d  

changes. 

l a r g e  p r e c i p i t a t e s  i n  t h e  Fe - 50  Co base a l l o y  but  the  

stress rup tu re  p r o p e r t i e s  w e r e  n o t  improved. The removal 

Reduction of  t i t an ium content  e l imina ted  t h e  

of molybdenum and boron from t h e  Co - 15 W base a l l o y  

e l imina ted  the  e u t e c t i c  s t r u c t u r e ,  r e f i n e d  the  s i z e  of 

the  d i s c r e t e  ca rb ide  p r e c i p i t a t e s  and g r e a t l y  improved 
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i t s  p r o p e r t i e s  t o  a level  comparable wi th  commercial 

Co-base supe ra l loys .  H o w e v e r ,  t h e  ox id i zed  scale w a s  

t h i c k  and s p a l l e d  o f f  completely on cool ing  from a high 

temperature .  By inc reas ing  t h e  C r  con ten t  t o  20  w / o ,  t h e  

scale became very t h i n  and completely adherent .  The 

stress rup tu re  behaviour a l so  improved t o  make it compar- 

a b l e  t o  commercial Ni-base supe ra l loys .  

D i r e c t i o n a l  s o l i d i f i c a t i o n  was very e f f e c t i v e  i n  

providing f u r t h e r  improvement i n  t h e  stress rup tu re  

behaviour of t h e  a l l o y s .  When d i r e c t i o n a l l y  cast  wi th  a 

mold temperature  of  1 6 0 0  F ,  t h e  Co - 15 W, 2 0  C r ,  2 Z r ,  

2 T i ,  1 C a l l o y  e x h i b i t e d  a stress r u p t u r e  l i f e  a t  1 5 , 0 0 0  

p s i  and 1850 F almost comparable wi th  t h e  TRW VI-A a l l o y ,  

t h e  b e s t  experimental  Ni-base a l l o y .  D i rec t iona l  

c a s t i n g s  poured i n t o  molds a t  l o w e r  temperatures  had 

b e t t e r  stress r u p t u r e  p r o p e r t i e s  b u t  t h e  d i f f i c u l t i e s  of 

producing sound c a s t i n g s  l i m i t e d  t h e  l o w e s t  p r a c t i c a b l e  

investment m o l d  temperature .  C a s t i n g s  w i th  e longated  

g r a i n  s t r u c t u r e s ,  promoted by h ighe r  m o l d  temperatures ,  

showed seg rega t ion  of p r e c i p i t a t e s  t o  i n t e r d e n d r i t i c  

reg ions  r a t h e r  than  t h e  uniform d i s t r i b u t i o n  and produced 

poor stress r u p t u r e  s t r e n g t h .  
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TABLE 1 

COMP,OSE'E:I;ON OE EXELORAICORY .BISARY J4JLLQXG- 

Alloy Melting Crystal Maxiqk 
composition Point ,S truc t u m  SSrlubLlity 

w/o deg G W/Q 

Cr - 20 Mo 
Fe - 65 Ni 
Fe - 22 Cr 
Ti - 30 V 
CO - 15 W 
Fe - 34 Mo 

Fe - 50 Co 

Ti - 47 Cr 

Mn - 10 Fe 

Fe - 30 Ti 
Fe - 45 Cb 
Cr - 15 Si 

1860 

1436 

1507 

1620 

(1500) 

1450 

1480 

1390 

1240 

(1427) 

(1655) 

(1730) 

BCC 

FCC) 250 

BCC 

BCC 

FCC > 800 
FCC> 1425 

FCC + e <  1425 

FCC) 980 
BCC) 730 

ordered BCC < 730 
BCC) 1300 

BCC + TiCr2>675 
HCP + TiCr2< 675 

FCC) 1140 
cubic( 1130 

TiFe2 

CbFe2 

' Cr3Si 

100 

100 

100 

100 

37% w 
37.5% Mo 

100 

100 

100 

Note: Alloys w i t h  melting points in parenkhesis are 
maximum-melting-point type alloys. 
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TABLE 17: 

PROPERTIES O F  ELEMENTS USED ( 5 3 )  

C r y s t a l  Goldschmidt Melting 

a t  degrees Angstrom degrees C 
E l e m e n t  S t r u c t u r e  A t o m i c  R a d i u s  P o i n t  

r, 

A1 FCC 1 . 4 3  

0 . 9 2  

0 . 7 7  

1 . 4 7  

1 . 2 5  

1 . 2 8  

1 . 2 7  

6 6 0  

2 1 0 0  t o  2 2 0 0  

I- 

2 4 5 8  

1 4 9 5  

1 8 7 5  

1 5 3 4  

B 

C 

C b  

co 
BCC 

HCP(400  C 

C r  

Fe 

BCC 

BCC < 9 1 0  
FCC> 9 1 0  
BCC)139 0 

Mn cub ic  Q 1 0 9 5  
BCC > 1133 

1.30 1 2 3 4  

M o  1 . 4 0  

1 . 2 5  

1 . 3 4  

1 . 4 7  

2 6 2 0  

1 4 5 2  

1 4 1 2  

1 6 7 0  

N i  FCC 

cub ic  S i  

HCP < 8 8 0  
BCC > 880 

T i  

BCC 1 . 3 6  

1 . 4 1  

1 . 6 0  

1900 

3 3 8 0  

1 8 5 2  

v 
W 

Zr 

BCC 

HCP < 8 6 5  
BCC > 8 6 5  
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TABLE I11 - 'MELTING STOCK 

Element 

Boron 

Carbon 

Cobalt 

Chromium 

Molybdenum 

N i c k e l  

T i t  an ium 

Tungsten 

Vanadium 

Zirconium 

I ron  

Columbium 

S i l i c o n  

P u r i t y  % 

9 9 . 3 0  

99.9994- 

9 9 . 5  

99.854-  

99.94- 

9 9 , 9  

9 9 . 6 5  

9 9 . 9  

9 9 . 5 0  

9 9 . 8  

9 9 . 9  

9 9 . 5  

9 9 . 6 5  

Form 

-325  mesh 

Spectroscopic  g r a p h i t e  

E l e c t r o l y t i c ,  l"xl"x1/8" 

E l e c t r o l y t i c  

-200 mesh 

E l e c t r o l y t i c  1"xl"x1/8 " 

Sponge 

Powderl 6 micron ave. 

Chips 

Reactor grade sponge 

E l e c t r o l y t i c ,  l f ~ x l " x l / 8 ~ '  

-10 mesh 

Chips 
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TABLE I V  

BASIC COKPOSITION AND HARDNESS OF ARC-MELTED 
BXNARY ALLOYS 

Binary Room Temp. 
weight % Hardness Remarks 

Fe - 30 T i  1 8 . 1  Cracked badly while  cool ing  
down. A l l  i nden ta t ions  
cracked badly. 

lvi - 1 0  Fe 55.0 A l l  i nden ta t ions  cracked 
badly. 

l e  - 4 5  Cb -- Cracked while  cool ing  
down. S p l i n t e r e d  when 
load w a s  appl ied.  

Cr - 15 S i  -- Cracked while  cool ing down. 
S p l i n t e r e d  when load w a s  
appl ied.  

Fe - 37.5 T i  62 .10  Two i nden ta t ions  s l i g h t l y  
cracked. 

Fe - 65 N i  0 Extremely s o f t .  

Fe - 2 2  C r  7.02 

Fe - 50 Co 13.04 

CO - 15 W 22.98 

T i  - 4 7  C r  56.78 One inden ta t ion  s l i g h t l y  

Fe - 34 M o  60.00 
cracked. 

C r  - 20 M o  45.87 Two inden ta t ions  s l i g h t l y  
cracked. 
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TABLE V I I  

RESULTS OF STRESS RUPTURE TESTS AT 1 8 5 0  F I N  AIR 
ON THE E;XPLOW.OBX..AND WDPFIED ALLOYS 

Al loys  C a s t  I n i t i a l  T i m e  t o  
Condi t ion  Stress, Frac ture ,  

p s i  Hours 

Fe - 50 Co convent iona l  1 0 , 0 0 0  52.38 
exp l o  r a t o  r y  12,500 15.20 

12,500 2.30 
15,000 0.29 

Fe - 5 0  Co convent iona l  10,000 3.79 
Modified 15,000 0.25 

Fe - 50 Co d i r e c t i o n a l  10,000 20.69 
modif ied  15,000 0.39 

CO - 1 5  W convent iona l  10,000 57.15 
e x p l o r a t o r y  12,500 11.23 

15,000 4.80 

CO - 15 W convent i o n  a1 15,000 159.36 
modif ied  17,500 61.95 

20,000 14.19 
20,000 9 . 3 1  
25,000 2.15 

CO - 1 5  W d i r e c t i o n a l  15,000 588.63 
modif ied  20,000 60.41 

20,000 89.52 
25,000 11 .90  

N o t e :  A l l  c a s t i n g s  w e r e  made wi th  a mold tempera ture  
of  1,600 F. 
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TABLE X 

6TJLTS OF STATXC OXIDATION TESTS ON THE CO - 15 W f  
2 Zr, 2 T i ,  1 C BASE ALLOYS FOR 71 HOURS AT 

1850 F ZN STXLL AIR 

LO Cr convent ional  f -155.8 Thick, s p a l l e d  
1,608 P msld o f f  complstely 

28 Cr 

11 

I1 

I-  1 4 . 2 6  ~ h i n ,  p a r t i a l a y  
adherent  

f 7.69 Very t h i 2  
adhe rep t 

10 Cr di rec t iona l ,  -157 e 4 Spal led  o f f  
1,600 F mald completely 

!I 15 Cr 4- 1 7 . 6 9  P a r t i a l l y  
adherent  

11 

f 12.93 I! Wisaetional, 
unheatE3cl msld 

I! direct ional  f 
1,000 P moaa I. 13.48 

I! 

0 

.I- 16.74 II di rec t iona l ,  
2,320 F rnQl8 
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TABLE X I  

ROOM TEMPERATURE PROPERTIES O F  THE 
Co - 15 W B a s e  A l l o y s  

A l l o y i n g  e lements  : Dens i ty  : T e n s i l e  : R e d u c t i o n  
added : s t r eng th :  i n  area 
w/o : l b s / i n  : p s i  : % 

A. C o n v e n t i o n a l l y  cast  

1 0  C r ,  2 Z r ,  2 T i ,  1 C 0 . 3 3 8 2  9 8 , 8 0 0  1 . 8  

I t  I I  1 5  C r ,  ( a )  0 . 3 3 5 9  1 1 2  I 000 2 . 2  

2 0  C r ,  0 . 3 3 3 8  1 2 5 , 0 0 0  1 . 9  II II II 

1 0  C r ,  3 Z r ,  3 T i ,  1 . 5  C 0 . 3 3 2 6  9 9 , 2 0 0  1 - 5 0  

1 5  C r ,  0 . 3 2 5 1  1 1 0  I 700 1 . 6  11 II II 

B. D i r e c t i o n a l l y  cast  

1 0  C r ,  2 Z r ,  2 T i ,  1 C 0 . 3 3 8 8  9 8 , 1 0 0  2 . 2  

15 C r ,  (a) 0 . 3 3 4 0  1 0 3 , 3 0 0  1.1 

1 5  C r ,  3 Z r ,  3 T i ,  1 . 5 C  0 . 3 2 9 1  1 2 6 , 5 0 0  2 . 0 0  

II 11 

15 C r ,  3 Z r ,  2 T i ,  1 C ( a >  0 . 3 2 9 6  1 1 0 , 5 0 0  2 . 5 0  

15 C r ,  2 Z r ,  2 T i ,  1 C ( a , b )  0 . 3 2 0 9  -- -- 
II II I1 

It ( c )  0 . 3 3 4 7  1 1 7 , 0 0 0  1 . 0 0  

I' Ca,d)  0 . 3 3 3 0  1 0 5 , 5 0 0  1 . 8 0  I1 I 1  II 

( a )  Melting p o i n t  is  approximately 3 0 2 5  F. 
(b)  Di rec t iona l ly  cast  i n  an unheated m o l d  ( 8 0  F) . 
( C )  
(dl 

I 1  

II II I1 II 11 II II 
a t  a m o l d  temperature of 1 0 0 0  F. 
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TABLE X I 1 1  

RESULTS OF STRESS RUPTUM TESTS AT 1850 F I N  AIR 
ON AS-CAST CO - 15 W BASE ALLOYS 

A l l o y i n g  elements 
added 
w/o 

A. C o n v e n t i o n a l l y  cast a l l o y s ,  

10 C r ,  2 Z r ,  2 T i ,  1 C 

' 15 C r ,  2 Z r ,  2 T i ,  1 C 

20 C r ,  2 Z r ,  2 T i ,  1 C 

1 0  C r ,  3 Z r ,  3 T i ,  1.5 C- 

15 C r ,  3 Z r ,  3 T i ,  1.5 C 

B. Di rec t iona l ly  cast a l lqys  

1 0  C r ,  2 Z r ,  2 T i ,  1 C 

I n i t i a l  
stress, 

p s i  

15,000 
17,500 
20,000 
20,000 
25 I 000 

15,000 
17,500 
20,000 
25,000 

15,000 
17,5QO 
.DO0 

E5,DOO 

15,000 
171500 

22,500 
25,000 

15,000 
17,500 
20,000 
25,000 

20,000 

T i m e  t o  
fracture , 

hours 

159.36 
61.95 
9.31 
14 a 19 
2.15 

332.12 
77.20 
23.88 
3.41 

615.22 
161.84 
54.50 
6.52 

176.01 
37.3 
21.36 
3.32 
1.00 

190.87 
42.15 
13 a 86 
2-05 

L5,OOO 588.63 
20,000 60.41 
20,000 89.52 
25,000 9.17 
25,000 11.90 
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TABLE XIII - C o n t i n u e d  

A l l o y i n g  e lements  I n i t i a l  T i m e  t o  
added Stress, fracture,  

w/o p s i  hours  

B.' D i r e c t i o n a l l y  cast alloys 

15 C r ,  2 Z r ,  2 T i ,  1 C 1 7 , 5 0 0  2 9 0 . 0 8  
2 0 , 0 0 0  7 2 . 0 4  
2 2 , 5 0 0  2 8 . 6 1  
2 5 , 0 0 0  2 5 . 7 7  

2 0  C r ,  2 Z r ,  2 T i ,  1 C 1 5 , 0 0 0  1 1 0 9 . 6 5  
2 0 , 0 0 0  9 3 . 9 3  
2 5 , 0 0 0  2 8 . 0 9  

1 5  C r ,  3 Z r ,  3 T i ,  1.5 C 1 7 , 5 0 0  8 9 . 0 5  

2 2 , 5 0 0  2 1 . 3 9  
2 5 , 0 0 0  5 . 1 5  

2 0 , 0 0 0  3 7 . 7 4  

15  C r ,  3 Z r ,  2 T i ,  1 C 1 5 , 0 0 0  2 1 2 . 3 0  
2 0 , 0 0 0  2 2 . 0 5  
2 2 , 5 0 0  1 1 . 8 4  
2 5 , 0 0 0  2 . 4 6  

1 5  C r ,  2 Z r ,  2 T i ,  1 C ( a )  1 7 , 5 0 0  1 7 2 . 4 8  
2 0 , 0 0 0  7 7 . 6 6  
2 2 , 5 0 0  3 6 . 8 7  
2 5 , 0 0 0  1 2 . 2 5  

15  C r ,  2 Z r ,  2 T i ,  1 C ( b )  1 5 , 0 0 0  3 4 4 - 0 6  
1 7 , 5 0 0  9 2 9 . 8 5  
2 0 , 0 0 0  1 3 0 . 2 9  
2 2 , 5 0 0  4 5 . 8 9  
2 5 , 0 0 0  1 4 . 1 5  

15 C r ,  2 Z r ,  2 T i ,  1 C ( b )  1 5 , 0 0 0  1 4 4 . 5 8  
1 7 , 5 0 0  3 6 , 8 8  
2 0 , 0 0 0  7 . 2 6  
2 5 , 0 0 0  1.12 

( a )  D i rec t iona l ly  cast i n  an unheated m o l d  ( 8 0 F )  
(51 
( C )  

It  

11 11 11 I1 I1 11 
i n  a m o l d  he ld  a t  1 , 0 0 0  F. 

'I 2 , 3 2 0  F. 
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a. Fe - 37.5 T i  XlOO b. Fe - 65 N i  X250 

c. Fe  - 22 C r  XlOO d. Fe - 50 Co X250 

Figure 3 .  Micros t ruc ture  of chi l l -cast  explora tory  
binary a l l o y s .  
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a. C o  - 15 W X250 b. Ti - 47 Cr X250 

X250 c. Fe - 34 Mo X250 d. Cr - 20 Mo 

Figure 4. Microstructure of chill-cast binary alloys. 
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a.  Untested 

Fe - 1 5  W 
b. Tested 

base a l l o y  

c .  Untested d .  Tested 

Fe - 2 2  C r  base alloy 

Figure 5. Microstructure  of explora tory  Fe - 1 5  W 
and Fe - 22  C r  base a l l o y s .  Di rec t ion  of 
appl ied  stress i s  v e r t i c a l .  X250 
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a. Untested 

F igure  6. y Fe - 50 Co 
p l i e d  stress 
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Figure 8. Micros t ruc ture  of a r e a  examined for 
t h e  d i s t r i b u t i o n  of elements i n  t h e  
explora tory  Fe - 50 Co base a l l o y .  
XlOOO 



-83- 

a. I r o n  b. Cobalt  

c. Chromium d e  S i l i c o n  

Figure 9. X-ray images of t h e  Fe, G o ,  C r  and S i  
r a d i a t i o n  i n  t h e  explora tory  Fe - 50 Co 
base a l l o y ,  Br igh t  areas show high con- 
c e n t r a t i o n s  of p e r t i n e n t  elements.  
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a. Carbon b. Titanium 

c. Tungsten d. Zirconium 

Figure 1 0 .  X-ray images of t h e  C, T i ,  W and Z r  
r a d i a t i o n s  i n  t h e  explora tory  Fe - 50 Co 
base a l l o y .  Br ight  areas show high con- 
c e n t r a t i o n s  of p e r t i n e n t  elements.  
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a. Untested 

tory Co-15 W 
lied stress 
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a.  Microstructure  

and x-ray image t h e  
ions  i n  t h e  exp t o r y  

Co-15 W a l l o y .  XlOOO 
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a. S i l i c o n  
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a. Titanium b. Zirconium 

6. Boron d.  Micros t ruc ture  corres- 
ponding t o  B image 

Figure 1 4 .  X-ray images for  t h e  T i ,  Z r  and B r ad ia -  
t i o n s  i n  t h e  explora tory  Co - 15 W base 
a l l o y .  



-89-  

a. Untested b. Tested 

Conventionally cast 

c. Untested d. Tested 

Directionally cast 

Figure 15. Microstructures of conventionally and 
directionally cast modified Fe - 50 Co 
base alloy. Direction of applied stress 
is horizontal. X250 
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a. Untested b. Tested 

Conventionally cast 

c. Untested d. Tested 

Directionally cast 

Figure 18. Microstructure of the conventionally and 
directionally cast Co - 15 W base alloy 
modified with 10 Cr, 2 Zr, 2 Ti and 1 C. 
X250 
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a. Microstructure  XlOOO 

b. Cobalt  c. Chromium 

Figure 20 .  Micros t ruc ture  and x-ray images of the  Co 
and C r  r a d i a t i o n s  i n  t h e  convent ional ly  
cast modified G o  - 15  W base alloy. Bright  
areas i n d i c a t e  high concen t r a t ions  of t h e  
p e r t i n e n t  elements.  



-95- 

a. Tungsten 

b. Titanium c, Zirconium 

Fig 21. X-ray images of the WE Ti and Zr radiations 
i ventionally cast modified Co - 15 W 
b ht areas indicate high con- 
C rtinent elements. 
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- k--+ MINIMUM VALUES 
Cr203 SCALE 

I -ri~ .OOl 

-- - -- 

. 

FIG. 23: FIRST PARABOLIC SCALING CONSTANT VS. ALLOY 
COMPOSITION FOR COBALT CHROMIUM ALLOYS 
HEATED IN AIR (50) 
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a. Conventional b. Directional 

15 w/o Cr content 

c. Conventional b. Directional 

20 w/o Cr content 

Figure 25. Microstructures of conventionally and 
directionally cast Co - 15 W, 2 Zr, 2 Ti 
1 C base a l loys  with 15 w/o and 20 w/o Cr. 
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a, With 3 Zr, 3 Ti, 1.5 C 
conventionally cast 

b. With 15 Cr, 3 Zr 
Directionally cast 
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- - 
with increased Zr, Ti and C contents. 

6. With 15 Cr, 3 Zr, 3 Ti, 
1.5 C; conventionally 
cast 

Fiqure 28 , Microstructures 

d o  With 15 Cr, 3 Zr, 3 Ti, 
1.5 C; directionally 
cast 

of Co - 15 W base alloys 
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a. 80 F m o l d  b. 1000 F m o l d  

c. 1600 F mold d. 2320 F m o l d  

Figure 30. Microstructures of Co - 15 W, 15 Cr, 
2 Zr, 2 Ti, 1 C alloy directionally 
cast at different mold temperatures. 
X250 
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