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A new process  cal led "mechanica l  a l loy ing"  has been developed which produces  homogeneous 
composi te  pa r t i c l e s  with an in t imate ly  d i spe r sed ,  un i fo rm i n t e r n a l  s t r u c t u r e .  Mate r i a l s  fo rmed  
by hot consol idat ion of this  powder achieve the long-sought  combinat ion  of d i spe r s ion  s t r e ng t h -  
ening and age -ha rden ing  in a high t e m p e r a t u r e  al loy.  While the p r oc e s s  is amenable  to making  
a va r i e ty  of al loys,  i ts  f i r s t  use has been to combine  y t t r ium oxide and gamma pr ime  ha rden ing  
in a complex n i cke l -ba se  supera l loy .  Typical  s t r e s s  rupture  p rope r t i e s  a re  40,000 psi for 100 
hr  at 1400~ and 15,000 ps i  for 100 hr at 1900~ together  with exce l len t  sulf idat ion and 
cycl ic  oxidation r e s i s t a n c e .  F r o m  a fundamenta l  standpoint ,  r e su l t s  show that the a g e - h a r d e n -  
ing domina tes  the l o w - t e m p e r a t u r e  s t rength ,  d i spe r s ion  s t reng then ing  domina tes  at high t e m -  
pe ra tu re ,  and the two a r e  augmenta t ive  in the i n t e rmed ia t e  t e m p e r a t u r e  range 1300 ~ to 1500~ 

T H E  use  of ine r t  addit ions to improve  e leva ted  t e m p e r -  
a ture  mechan ica l  p roper t i e s  in me ta l s  was f i r s t  ex-  
ploited in 1910 by W. D. Coolidge 1 in thor ia ted tungs ten .  
The fact that o ther  minor  addi t ions  or " d o p a n t s "  could 
also i n c r e a s e  c reep  r e s i s t a n c e  was soon d iscovered .  
These  m a t e r i a l s  were main ly  des igned for sag r e s i s -  
t ance ,  r equ i r i ng  the s t rength  to support  the i r  own 
weight for v e r y  long t imes  at high t e m p e r a t u r e s .  

The f i r s t  d i spe r s ion  s t reng thened  ma te r i a l  des igned 
as a s t r u c t u r a l  load bea r ing  s y s t e m  was SAP. 2 A d i s -  
pe r s ion  of a luminum oxide f lakes in a luminum confe r red  
s t reng th  in this  sys t em up to the mel t ing  point of the 
a l u m i n u m  mat r ix .  Studies showed s'4 that the s t rength  of 
this m a t e r i a l  i nc r ea sed  with i n c r e a s i n g  volume f rac t ion  
of the oxide and with d e c r e a s i n g  i n t e rpa r t i c l e  spacing.  
The re la t ive ly  low mel t ing  point of a luminum,  however ,  
r e p r e s e n t s  a severe  l imi ta t ion  for  use  at e levated t e m -  
p e r a t u r e s .  This  led to a t tempts  to apply d i spe r s ion  
s t r eng then ing  to higher  me l t ing  point b a s e s  such as  
copper and nickel ,  s In these me ta l s ,  the self  oxides 
cannot be used as they a re  not suff ic ient ly  stable aga ins t  
Ostwald r ipen ing  growth at e levated t e m p e r a t u r e s .  Even 
though the p rob lems  of e s t ab l i sh ing  a fine d i spe r s ion  of 
suff ic ient ly  r e f r ac to ry  oxide in a high mel t ing  meta l  
ma t r ix ,  for  example T,hO2 in nickel ,  were  solved, 6 and 
mechan ica l  working techniques  giving vas t ly  improved  
high t e m p e r a t u r e  s t rength  were  developed, 7 the r e s u l t -  
ing d i s p e r s i o n  s t rengthened me ta l s  were  st i l l  l imi ted  
in the i r  u se fu lness  by the i r  low s t rength  at i n t e rmed ia t e  
t e m p e r a t u r e  and lack of c o r r o s i o n  r e s i s t ance .  

While some success  has been  achieved in producing 
a d i s p e r s i o n  s t rengthened c o r r o s i o n  r e s i s t an t  al loy 
with an 80 Ni-20 Cr  ma t r ix  this  a l loy s t i l l  suffers  f rom 
re l a t ive ly  low in te rmed ia te  t e m p e r a t u r e  c reep  s t rength .  

Hypothet ical ly these shor t comings  could be solved by 
combin ing  the co r ros ion  r e s i s t a n c e  and in t e rmed ia t e  
t e m p e r a t u r e  s t rength  of ~,' p rec ip i ta t ion  hardened n i c -  
k e l - b a s e  supera l loys  with the high t empe ra tu r e  s t r eng th  
and s tab i l i ty  of oxide d i spe r s ion  s t rengthening.  The p r i -  
m a r y  hurdle  to be overcome to make such a m a t e r i a l  is  
the product ion of a d i spe r s ion  of fine r e f r ac to ry  oxide 
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par t i c l e s  less  than 0.1 # in size upon or  within an al loy 
powder par t ic le  in such a m a n n e r  as to lead to i n t e r -  
par t ic le  spacings  of l ess  than 0.5 ~z in a consol idated 
product.  

It is a well known fact that the most  effect ive p rec ip i -  
tat ion hardening e l e m e n t s  in n i c ke l - ba se  a l loys ,  a l u m i -  
num, t i tanium,  and niobium,  a re  eas i ly  oxidized. The i r  
oxidation would r emove  them as p rec ip i ta t ion  ha rdene r s .  
There fore ,  oxygen contaminat ion  mus t  be kept low 
enough to leave suff ic ient  y '  f o r m e r s  in a reduced state 
to give adequate age hardening  for i n t e r m e d i a t e  t e m -  
pe ra tu re  s t rength .  In addition the combina t ion  of effec-  
tive oxide d i spe r s ion  s t rengthening  and prec ip i ta t ion  
harden ing  mus t  be accompl ished  at a r ea sonab le  cost.  

There  a re  four  ma j o r  techniques which have been 
used prev ious ly  to combine oxide d i s p e r s i o n  s t r eng th -  
ening and solid solut ion s t reng then ing  in al loy sy s t ems  
containing r e l a t i ve ly  nonreac t ive  e l emen t s .  A b r ie f  
cons idera t ion  of the na ture  and l imi ta t ions  of each of 
these  techniques  wil l  show why they a r e  not sui ted to 
the task  of producing an al loy containing ~ ' :  

Simple mechan ica l  mixing  involves the use  of a high 
speed blenderS, 9 or  a bal l  m i l l  1~ to coat the sur face  of 
a meta l  or  al loy powder with oxide-powders.  The i n t e r -  
par t ic le  spacing in the consolidated a l loy produced f rom 
these powders is  l imi ted  by the s t a r t ing  meta l  powder 
par t ic le  size.  Powder  s izes  of l ess  than 5 ~t a re  r e -  
qui red  to get suff ic ient ly  fine i n t e r pa r t i c l e  spacings  
even with large mechan ica l  reduct ions  dur ing  conso l i -  
dated and subsequent  working opera t ions .  Powders  
this  fine conta in ing y '  f o r m e r s  such as a luminum and 
t i t an ium are  ve ry  reac t ive  because of the i r  high specific 
sur face  a r e a  and complete  or  nea r ly  complete  oxidation 
of a luminum and t i t an ium can resul t .  

Ignit ion sur face  coating technique 11 involves  mixing 
ma t r ix  alloy powders  with a l iquid solut ion of a sal t  of 
a reac t ive  meta l .  This  mix ture  is  d r ied  and pulver ized  
and the powders a re  heated in an ine r t  or  reducing  en-  
v i ronmen t  conver t ing  the sal t  to a r e f r a c t o r y  oxide. 
This  technique also produces  oxide coated powders 
which have, the re fo re ,  the same  d i sadvantages  as pow- 
de r s  produced by the s imple  mechan ica l  mix ing  t echn i -  
que. In addit ion,  there  is a g r e a t e r  con tamina t ion  p ro -  
b lem because  of the oxidizing potential  of the reac t ion  
products  of the sa l t  decomposi t ion  step.  

In te rna l  oxidation technique 12-17 involves  exposing 
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metal  powders or  thin meta l  s t r i p  containing a di lute  
solid solut ion of a reac t ive  e l emen t  to an oxidizing e n -  
v i r o n m e n t  at e levated t e m p e r a t u r e s .  The reac t ive  e l e -  
ment  is  conver ted to a d i spe r so id  by diffusing oxygen. 

It has been  found e x o e r i m e n t a l l y  17 that the pa r t i c le  
s ize  of the d i sperso id  i n c r e a s e s  with i n c r e a s i n g  depth 
of pene t ra t ion  of the in t e rna l  oxidation front  into the 
meta l .  Very  fine, con tamina t ion -p rone  powders or  ex-  
pens ive  u l t r a - t h i n  s t r i p  a re  r equ i red  to obtain suf f i -  
c ient ly  f ine d i sperso id  par t ic le  s izes .  In the case where  
the a l loy also contains  reac t ive  T ' fo rming  e l emen t s  
such as  t i t an ium and a luminum,  an addit ional  p rob lem 
would a r i s e .  The oxygen potent ia l  could not be r a i s ed  
above the ex t remely  low va lues  r equ i red  to oxidize the 
7t f o rming  e lements  and the oxidation rate  of the de -  
s i r ed  d i spe r so id  fo rming  e l e m e n t s  would be p roh ib i -  
t ively slow. 

Select ive  reduct ion p rocess  s has been used to m a n u -  
fac ture  c o m m e r c i a l  d i spe r s ion  s t rengthened  m a t e r i a l s .  
It involves  producing an in t imate  mixture  of metal  ox-  
ides,  and se lec t ive ly  reducing  the oxides of the m a t r i x  
al loy while leaving the d i spe r so id  unreduced.  If a l u m i -  
num and t i tan ium a re  to be p r e s e n t  in the ma t r ix  al loy,  
the reduct ion  step is  not poss ib le  with gases  because  of 
the s tab i l i ty  of AltOs and TiO2. These  oxides can be 
reduced by the use  of mol ten  a lka l i  and a lkal ine  ea r th  
meta l s .  However, this  in t roduces  two ma jo r  new p r o b -  
lems:  excess ive  growth of the d i sperso id  pa r t i c l es ,  and 
the nece s s i t y  to remove  the reac t ion  product  oxides 
and c a r r i e r  agent,  usua l ly  a sa l t .  

In this  p resen t  inves t iga t ion  a new " m e c h a n i c a l  a l loy -  
ing"  technique has been developed which c i r cu mve n t s  
the prev ious  shor tcomings  and pe rmi t s  the effective 
combinat ion  of oxide d i s p e r s i o n  s t rengthening  and T'  
p rec ip i ta t ion  hardening in n i c k e l - b a s e  supera l loys .  

EXPERIMENTAL PROCEDURE 

Raw M a t e r i a l s  

The raw m a t e r i a l s  used in  this  study were Type 123 
carbonyl  nickel  powder of 4 to 7 ~z par t ic le  size,  c h r o -  
mium powder of -200 mesh  s ize ,  d i spe rso ids  cons i s t ing  
of t ho r ium oxide and y t t r i u m  oxide of 100 to 500/~ p a r -  
t ic le  s i zes ,  and Ni-A1-Ti  v a c u u m - m e l t e d  m a s t e r  a l loy 
c rushed  to powders of --200 mesh  par t ic le  size.  The 
m a s t e r  a l loy powders were  employed to reduce the r e -  
act ivi ty  of a luminum and t i t an ium below that of the i r  
e l emen ta l  powder fo rms .  This  technique is  commonly  
used in py rometa l lu rgy  for the addit ion of volat i le  e l e -  
ments .  The the rmodynamic  ac t iv i t i e s  (part ia l  p r e s -  
su res )  of the reac t ive  e l emen t s  a r e  reduced by f i r s t  
a l loying them with one of the m a j o r  cons t i tuents  o~ the 
alloy. An example is the addit ion of n i c k e l - z i r c o n i u m  
to a mol ten  n i cke l -base  alloy. The m a s t e r  alloy tech-  
nique has also been prev ious ly  employed in powder 
me ta l l u rgy  in the product ion of a l loys  containing a r e -  
act ive component.18 

In the Ni-A1 sys tem,  it has been  shown that the ac t i v -  
ity coeff ic ient  of a luminum is 1.8 • 10 -4 on the n i c ke l -  
r ich  side of the i n t e rme ta l l i c  compound NiA1 at 1800~ 19 
The ac t iv i ty  of a luminum in this  compound is  reduced 
nea r ly  t en- thousand  fold beyond a s imple  Raoul t ' s  law 
di lut ion.  This  effect was used to protect  the a luminum 
and t i t an ium addit ions to the a l loys  in this study by u s -  
ing a compound cons i s t ing  of 65 at.  pct Ni and 35 at. pct 
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of the sum of AI and Ti. Z i r con ium and bo ron  were  
also added as m a s t e r  a l loys .  

Equipment  and P r o c e s s i n g  

The al loy powders  produced in this  s tudy were  p ro -  
cessed  in Model 1-S and 10-S Szegvari  A t t r i t o r  Gr inding 
Mil ls  *z~ des igned for paint and ink product ion.  These  

* Registered Trademark of Union Process, Inc. 

mach ines  a re  high energy d r iven  bal l  m i l l s  in  which the 
charge of ba l l s  and powder is  held in a s ta t ionary ,  v e r -  
t ical ,  water  cooIed tank and agitated by i m p e l l e r s  r a d i -  
at ing f rom a ro ta t ing  cen t ra l  shaft. 

The a t t r i t o r  charge  consis ted  of 10 kg of powder with 
175 kg of +0.6 cm nickel  pel le ts .  Unless  o therwise  spe-  
cified, batches  were  p rocessed  at 132 r pm for  40 hr  in 
a sealed a i r  a tmosphere .  After  s c r e e n i ng  to remove  
the coarse  +45 m e s h  pa r t i c l es ,  the r e m a i n i n g  powder 
was packed in s tee l  ex t rus ion  cans,  evacuated to l e s s  
than 0.01 # at 750~ and sealed by fus ion welding. The 
powders were  consol idated by hot ex t rus ion  in a con-  
vent ional  750 ton ex t rus ion  p re s s  at t e m p e r a t u r e s  of 
2150~ or  below with ex t rus ion  ra t ios  of 12:1 or g rea t e r .  

Unless  o therwise  stated spec imens  were  heat t rea ted  
as  follows: 2 hr  at  2325~ in argon,  a i r  cool;  7 hr  at 
1975~ in a i r ,  a i r  cool; 16 hr  at 1300~ in a i r ,  a i r  cool. 
The f i r s t  t r e a t m e n t  was for homogeniza t ion  and gra in  
growth while the l a s t  two t r e a t m e n t s  were  convent ional  
n i cke l -base  supe ra l loy  solut ion and aging t r e a tmen t s .  

Standard techniques  were  employed in meta l lographic  
spec imen  p repa ra t ion .  Elevated t e m p e r a t u r e  t ens i l e  
and s t r e s s  rup tu re  t e s t s  were  pe r fo rmed  in  a i r  acco rd -  
ing to ASTM speci f ica t ions  E21-66T and E139-66T. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Resul t s  and t he i r  d i scuss ion  fall  5nto two in t e r r e l a t ed  
ca tegor ies :  evaluat ion  of the mechan ica l  a l loying  p ro -  
cess ,  and c h a r a c t e r i s t i c s  of the r e su l t i ng  d i spe r s ion  
s t rengthened,  p rec ip i ta t ion  hardened supe ra l loys .  

Mechanica l  Alloying P r o c e s s  

The d i spe r s ion  s t rengthened  al loys for  this  study 
were  made by the dry ,  high energy mechan ica l  a l loying 
technique.  The key fea tu res  of this p r o c e s s  a re  the high 
energy mi l l ing  and the omiss ion  of any sur face  act ive 
agent other  than the a i r  sealed into the a t t r i t o r  tank 
with the charge.  This  prac t ice  ac tual ly  p romotes  p a r -  
t icle welding in c o n t r a s t  to convent ional  me ta l  bal l  m i l -  
l ing p rac t i ces  in  which welding is inhibi ted  by use  of 
l iquids and su r fac tan t s .  

The na ture  of the mechanica l  a l loying p roces s  can 
bes t  be unders tood  by re fe rence  to the i n t e rna l  s t r u c -  
t u re s  of powder pa r t i c l e s  p rocessed  for va r y ing  lengths 
of t ime with all  o ther  p rocess ing  condi t ions  held fixed. 
In o r de r  to i I l u s t r a t e  the ra te  of deve lopment  of the 
composi te  pa r t i c l e  s t ruc tu re ,  batches  of powder were  
p rocessed  for  s ix t ime  in te rva l s  f rom 1.5 to 40 hr  du ra -  
tion. Pho tomic rographs  or ig ina l ly  taken at 250X of 
samples  of powder f rom these ba tches  a r e  shown in 
Fig. 1. Fig.  l(a) shows the s t ruc tu re  of powder p roce s -  
sed for 1.5 hr .  Note that the format ion  of composi te  
meta l  pa r t i c l e s  has  begun. Many of these  pa r t i c l e s  a re  
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Fig. 1--Structures of composi te  powders  pro-  
c e s s e d  for  va r ious  t imes  in a 1O-S a t t r i t o r  
opera ted  at  132 rpm. Ball charge :  175 kg of 
+.6 cm nickel  pel le ts ;  10 kg of powders .  (a) 
1.5 h r ;  (b)3.5 h r ;  (c)9.5 hr ;  (a3 20 hr ;  (e)30 hr ;  
(f) 40 hr .  Magnification 163 t imes .  

(a) (e) 

(2 

l a r g e r  t h a n  t he  c o a r s e s t  s t a r t i n g  m a t e r i a l s  w h i c h  w e r e  
74 /~ in  s i z e .  U n p r o c e s s e d  p a r t i c l e s  of  t h e  m a j o r  c o n -  
s t i t u e n t s  a n d  t he  p r e s e n c e  of  p r o c e s s e d  f r a g m e n t s  

within the composite particles can be identified. Ex- 
amples of these features are labeled in Fig. l(a). Un- 
processed nickel is identified by its small size and rela- 
tively equiaxed cross section. The larger, single-phase, 
light particles are unprocessed chromium. The master 
alloy powders can be identified by the fact that they are 
two-phased. Within the composite particles the chro- 
mium fragments stand in strong relief against the light 
gray nickel matrix. The darker phase of the master 
alloy can also be seen. 

The dispersoid which was added in the amount of 2.5 
vol pct cannot be detected in these photomicrographs. 
This oxide was formed by the thermal decomposition 
of a less stable compound of the reactive metal. The 
decomposition product consisted of very fine 100 to 
500]k oxide crystallites arranged in tightly agglomerated 
pseudomorphs having the approximate size and shape 
of the compound particles prior to calcination. These 
agglomerates, originally up to 20 # in size, have been 
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suff ic ient ly  broken apar t  by the mechanica l  al loying 
p roces s  that the r e su l t ing  u l t r a f ine  oxide c rys t a l l i t e s ,  
d i s t r ibu ted  along weld in t e r f aces  within the ma te r i a l ,  
cannot be resolved by the opt ical  microscope .  

With i n c r e a s i n g  p rocess ing  t ime  the s t ruc tu re  of the 
composi te  pa r t i c l e s  becomes  m o r e  uni form,  i ts  s t r i -  
ated na tu r e ,  as de l ineated  by the ch romium plate te ts  
becomes  more  apparen t  and unp roces sed  powders a r e  
l e s s  plent i ful .  The shape of the ch romium f ragments  
then becomes  more  equiaxed than at shor t e r  t imes  and 
both the spacing and the size of the f r agments  a re  much 
s m a l l e r .  

After  20 hr  of p rocess ing ,  see  Fig. l(d), no large  
ch romium f ragments  are  p r e s e n t  within the composi te  
pa r t i c l e s .  The s t r u c t u r e s  of both large and smal l  c o m -  
posite pa r t i c l e s  a re  s i m i l a r .  With fur ther  p rocess ing  
an i n c r e a s i n g  proport ion of the ch romium f ragmen t s  
within these  par t i c les  become reduced in size below 
the r e so lv ing  power of the opt ical  microscope ,  about 
0.5 ~. Powders  p rocessed  for 40 hr,  see Fig. l ( f ) ,  and 
longer  a re ,  therefore ,  r e l a t ive ly  f ea tu re le s s .  It is  l ikely ,  
however ,  that r e f inemen t  of the s t ruc tu re  cont inues  
with i n c r e a s i n g  p rocess ing  t ime  but on a level  below 
that of opt ical  resolu t ion .  

The mechan ica l  a l loying p r o c e s s  involves the welding 
of the va r i ous  powder cons t i tuen ts  to the gr inding charge  
pel le ts .  An i r r e g u l a r  welded l a y e r  is bui l t  up which 
cons tant ly  flaked off the ba l l s ,  f ragmented  and rewelded.  
At each of these  weld- f lak ing  cyc le s  of the p rocess  the 
d imens ions  of the cons t i tuent  f r agmen t s  a re  reduced 5 
to 10 fold in the i r  s m a l l e s t  d imens ion .  Fig. 2 shows a 
sect ion through a bal l  wi thdrawn at an in t e rmed ia t e  
stage in the process .  Note the welded composi te  l a ye r  
and the n ickel  bal l  beneath.  

When the p rocess ing  of a batch is  complete,  a va lve  
on the bot tom of the a t t r i t o r  is  opened and the machine  
is  run unt i l  the en t i re  batch has been dewelded and 
dra ined .  

The rapid homogenizat ion of s t r uc tu r e  obtained in 
the high energy  a t t r i t o r  can be cont ras ted  with the ra te  
of p roces s ing  in a convent ional  ba l l  mi l l .  The s t r u c -  

l u r e s  developed in the conventional ,  low energy ,  15.25 
cm d iam bal l  mi l l  opera t ing  dry  at 80 r p m  under  s t and-  
ard condit ions of a 3- to-1  ba l l - t o -powder  rat io and 
with a higher  6 - to -1  ba l l - to -powder  ra t io  for  32 and 
125 hr  a re  shown in Fig. 3. 

The s t ruc tu re  of powders of the y t t r i a t ed  supera l loy  
composi t ion p roces sed  for 32 hr  with a 3 - to -1  b a l i - t o -  
powder ra t io  a re  shown in Fig  3(a). Most of the m a t e r i a l  
is  unchanged f rom i ts  s t a r t ing  size.  Within the few ag-  
g lomera tes  which occur  even the o r ig ina l  n ickel  p a r t i -  
c les  can be ident i f ied by out l ines  of r e f r a c t o r y  oxide 
pseudomorph f r a g m e n t s  n e a r  the revolv ing  power of 
the optical  m ic roscope  in s ize,  see c i r c l ed  a r ea  in Fig.  

(a) 

Fig. 2---Surface of sectioned nickel pellet showing welded com- 
posite layer. Magnification 260 times. 

Fig. 3--Structures of composite powders processed for various 
times in conventional ball mill operated at 80 rpm. Area of 
nickel particles outlined by oxide pseudomorph fragments is 
circled in (a). (a) 32 hr, 3-to-1 ball-to-powder ratio; (b) 125 
hr, 3-to-1 baH-to-powder ratio; (c) 32 hr, 6-to-1 ball-to- 
powder ratio; (d) 125 hr, 6-to-1 ball-to-powder ratio. Magni- 
fication 240 times. 
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(c) 

Fig. 3 - C o n t i n u e d  (d) 

3(a). These  nickel  pa r t i c l e s  a r e  re la t ive ly  equiaxed in 
shape. The bal l  mi l led  agg lomera t e s  a re  eas i ly  broken  
apar t  by a V icke r s '  m i c r o h a r d n e s s  indentor  with a 100 
g load while composi te  pa r t i c l e s  p rocessed  40 hr  in 
the a t t r i t o r  withstood at leas t  a 500 g load. These o b s e r -  
vat ions  suggest  that the agg lomera t e s  f rom the conven-  
t ional  ba l l  mi l l  a re  held together  by weak mechanica l  
in te r lock ing  r a the r  than by cold welding typical  of high 
energy milling. 

Powder processed for 125 hr in a 15.25 cm ball mill 
with a 3-to-I ball-to-powder ratio, see Fig. 3(b), does 
show evidence of welding and has an appearance simi- 
lar to powder processed for 1.5 hr in the attritor, see 
Fig. l(a). 

Batches of yttriated superalloy powder were also 
processed in a 15.25 cm ball mill with a higher 6-to-1, 
ball-to-powder ratio. The structure of powders pro- 
cessed for 32 hr is shown in Fig. 3(c). While a few 
welded composite particles are present, the majority 
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of the powder is  unp r oc e s se d  and the s t r u c t u r e  is  l ess  
homogeneous than that of powder p r oc e s se d  for  1.5 hr 
in the a t t r i to r .  Af ter  125 hr  of p roces s ing  in a bal l  mi l l  
with a 6- to-1  b a l l - t o - p o w d e r  ratio,  see Fig.  3(d), the 
s t r uc t u r e  is approx imate ly  equivalent  to that of powders 
p rocessed  for 3.5 hr  in the a t t r i to r ,  see Fig.  l(b).  It i s  
c l ea r  that an e x t r e m e l y  long t ime would be r equ i r ed  to 
obtain the des i r ed  homogenei ty  with convent ional  ball  
mi l l ing  if, in fact,  such mi l l ing  would eve r  r e s u l t  in 
sui table  powders.  

These d i f fe rences  in p rocess ing  r a t e s  in an a t t r i t o r  
and a convent ional  ba l l  mi l l  a re  d i rec t ly  re la ted  to the 
re la t ive  eff iciency of the mi l l s  and the energy  input 
ra te  achieved in the two mi l l s .  The m a x i m u m  opera t ing  
speed of a convent ional  ba l l  mi l l  is a funct ion of the 
d i ame te r  of the mi l l .  Centr i fugal  pinning of ba l l s  and 
powders occurs  at higher  rota t ion speeds,  e2 The a t t r i -  
tor ,  in which the ene rgy  is  impar ted  to the ba l l s  by the 
passage of ro ta t ing  i m p e l l e r s  through the bal l  charge 
and not by ro ta t ing  the en t i re  machine ,  can be run at 
espec ia l ly  high speeds .  For  example,  the c r i t i c a l  speed 
for a 40.6 cm d iam bal l  mi l l  is  about 63 r pm and such 
a mi l l  would n o r m a l l y  be run  at 43 rpm.  A 40.6 cm 
diam a t t r i to r  is  typ ica l ly  operated at speeds  between 
125 and 185 rpm.  

In the foregoing,  the mechanica l  a l loying p roces s  
has been re la ted to the phenomenon of cold welding,  a 
p rocess  long used to join me ta l s  on the macroscop ic  
scale ,  z~ It is  known that a t rue  me ta l l u rg i ca l  bond is 
formed when two pieces  of meta l  sheet  which have been 
cleaned of g rease  and g ross  oxides a re  placed together  
and c o m p r e s s i v e l y  deformed to t rue s t r a i n s  in  excess  
of 1.0. This is  demons t r a t ed  by the fact that fa i lu re  of 
the welded pieces  occur s  by t ea r ing  of the paren t  meta l  
r a the r  than sepa ra t ion  at the weld in te r face .  It is  also 
known that a mi ld  coating or  welding act ion can occur  
in conventional  ba l l  mi l l ing  and this fact is  employed 
in the product ion of tungs ten  ca rb ide -coba l t  m a t e r i a l s .  24 
However,  the degree  to which the phenomen occurs  in 
t u n g s t e n - c a r b i d e - c o b a l t  production is  s l ight  and the 
p rocess ing  t imes  requ i red  a re  very long. 

The re la t ive  ease  of welding an al loy in bal l  mi l l ing  
can be es t imated  by the ease  of cold welding sheet  of 
the same ma t e r i a l .  This  in tu rn  is a funct ion of the 
ra t io  of the mi l l ing  t e m p e r a t u r e  to the me l t ing  point 
of the ma te r i a l .  It can be shown that low mel t ing  meta l s  
such as lead and a l u m i n u m  can be cold welded ve ry  
eas i ly  at room t e m p e r a t u r e  and that they also demon-  
s t ra te  a great  tendency to weld dur ing  convent ional  
mi l l ing .  However,  h igher  mel t ing  point me ta l s  such as 
copper,  i ron,  and nickel  a re  much more  diff icul t  to cold 
weld in macroscop ic  form,  r equ i r ing  5 to 20 t imes  as 
much energy input  per  weld as a luminum and lead. 
S imi la r ly ,  they cannot  be welded at r ea sonab le  r a t e s  
in a convent ional  ba l l  mi l l ,  but can be read i ly  welded 
in a high energy mi l l .  

A un i fo rm fine d i s p e r s i o n  of r e f r ac to ry  oxide p a r t i -  
c les  can be es tab l i shed  by the mechanica l  a l loying p ro -  
cess  within r e l a t ive ly  coarse  composi te  powder pa r t i -  
c les  containing reac t ive  e lements  such as a luminum 
and t i t an ium while l imi t ing  oxygen con tamina t ion  to 
acceptable  levels .  Coarse  e lementa l  and pa r t i a l ly  p r e -  
alloyed powders,  which a re  stable and r e l a t ive ly  inex-  
pensive,  can be employed to produce mechan ica l ly  
alloyed pa r t i c l es ,  chemica l ly  homogeneous on a sub-  
mic ron  scale .  The spacings  of composi t ional  va r i a t ions  
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Table I. Compositions of Experimental Dispersion Strengthened 
Nickel-Base Superalloys 

Alloy C AI Ti Cr Mo Nb Zr B ThO2 Y203 A1203 

A 0.061 0.92 2.46 20.4 0.029 0.005 - 1.22 0.37 
B 0.049 0.96 2.77 18.7 0.09 0.003 - 1.33 0.99 
C 0.056 0.90 2.33 20.6 0.065 0.005 - 1.22 0.83 
D 0.055 0,74 2.10 19.0 0.025 0.002 2.71 - 1,30 
E 0.069 4.19 0.82 10.4 3.0 1.6 0.03 0.007 3.00 - 1,38 

a re  ac tua l ly  less  than those found in many cas t ings .  
The d i spe r s ion  of all  the oxides p resen t  including any 
poss ib le  con taminan ts ,  is  v e r y  fine and is achieved in 
a r e l a t i ve ly  short  t ime.  

D i spe r s ion  Strengthened Superal loys 

Nothing in the preceding  cons ide ra t ion  of the m e c h a n -  
ical  a l loying mechan i sm sugges ts  that it is  r e s t r i c t e d  
to any p a r t i c u l a r  alloy base .  While a wide va r i e ty  of 
products  can be made with this  p rocess ,  we shall  con-  
cen t ra te  here  on thor ia ted and y t t r ia ted  n i cke l -base  
supera l loys .  The composi t ions  of some of the s u p e r -  
a l loys  which have been produced by the mechanica l  
a l loying p roces s  are  given in Table  I. 

dominant ly  ThO2 and Alg)~. The ma jo r i t y  of these p a r -  
t ic les  a re  f ine r  than 1000A and a re  well  within the 
range requi red  for  d i spe r s ion  s t rengthening .  

P r o p e r t i e s  

The s t r e s s  r up t u r e  p roper t i e s  of typical  y~triated 
supera l loys  A and B at  t e m p e r ~ u r e s  of 1200 ~ 1400 ~ 
1500 ~ 1700 ~ and 1900~ are  shown in Fig.  6. The 
s t r e s s  rupture  p rope r t i e s  of thor ia ted supe ra l loy  D at 
t e m p e r a t u r e s  of 1200 ~ 1500 ~ 1700 ~ 1850 ~ and 2000~ 
are  shown in Fig.  7. It is  i n t e r e s t i ng  to note that the 
s lopes of the s t r e s s  rup ture  plots at h igher  t e m p e r a -  
tu res ,  1900 ~ and 2000~ a re  less  than at lower t e m -  
pe ra tu re s ,  1200 ~ and 1400~ This is  in d i r ec t  con t ras t  
to the case for convent ional  n i cke l -base  supera l loys  

S t ruc tu re  

Typica l  longitudinal  and t r a n s v e r s e  m i c r o s t r u c t u r e s  
of the y t t r ia ted  supera l loy ,  Alloy A, Table I, a f ter  ex-  
t ru s ion  and heat t r e a tmen t  a r e  shown in Fig.  4. The 
heat t r e a t m e n t  cons is ted  of a g r a in  coarsen ing  annea l ,  
2 hr  at 2325~ solution t r ea tmen t ,  7 hr at 1975~ and 
aging, 16 hr  at 1300~ The g ra in  s t ruc tu re  of the d i s -  
pe r s ion  s t rengthened supe ra l loys  in the par t ia l ly  and 
fully heat  t rea ted  condit ions cons i s t s  of elongated 
cy l indr i ca l  g ra ins  of ve ry  i r r e g u l a r  c ros s  sect ion.  The 
long axes  of the g ra in s  a re  pa r a l l e l  to the ex t rus ion  ax is  
of the b a r .  Such elongated s t r u c t u r e s  have p rev ious ly  
been shown to give supe r io r  e levated t e m p e r a t u r e  p r o -  
pe r t i e s  in d i spe r s ion  s t reng thened  m a t e r i a l s f l  ~ This  
has also been found to be t rue  of the d i spe r s ion  s t rength-  
ened supera l loys  cons idered  in this  invest igat ion.  

Very l i t t le  e lse  of the s t r u c t u r e  of the heat t rea ted  
al loy is  revea led  by optical  mic roscopy .  The y '  and 
YaOa a re  too fine to be re so lved  and only the ca rb ides  
or  occas iona l  coarse  con taminan t  oxides a re  v i s ib le .  

E l e c t r o n  mic rog raphs  r evea l  the copresence  of oxide 
and ~ '  c l ea r ly .  Fig.  5 shows the s t ruc tu re  at 4950X of 
a longi tudinal  sect ion of d i s p e r s i o n  s t rengthened s u p e r -  
al loy E,  heat  t rea ted  by annea l ing  4 hr  at 2250~ fo l -  
lowed by a furnace  cool. Example s  of the m i c r o s t r u c -  
tu ra l  f ea tu re s  are  labeled.  Note the gra in  boundary  
A-A '  runn ing  diagonal ly a c r o s s  the photograph. The re  
appears  to be both carbide  and ~ '  precipi ta ted  at this  
boundary .  Because  of the h igher  a luminum content  of 
this  al loy,  see Table  I, and the furnace  cooling t r e a t -  
ment ,  the ~ '  is  p resen t  as  coa r se  i r r e g u l a r  pa r t i c l e s  
as well  as  a fine secondary  prec ip i ta te .  The r e m a i n i n g  
d i s p e r s i o n  composed of ThO2, AlaO3, and carbide  p a r t i -  
c les  is  mos t  eas i ly  d i s t inguished  within the coa r se  y' 
par t i c l e s .  The l a r g e r  of these  d i sperso id  pa r t i c l e s  a r e  
probably  MC carb ides  and have s i zes  up to 3000/~. The 
f iner  pa r t i c l e s  with s izes  down to at leas t  100.~, the 
l imi t  of reso lu t ion  of the rep l i ca t ion  technique,  a re  p r e -  
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(a) 

~) 

Fig. 4-Extruded yttriated superalloy (alloy A, Table I). Heat 
treated: 2325~ hr/AC, 1975~ hr/AC, 1300~ hr/AC. 
(a) Longitudinal section; (b) transverse section. Magnifica- 
tion 104 times. 
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Fig. 6-Results of s tress rupture tests performed on yttriated 
superalloys A and B. 

Fig. 5--Electron photomicrograph of surface replica of com- 
plex thoriated superalloy (alloy E, Table I). Extruded and 
heat treated 4 hr at 2250~ followed by a furnace cool. Mag- 
nification 4950 times. 

where the s lopes of the s t r e s s  rup ture  plots i n c r e a s e  
with i n c r e a s i n g  t empe ra tu r e .  This  unusua l  behavior  
immed ia t e ly  suggests  that m o r e  than one s t reng then ing  
m e c h a n i s m  is  operat ing.  The e longat ions  at rup ture  
for both y t t r i a ted  and thor ia ted  supera l loys  ranged 
f rom 1 to 10 pct, the ma jo r i ty  of the va lues  being b e -  
tween 2.5 and 7.5 pct. 

In o r d e r  to compare  the p r o p e r t i e s  of these a l loys  
with convent iona l ly  produced m a t e r i a l s ,  the 100-hr 
rup ture  s t r e s s e s  of y t t r ia ted  and thor ia ted supera l loys  
a re  plotted as a function of t e m p e r a t u r e  in Figs .  8 and 
9. The 1000-hr  rup ture  s t r e s s e s  of y t t r ia ted  s u p e r -  
al loys a r e  plotted as a function of t e m p e r a t u r e  in Fig.  
10. Also included 2e a re  typical  va lues  for  TD Nickel,* 

*Registered Trademark of Fansteel, Metals Division. 

a comrr lerc ia l  d i spe r s ion  s t reng thened  ma te r i a l ,  and 
NIMONIC *80A, a c o m m e r c i a l  n i cke l -ba se  supera l loy  

*Registered Trademark of The International Nickel Co., Inc. 

with a composi t ion  s i m i l a r  to the ma t r ix  composi t ion  
of the expe r imen ta l  d i spe r s ion  s t rengthened supera l loys .  

The p r e sence  of the two s t r eng then ing  r eg ime s  in 
d i s p e r s i o n  s t rengthened n i cke l -ba se  supera l loys  is  
s t r ik ing ly  demons t r a t ed  in Figs .  8 and 9. At t e m p e r a -  
t u re s  below 1500~ both the y t t r i a t ed  and thor ia ted 
supe ra l loys  a re  s t r onge r  than thor ia ted  nickel  and fo l -  
low the curve  for  7 '  s t rengthened  NIMONIC 80A v e r y  
c lose ly .  At t e m p e r a t u r e s  above 1500~ the 100-hr  
rup ture  s t r e s s  curves  of the y t t r i a t ed  and thor ia ted  
supe ra l loys  a re  pa ra l l e l  to that of thor ia ted  (TD) n ickel .  
The apparen t  supe r io r i ty  of the y t t r i a ted  supera l loy  
over  the thor ia ted supera l loy  at t e m p e r a t u r e s  above 
1500~ is  probably  due to d i f f e rences  in p roces s ing  
r a the r  than to d i f fe rences  in d i spe r so id  identi ty.  These  
r e su l t s  a lso show that y t t r i um oxide, a nonradioac t ive  
oxide, i s  as sui table  a d i spe r so id  in a complex alloy 
base  as thor ium oxide. 
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Fig. 7--Results of stress rupture tests performed on thoriated 
superalloy D. 
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Fig. 8--Stress for 100 hr life in yttriated superalloys as a 
function of temperature. 

An addit ional  fea ture  of the d i spe r s ion  s t rengthened  
supera l loy  is seen in Fig. 10. Because  the s t r e s s  rup -  
ture  curves  of the d i spe r s ion  s t rengthened  supera l loy  
a re  f la t te r  than those of convent ional  supe ra l loys  at 
i n t e rmed ia t e  t e m p e r a t u r e s  such as  1400~ it  follows 
that the d i spe r s ion  s t rengthened  supera l loy  is  s ign i f i -  
cantly s t ronge r  than e i ther  TD Nickel o r  NIMONIC 80A 
at longer  t imes ,  such as 1000 hr.  The effects  of d i s p e r -  
s ion s t reng then ing  and prec ip i ta t ion  ha rden ing  appear  
to augment  each o ther  at long t imes  in this  t e m p e r a -  
ture  range.  

Tens i l e  p rope r t i e s  of y t t r ia ted  al loys at room and 
elevated t e m p e r a t u r e  a re  plotted as a funct ion of t e m -  
pe ra tu re  in Fig. 11 and l is ted in Table II. Also included 
in Fig.  11 a re  typical  t ens i le  s t rengths  of TD Nickel 
and NIMONIC 80A. ~ Compar i son  of these  cu rves  again 
shows the t e m p e r a t u r e  regions  in which the 7 '  and oxide 
d i spe r s ion  s t r eng then ing  r e g i me s  p redomina te  in the 
y t t r ia ted  supera l loys .  The tens i le  s t r eng th  of the y t t r i -  
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Fig. 9-Stress for 100 hr life in thoriated superalloy as a func- 
tion of temperature. 
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Fig. 10---Stress for 1000 hr life in yttriated superalloys as a 
function of temperature. 

a ted supera l loy  is somewhat  l ower  than that of NIMONIC 
80A at  1600~ While this fo l lows f r o m  the f l a t t e r  s lope 

o f  the s t r e s s  rup ture  plot of the y t t r i a t ed  supe ra l l oy  at 
this t e m p e r a t u r e ,  the lower  l eve l  of the s t rength  may  
be a t t r ibu ted  to the fact  that  the soluble a luminum con-  
tent  in the y t t r i a t ed  supera l loy ,  0.92 wt pct, is  l ower  
than the 1.3 pct p re sen t  in NIMONIC 80A. 

Notched-unnotched combina t ion  s t r e s s  rup ture  t e s t s  
w e r e  p e r f o r m e d  on d i s p e r s i o n  s t rengthened supe ra l l oy  
A at 1400 ~ and 1900~ Notch s t rengthening  o c c u r r e d  
at 1400~ as is common in the ~ '  s t rengthening  reg ion  
of n i c k e l - b a s e  supe ra l loys .  T h e r e  was no apparen t  
ef fec t  of the notches at 1900~ f a i l u r e s  o c c u r r e d  in 
e i t h e r  the smooth o r  notched por t ions  of the c o m b i n a -  
tion t e s t  b a r s  depending on which sec t ion  had the s m a l -  
l e r  c r o s s  sect ion.  

The dynamic e las t i c  modulus ,  E ,  of the y t t r i a t ed  
supe ra l l oy  is  plotted as a function of t e m p e r a t u r e  in 
Fig.  12. Also given a re  v a l u e s  for  NIMONIC 80A 28 and 
TD Nickel .  2E The modulus of the y t t r i a t ed  supe ra l loy  is  
s l ight ly  h igher  than va lues  g iven for  NIMONIC 80A and 
shows an ident ical  va r i a t i on  with t empe ra tu r e .  It  i s  
i n t e r e s t i n g  that the modulus  of the y t t r i a ted  supe ra l l oy  
is  about 50 pct h igher  than that  of TD Nickel ,  even at  
2000~ where  the mechan ica l  behav ior  of the two a l loys  
is  o the rwi se  v e r y  s i m i l a r .  Th is  t e s t  was p e r f o r m e d  
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Fig. 11-Ultimate tensile strength of yttriated superalloys as 
a function of temperature. 

Table II. Tensile Properties of Yttriated N ickeI-Base Superalloys 

0.2 Pet Offset 
Yield Stress, Ultimate Tensile Elongation, Red. of 

Alloy Test Temp. psi Strength, psi Pet Area, Pet 

C Room Temp 129,000 175,000 9.0 13.5 
A 1000~ 106,800 141,000 10.0 10.5 
A 1400~ 81,200 84,400 25.0 32.5 
A 1600~ 31,400 33,200 25.0 42.0 
A 1900~ 20,900 22,800 9.0 19.0 

a. 

x 
2c 

o 

t~ IC 

TTRIATED SUPERALLOY 

TEST TEMPERATURE (*F) 

Fig. 12-Dynamic elastic modulus of yttriated superalloy as a 
function of temperature. 

us ing  a p r e c i s i o n  ground rod of 0.5 in. d iam and 6 in. 
length. The dens i ty  of the y t t r i a ted  supe ra l l oy  c a l c u -  
lated f r o m  these  d imens ions  and the weight  of the rod 
is  8.09 g per  cc .  

Hot c o r r o s i o n  r e s i s t a n c e  of the d i s p e r s i o n  s t r eng th -  
ened supera l loy  was  evaluated by sulf idat ion c ruc ib le  
t e s t s  and by cyc l i c  oxidation t e s t s .  Resu l t s  of these  
t e s t s  z7 a re  given in Table  III along with data  for  Udimet* 

*Registered Trademark of Special Metals, Inc. 

500 and NIMONIC 80A. The sulf idat ion t e s t s  involved 
i m m e r s i o n  at 1700~ in 90 pct NazSO4-10 pct NaC1 for  
100 and 300 hr .  Oxidat ion t e s t s  involved  rapid ly  cycl ing 
f r o m  2000~ to  room t e m p e r a t u r e  and back  to 2000~ 
once a day with a total  exposure  t ime  of 400 hr .  
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Table III. Hot Corrosion Results 

Alloy 

1700~ Sulfidation Tests (Crucible 
tests in 90 pet Na2SO4-10 pet NaCI) 

100 hr 300 hr 

Metal Sulfide Metal Sulfide 2000~ Cyclic Oxidation 
Loss, Subscale, Loss, Subscale, 400 hr Descaled Weight 
mils mils mils mils Loss, mg/crn 2 

Nimonic 80A 3 5 5 18 82 
Udimet 500 - - 23 14 69.3 
Yttriated 3 0.7 3 1 44.3 
superalloy 

T h e  su l f ida t iOn r e s i s t a n c e  of  the  d i s p e r s i o n  
s t r e n g t h e n e d  s u p e r a l l o y  i s  s u p e r i o r  to b o t h  NIMONIC 
80A and  U d i m e t  500. T h i s  i s  e s p e c i a l l y  a p p a r e n t  in  the  
300 h r  t e s t s  w h e r e  the  y t t r i a t e d  s u p e r a l l o y  s h o w s  a 
s u l f i d e  s u b s c a l e  p e n e t r a t i o n  of  on ly  1 ra i l  a s  o p p o s e d  
to 14 ra i l  f o r  U d i m e t  500 and  18 ra i l  f o r  NIMONIC 80A. 
In c y c l i c  o x i d a t i o n  at  2 0 0 0 ~  the  d e s e a l e d  w e i g h t  l o s s  
a f t e r  400 h r  e x p o s u r e  s h o w s  the  y t t r i a t e d  s u p e r a l l o y  
to be  s u p e r i o r  to U d i m e t  500 and NIMONIC 80A. It 
shou ld  b e  no ted  tha t  the  s c a l e  on the  y t t r i a t e d  s u p e r -  
a l loy  w a s  a d h e r e n t  t h r o u g h o u t  t h e  t e s t  w h i l e  the  s c a l e s  
on the  o t h e r  two a l l o y s  s p a l l e d  c o n t i n u o u s l y  a f t e r  24 to 
48 h r  of  e x p o s u r e .  T h i s  i n d i c a t e s  t ha t  the  s u p e r i o r i t y  
of the  y t t r i a t e d  s u p e r a l l o y  wou ld  be  e v e n  g r e a t e r  w i t h  
i n c r e a s i n g  e x p o s u r e  t i m e  in  c y c l i c  o x i d a t i o n .  

CONCLUSIONS 

I) M e c h a n i c a l  a l l oy ing  by  d r y  h igh  e n e r g y  ba l l  m i l l i n g  
w i thou t  a s u r f a c e  a c t i v e  a d d i t i o n  h a s  b e e n  u s e d  to p r o -  
duce  h o m o g e n e o u s  c o m p o s i t e  p o w d e r  p a r t i c l e s  w h i c h  
a r e  r e l a t i v e l y  c o a r s e  and f r e e  f r o m  d e t r i m e n t a l  c o n -  
t a m i n a t i o n .  The p r o c e s s  i n v o l v e s  r e c u r r e n t  co ld  w e l d -  
ing  of c o n s t i t u e n t s  to the  b a l l  s u r f a c e s  and f l ak ing  off  
of the  c o m p o s i t e  a g g r e g a t e s  u n t i l  a l l  of the c o n s t i t u e n t s  
a r e  f i n e l y  d iv ided  and u n i f o r m l y  d i s t r i b u t e d  t h r o u g h  the  
i n t e r i o r  of  e a c h  p o w d e r  p a r t i c l e .  

2) M e c h a n i c a l  a l l o y i n g  p r o c e s s i n g  t i m e s  of  40 h r  o r  
l e s s  a r e  a d e q u a t e  to ob ta in  s u i t a b l y  h o m o g e n e o u s  
p o w d e r s .  

3) M e c h a n i c a l  a l l oy ing  c a n  be  u s e d  to c o m b i n e  f ine  
p a r t i c l e  d i s p e r s i o n  s t r e n g t h e n i n g  wi th  age  h a r d e n i n g  
in a n i c k e l - b a s e  s u p e r a l l o y .  A f t e r  c a n n i n g ,  e x t r u s i o n ,  
and h e a t  t r e a t m e n t ,  the  p r o d u c t  p o s s e s s e s  the  s t r e n g t h  

and s t a b i l i t y  of t h o r i a t e d  n i c k e l  a t  1 9 0 0 ~  and the  v e r y  
h igh  r u p t u r e  s t r e n g t h  of a y '  h a r d e n e d  s u p e r a l l o y  at  
1400~  At  the  s a m e  t i m e  the  p r o d u c t  h a s  s u l f i d a t i o n  
and c y c l i c  o x i d a t i o n  r e s i s t a n c e  a s  good a s  o r  s u p e r i o r  
to c o n v e n t i o n a l  s u p e r a l l o y s  of  s i m i l a r  c o m p o s i t i o n .  

4) It h a s  b e e n  found  tha t  y t t r i a  i s  a s  e f f e c t i v e  a s  
t h o r i a  in d i s p e r s i o n  s t r e n g t h e n i n g  c o m p l e x  n i c k e l - b a s e  
a l l o y s ,  U s e  of y t t r i a  a v o i d s  any  r a d i o a c t i v i t y  p r o b l e m s  
a s s o c i a t e d  wi th  h a n d l i n g  t h o r i a .  

5) In the  t e m p e r a t u r e  r a n g e  1300 ~ to  1 5 0 0 ~  the  d i s -  
p e r s i o n  and p r e c i p i t a t i o n  h a r d e n i n g  m e c h a n i s m s  aug-  
m e n t  e a c h  o t h e r  in  the  n i c k e l - b a s e  a l l o y .  At  l o w e r  t e m -  
p e r a t u r e s  and h i g h e r  s t r a i n  r a t e s  ( l o w e r  r u p t u r e  l i ves )  
p r e c i p i t a t i o n  h a r d e n i n g  by  7 '  d o m i n a t e s ,  and a t  the  
h i g h e r  t e m p e r a t u r e s  a n d / o r  l o w e r  s t r a i n  r a t e s  ( h i g h e r  
r u p t u r e  l i ves )  d i s p e r s i o n  s t r e n g t h e n i n g  i s  d o m i n a n t .  
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