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ABSTRACT 

The unique mechanical propert ie s o f  ordered alloy s that make them 
attrac t ive for s t ruc tural applicat ions are described. A maj or d i f ficulty 
with these alloys has been a lack of duc t ility ; however , in recent years 
several methods of  duc t i l i ty improvement have been developed . These 
technique s are d iscussed . Current research e f fort s worldwide are 
reviewed , and it  i s  conc luded that the U . S .  e f fort , although 
substantially smaller than i t  was a 1 5  years ago ,  i s  y ielding the most 
s igni f icant progres s  in the deve lopment of  duc t ile ordered alloys . 

A number o f  pos sible generic applications are sugge sted for the newly 
developed duc t ile ordered alloys ,  including applications in gas turbine 
engine s , rocket propuls ion systems , and space power systems . Areas where 
add it ional engineering data are required about these a lloys are 
ident i fied and a phased program of data acquis i t ion i s  recommended . It 
is emphasized that there is a great need for materials process ing 
informat ion . Areas for sc ient i f ic research also are ident i fied . 

Finally , it  i s  conc luded that the propert ies o f  the newly developed 
duc tile ordered alloys appear to be suf fic ient ly prom1s 1ng to warrant a 
coordinated program for the app l icat ion o f  these a lloys to  be undertaken . 
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CONCLUSIONS AND RECOMMENDATIONS 

Ordered a l loys have a number o f  propert ies that make them extreme ly 
attrac t ive for s t ruc tura l uses , part icularly at e levated temperature s .  
Ordered al loys have other very important use s , for examp le , a s  
superconduc tors ; however ,  only s t ruc tura l use s wi l l  be di scussed in this  
report . S ince many o f  them show both a high y ie ld s t rength and h igh modulus 
a long wi th a low dens ity at e levated temperature s ,  the i r  spec i f ic modulus 
and spec i f ic strengths are very attrac t ive when c ompared to those of other 
material s .  The work hardening rate of ordered a l loy s also is quite h igh 
compared to that of d i sordered a l loys . The s e l f-d i f fus ion rate of t hese 
a l loy s is  low compared to that o f  di sordered a l loy s ; there fore , propert ie s  
that are determined by self-d i f fus ion rate a l so can b e  quite d i f ferent . For 
example , s ince the s teady s tate c reep rate is d irec t ly proport iona l to the 
sel f-d i f fus ion rate , t he c reep rate of ordered a l loys  is s lower than that o f  
d isordered materials . Thus , ordered a l loy s  are s t ronger (deform more 
s lowly ) at e levated temperature s  than do d isordered a l loy s . Ordered a l loys 
also  tend to have longer high cyc le fat igue l ive s at room temperature than 
do d i sordered a l loys ; however ,  thi s improvement has not been documented at  
e levated temperature s ,  except under c rack growth cond i t ions . Fina l ly , the 
oxidat ion re s i stance of many ordered a l loy s , part icularly the a luminides , i s  
very h igh . 

Ordered a l loy s , however , have rathe r low duc t i l i t ies and , as  a result , 
they t rad it ionally have been used in s t ruc tura l app l icat ions only as 
second-phase part ic les added to s t rengthen the d i sordered matrix , as , for 
example , in n icke l-base superal loy s . The reasons for the low duc t i l ity  o f  
ordered a l loys are quite d iverse ; they inc lude a n  insuffic ient number o f  
s l ip sys t ems ( primari ly in noncubic a l loys ) ,  a l imited c ro s s  s l ip ,  impurity 
locking o f  d i s l ocat ions , and int rins ical ly brittle  grain boundarie s . 

Recent work at a numbe r o f  dif ferent laboratorie s ,  however ,  has shown 
that the duc t i l i t ies o f  ordered a l loys c an be d ramat ica l ly improved by the 
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i nte l l i gent app l i cat ion o f  phys ica l meta l l urg ical  pri nc iple s .  Duc t i l it ies  
have been improved by  the  remova l of  i mpurities  and second-phase part ic l es; 
by a l loying to t ran s form a noncubic to a cubi c s t ruc ture and thereby 
increase the numbe r of avai l able  s l ip systems; by grai n re f inement through_. 
thermal -mechan ical t re atment s; by rapid so l id i f icat ion through the me l t  
sp inn ing techn i que to  produce ri bbons , or t he rap i d  sol id i f icat i on rate 
(RSR) techn i que to  produce powders (wh i ch are subsequen t ly proce ssed by 
powder met a l lurg i cal  t echnique s ) ;  or by mi c roa l l oy i ng wi th boron to improve 
grain boundary cohe s ion . As a re sul t  o f  these e f fort s , a new c las s of  
s ing l e-phase duc t i le ordered a l loy s  (or pos s i bly  mul t iphase a l loys with  an 
ordered mat rix ) i s  now pos s i b l e .  These a l l oys show promise of  offering 
ext reme ly good propert i e s at  e levated t emperature s  wh i l e  not suf fering from 
the duct i l ity prob lems previ ous ly encountered i n  these al loys . 

Although it  i s  c lear t hat the duc t i l i t ie s  o f  ordered al loys  can be 
dramat ica l ly improved , no one me thod i s  a panacea . Phys ica l  metal lurg i s t s  
have learned that a vari ety o f  t rea tment s can i mprove t h e  duct i l ity o f  
ordered al loys but , wi thout detai led exper imentat ion o n  a g iven a l l oy ,  they 
do not yet know enough to dec i de whi ch t reatment wi l l  be e ffect ive for tha t 
part icu l a r  a l loy . Furthermore , they do not ye t know why some o f  these 
duc t i l i z ing t reatment s  succeed . For examp l e , sma l l  add i t i ons of boron to 
N i3Al re sul t  in d ramat ic improvement s of the grain boundary strength , but 
thi s e f fect i s  found onl y  i f  the al loy i s  s l ight ly a lumi num-defi c ient . The 
mechani sm by whi ch boron improves the grai n boundary s t rength and , 
furthermore , why i t  doe s  not operate in many othe r grai n boundary-bri t t le 
ordered a l loy s  i s  s i mp ly not understood . 

The number o f  re search programs i n  the Un i ted States  that concen t rate on 
orde red al loy s  i s  rathe r  sma l l , part icular l y  when compared to 15 years ago 
when there were many more programs i n  both i ndustrial  and uni vers i ty 
l aboratorie s .  An extens i ve ,  long-term program at the Ai r Force Wri ght 
Aeronaut i cal  Laboratori e s  under the d i rec tion of Harry A.  Li psitt  has 
produced i mp re s s ive re su l t s  l ead i .ng to pos s i ble  prac t i cal  app li. c at ions of 
several alumin i de s . Another succ e s s ful  program i s  underway at Oak Ridge 
Nat i ona l Laboratory (ORNL ) under the d i rec t i on of C. T. Liu; Ni 3Al and 
Co3V are be i ng stud i ed ,  and N i JAl-ba sed a l l oys  with remarkab ly h igh 
duc t i l ity and strength have been deve loped . Add i t i ona l Department o f  Energy 
(DOE ) supported work on N i 3Al i s  a l so be i ng pe rformed at Dartmouth 
Un i vers i ty .  The Nati.ona l Aeronaut ic s and Space Administrat ion , Lewi s 
Re searc h  Center for the Conservat ion of  Strategi c Ae rospace Material s 
( COSAM) program a l so support s research on severa l a lumi nides at NASA-Lewi.s 
and at Texas A & M ,  Stanford , and Dartmouth Un i vers ities . Al so the Office 
of  Nava l Research (ONR) support s prog rams at Oh io State Univers i ty ,  Genera l 
E lec tri c Company , and ORNL . Sma l l e r  programs are be ing conduc ted at the 
Un i ve rs i ty o f  Pennsylvani a  (Pope and Vitek ) with Nat ional Sc i ence Foundat ion 
( NSF) fund ing , at Rens s e l aer Po lytechnic Ins t i tut e (Stoloff ) with DOE and 
ONR fund i ng ,  and at Mi chigan Technological  Un i vers ity . Thus , we c an 
conc l ude that the U . S .  e f fort in t h i s  area i s  rathe r sma l l , but pos s ib ly 
growi ng . 

The l eve l o f  e f fort in  Japan i s  modest  but appears to be i nc reas i ng 
qui te rap i d l y .  Some i nformat i on to support thi s  conc lus ion appears i n  the 
l i t erature , but i t  i s  based primari l y  on conversat ions between members of 
th i s commi ttee and the ir Japane se col league s who have stated that there i s  
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now a concerted effort being made in Japan to deve lop a new c lass  of 
high-temperature materials based on ordered a l loys . A large number of 
Soviet researchers are working on ordered a l loy s , but one can only speculate 
as to whether any work is  be ing performed to  produce duc t i le ordered a l loys 
s ince this  kind of work may not be reported in the open l i terature . Only a 
few ordered a l loy research programs are being conducted in Europe . There i s  
a program on t itanium a luminide s a t  the Nat iona l Gas Turbine Estab l i shment 
in Farnborough in the United K ingdom, and there are three programs at  
univers t ies  at  Groningen , Rol land , under de  Rosson ; at  Poit ie r ,  France , 
under Rabier ; and at  Li l le ,  Franc e , under Escaig . The university programs 
are h ighly sc ient i f ic in nature and ar� a imed at  deve loping an understanding 
of the basic physical phenomena rather than at deve loping part icular al loy 
systems . 

The committee be l ieves , based on i t s  survey o f  re search in progress , 
that , whi le the U . S .  re search e f fort is  much sma l ler  than i t  was 1 5  to 20 
years ago , i t  is h igh ly produc t ive and appears to  be ahead o f  other programs 
being carried out in other part s o f  the world . 

For early applicat ions , in systems whose pre liminary des ign and 
performance requirements have already been established , it  mus t  be 
recognized that a new a l loy with better propert ies  than an exist ing a l loy 
wi l l  be used only i f  it  al lows the des igner to meet  performance 
spec i f icat ions at lower cost or i f  use o f  the new a l loy i s  neces sary to  meet 
the spec i f ied per formance . For future des igns , a new al loy may permit 
estab l i shment o f  h igher system performance requirements and t hus become t he 
nece s sary material o f  choice . However ,  even on current ly des igned systems 
there are windows o f  opportunity for new a l loy s  where in t hese may be 
sub s t i tuted for others in the des ign stage ( to reduce unant ic ipated weigh t 
gains , for examp le ) .  Opportunit ies  may a l so be presented during prototype 
test ing or to correc t a service problem . 

Be fore any a l loy is  incorporated into a sy stem i t  wi l l  normal ly have 
gone through the s tage s o f  laboratory demonstrat ion , deve lopment ( inc lud ing 
process ing deve lopment where large costs  are incurred ) ,  and f ina l ly ,  
qua l i f icat ion. An adequate body o f  data must be avai lable when 
qua l i f icat ion test ing is required in order to support a dec is ion to 
undertake such tes t ing and the high cos t s  invo lved . 

The t i tanium a luminides deve l oped under Ai r Force sponsorship are we l l  
along t he path toward s usage , but deve lopment o f  the iron aluminide s and the 
duc t i le nicke l  a luminides has proceeded only to the laboratory stage with 
some process ing work only recently begun . 

The commit tee proposes that these new materia l s  be c onsidered for 
app licat ion in rotat ing part s o f  gas turbine engine s because o f  the ir  low 
dens ity , h igh s t rength , and high oxidat ion re sistance at  elevated 
temperature s .  Also , i f  these new material s  show improved therma l  and 
high-cyc le fatigue re sis tance at e levated tempe rature s , they could be used 
as a turbine blade materi a l  in gas turbine engines in rocke t propul sion 
systems . The combinat ion of high s t rength at e levated temreratures and low 
dens i ty a l so sugge s t s  a number of  app l ications to space power systems . 

Copyright © National Academy of Sciences. All rights reserved.

Structural Uses for Ductile Ordered Alloys:  Report of the Committee on Application Potential for Ductile Ordered Alloys, National Materials Advisory Board, Commission on Engineering and Technical Systems, National Research Council.
http://www.nap.edu/catalog.php?record_id=19385

http://www.nap.edu/catalog.php?record_id=19385


4 

Before the des igne r c an cons ider  using a new material he must have 
c ons iderab le informat ion on the engineering propert ie s of the material ,  
inc lud ing data on i t s  physical  propertie s ,  t ime-independent and 
t ime -dependent prope rt ies , environmental c ompat ibi l i ty , and fabricability . 
The data base for t it anium a luminides i s  rather large but it  i s  much more 
limited for i ron a luminides and even more l imited for nicke l  a luminides . In 
fac t , virtua l ly no data o f  the type required by a des igner are avai lab le on 
the duct i le i ron and nicke l a luminides . 

S ince duc t i le ordered a l loys show such unusual promise , the committee 
recommend s  that a three -phased program be initiated in which s ome of the 
eng ineering properties  of ducti le iron and nicke l a luminide s are measured , 
cos t  t rade-o f f  s tud ies  then are per formed , and , i f  the potent ial cost  and 
pe r formance advantage s o f  the se a l loy s  are clear , add it iona l prope rt ies are 
mea sured . In the f irst  phase , phys ica l prope rt ies , tens i le propert ies , 
creep and c reep-fat igue propertie s , toughne s s , crack growth prope rt ie s , and 
corros ion propert ies shou ld be measured on heat s o f  suffic ient s ize that 
several  laboratorie s can perform experiment s  on the same materia l .  Th i s  
phase shou ld be re lat ive ly inexpens ive c ompared with t he second and third 
phas e s . I f  the re sul t s  o f  Phase  1 show that these a l loys  have suf f ic ient 
promise , Phase 11 should be s t arted in which both experimental and 
product ion lo t s  o f  materia l are tested , mate ria l s  process ing opt imizat ion i s  
undertaken , the e f fec t s  o f  mult iaxial s t re s s  s t a t e s  and produc t anisotropy 
are studied , j o in ing technique s are inve s t igated , and compatibi l it ie s  with 
various environment s are s t ud ied . Phase I ll s hou ld involve test ing of 
mul t ip le product ion runs o f  materia l ,  deve lopment o f  s t at i st ical  
d i s t ributions o f  mechanica l prope rty data , and the deve lopment of  
spec i fica t ions . 

To date there has  been very l imited work done on the proc e s sing o f  
duc t i le ordered a l loy s . Based on the l imited informat ion avai lab le in the 
literature , a wide range o f  pr imary proce s s ing methods are avai lable for the 
product ion o f  ordered a l loy s , includ ing various me lt ing and cas t ing 
technique s , several de format ion process ing method s , and powder metal lurgy 
{PM) method s .  The be s t  primary process ing route for ordered a l loy s has not 
yet been ident i f ied and t h i s  must  be done in Phase 11 of the program 
recommended above . Primary proce s s ing i s  fol lowed by secondary process ing 
when the p roduc t is made into i t s  f inal shape {ba r ,  sheet , rod , etc . ) ,  and 
no work has yet been pe rformed on a luminide s t o  determine the opt imum 
secondary proce s s ing s teps to be  fo llowed to  provide the best  propert ies at  
the lowe s t  cos t . 

Although work i s  under way to provide the kinds o f  informat ion requi red 
by producers  and de s igners , the deve lopment o f  duct i le ordered a l loys i s  
very much ba sed o n  the sc ience o f  t hese material s ,  and a great dea l o f  
sc ient i f ic informat ion about the se materia l s  i s  s t i l l  needed . Needed are 
add it ional phase d iagrams ; data on the e f fect s o f  order and ordering 
kine t ics on propert ies; an understand ing o f  the de format ion behavior o f  
binary , te rnary , and h igher o rder systems includ ing the e f fec t s  o f  fau l t  
ene rgie s ,  dis locat ion core s , and domain s t ructures; an understand ing o f  
grain boundary prope rt ie s inc luding the e ffec t s  o f  impurity segregat ion ; 
d i f fusion data; and an understanding o f  the e f fec t s  o f  point de fec t s .  
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Fina l ly , a number of  other ordered a lloys  have not yet been cons idered 
for s t ruc tural usage . For example , ordered a l loy s having long period 
auperlat t ic e s  in which periodic  fau l t s  exist  have not yet been examined for 
such usage , but s ince t he period of t he fault  spac ing c an be changed by 
alloying and s ince the mechanica l  propertie s  are expec ted to depend strong ly 
on that spac ing , t hese al loys are good c and idate s for future cons iderat ion . 

Over the longe r term, the commit tee expec t s  that quantum mechanical 
c a lculat ions o f  equi l ibrium properties  o f  ordered a l loy s will have a maj or 
impac t  on the deve lopment o f  add it iona l a l loy s . S ince only some o f  the 
trends in  propert ies with change s in compos i t ion , s t ate o f  long-range order , 
and defec t s t ructure , are understood , the deve lopment o f  new al loys  is 
necessari ly Ed iaonian in nature . The addit ional predict ive c apabi l i t ies  of 
such calculat ions are expec ted to be invaluab le in future deve lopment 
programs . 

SUMMARY 

1 .  In the past , intere s t  in ordered a l loy s has been l imited by problems o f  
britt lene s s  and inadequate c reep res i stance , but recent work on a number 
of  a l loy s has suggested that these problema c an be overcome . 

2 . Ordered al loys potent i a l ly provide a combinat ion o f  propert ies which are 
of great interes t  for DOD app l icat ions , part icularly for high 
temperature load-bearing s t ructures ( i . e . , in gas turbine engine s , 
rocket propu ls ion systems , and space power systems ) .  

3 . The fac t that high-s t rength duc t i le a luminidea have been deve loped after 
only l imited re search on a few compo s i t ions s ugge s t s  that there is 
potent ial  for the deve lopment o f  even be tter systems with the 
applicat ion of a coord inated research e f fort . 

4 .  A deve lopment program i s  recommended i n  which engineering property and 
proc e s s ing data are gathered in a phased manner ,  and after each phase , 
cost  and per formance ana lyse s are pe rformed to see i f  further phase s in 
the deve lopment are j u s t i fied . 

5 .  Areas  o f  further sc ient i f ic inve s t igat ion o f  ordered a l loys are 
sugge sted which c an form the bas i s  for t he deve lopment of future ordered 
a l loy s of prac t ic a l  intere s t . 
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CONSTITUTION , PROPERTIES , AND CURRENT STRUCTURAL USES 

INTRODUCTION 

Ordered a l loys  are a l loys  in which there are two or more atomic spec ies and 
the d i fferent atomic spec ies occupy spec i f ic s ite s in the c rystal latt ice . 
Such a lloy s  tend to occur at wel l  def ined atomic rat ios ( i . e . , AB, A3B1 
AB31 etc . ). The tendency for segregat ion to the d i fferent atomic sites 
depends , in many case s , on temperature . For example , at low temperatures 
CuZn and Cu3Au have the ordered structures shown in Figure 1,  but above a 
crit ical temperature ( Tc )• the atoms become randomly mixed on the 
d i fferent atomic s ites and become random sol id solut ions . The ordered 
structure shown in Figure la is cal led the B2 ( or L20) structure and that 
in Figure lb, the Ll 2 s t ructure . 

The existence of  ordered al loys as discrete ent it ies was not e stab l ished 
unt il  1 839 (Westbrook 1967). However ,  for many hundreds of years ordered 
a l loys have , in fac t , been ut i l ized for the ir interest ing mechanical and 
phy s ical  propert ies .  One may c ite two examp le s : ( 1) denta l  amalgams , 
al loys  o f  Ag , Sn and Hg that cons ist  o f  a mixture o f  Ag2Hg� and Sn6Ag• 
were first described in 659 AD ( Chu 1 958), and ( 2) high t 1n bronzes ,  
containing princ ipal ly 6CuSn , were ut i l ized by the Romans , and the Chine se 
as  early as  1 800 BC ( Schwei z  1 9 73).  Wes tbrook ( 1967) c ites  other uses such 
as type metal  based upon SbSn, ship sheathing made from B bras s ,  and 
statuary made f rom E bras s .  Magnet ic and superconduct ing materials  based on 
ordered al loys  a l so are we l l  known, e spec ial ly the Heus ler a l loys 
( Cu2MnAl ) and various superconduc tors such as V3Ga and Nb3Sn . 

An early indicat ion of  f rac ture prob lems with ordered a l loys in the 
e ighteenth century may be found in the work of Geoffroy ( 1 7 25), who noted a 
d i fference in the frac ture characteristic s o f  various phase s o f  copper and 
z inc . One o f  the earlie s t  systemat ic s tudies o f  the mechanical behavior of  
ordered a l loys i s  that o f  Kurnakov and Zhemchuzhni i  ( 1 908). Tammann and 

7 
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FIGURE 1 ( a )  At low temperatures : CuZn has the cesium chloride B 2  
long-range-ordered struc ture and ( b )  Cu3Au has the face centered 
cub ic-based Ll 2 structure . 
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Dahl ( 1 9 23) showed that ordered al loys have a duc t i le-to-bri t t le 
transit ion temperature, and Lowrie ( 1952) lat er obs erved that the onset 
of duc t i l ity occurs in the temperature range T/� � 0 . 61-0 . 6 8 ,  where Tm 
i s  the me l t ing point in °K . Wes tbrook and Wood {1963) showed that gra in 
boundary embritt lement is a common feature of many ordered a l loys and 
that the embritt lement could be re lated to exce s s  hardening near the 
grain boundaries . 

Ordered a l loys [e. g . , Fe-Mn-Al ( Gibson 1 960)] were seriously examined 
as potential  st ruc tural material s  by many invest igators in the 1950s , and 
subsequent years saw intens ive re search to examine the i r  mechanical 
behavior .  Bene f ic ia l  e f fec t s  o f  long range order in suppre ss ing 
d i f fus ion contro l led phenomena ( e . g . , creep , recrystal l izat ion ,  and , in 
the case of the a luminide s ,  oxidat ion) were ident ified in extens ive 
report s by workers in the Soviet Union , Great Britain , and in the United 
States . However ,  l it t le success was achieved in improving the duc t i l ity 
of  polycrystals  o f  many o f  the most  interest ing syst ems , most notab ly 
a luminide s based on t itanium , iron , and nicke l .  During the same period , 
i t  was noted that many o f  these a l loys were duc t i le when a l l  grain 
boundaries were e l iminated . However , the use of s ingle c ry stals  in 
high-temperature appl icat ions such as gas turbines was not serious ly 
cons idered unt i l  about 1 9 7 0 ,  by which t ime litt le addit ional research on 
ordered a l loys was being carried out in this country . Rather than 
attempt ing to use ordered al loy s in structural appl icat ions , 
metal lurgists  ident i f ied other uses for them in which britt leness  was not 
a problem or , at leas t , cou ld be minimized . One example was the use of  
nicke l and cobal t  aluminides as thin coat ings on turb ine hardware; 
another was the use o f  Fe-S i a l loys  ( Sendust) as e lement s  o f  sound 
reproduc t ion systems . The use o f  high-permeabi l ity Fe-Co a lloy s  in 
t ransfo�rs a l so can b� c i ted . In addit ion ,  ordered a l loys such as 
N i3Al (y ) and Ni 3Nb (y ) were extens ive ly used as distributed 
phase s to s trengthen nicke l -base supera l loys whereas  N i4Mo and other 
compound s were ut i l ized as s trengthening phases in maraging stee l s . In 
the case of nicke l-base superal loy s , the volume frac tion of  y' stead i ly 
inc reased f rom near zero in the 1 940s t o  more than 60 percent in modern 
a l loy s . Thi s  was accomp l i shed by adding inc reased quant itie s  o f  a luminum 
af we l l  as t i tanium, niobium ,  and tantalum, a l l  o f  which are soluble in 
y , and by vacuum me l t ing .  

Interest in ut i l i z ing ordered a l loys for struc tural appl icat ions was 
reawakened in thi s  count ry when researchers at  Wright-Patterson Air Force 
Base ( together with contractors sponsored by the Air Force)  d iscovered 
that duc t i l i ty improvement s  could be ach ieved in TiAl- and Ti JAl-bas e  
al loy s  using a combinat ion o f  powder metal lurgy and a l loying technique s .  
The development o f  rapid solid i f icat ion methods ( RSR and me lt spinning , 
in part icular) led to renewed intere st  in the iron and nicke l  
aluminides .  Fina l ly ,  severa l  exc it ing d iscoveries were reported that 
permitted subs tant ial duc t i l ity to be achieved in cas t and wrought 
ordered al loys previous ly known to be extreme ly britt le . The first of  
the se accomplishment s involved replac ing cobal t  in Co3V with  nicke l  
( Liu 1 9 7 3 ) and then i ron ( Liu 1 9 79), leading to a s erie s  of  face-centered 
cubic Ll 2-type superlatt ices with extensive duc t i l ity at ambient 
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temperature s .  It  was found that ordered s t ruc ture s can be altered 
systemat ica l ly through the c ontrol o f  e lect ron-to-atom concentrat ion in 
a l loy s .  Thi s  can be achieved by part ia l rep lacement of coba l t  and nicke l 
with i ron , wh ich lowers e /a and s tab i l izes  the o rdered s t ruc ture . 
( Fe , Co , Ni ) JV a l loys with the cubic ordered s t ruc ture are duc t i le , wi t h  
tensi le e l ongat ion exceeding 35 pe rc ent at  room temperature ( Liu 1 984) . 
Short ly after  t he first report s of  t h i s  ach ievement a t  ORNL , i t  was 
reported in Japan that po lyc ryst a l l ine Ni3Al c ould be made duc t i le by 
adding sma l l  quant ities o f  boron ( Aoki and Izumi 1 9 7 9 ) . S ing le c ry s tals  
of  many a luminides are quite  duc t i le but  their po lyc ry s t a l l ine forms are 
no t .  The bri t t lene ss o f  such polyc ry s t a l l ine materia ls is assoc iated 
wit h weak grain boundaries that c ause britt le intergranular fracture 
without muc h  plast ic de format ion within the grains . Sma l l  amount s  of 
dopants , such.as boron , and t hermomechanical  t reatments c an suppress  
brit tle gra in boundary frac ture (Liu 1 984) . The c r i t ic a l  compos it ion 
range ove r which boron was bene f ic ia l  was identif ied at ORNL ( Liu and 
Koc h  1 98 2 ) . These discoverie s ,  together  with the nat ional search for 
rep lacement s for strategic met a l s  such as  c oba l t  and , possibly , chromium 
and the need to deve lop ene rgy-e f f ic ient propu l s ion sy stems , have in the 
past year or two st imu lated much add i t iona l  work--large ly in the area o f  
imp roving low temperature ducti l i ty and increasing h i gh temperature 
st reng th--i n t h is count ry , Japan , and Western Europe . Sovie t 
publicat ions on ordered a l loys have been vo luminous , but the re i s  lit t le 
vi sible evidence to date of  Soviet p rogre ss in deve l oping such al loys for 
s t ruc tura l applicat ions ; rathe r , Soviet researc h has emphas i zed al loy 
theory , y i e lding and s t ra in-hardening phenomena , and t he use o f  various 
imaging techniques to a id in  the study of c ryst a l  s t ruc ture and c rystal 
de fec ts .  

The c harac te ristic s that render o rdered a l loys so intere s t ing as 
bases for a l l oy deve lopment wi l l  be d iscussed be low as wi l l  the ir curren t 
status and appl icat ions . 

CHARACTERISTICS OF ORDERED ALLOYS 

The format ion o f  long-range order in a l loy systems f requent ly produces a 
signif icant e ffec t  on mechanic a l  propert ie s ,  inc luding e last ic constant s ,  
yie ld and tensile  st rengths , strain-hardening rates , duc t i l ity , and 
resistance to cyc l ic or s tatic ( c reep ) de format ion ( Lawley 196 7 , Stoloff 
1 9 7 1 ,  Stoloff  and Davies  1 966) . In some ordered systems , there i s  a 
c hange in c rys t a l  struc ture a t  t he orde r-di sorde r t rans forma t ion , lead ing 
to p roperty c hanges dependent c h ie f ly on stresses generated by the 
t ransformat ion . More wide ly stud ied and sign i f icant , howeve r ,  are the 
prope rt ies of a l loys in wh ich: ( 1 )  there is no latt ice change with 
orde ring but only a rearrangement of  atoms on latt ice s i te s ,  ( 2 )  atoms 
rearrange from a body centered or face centered cubic to s imp le cubic , or 
( 3 ) no order-disorder trans i t ion occurs be low the me lting point o f  the 
a l loy .  Table 1 i dent ifies the most  common super lat t ic e  types and 
presents i nformat ion concerning di slocation type s .  

E last ic Constants 

In some ordered a l loys (e . g . , Cu3Au ) ,  the e lastic constant s change 
discontinuously at Tc ( S iege l 1 940 ) ;  in othe rs (e . g . , S-brass ) , there 
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TABLE 1 Dis locat ion Morpholog ies in Some Ord ered Alloys 

Superlattice Type 
(Strukturbericht Chemical Unit Cell 
Designation) Designation Diaensions 

82 CsCl ao 

DOJ Fe)Al ao 

Ll2 Cu)Au ao 

0019 Mg3Cd ao 
co 

Llo CuAu ao 
Co 

(Source: Marcinkowski 1974) 

Alloy Types 

NiAl,AgHg 
AuZn 

CuZn,FeCo 
FeAl,FeRh 
NiAl,AgHg 
AuZn 
FeJAl,FeJSi 
Fe3B 
Cu3Au,NiJMn 
Ni3Al,NiJFe 
CuJPd,NiJTi 
Ag)M&, Ni3Ta 
NiJSi,CuJPt 
NiJGa 

Mg3Cd 

CuAu,CoPt 
FePt 

Superlattice 
Dislocation Type 

_l_ 

�A_ 

� .... 

...... ,,,,,,,,, uuzzz 

�4._ 
�� 

___..___ 

ANN , nearest neighbor; NNN, next-nearest neighbor; SF, stacking fault. 

Burgers Vector Antiphase 
of Each Boundary 
Dislocation Type.! 

a0<100> None 

l/2a0<111> �NN 

l/4a0<111> �NN 
IIIIIIINNN .... .... 
�NN l/6a0<112> 11888 NN+SF 

l/6a0<loTo> �NN 
Bi811811 SF 

l/2a0<2Tio>. �NNN 
�NN 

1/6&0 <112> 1!811!11 NN+SF 
-SF 
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is  a cont inuous change in the e la s t ic constant s upon passing through 1C 
( Good 1 941). Young's modulus for S-brass  and re lated al loy s  increase s  
cont inuous ly with degree o f  orde r .  U sua l ly , the change i n  e lastic conatant a 
with order is  sma l l  ( in the range o f  3 to 10  percent) and , therefore, 
changes in other mechanical propert ies aris ing from ordering are seldom 
cont rol led by e f fec t s  on elast ic constant s .  Rathe r ,  the princ ipal effect s  
o f  ordering on mechanical  properties arise from changes in d i s locat ion 
conf igurat ions due to the added constraint s that ordering places on the 
nuc leat ion and mot ion o f  dis locat ions . 

One o f  the attrac t ive features o f  a luminide s such as  TiAl and Fe 3Al 
in struc tura l appl icat ions is the high spec ific  modulus . For example , the 
spec if ic modulus o f  a boride-strengthened Fe 3Al a lloy recent ly has been 
reported to be 50 percent higher than that of  A-286 ( a  wide ly used Fe-base 
al loy conta ining Ni 3Ti prec ipitates ) between 2 5 ° C  and 7 60 ° C  ( Figure 2) 
( Ray et a l .  1 983) .  Modulus data for several of the B2 a luminides (Wo l f enden 
and Harmouche 1 983 ) and TiAl and Ti 3Al ( Scha frik 1 9 7 7 )  sugges t  that high 
s t i f fness /dens ity rat ios are charac teristic o f  the aluminide s .  

Some representat ive Young's modu li i , mel t ing ( Tm) and c rit ical  ( Tc ) 
temperature s ,  and dens ities  are shown in Tab le 2 for a number o f  ordered 
a l loy s , inc luding the a luminides .  

TABLE 2 Propert ies of lntermeta l l ic Compounds 

Young's 
Modulus 

Al l oy Structure ( 1 06 ps i )  

TiAl Ll0 25 . 5 
Ti 3Al 001 9  2 1 . 0 
NiAl B 2 4 2 . 7!.  
Ni3Al L l 2 2 5 . 9.! 
FeAl B 2 37 . � 
Fe3Al D03 20 . 4£ 
CoAl B 2 4 2 . 7.!!. 
Zr3Al Ll 2 1 9 . 6! 
Fe3S i  D03 39 . � 
Co3V hex 
( Fe 2 2co 7 8)3v Ll 2 
( Fe6oN i4o> 3 Ll 2 

( V96Ti4) 

*Calculated from latt ice parameter data . 
**E s t imated . 
!.Schafrik 1 9 7 7 
.!!.wo l fenden 1 983 
£Morgand et a l . 1 968 
�H. A.  Lips i t t  unpubl ished 
.!Stolo f f  and Davies 1 965 
!Turner et a l .  1 9 78 

Tm( oC )  Tc ( oC)  

1460 1460 
1 600 1 1 00 
1 640 1 640 
1 390 1 390 
1 250-1400 1 250-1400 
1 540 540 
1 648 1 648 
1400 9 7 5  
1 27 0  1 27 0  
1 400 1070  
1400 950 
1400 680 

Density 
( g/cc) 

3 . 91* 
4 . 2** 
5 . 86* 
7 . 50* 
5 . 56* 
6 . 7 2* 
6 . 14* 
5 .  7 6* 
7 . 25* 
7 . 9 2** 
7 . 80** 
7 . 60** 
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MODULUS OF E LASTI CITY 

RST 4.4 ALLOY 
( Fe • 20.8 AI • 4.1 B) 

TEST TEMPERATU R E  (° F )  

F IGURE 2 E last ic modul i  o f  Fe-20 . 8 ,  Al-4 . 1B ,  and A-286 ( Ray et  al . 1 9 83 ) .  

Superlatt ice Dislocat ions and Ant iphase Boundaries 

Since an ord inary ( unit ) dis locat ion moving in a superlatt ice cannot 
rec reate the c rystal  s t ruc ture in i t s  wake , disorder in the form of  an 
ant iphase boundary ( APB) wil l  result  from the mot ion o f  such a dis locat ion 
(Marc inkowski 1 963). The add i t ional energy of the APB can be e l iminated , 
however ,  by mot ion of  dis locat ions in groups such that  no net change in 
order occurs behind the d i s locat ions . These groups , which cons ist  of  two or 
more dis locat ions connec ted by a s trip of  APB o r  other p lanar fault , are 
known as superlatt ice dis locat ions . Within the superlat t ice  d i s locat ion , 
each unit  dis locat ion may further dissoc iate into i t s  cons t ituent part ial 
d i s locat ions ( as l i s ted for various superlatt ice s in Table 1 ) . There fore , 
the stacking fault  ene rgy of  the a l loy p lays a role in determining the 
dis locat ion fine struc ture . The appearance o f  s l ip bands intersec t ing a 
po l ished surface is  quite d i fferent in al loy s  in the ordered and disordered 
s tate s .  Many ordered al loys  reveal d i f fuse s l ip on only one or a few s l ip 
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systems and c ross sl i p  is restric ted , thereby lead ing to br it t lene s s , 
whe reas coarse s l ip steps are observed in the d isordered c ond i t ion . It  i e  
t he mot ion of  supe r lattice d i s locat ions and the i r  interac tions wit h  each 
other and wi t h  obstac les  such as grain boundaries , prec ipitate part ic les , or 
grown-in ant iphase boundaries that contro l the mechanical behavior of 
ordered a l loys . Howeve r ,  an except ion to t h is behavior is noted in N i4Mo , 
whic h  rare ly exh ibit s  superlat t ic e  dis locat ions at room temperature . When 
superlat t i ce dislocat ions are observed in N i4Mo , t hey consist of f ive 
identical  uni t  dislocat ions (Nesb i t  and Laugh l in 1 980) . 

Ant iphase boundaries , wh ich a re p roduced during heat treatment , 
separate domains that may be per fec t ly ordered within themse lve s but are out 
of step with one anothe r .  These therma l  ant iphase boundaries can be made to 
grow by appropriate anne a l ing treatments .  During the early stage s 
of  an isothermal ordering t reatment , ant iphase domains (APDs ) genera l ly are 
very smal l  and may not be in contac t with eac h other .  However ,  with 
cont inued anne a l ing , t he APDs wi l l  impinge on each o t her  and may grow to  a 
size l imited by the spec imen size ( in single  c rysta l s )  or  the grain size ( in 
po lyc rystals) . In some cases , ( e . g . , N i �n and N i 3Fe ) , however , the 
kine t ics of  doma in growth are ve ry slugg1sh , and doma in s i zes are l imited to 
about 500°A ( Ca lvayrac and Fayard 19 7 3 ) . In some a l loys , for examp le in 
Cu3Au ( Ardley 1 9 5 5 ) , doma ins c an give rise to  considerable st rengthening . 
Also , the nature o f  the domain st ruc ture c an give import ant informat ion 
about fau l t  energies as discussed be low .  

The ant iphase boundary ene rgy in  Ll 2 a l loys has been ca lculated to be 
aniso t ropic , wi th  the lowest ene rgy on { 001 } p l anes , taking into account 
f i rst nearest ne ighbor ( NN )  interac t ions only ( F l inn 1 9 60) . According ly , 
the re is a driving force  for an APB t o  l ie on cube p lanes in these al loy s ,  
leading to important c onsequences with regard t o  y i e lding and strain 
hardening behavio r .  When th is occurs , the e le c t ron mic roscope image of 
APB ' s  shows a maze pattern ( a s  in CuJAu and Cu3Pt ) rathe r t han the 
"sw i r l "  pattern that is assoc iated with  superlatt ices posses sing i sotrop ic 
doma in ne tworks ( N i 3Fe , NiJMn ,  Fe 3Al ) . The morpho logy o f  an APB i n  
Cu 3Au c a n  be c hanged f rom a maze to  a swirl  pattern by adding 5 a t %  N i  
( Yodogawa e t  a l .  1 980) ; t h is i s  perhaps due t o  a reduc t ion in t he 
e lectron /atom rat io and , hence , in  the re lat ive phase s tabi lity of L l 2 
versus long-period supe r l att ice s  in whi c h  pe riod ic { 00 1 } APBs are 
c harac teristic . Recent ly , swirl  pattern APDs have been noted in rapid ly 
quenc hed Ni 3Al-X a l loys in wh ich  N i �Al-type compound s are formed ( Inoue 
e t  a l .  1 9 83 ) as we l l  as in bina ry N 1 3Al ( Li u  and Koc h  1 98 2 ) ;  however , 
after  short  anneal ing t reatments ,  these swi rl  patterns c hange to maze 
patterns and t hen quickly grow to large si zes ( unpub l ished material ,  
C . T .  L iu ,  Oak Ridge Nat ional Laboratory , 1983 ) . 

In Ll0-type a l loys , doma ins are i n  t he shape o f  p l ates in contac t 
wi t h  each o t her on { 1 1 0 }  p lanes . De tai led studies o f  the role o f  such APDs 
in p l ast ic de format ion o f  Cu-Au a l loys have been reported in the Soviet 
Union by Grinbe rg and c o-worke rs ( 1 9 76 ) . 

The sl i p  vec t o r  i n  B2-type supe r l a t t ices varies from one a l loy to 
anothe r  ( Table 1 )  depending on fac tors such  as APB energy , atom ratios , 
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atomic s ize rat ios , and elas t ic energies o f  d i s locat ions (Marc inkowski 
1 974). As in bee metal s , < 1 1 1 > is usua l ly the s lip vec tor , and s l ip occurs 
on p lane s of type { 1 10 } ,  {1 1 2 }, and { 1 23} ;  however ,  severa l B2 superlatt ices 
disp lay < 1 00> s l ip .  In Ll 2 superlat t ices , on the other hand , the s l if 
p lane may change with temperature , as  in N i 3Al ,  which deforms on { 1 1 1  
planes a t  low temperatures and o n  { 1 00 } plane s a t  high temperature s 
( Thornton et a l .  1970) . Cross s lip from {1 1 1 } t o  { 100 } is  be lieved 
respons ible for an anomalous increase in s t rain hardening rate o f  Cu3Au 
with inc reas ing temperature (Mikkola  and Cohen 1966 , Davies and Stolo f f  
1 965 , Duramoto and Pope 1 9 7 6 ) . The s l ip vec tor , however ,  i s  < 1 1 0> at  a l l  
t e s t  temperatures, but uni t < 1 10 >  d i s locat ions probably dis sociate into 1 / 6  
a0 < 1 1 2 >  part ial s . 

Departure s  from Stoichiometry 

Departure s from perfec t  order cause s trengthening through means not d irec t ly 
connected with the APB . Deviat ions in stoichiometry from the ideal AB or 
A3B composit ion o ften lead to s trengthening at low test temperature s ,  and , 
for this reason , s lowly coo led a l loys o f  t he Fe-Co , Ni-Al , N i-Ga , Mg-Cd , or 
Cu-Au systems reveal minima in room-temperature hardne s s  at stoichiometric 
composit ions . Hardnes s  data obtained at 7 7 °K and room temperature for 
composit ions near stoichiometric Ni3Ga and Ni JAl are shown in Figure 3 . 
Note the more rapid hardening with excess  of  the minority e lement . In 
systems wi th a very high ordering energy , the hardening at nonstoichiometric 
compo s i t ions might arise from latt ice defect s  that are required to maintain 
the number o f  e lec trons per unit c e l l  at a constant value required for phase 
stab i l ity ( Guard and Westbrook 1959) . In such cases , the vacanc ies should 
enhance p la s t ic f low at high temperature , when the defec t s  are mob i le . Such 
behavior was report�d for Ni 3Al by Guard and Westbrook ( 1 959) , who showed 
decreased f low s t resses at 800 ° C  in a l loys containing an excess of either Al 
or N i .  However , Noguchi and co-workers ( 1981 ) have demonstrated s igni ficant 
hardening at e levated temperatures in a luminum-rich N i3Al ( Figure 4)  and 
in gal lium-ric h N i3Ga . So lute-induced hardening was attributed to  change s 
in probabil ity o f  c ros s s lip from { 1 1 1} to { 1 00} p lane with composit ion . 
Moreover , Aok i  and Izumi ( 19 7 5 )  showed that o f f-stoichiome tric N i3Al does 
not contain excess vacanc ies . It i s  c lear that lat t ice de fec t s  as  a 
func t ion o f  stoichiometry are an important research subj ec t that remains to 
be addressed adequate ly .  

Changes in s toichiometry influence not only t he y i e ld s t rength but a l so 
the d i s locat ion substruc ture and fracture behavior . For example , unit 
dis locat ions are respons i b le for p las t ic deformat ion in hypo-s toichiometric 
Fe3Al whereas paired d i s locat ions are found for Fe-3 1 at% Al ( Ehlers and 
Mend irat ta 1 982) . Further , hypo-stoichiometric N i 3Al and Fe JAl are more 
duc t i le than hyper-stoichiometric composit ions . 

Yield ing 

Ordering exerts  a s igni fic ant inf luence on init ial  plastic de format ion as 
we l l  as  on stra in hardening o f  many s ingle c ry s ta l s . Init ial  y ie ld ing 
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genera l ly occurs at a much l owe r s t re s s  in the ordered condit ion , but the 
more rap i d  s t rain hardeni ng of the ordered cond i t ion c auses the u l t imate 
strength to exceed that o f  di sordered material s .  The interac t ion o f  unit 
dis locat ions with short-range-ordered regions produced . by typical  
"di sordering" t reatment s ( quenching from above Tc ) give s ri se to a higher 
ini t ia l  f l ow stre s s  than for ful ly ordered materi a l  in which superlatt i ce 
dis locat ions interac t with large APD . A s i mi lar behavior i s  noted in  many , 
but by no means a l l , superlat t ice s . For example , ordering increase s the 
yield st rength of N i JMn because of s luggi sh  domain growth in t hat a l loy 
( Johnston e t  a l . 1 965) . 

Strength ( and duc t i l ity ) data for repre sentat ive a luminide s appear in 
Table 3 . Note t hat strengths are general ly not very h i gh at room 
temperature . In the case o f  NiAl , the yie ld stre s s  i s  very sens i t ive to 
strain rate and compo s i t i on ,  e special ly be low 800 ° C  ( Pascoe and Newey 1 9 71 ) . 
One o f  the many striking feature s  o f  the plast ic deformat i on o f  mos t  ordered 
al loys , part icularly a large number of those with t he Ll 2 s truc ture ( e . g . , 
Ni 3Al , ( Fe , Ni , Co ) 3V ,  N i 3Ge , Ni 3Si , N i 3Ga , Z rJAl ) ,  i s  an anoma lous 
sharp ri se in f low stre s s  wi. th  inc rea s ing temperature , a s  wa s shown i n  
Figure 4 for Ni 3Al . The f l ow s t re s s  peak occurs in s i ngle crystals  as  we l l  
a s  i n  polycrysta l s and i t s  pos i t ion with re spec t to t emperature in N i 3Al i s  
a func t ion o f  c rystal  orientat ion ( Kuramoto and Pope 1 9 7 8 )  and a l loy content 
( Thornton et  al . 1 970) . Al loyi ng wi th z i rconium and hafnium is e spec ial ly 
e f fective in rai s ing the h i gh temperature s t rength of N i. 3Al ; the y ie ld 
strength o f  these a l loys i s  reported l y  h i gher at 850°C  than those o f  
al l coDDDerc i al supera l loy s  ( unpub l i shed ma terial by C .  T .  Liu and 
A.  c .  Scha f fhauser , Oak Ridge Nat i ona l Laboratory , 1 983 ) .  Al so , an 
asymmetry between flow s t re sses  measured in tension and in c ompres s i on has 
been reported (Ezz  et  al . 1 98 2 ) . There i s  no anoma lous behavi or with 
inc rea s i ng temperature in a few cases ( e . g. , Fe 3Ge ) ( Suzuk i  et  a l .  1 980) . 
S ince mos t  advanced supera l loys  and severa l a l igned eutec t ic ( c omposite)  
al loys contain l arge volume frac t i ons o f  N i 3Al , t he yie ld and u l t imate 
tens i le s t rength s o f  these al loys often rise  or remain nearly cons tant with 
inc reas ing temperature t o  at least 700 ° C .  

Inc rease s i n  f low stre s s  with tempe rature a l so have been noted i n  long 
range ordered al loys  o f  other cub i c  or hexagona l c ry s t a l  s t ruc ture s .  There 
i s  undoubted l y  more than one mechani sm respons i b l e  for th i s  behavior s ince 
the peak s t rength i s  some t ime s assoc iated with the order-d isorder temperature 
Tc or with the temperature o f  a trans i t ion from one ordered s t ruc ture to 
another ( e . g . , Fe 3Al ) ; i n  other case s , i t  bears no apparent re lat ion to a 
t rans format ion ( e . g . , N i 3Al , S CuZn , and Ni 3Ge ) .  A c ont inuous range o f  
behavior between anomalou s  and regular systems c an b e  produc ed b y  a l l oy i ng 
( e . g . , by a l l oy ing N i 3Ge with Fe JGe ) ( Suzuk i et  a l .  1 980) . The add it ion 
of iron to Ni 3Ge cause s the f l ow s t re s s  peak to d i sappear at an i ron 
content of about 28 at% . Suzuk i and co-workers ( 1 980 ) have sugge s ted that 
three fac tors cont ro l such behavior : APB and stacking faul t ene rgy on { 1 1 1 } 
and APB energy on { 1 00 }  p lane s . A h i gh ani sotropy o f  APB energy between 

{1 00 } and { 1 1 1 } plane s is be l ieved re spons ible  for the st rength anoma ly i n  
Ll 2 a l loys ( Pope and Ezz  1 984 ) . Th i s  ani sot ropy l ead s  t o  c ross  s l ip o f  
superpart ial s onto { 1 00} p lane s t o  mi nimi ze APB energy ( Figure 5 )  ( Kear 
and Wi l sdorf 1 962) , thereby c reating ob stac le s to  further plast ic 
f low . The obstac le dens i ty i nc reases with inc rea s i ng l ike l ihood o f  
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TABLE 3 Aluminide Mechanical  Propert i e s  

Al loy at% Cond i t ion 

25 ° C  

Fe-3 1Al Cas t  ex-
t ruded 

Fe-3 5Al RSR 
Fe-50Al RSR 
Ni-24Al +0 . 02B Wrought.! 
Ni 3Al+ l . SHf+B Wrought.! 
Ni-25Al ---
Ti-54 . 2Al PM 
Ni-50Al PM 
N i3Al+ l  at% B Me l t  spun 
Ni-25Al Po ly . 

500° C 

Fe-35 RSR 
Fe-50 RSR 
Ni-24Al+B Wrought.! 
Ni 3Al+ l . SHf+B Wrought.! 
Fe-40Al Wrought.! 
Fe-30 . 9Al -1 5 . 2 RSR/PM 
Fe-36 . 4Al 
2 . 3Mo-2 . 3V RSR/PM 
4B 
Fe-28Al- 1 2B RSR/PM 

.!Rec ry s ta l l ized 

g . s .  
4.1 m) 

---

---

---
30 
30 

---
25 

100 
---
---

---
---

30 
30 

100 
---

---

2 

0 . 2%ay 
( MPa) 

---

---
---
300 
460 

90 
--
220 
690 
230 

---
---
540 
700 
---
81 3 

947 

81 3 
- - - -

UTS e: F  Frac ture 
( MPa ) ( % )  Mode Re ference 

--- 5 . 6 TG Ehlers  and Mend i ratta  1 98 1  

--- 7 Cleavage Chaterj ee and Mend irat t a  1 98la 
--- 0 IG Chaterj ee and Mend iratt a  1 98lb 
1 300 54 Dimp le s  Liu and Koch 1 982 
1460 4 7  Dimp le s  L i u  1 983 
--- --- --- Wee et a l . 1 980 

488 0 . 1 Cleavage Lips i t t  e t  a l . 1 9 7 5  
--- 0 Cleavage , IG Schu l son 1 982 
--- --- TG Taub et a l . 1 984 
--- --- --- Taub et a l . 1 984 

1-' ()0 

--- --- Dimp l e s  Chaterjee and Mend i ratta  1 98la  
--- "High" --- Chaterjee and Mend iratt a  1 98lb 
l lOO 42 D imp l e s  L i u  and Koch 1 982 
1 2 70 3 6 Dimples  Liu 1 983 

500 30 ( RA) --- Sainfort 1 967  
99 2 5 . 4  --- Ray et a l .  1 983 

l l l 8  2 . 5 --- Ray e t  a l .  1 9 83 

967  7 . 6  --- Ray e t  a l . 1 983 
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F IGURE 5 Crose s l ip o f  lead ing dis soc iated sc rew dis locat ions from ( 1 1 1 )  to  
( 001), favored by lower APB energy on ( 001) ( Kear and Wiledorf 1962). 

e rose  s l ip onto { 100 } ,  whether through rais ing temperature or test ing 
c rystals  favorab ly c reated for e rose s l ip .  

In the case of al loys  such a e  FeCo-2% V ,  where the f low e tree e peak 
occ urs at the order-d isorder trans it ion temperature , and Fe3Al , where the 
flow etreee  peak occ urs j us t  under the temperature for a trans it ion between 
two ordered st ruc tures , the anomaly baa been attributed to a trans i tion from 
plast ic de format ion by euperlat t ice dis locat ions at temperatures below that 
of the peak to de format ion by unit dis locat ions at temperatures above that 
of the peak ( Stolo f f  and Davie s 1964a). However ,  this mechanism cannot 
apply to Fe �Al in which the a luminum content ie lese than 25 at% , s ince 
only unit d 1 e locat ione have been observed in the D03 c ondit ion. Fuj ita e t  
a l . ( 1983) have suggested that change s in the anisotropy between { 010} and 

{1 1 1 }  APB energies produced by a l loying can a l ter the mechanism of yielding 
in Cu)Au . Other mechanisms for the f low e t re e e  peak are diecueeed in the 
l i terature ( Hanada et a l . 1 981 , Van der Wegen et a l .  1 9 82), but it ie c lear 
that add it ional work on identi fying d i s locat ion configurat ions in the 
temperature range of  the observed f low etre e e  peaks i e  needed . 
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Strain Hardening 

Long-range-ordered al loys usua l ly exhibit high strain-hardening rates 
compared to their  d i sordered counterpart s .  For Ll 2 superlatt ice e , the 
s t rain-hardening rate can doub le with order at temperature s near 298°K 
whereas le s ser  inc rementa in rate are noted in cubic B 2  or D03 systems 
( e . g . , FeCo-2% V and Fe 3Al ) ;  for hcp D0 19 Mg 3Cd ,  there ie no change in 
s t rain-hardening rate with order at 298°K ( Stoloff  and Davies 1966) . The 
role of superlatt ice d i s locat ions in work hardening is controversial . For 
example , one mode l is based on the format ion of " super-j ogs" by the 
intersec t ion of euperlatt ice d i s locat ions and the d i f ficulty of  dragging 
the se super-j ogs during cont inuing plast ic de format ion ( Vidoz and Brown 
1 962) . S ince these super-j ogs usua l ly are not seen in thin foi l s  of  
de formed a l loy s , an  alternat ive mechani sm baaed on  the cros s s l ip of  
superpart ia l  onto { 100} planes (as  f irst sugge s ted by Kear and W i l edorf 
1 9 6 2 )  ( Figure 5 ) also  has been proposed to account for rapid hardening 
( Stoloff  and Davie s  1966) . Experimental  data obtained to date , inc lud ing 
the observat ion that the rate of  work hardening in ordered Cu3Au inc reases 
with temperature , general ly favor the lat ter mode l ;  this point has been 
desc ribed in more detai l in a recent paper by Pope and Ezz ( 1984) . 

High strain hardening rate s induced by long range order may permit 
at tainment of  very high s t rengths through c old working operat ion or 
thermal-mechanical treatment s .  Wear-re s i s tanc e  also  should be enhanced by 
rapid s t rain hardening , permitt ing pos sible  replacement of coba l t -base 
a l loy s for such app licat ions . 

Frac ture 

Po lycry stall ine ordered a l loys often are britt le when tested in tens ion 
a l though cons iderable p las t ic i ty may be disp layed by s ingle crystals  or by 
po lyc rystals  tested in c ompre s s ion . In the Fe-Co system, britt lene s s  and 
ordering fa l l  in the same compos i t ion range , 35 to 65  percent cobalt  
( S toloff  and Davies 1966 ) . The addit ion o f  a few percent of  vanadium or 
chromium inc rease s duc t i l i ty of a l loy s tested in the quenched condit ion, 
perhaps as a result  of  the s lowing o f  ordering kine t i c s  ( rapid quenching of  
binary FeCo a lways leaves some re s idua l order ) .  

Recent ly , sma l l  add i t ions of  molybdenum ,  tungsten,  tanta lum, niobium, 
carbon , and nickel a l so have been shown to improve workabi l i ty ( duc t i l ity)  
of  equiatomic Fe-Co a l loys  ( Kawahara 1983 ) .  Each of  the e lement s that 
improved duc t i l ity were capable o f  forming Co3X compound s by d i f fus ion , 
leading Kawahara to sugge st  that d i s rupt ion o f  B2-type order occurs in the 
vic inity of Co 3X zone s . He a l so noted that there i s  no corre lat ion 
be tween the reac t ivity of solute s  with inters t i t ia l & , such ae C, N ,  and O , 
and duc t i l ity . 

A d irec t re lat ionship between duc t i l i ty and the degree o f  long-range 
order has been demonst rated in FeCo-2% V ( S toloff  and Davie s 1966) . Varying 
composit ion in binary a l loys  or add ing ternary solutes inf luences  the 
duc t i lity of other a l loys with the B2 struc ture . Solu t e  ef f ec t s  may 
occur , in some case s , by interac t ion of so lute element s with inters t i t ia l 
impurit ies  or by affect ing s l ip charac ter . For example , nicke l promotes 
wavy s l ip in 8 -CuZn and reduces  britt lenes s ,  whereas manganese suppres ses 
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wavy s l ip and raises  the duc t i le-to-britt le trans i t ion temperature ( Shea and 
Stoloff  1 9 74 ) . In the Fe-Al system,  a sharp ly reduced duc t i l ity i s  observed 
as the aluminum content approache s 25 at% ( F igure 6) ( Marc i nkowsk i  et a l .  
1 9 7 5 ) ; a l loy s  with 2 5  t o  5 0  at% Al have usua l ly been reported t o  be 
comp lete ly brit t le at room temperature when proces sed by convent i onal ingot 
techni que s . However ,  recent work has shown that the duc t i l i ty of al loy s  
with aluminum content s i n  the range 3 1 to  35 a t %  can b e  as  much as  5 to 7 
percent at room temperature ( Chaterjee and Mend i ratta 1 98la , Eh lers and 
Mend i ratta 1981 ) . In add i t ion , Fe-20 at% Al 5%S i exh i b i t s  a sma l l  amount of  
plas t ic ity at room temperature ; fai lure was by  t ransgranular c leavage , with 
a t rans i t ion to intergranular cavitat i on at hi ghe r test  temperatures ( Ehlers 
and Mend iratta  1 982 ) .  Ti 3Al and TiAl are bri t t le be l ow about 600° C ,  as  
shown in F igure 7 for  TiAl ( Lips i t t  et  al . 1 9 7 5 ) , but some succe s s  in  
improving duc t i l i ty through add i t ions of germanium and z i rconium have been 
reported . 

Only in the case of  hcp Mg3Cd has l ong-range order been reported to 
inc rease duc t i l i ty ( St o l o f f  and Davie s  1 964b ) . In this a l l oy ,  s l ip occurs 
on more s l i p  systems in the ordered than in the d i sordered s tate whereas  in 
a l l  other a l loys  s tud ied to date , ordering e i ther reduces  the number of 
ava i lab le s l ip systems or res t r ic t s  c ro s s  s l i p  of sc rew d i s locations from 
one s l ip p lane to  anot her . For t h i s  reason , the bri t t lene s s  o f  many 
po lyc rystal l ine ordered a l loys has been attributed to a lack o f  suff ic ient 
s l ip sy stems to provide compatibi l i ty of de format ion at  grain boundaries 
unde r arbit rary states o f  s t rain . In the case o f  AgMg and the a lumini de s ,  
the segregat ion o f  impuri t ie s  to grain boundaries  has been suggested t o  be 
the predomi nant fac tor (We stbrook and Wood 1963 ) .  However ,  recent work on 
hi gh-purity NiAl and Ni 3Al has shown that i mpurity segregat ion in the se 
a l loys  i s  mi nimal ( private c ommunicat i on wi th E .  R .  Schu lson ,  Dartmouth 
University , Hanover , New Hampshire , 1 983 ) ;  yet , they remain britt le .  

Cons iderab le e f fort i. s be ing devoted to  improving the duc t i l i ty of 
severa l a lumi nide s ( FeAl , Fe 3Al , NiAl , N i 3Al ) through such d iverse 
techni ques  as grain re f inement through thermal-mechanical t reatment , 
mi c roa l l oy ing with boron , and various  rapid solidificat ion techniques . A 
part icularly promi s ing deve lopment i s  the demons t rat ion of  h i gh duc t i l i ty of  
Ni 3Al doped with  sma l l  quant i t ie s  o f  boron ( Aoki and Izumi 1 9 7 9 ,  Liu and 
Koch 1982 ) .  Boron segregates  p referent i a l ly to  grain boundaries ( Liu e t  al . 
1 983 ) .  Unfortunate ly ,  the bene f ic i a l  e f fec t o f  boron seems to be lost at 
25 at% Al ( Liu and Koch 1 982 ) ;  Taub et a l .  ( 1984 ) report that some duc t i l ity 
can be achieved in rap id ly solid i f ied Ni-25 at% Al with l%B . Schu lson and 
Barker ( 1 983 ) recent ly reported that an e longat i on of more than 40 percent 
can be achieved in Ni-49 at% Al at  400 ° C  when the grain s ize is reduced to 
les s  than 2�m ( F igure 8 ) , wh ile  the duc t i l i ty at 2 5 ° C  by th i s  t reatment was 
3 to 5 pe rcent . ( A  summary of duc t i l i. ty data for a lumini de s at 25 ° C  and 
500 ° C  i s  pre sented in Tab le 3 . )  

There have been severa l  report s in the l i terature of  a bene f i c ial  
e f fec t o f  part ial  rec rysta l l i zat ion on duc t i l i ty o f  B 2-type 'a l loys . For 
examp le , fu l ly ordered FeCo-2%V exhibits  about 5 percent e longat ion or 
reduc t ion in area at gra in s ize s in the range 1 2 to l O�m . When part ial ly 
rec rysta l l ized , however ,  the duc t i l ity of ordered FeCo-2%V inc rease s to 
about 20 percent ( Stoloff  and D i l lamore 1 9 70 ) . Recent ly , Schu lson ( 1 982)  
has  reported a sma l l  inc rease in  duc t i l i ty by  part ia l ly rec rysta l l i z ing 
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N iAl . Duc t i l ity improvement s can also  be achieved through contro l of the 
mic ro s t ruc ture by rapid sol i d i f icat ion technique s such as  me l t  spinning . 

It has been shown by Inoue and c o-workers ( 1 983 ) that me l t-spun Ll 2 
compound s of  type Ni-Al -X ( X•Cr ,  Mn , Fe , Co or S i )  are both s trong and 
duc t i le whereas  the ir convent iona l ly s o l id i f ied counterpart s are extreme ly 
brit t le . The mos t  e f fec t ive s trengtheners were chromium and s i l icon ,  
which produced y ie ld strengths of  490 and 590 Mpa at  compo s i t ions o f  
Ni 6 7 . 5Al 2oCr1 2 . 5 and N i 7 8Al 1 oS i1 2 • respec t ive ly . S i l icon a l so 
has been reported to  be an e ffec t ive s t rengthener  in c onvent iona l ly prepared 
N i3Al ( Guard and Wes tbrook 1 9 5 9 ) . However ,  the high s t rength of the 
me l t -spun a l loys  decrease s  s igni f icant ly after subsequent anneal ing ( e . g . , 
after anneal ing at  1 0oo • c  for 1 hr) , and the s t rength loss  i s  accompanied by 
a drast ic drop in  duc t i l i ty and a change from t ransgranular to intergranu lar 
c racking ( Inoue et a l .  1 98 3 ) .  The change was attributed to an inc reased 
degree of long-range order and segregat ion of solutes to gra in boundaries . 
Koc h and co-workers ( 1 982)  a lso have been able  t o  produce duc t i le N i 3Al 
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containing sma l l  add i t ions of boron us ing an arc hamme r apparatus ,  but the 
quench rates  c ould not exceed a c r i t ical  value . No d uc t i l i ty was achieved 
without boron . Taub and c o-workers  ( 1984) , on the othe r  hand , have not only 
reported that boron has a bene f ic ia l  e f fec t on the duc t i l i ty of  me lt-spun 
N i 3Al , but have , further , reported tha t  powde r-proce s sed Ni 3Al with 1% B 
a l s o  demons t rat e s  apprec iab le duc t i l i ty The se apparent ly conf l ic t ing 
report s sugge s t  again that sma l l  d i f ferenc e s  in compos i t ion may p l ay a 
s igni f icant ro le in determining bot h s t rength and duc t i li ty . 

RSR p roc e s s ing via the PM route a l so has been emp loyed to  produce 
interme ta l l ic compound s with improved duc t i l i ty . For examp le , 
of f-stoichiometric  FeAl ( 3 5% Al ) ( Chaterjee and Mend iratta  1 98la ) with a 
room temperature duc t i l i ty o f  7 percent has been produced by the RSR proces s .  
An RSR a l loy c ontaining 50 at% Al , however , was bri t t le at temperature s up 
to 400 ° C , but h igh duc t i l i t ie s  were observed at 500 ° C  ( Chaterj ee and 
Mend i ratta  1 98 l b ) . For Fe-35 at% Al , frac ture wa s by t ransgranular c leavage 
at room temperature wh i le inte rgranu lar frac ture occurred at 600 ° C .  FeAl 
( 50 at% Al ) d i sp layed intergranular fai l ure at low t emperatures ( Chaterj ee 
and Mend irat t a  1 98 lb ) . Fe 3Al and FeAl conta ining suffic ient quant i t ie s  of  
boron to produce borides a l so have been prepared by  RSR ( S laughter and Das 
1 980)  and by me l t  spinning fol lowed by pulverizat ion and powder proc e s s ing 
( Ray et  a l .  1 983 ) ,  but re lat ive ly l i t t le propert ies  data have been reported 
in the open l i terature . A summary o f  a l l  rapid s o l i d i f icat ion process ing 
e f fort s reported to date appears in Tab le 4 .  

TABLE 4 Rapid So l id i f icat ion of  Aluminide s 

Al loys Method 

Ni-Al-X Melt  s p in 

Ni 3Al-B Arc hammer 

FeAl -borides Me lt  spin & 
PM 

Fe-3 5 at% Al RSR 

Fe-50 at% Al RSR 

N i JAl-B Me l t  spin 

Fe 3Al-TiB2 RSR 

Remarks 

Duc t i le at  2 5 ° C ,  
uns tab le at  1 000 ° C  

Duc t i le 

Bri t t le to 540 ° C  

TG at  2 5 ° C ,  I G  a t  
600 ° C  

Bri t t le to  400° C ,  IG 

Duc t i l ity varies  
with  B 

Fine ly d i spersed 
borides 

Re ferenc e  

Inoue e t  a l .  1 983 

Liu and Koch 1 982 

Ray et  a l .  1983 

Chaterj ee and 
Mendiratta  1982a 

Chaterj ee and 
Mend iratta  1982b 

Liu and Koch 1982  

S laughter and Da s 1 980 
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The bene f i t s  of  rapid sol id i f icat ion on the duc t i l ity of  aluminides at 
low temperatures have been suggested to be the fo l lowing : 

1 .  E l iminat ion of  mac rosegregat ion and grain boundary segregat ion 
( both RSR and me l t  spinning ) . 

2 . Produc t ion o f  very f ine grained material (� �m gra in s ize by me l t  
spinning , 1-�m b y  RSR) . 

3 . Reduct ion in the degree o f  order as  an interim s tep during 
processing ( me l t  sp inning ) . 

However ,  the inve s t igat ions reported above also  have demons trated 
ce rtain d i sadvantage s wi th re spec t to h igh-temperature mechanical  propert ies : 

1 .  Los s  of s t rength and duc t i l i ty o f  me l t -s pun N i3Al-type a l loy s  
a f t e r  annealing . 

2 .  E levated temperature intergranu lar f rac ture in RSR-proce s sed Fe-Al 
a l loy s  ( Chaterj ee and Mend iratta 1 982a , 1 982b ) . 

3 . Inadequate s t re s s  rupture s t rength o f  me l t -spun and PH-proces sed 
Fe-Al-B al loy s at temperatures above 5 3 7 ° C  ( 1 000 ° F )  ( Ray e t a l .  1 983 ) .  

A further d i sadvantage o f  the me l t  spinning proc e s s  i s  the res t r ic t ion o f  
produc t to t h i n  sec t ions ( e . g . , 0 . 1 mm thicknes s ) , and the sens i t ivity o f  
the ribbons to surface imperfec t ions produced upon s o l id i f icat ion . However ,  
the se d isadvantages can be e l iminated i f  the me l t -spun foi l s  are pu lverized 
and then proc e s sed by PM technique s , as has been done with Fe-Al a l loys 
conta ining borides  ( Ray et a l .  1 9 83 ) .  Thi s  materia l is bri t t le at room 
temperature and , when inc lus ions are pre sent , exh i b i t s  poor low cyc le 
fat igue res is tance at 650°C  ( unpub l i shed materia l by A. K .  Kuruv i l la and 
N .  S .  Stoloff , Renss elaer Polyt echnic Ins t itut e ,  Troy , New York , 1983 ) . 

Liu and co-workers ( Liu 1 9 7 3 ,  Liu 1 9 7 9 , and Liu and Inoue 1 9 7 9 )  have 
ut i l ized a comb inat ion o f  mac ro and mic ro a l loying princ iples  to ach ieve 
duc t i l i ty in ordered a l loy s  based on tet ragona l N i 3V and hexagonal Co3V 
without resort ing to  rap id so l id i f icat ion . The unmod i f ied al loys are ve ry 
bri t t le in the ordered s tate . Work on ternary ( Co , N i ) 3V al loys showed 
that cons iderable duc t i lity  could be achieved by contro l of the ordered 
s t ruc ture through a l loying to contro l the e lec tron/atom ( e /a)  rat io ( Liu 
1 9 7 3 ) , a s  f i r s t  sugges ted by Beck ( 19 69 ) . In part icular , rep lac ing coba l t  
i n  Co 3V wi th both iron and nicke l produced an L l2 superlat t ice . Seve ral 
a l loys o f  vary ing coba l t , iron and nicke l content have been shown to be 
duc t i le at room temperature and to exhibit  s t rengths superior to  those o f  
convent iona l s ing le-phase a l loy s ( e . g . , aus tenit ic stainle s s  s tee l s , 
Ha s t e l loy X)  at temperature s o f  600 or 800 ° C  ( Figure 9 )  ( unpub l i shed 
materia l by C. T .  Liu , Oak Ridge Nat iona l Laboratory , Oak Ridge , Tenne s see , 
1983 ) .  Duc t i l i ty problems at e leva ted temperatures have been a l leviated 
through add it ion of  sma l l  amount s of  reac t ive solutes such as  t i tanium and 
rare earths to the a l loys . The e f fec t o f  these is to suppres s  intergranular 
c racking . Figure 9 shows yie ld s t rength data for an advanced LRO a l loy as 
we l l  as for al loy s based on Ni 3Al . Both the a luminide al loy s  and the LRO 
a l loy s  show a substant ial  s t rength inc rease between room temperature and 
e levated temperature s , a s  i s  usua l ly noted with Ll 2-type superlatt ice s .  
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THE YI E LD STRENGTH OF ORDERED INTERMETALLIC 
ALLOYS I NCR EASES WITH TEM PERATURE 
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F IGURE 9 Compari son o f  the y ie l d  s t rengths  of  advanced LRO a l l oy and n icke l 
a luminide s with  commerc i a l  s t ruc tura l a l loys ( unpub l i s hed materia l by C .  T .  
Liu , Oak Ridge Nat i ona l Laboratory , Oak Ridge , Tenne s see , 1 9 83) .  
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2 7  

Creep 

D i f fus ion-contro l led phenomena such as  recovery , rec ry s t a l l izat ion , c reep , 
and oxidat ion are suppre s sed by long-range order .  The improvement in 
s teady-state c reep res i stance with increas ing order i s

. 
mani fested by an 

inc rea se  in the ac t ivat ion entha lpy , AH ( Lawley et a l .  1960 , Hren and Sherby 
1 9 6 5 ) . The s teady-s tate c reep rate o f  a l loys o ften can be expres sed as : 

• ne -AH/RT 
€ = A(�) G 

where A i s  a c onstant , T i s absolute t emperature , R i s  the gas cons tant , o  
i s  the app l ied s t re s s , G i s  the shear modulus , and n i s  a constant o f  the 
order of 4-6 .  Tracer experiment s  to determine ac t ivat ion energie s for 
d i f fus ion in ordered sys t ems have provided va lue s  in c lose  agreement with 
ac t ivat ion energies  for c reep . S ince se l f-d i f fus ion depends on vacancy 
interchange with atoms ,  the ac t ivat ion enthalpy i s  the sum o f  the entha lpie s 
of format ion and migrat ion for vacanc ies . Both the entha lpies o f  format ion 
and migrat ion inc rease with the format ion of long-range o rde r ,  resul t ing in 
h igher ac t ivat ion enthalpies  for d i f fus ion and for c reep , and , there fore , 
lowe r c reep rate s .  In the case  o f  LRO a l loys , howeve r ,  format ion of  long 
range order c ause s only a sma l l  i nc rease in AH , even though t he c reep rate 
i s  decreased by two orders  of magni tude ( Liu 1 984) . The s t re s s  exponent , n ,  
ha s been s hown t o  b e  high ly s tres s -dependent i n  AgMg ( Lexc e l lent et  a l .  
1982 ) and d i sordered FeCo-2% V ( De lobe l le e t  a l .  1 9 7 9 )  and somewhat less  
s t re s s  dependent in ordered TiAl + 1 0% Nb  { Mend irat ta and Lips i t t  1 980) . 

Creep re s i s tance o f  una l loyed NiAl ( Vandervoort e t  a l .  1 966 , S t rutt and 
Dodd 1 969)  and Ni 3Al ( G .  Leverant and D .  Duh l  as reported by S t ru t t  and 
Dodd 1 969 , and Davie s and Johns ton 1 9 70 )  tends to  be poor re lat ive t o  that 
o f  comme rc ia l  h igh temperature al loy s . Howeve r ,  a l loy ing o f  boron-modi fied 
Ni 3Al with hafnium and zirconium provides c reep re s i s tance c omparab le to 
or be t ter than that o f  Waspa loy , a nicke l-base al loy wide ly used in gas 
turbine s { unpubl i s hed materia l by C.  T .  Liu and A .  C.  Scha f fhauser ,  Oak 
Ridge Nat iona l Laboratory , Oak Ridge , Tenne s see , 1 9 83 ) .  Advanced LRO 
a l loys , in wh ich a luminum rep lac e s  vanad ium ,  a l so d i sp lay good c reep 
re s i s t ance , a l t hough not quite  a s  h igh a s  that o f  Ni 3Al+B ( Table 5 ) . 
These resul t s , which were obt ained a t  a ve ry early s t age o f  deve lopment o f  
both c la s se s  o f  a l loy s , sugge s t  the des i rab i l ity o f  further intens ive 
research  on the se systems . 

Limited s t re s s  rupture data for Fe-20 . 8w%Al-4 . 1%B ( 30 . 9 at% Al -1 5 . 2%8 )  
show that at  5 38 ° C  ( 1 000° F )  t h e  1 00 hour spec i f ic c reep s t rength  is  
compa rable to  that  o f  A-286 , an  Fe-Ni supera l loy ( Ray et  al .  1 9 83 ) .  
Howeve r ,  with increas ing temperature the s tre s s  rupture s t rength o f  the ve ry 
fine grained rapid ly so l id i f ied Fe-Al-B a l loy d rops at a faster rate than 
for the convent iona l ly proce s sed , coarser grained A-286 .  Contro l  o f  grain  
s ize i s  expec ted to  be a prob lem in  provid i ng balanced c reep and tens i le 
propert ie s o f  a l l  rap idly so l id i f ied al loy s .  

Experiment s on the s low s t ra in rate behavior o f  Fe-39 . 8 a t% A l  ( B2 
s t ruc ture ) produced by powder met a l lurgy ind icate that extrus ion temperature 
can af fec t high temperature de format ion mechan i sms . Grain s ize re finement 
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TABLE 5 Comparison of  Creep Prope rt i e s  of Advanced LRO Al loys and Nicke l  
Aluminide s wi th Commerc ia l Al loys 

Alloy s  

At 20, 000 ps i ,  7 60 ° C  

Boron-doped N i 3Al 
Advanc ed N i3Al aluminide s  
Advanced LRO a l loy s ( Fe , N i ) 3 ( V , Al )  
Type 31 6  s tainle s s  s tee l 
Ha s t e l loy X 

At 40 , 000 ps i ,  7 60 ° C  

Advanc ed N i 3Al aluminides  
Advanc ed LRO a l loy s  ( Fe , N i ) 3 ( V , Al )  

At 94, 000 ps i ,  7 60°C  

MAR-M-246 

Steady-S tate Creep 
Rat e  ( 10-6/h ) 

34 
3 
7 

8 , 500 
1 , 300 

20 
30 

1 3 3  

Rupture L i fe o r  
Te s t  Time ( h )  

500 
600� 
500� 

65  
200 

600� 
60o! 

1 000 

�The t e s t  was s t opped ( without rupture) at  the  t ime ind icated . 
SOURCE : Private commun icat ion with  C .  T .  Liu , Oak Ridge Nat iona l 
Laboratory , 1 9 83 . 

ta about l �m produced e f fec t ive s t rengthening to at least  0 . 7 5  o f  the  
me lt ing temperature (Wh i t tenberger 1983 ) .  

Fat igue 

The suppre s s ion of c ross  s l ip or reduc t ion i n  number o f  avai lable s l ip 
systems wi t h  long-range order that occurs i n  mos t  a l loy s sugge s t s  a 
d imini s hed probab i l i ty o f  c rack nuc leat i on under cyc l ic load ing . In t he few 
sy s t ems for wh ich room-temperature fat igue data have been pub l i shed ( e . g . , 
Fe Co- 2%V and N i )Mn ,  o rdering does , indeed , lead to  an increase in 
h igh-cyc le ( s tre s s -cont ro l l ed )  fat igue l i fe ( Boet tner  et a l .  1 966) . The 
mos t  detai led account of fat igue re s is t ance in an ordered a l loy is that  o f  
W i l l i ams and Smit h  ( 1 9 66 ) , who reported o n  t h e  h igh -cyc le behavior o f  
bra s s  at  2 5 ° C .  The marked e la s t ic anisotropy in  th is  al loy produces  severe 
s t re s s  concent rat ions at  grain boundarie s , l ead ing to interc ry s ta l l ine c rack 
init iat ion . Wi l l iams and Smi th  ( 19 6 6 )  a l s o  showed that the fat igue l imi t o f  
this  a l loy i s  reduc ed when t he samp le i s  t e s ted i n  a 3 percent aqueous 
so lut ion of NaCl . Crack propagat ion data are not avai lab le in the 
l i terature for ordered a l loy s a l though recent work has s hown t hat the c rack 
growth re s i s t ance o f  an ( FeNi ) 3V a l l oy i s  superior to  that o f  convent iona l 
a l loy s  a t  both 2 5 ° C ,  and 600 ° C  ( unpub l i shed materia l by A.  K .  Kuruvi l la and 
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N .  S .  Stolo f f , Rens selaer Po lytechnic Ins t i tute , Troy , New York , 1 983 ) 
( Figure 10) . Data on high-temperature fat igue res i stance are few ,  with work 
reported for only four systems : TiAl ( Sastry and Lip s i t t  1 9 7 7a) , Ti 3Al 
( Sastry and Lip s i t t  1 9 7 7b ) , ( CoNi ) 3V ( Ashok et a l . 1983) , and Cu3Au 
( Gi t t ins 1968) . In each case there i s  a tendency toward s increased 
intergranular c rack propagat ion as  t emperature increases .  In the 
coba l t -base a l loy s  thi s tendency can be reduced by doping with Ti ( Ashok 
et a l . 1 9 83 ) .  

There are even fewer data avai lable on low-cyc le fat igue ( LCF ) o f  
ordered a l loys . LCF res i s t ance o f  Cu3Au i s  l i t t le a ffec ted by long-range 
order although ful ly ordered c rystal s cyc l ical ly harden much more rapid ly 
than d isordered c rystals  ( Chien and S tarke 1 9 7 5 ) . A cyc lic  strain-hardening 
exponent , n=0 . 36 ,  has been reported , but thi s value i s  higher than that 
observed for mos t  materia l s . Ordering has l i t t le e f fec t on the frac ture 
mode of Cu3Au ; duc t i le frac ture was observed under a l l  cond i t ions . 
Limit ed LCF data at  6 5 0 ° C  for Fe-20 . 8 W%Al-4 . 1%B have recent ly been reported 
( Ray e t  a l . 1983) .  Compar isons with  severa l othe r  engineering a l l oy s ,  
inc lud ing an (Fe , Ni) 3v alloy (LR0-49) are shown in Figure 11 . 

Environmental  Cracking 

The previou s ly described changes in s l ip charac ter c aused by long-range 
order ,  mos t  notably reduced cros s s l ip in al loy s with high anisotropy in APB 
energy , sugges t  that there should be a s igni f icant e f fec t of LRO on 
res i sta�ce to environmenta l  cracking s ince increased susceptibil ity to  
s t re s s  corros ion c racking o f  some aus tenit ic s tee l s  de forming by p lanar 
g l ide has been noted ( Barnart t 1 9 6 2 )  [ a l though thi s as soc iat ion has been 
d i sputed ( Saxena and Dodd 1 966) ] .  A change in c rack path from intergranular 
in  low-Zn alpha brasses  to  transgranular in high-Zn alpha brasses  a l so has 
been l inked to  a change in s l ip charac ter ( Swann 1 9 63 ) .  Neverthe l e s s , few 
s tud ie s  o f  the inf luence o f  LRO on environment a l  cracking have been 
reported . In the case of Has t e l loy B ,  a t t empt s  to l ink LRO with increased 
suscept ibi l i ty to hydrogen embri t t lement  were inconc lus ive ( Berkowit z  and 
Mi l ler  1 980 ) a lthough LRO had been sugge s ted to be the cause o f  
embrittlement ( Asphahani 1 9 7 7 ) . Increased embri t t lement ( in the presence o f  
hydrogen) o f  FeCo-2%V and a n  ( Fe , N i ) 3V a l loy ( LR0-42 )  when t h e  a l loys were 
ordered has been demonstrated by means o f  tens i le , delayed fai lure , and 
fat igue t e s t s  ( Kuruvi l la et a l .  1 980) . A pos s ib l e  explana t ion for an 
enhanced suscept i b i l ity to hydrogen embritt lement due to ordering i s  the 
pos s ibi l ity of  the t ransport of hydrogen over long d i s tances  by superlat t ice  
d i s locat ions confined t o  the  origina l s l ip p lane s . Howeve r ,  no marked 
change in s l ip charac ter with ordering has been noted by ord inary 
met a l lographic observat ions in the s e  al loy s . Recent ly , hydrogen 
embri t t lement a l so has been noted in N i 3Al+B t e s ted in t ens ion at  room 
temperature ( unpub l ished material by A.  K .  Kuruv i l l a  and N .  S .  Stolof f ,  
Rens se laer Po lytechnic Ins t itute , Troy , New York , 1 9 83) .  The embrit t lement 
was shown to  be reversible  after  an outgass ing treatment at 200 ° C .  

Wear Res i s t ance 

The pronounced e f fec t s  o f  ordering on the mechanica l  and phys ica l propert ies  
o f  a l loy s sugge s t  that wear  re s is t ance also might be inf luenced by 
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F IGURE 10  Compari son o f  crack growth d a t a  f o r  LR0-60 ( Fe-39 . 5w%N i.-
2 2 . 4V-0 . 4Ti-0 . 04Ce ) in  h igh purity argon with other  h i gh-temperature 
a l loy s : As troloy tes ted in h igh purity a rgon , R • 0 . 05 ,  v • 10 Hz ; Rene 9 5  
tested i n  h igh purity argon , R = 0 . 0 5 ,  V • 2 0  H z  ( unpub l i shed material by A .  
K .  Kuruv i l l a  and N .  S .  Stolo f f , Rens se lae r  Polytechnic Ins t i tute , Troy , New 
York , 1 983) ;  N imonic 901 , U d imet 7 1 8 ,  and A-286 t e s ted in a i r  at R • 0 . 1 ,  
V = 4 0 Hz (Hoff elner and Speidel 1981) . 
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FIGURE 1 1  Low-cyc le fat igue o f  ordered a l loys c ompared t o  comme rc ia l  a l loys : Rene 9 5 0 
and Ast ro l oy V ( unpub l ished material , S .  V .  Go lwa lkar , Rens se laer Polytechnic Inst i tute ) ; 
LRO 49 e ( unpub l i shed materia l ,  A .  K .  Kuruvi l l a ,  Rens se laer Polytechnic Ins t itute , 1 983 ) ;  
304 0 , 31 0  A and Inco loy 800 . ( unpubl ished material ,  C .  Zhi Ben , Rens se l aer  
Po lytechnic Inst itut e , 1 983 ) ;  and RST 44 * ( Ray e t  al .  1 983 ) . 
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long-range orde r .  It  has been shown , for examp le , that the coe f fic ient o f  
adhe s ion i s  changed b y  long-range order ( Ba i ley and S ikorski 1 9 6 7 ) . For 
Cu-Au and Pt-Co a l loys , the coe f fic ient s are lower for the ordered 
cond i t ions . The observed e f fec t s  were re lated to  order-induced changes in 
hardne s s . S imilar observat ions have been made by Buckley ( 19 6 5 )  for the 
f r ic t iona l behavior of Cu-Au a l loys  in vacuum .  Although l i t t le work has 
been done on the e f fec t s  of long-range order on ero s ion res istance , work on 
Cu 3Au ( Wright and Mikko l a  1 9 7 6 )  has shown that the f ine r s l ip in the 
ordered material  enhance s  the e ros ion re s i s tance . 

CURRENT STRUCTURAL USES OF ORDERED ALLOYS 

Ordered a l loy s  current ly  are u sed as s ing le-phase ( or as the cont inuous 
phas e  o f  mult iphase ) a l loy s in re lat ive ly  few s t ruc tura l app l icat ions . 
Aluminide coat ings based on N iAl and CoAl have been appl ied to nicke l  and t o  
coba l t -base airfoi l s  in ga s turbine s f o r  about 1 5  years . I n  some cases 
the s e  c oat ings , which were app l ied by chemical means ( e . g . , pack 
cementa t ion ) , have been superseded by over lay coat ings based on solid  
solut ion a l loy s such a s  NiCrAlY , FeCrAlY , and CoCrAlY . Plat inum coat ings  
have been used by  the  Genera l Elec tric  Company t o  form aluminides on turbine 
b lade surface s .  

Intermet a l l i c s  a s  d ist ributed phases  cons t i tute the mos t  s igni ficant 
and unique feature of nicke l -base supera l l oy s . Convent iona l ly cas t and 
d irec t iona l ly sol id i f ied supera l loys o ften c ontain 60 to 65 vo l % N i 3Al , 
in  which sub s t ant i a l  quant i t ie s  o f  t itanium ,  tanta lum ,  niob ium ,  and other 
e l ement s are d i s so lved . Such a l loy s  provide the best comb inat ion o f  
s t rength and oxidat ion/corros ion re s i stanc e avai lable  for temperature s from 
about 7 60 to  1 1 00 ° C .  Many d irec t iona l ly s o l i d i f ied n icke l-base eutec t ic 
a l loy s contain y ' part ic le s to  s t rengthen the Y . matr ix , and some are 
re inforced by intermetal l ic f ibers ( e . g . , y ' - o and y / y' - o a l loys in which 
oaN i 3Nb and Co-CoAl al loy s  in which CoAl is the cont inuou s phase ) .  
Although d irec t iona l ly s o l id i f ied eutec t ic a l loy s have not been commerc ia l ly 
manufactured , some have been engine tes ted succe s s fu l ly under re lat ive ly 
short t ime cond itions and may in the future be s e l ec ted for turbine 
app l icat ions , espec i a l l y  i f  produc t ion cos t s  can be reduced . 

Zr3Al was serious ly cons idered a s  a fue l e lement sheath in Canada 
because o f  a comb inat ion o f  l ow neutron c apture c ross-sect ion coupled with 
high s t rength and corros ion re s i s tanc e comparable to  that o f  Z i rca loy 2 
( Schu l son 1 9 74) . However ,  deve lopment o f  this  a l loy u l t imat e ly was ha lted 
a s  a re su l t  o f  recognit ion o f  notch  sens it ivity  and swe l l ing upon 
irrad iat ion .  

CONCLUDING REMARKS 

Th i s  c hapter has shown that ordered a l loy s  o f fer a number o f  unique 
propert i e s  that make them extreme ly at trac t ive for s t ruc tura l use . Among 
them are a high spec i f ic modulus , e spec i a l ly at e levated t emperatures , h igh 
strength at e levated temperature s ,  high s t rain-hardening rate s , and low 
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se l f-d i f fusion rates  with re sul t ing low creep rate s and high 
rec rystal l izat ion temperatures .  A maj or prob lem with most ordered a l loy s  
bas been a tendency f o r  low duc t i l ity ; however ,  recent work performed in the 
United States and Japan has shown that there are a number of reasons for the 
brit t lene s s  of ordered a l loy s , and the reasons can be quite varied depend ing 
on the a l loy system .  Furthermore , i t  bas been c learly demons trated that 
once the reasons for the britt lene s s  of a given a l loy have been ident i fied , 
the duc t i lity can , in many cases , be dramat ica l ly improved . The se 
improvement s now make i t  pos s ib l e  t o  cons ide r ordered a l loy s  for a much 
greater range o f  s t ruc tural uses . 
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CURRENT RESEARCH ON ORDERED ALLOYS 

U . S .  EFFORTS 

Re search e f fort s in the United S tates to deve lop ordered a l loys for 
structura l app l i cat ions are current ly be ing sponsored by seve ra l  government 
agenc ies ( i . e . , ONR , NSF , DOE , NASA, and Ai r Foree Wri ght Aeronaut i ca l  
Laboratorie s ) . A comp i l ation o f  research programs , source s o f  support , and 
princ ipal i nve s t i gators appears in Table 6 .  Moat o f  these are on-goi ng 
programs , a l though one or more may have recent ly terminated . Other 
companies that have been involved in research on t itanium al uminide a are 
TRW , Inc . , Rockwe l l Internat ional Corporation ,  and Batte l le-Columbus 
Laboratories .  Noteworthy by i t a  low leve l o f  support is the Nat ional 
Sc ienc e  Foundat ion , whi.eh i a current ly fund ing only two basic re search 
e f fort s on a lumini dea , on the f low stre s s  peak in Ni 3Al , at the Univers ity 
o f  Pennsyl vania , and some work on NiAl as part of a program at Case We stern 
Reserve Unive rs i ty to evaluate the e ffec t s  o f  surface coat ings on duc t i l ity 
o f  re frac tory metal s .  With the except ion o f  some very innovat ive 
app l ic at i ons o f  a l l oy i ng princ i ples  to produce fee ordered a l loys at  Oak 
Ridge Nat iona l Laboratory , there is no current e f fort to broaden our 
fundamental knowl edge of struc ture , orderi ng kine t i c s ,  and mechani sms o f  
p l a s t i c de format ion i n  ordered a l loy s . ConseQuent ly , the current , l a rge ly 
app l i ed , re search programs are ut i l iz ing basic re search resu l t s  of the past 
or those of overseas workers , thereby j eopard i z ing the leadership pos i t ion 
of the Uni ted S tates i n  thi s field . The s i gni f icant number of unive rs i t ie s  
l i s ted in Tab l e  6 doe s not represent a complete ly accurate pic ture o f  the 
apport ionment of research e ffort , s ince many of the se programs are smal l .  
Al so , severa l groups a t  univers i t ie s  that previous ly have had s i gnificant 
programs on bas ic research on struc ture and propert ies of ordered a l l oys  no 
longer are ac t ive i n  thi s  field ( e . g . , Iowa State  Univers i ty-Ame s 
Laboratory , the University o f  Mary land , and the Univers ity o f  Ca l i fornia­
Loa Ange les ) .  

Other re search prog�ama on using ordered a l loys a s  strengthening phases 
in mul t iphaae eutec t ic composites  have been carri ed out in the United State s 
at United Techno l ogies Research Center , General E lec tric  Company , and 
Rens se l ae r  Po lytechni c Ins t itute , large ly under DOD sponsorship . Reviews o f  
the s tatus o f  such programs recent l y  have been pub l i shed (McLean 1 982 , 
Stolo f f  1 9 7 9 ) . 

4 1  
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TABLE 6 Compi lat ion of Re search E f fort s on Ordered Al loys in the United S tates 

Laborato ry 

NASA-Lewi s  
AFWAL 
Systems Re s .  Lab 
Gen . E lec . R&D Center 
Pratt  and Whitney 

Source 
o f  Fund ing 

NASA 
AF 
AF 
AF 

E .  Hart ford 
W .  Palm Beach 
E .  Hart ford 

Oak Ridge Nat iona l 

AF 
AF 

Lab DOE 

O l in Corp . 
Marko Materia l s  
Univ . o f  Pennsy lvania 

Dartmouth  Univ . 

Vanderb i lt Univ . 

Case We stern Univ . 

S tanford Univ.  
Texas A&M Univ . 
Rens se laer Po lytech .  

Ins t . 

Case We stern Univ . 
Northwe stern Univ. 

JAPANESE EFFORTS 

ONR 
Internal 
DARPA/AMM.RC 
NSF 
DOE-QRNL 
DOE-QRNL 
NASA 
DOE-QRNL 

AF 
NASA 
NASA 
NASA 
DOE-DRNL 

ONR 
NS F 
NSF 

System Studied 

FeAl 
Fe JAl , TiAl , Ti JAl 
Fe3Al , FeAl , Fe3S i  
Ni 3Al+B 

Ni 3Al 
Fe 3Al+B , TiAl 
TiAl 
( FeNi ) 3v ,  
Ni 3Al+B 
Fe3Al 
Fe 3Al 
FeAl+B 
Ni 3Al 
( FeN 0 3V 
Ni )Al , Fe 3Al 
NiAl 
(FeNi ) 3V ,  
Ni3Al 
Fe3Al +B 
FeAl , NiAl 
CoAl , NiAl 
N i Al , CoAl , FeAl 
( FeNi ) 3V ,  
Ni 3Al+B 
Fe3Al , Ni 3Al 
N iAl 
Au-Ni 

Princ ipal 
Inve st igators 

D.  Whittenberger 
H .  Lips itt  
M . G .  Mend i ratta 
S . C . Huang 

D .  Duhl 
E .  Slaughter 
M. Blackburn 
C . T .  Liu 

C . T .  Liu 

R . V . Ray 
D . P . Pope 
D . P . Pope 
E .  Schu l son 
E .  Schul son 
J . J .  Wert 

K .  Vedula 
K .  Vedula 
W. Nix  
A .  Wol fenden 
N . S . Stolo f f  

N . S .  Sto lo f f  
R .  Giba l a  
J .  B .  Cohen 

Research on ordered a l loys cont inues at a fast pace in Japan . The report o f  
a Japanese committee current ly a s se s s ing the future o f  ordered al loy 
re searc h is to be completed soon ; however ,  it is l ike ly that the report w i l l  
have restric ted distribution . 

Names as soc iated with Japane se research in the f ie ld over the past 
severa l decades  i nc lude S .  Ogawa , D.  Watanabe , M.  Hirabayash i ,  s. Yamaguchi , 
and H .  Iwasaki . An early review o f  order-d isorder behavior was authored by 
Muto and Takagi ( 1 955 ) . Recent Japane se work on ordered al loy s  covers much 
of the f ie ld . Some examp les o f  the nature o f  this  work wi ll  be c i ted here 
and other spec i f ic re ferenc e s  wi l l  be made throughout thi s  report . 
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An ac t ive area o f  research has been concerned wi th the so-cal led 
anoma lous temperature d�p�ndence of the f l ow stre s s  of L1 2 superlat t i ce 
s t ructure s . Wee and co-workers (Wee and Suzuk i 1 9 7 9 ,  Wee et a l .  1 980)  have 
interpreted the i r  resu l t s  for a vari ety o f  material s i n  terms of the 
s tabi l i ty o f  the Ll 2 s t ruc ture re lat ive to the c losely related D022  and 
D0 1 9  structure s .  In re lated work , Takeuch i and Kuramoto ( 1 97 3 ) have 
deve loped a c ross  s l i p  theory to exp l a i n  the temperature dependence .  The 
e f fec t of stoichi omet ry on the f low s t re s s  o f  N i 3Al and Ni 3Ga at 7 7 °K 
and room temperature has been stud i ed by Noguch i  and co-workers ( 1 98 1 ) . The 
f l ow s t re s s  i nc reases with changes in composit ion on both s ides o f  
stoichiomet ry , but the inc rease i s  greater on the exc e s s  a l umi num or gal l ium 
side . Whether this  e f fec t i s  c aused by changes in d i s locat ion behavior 
and /or the deve lopment of de fec t  solid solut ions is not c lear .  Hanada and 
co-workers ( 1 981 ) have re lated the high-temperature deformat ion behavior o f  
Fe 3Al i n  bot h t h e  B2 and D03 forms to compo s i t i.on , degree o f  order , and 
ease of c ross  s l i p .  The degree o f  order and c ross  s l ip are thought t o  
exp lain the peak i n  st rength be low Tc ; above Tc the c ross  s l ip o f  B2 
superlat t ic e  d i s l ocat i ons i s  thought to be contro l l ing , with the d i f ferences  
in  vari ous peak temperature s c i ted in the  l iterature caused by  s l ight 
vari at i ons in compo s it i ons . The pioneering work by Aoki and Izumi ( 1 9 7 9 ) , 
which laid the foundat i on for the extens ive work at Oak Ri dge has 
estab l i shed that normal l y  brittle  polyc rysta l l ine Ni 3Al can be duc t i l i zed 
by boron add i t i ons . Fina l ly ,  c reep in AgMg has been stud ied recent ly by 
Murakami and co-workers ( 1 978)  and Yamaguch i  and Umakoshi ( 1 979 ) . 

In the a rea o f  struc tural work , the order-di sorder trans format ion and 
the ordering k i netics  i n  Fe-Al al loys have been s tudied with x-ray 
d i ff rac t ion ( XRD )  by Oki and co-workers ( 1 9 7 3 and 1 974) , wi th transmi s s ion 
elec t ron mic roscopy ( TEM) by Sagane and co-workers ( 1 9 7 7 ) , and with 
Mos sbauer techni que s  by Ok i and co-workers ( 1 9 7 9 ) . The equi l ibr i um phase 
diagram for the Fe-Al system has been approxi.mated recent ly by Hasaka ( 1 980 ) 
us ing cal cul at ions based on a pai r-wise interac t i on mode l u s i ng inte ract ions 
out to third neighbors . 

In summa ry ,  ordered al loys are being very act ive ly researched in 
Japan . High-qua l i ty structural and chemica l  charac terizat ion i s  an 
important st rength of the Japanese re search . It  appears that the goal i s  to 
deve lop add h iona l use fu l  al loys  in the near future and that a coordinated 
program i. s evo lvi ng to accomp l i sh that goal . 

SOVIET EFFORTS 

Soviet research on ordered al loys began with the ear l y  work o f  Kurnakov and 
co-workers ( 1 91 6 ) . Extens i ve research s ince that t im� has invo lved such 
we l l -pub l i shed researchers as W .  Gorsky , A.  Smirnov , M .  Krivoglaz , 
N .  Go losov , I .  Se l i i sky , Y .  Lifshit s , L .  Landau , A.  Khachaturyan , L .  Popov , 
v. Dani lenko , E .  Ne sterenko , I .  Korn i lov , and V .  Heychenko . The recent 
Sovi et  re search is broad i n  scope and only some repre sentat ive recent works 
wi l l  be c ited here to g i ve indi.cat ions o f  current emphase s .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S t r u c t u r a l  U s e s  f o r  D u c t i l e  O r d e r e d  A l l o y s :   R e p o r t  o f  t h e  C o m m i t t e e  o n  A p p l i c a t i o n  P o t e n t i a l  f o r  D u c t i l e  O r d e r e d  A l l o y s ,  N a t i o n a l  M a t e r i a l s  A d v i s o r y  B o a r d ,  C o m m i s s i o n  o n  E n g i n e e r i n g  a n d  T e c h n i c a l  S y s t e m s ,  N a t i o n a l  R e s e a r c h  C o u n c i l .
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 3 8 5

http://www.nap.edu/catalog.php?record_id=19385


44 

There has been a cont inuing e f fort to ca lculate pha se equi l ibria for 
various ordering systems , usua l ly on the bas i s  of a pai r-wise interact ion 
energy . For examp le , Dani lenko and Nesterenko ( 1 980) have ca lculated the 
ordering for an AC-BC quas i-b inary for ternary a l loy s with the B2 
struc ture . The resu l t s  were compared to experiment for N iAl-FeAl . The 
ene rgies o f  mixing for Fe-Ni-Al a l loys  have been calculated on the bas i s  o f  
sublatt ice  occupanc ie s ( Za lutsky and Ne sterenko 1 9 7 9 ) . The calculated 
ordering energies for a toms in the f irst- and second-ne ighbor pos it ions 
inc reased with s i l icon content for a l loys along Fe3Al - Fe3S i 
( Kat sne l son and Po lishchuk 1974) . A c alculat ion o f  the Fe-Al equi l ibrium 
d iagram based on a model wi th tetrahedral c lusters has given qua l itat ive 
agreement with experimental  resu l t s  in the l iterature ( Go losov e t  a l . 
1 9 76) . In re lated work , the Ni-Al d iagram ha s been c alculated us ing a 
pseudopotent ia l method ( Portnoy e t  a l . 1 9 7 9 )  as  ha s the ordering behavior o f  
inters t it ia l  phase s based on an hcp struc ture ( Dmitriev e t  al . 1 980) . The 
e lec t ronic s t ruc ture s of a l loys with LRO and SRO ( Yegorushkin and Kulmentyev 
1 9 79 )  and part ial order ( Alyshev et al . 1 981 ) a l so have been calculated . 

A study o f  the kine t ic s o f  ordering in FeAl has shown that the rate 
decreases as the c omposit ion is changed from s toichiometric and that 
add it ion of s i l icon , coppe r , and chromium dec rease s the e f fec t ( Kucherenko 
and Troshkina 1 980) . Germanium has been found to  inc rease the range over 
which Fe3Al exi s t s  ( E lyut in and Khacbaturyan 1 9 7 2 ) .  In the Fe-Al-Si 
sy s tem ,  the occurrence of multiple phase s of  Fe 3 ( Al , Si ) , Fe ( Al , S i ) , and 
sol id so lut ion caused broadening o f  high-ang le d i f frac t ion l ine s ( Gleze r e t  
a l . 1 9 72 ) .  Ca lorimetry and magnet ic susceptibil ity have been used to s tudy 
atomic and magnetic  d isordering in Fe )Al ( Kravt sova et a l . 1 980 and 
1 982 ) .  Work a l so has been done on the Heus ler  type a l loy Fe 2MnAl 
( Za lutsky e t  a l .  1 9 7 6) . Phase diagram sect ions for add i t ions of  zirconium, 
tungsten , and mo lybdenum to Ti-a l loys have been examined ( Nartova e t  a l . 
1 98 2 ) .  The general approach to studying phase equ i l ibria based on TiAl and 
Ti 3Al ha s been d i scussed ( Glazunov 1 9 8 1 ) . Mossbauer spectroscopy bas been 
used to re late the s t rength of Ni-Al a l loys to s t ruc ture ( Dorofeyev et a l . 
1 9 7 9 )  and pos i t ron annihi lat ion was used to study vacanc ie s in 
of f-stoichiometric CoAl and FeAl ( Dekhtyar e t  a l .  1 9 79) . Severa l s tudies 
have examined SRO in Fe-Al al loy s ( Doro feyev and Litvinov 1 9 7 8 ,  Iveronova e t  
al . 1 9 73 ) .  

The t emperature dependence o f  yield stre s s  o f  Fe-S i and Fe-Al a l loys 
has been re lated to the superlatt ice dis locat ion type , with th i s  type 
thought to be dependent on the a l loy composit ion ( Glezer and Molot i lov 
1 9 7 9 ) . Popov and co-worke rs ( 1 9 7 9 )  have examined the flow stre s s  of Ni 3Fe 
as a function of temperature . The re lat ion of various superlatt ice 
d i s locat ion conf igurat ions to  plastic behavior has been cons idered ( Grinberg 
1 9 7 8 ,  Kgornostyrev e t  a l .  1 98 1 , Nosova 1981 ) . Re lated to the se de format ion 
stud ies  have been at tempts  to calculate d i ffrac t ion contrast for TEM imaging 
of  va rious APB conf igurat ions ( Pikus  and Gleze r 1978) . There have a l so been 
TEM stud ies  of  APB and dis locat ion mobi l i ty ( Koz lov and Koneva 1 9 78)  and the 
causes  o f  pre ferred orientation o f  APBs ( Pushkareva e t  a l .  1 9 7 9 ) . The 
format ion o f  prec ipitates by he terogeneous nuc leat ion on period ic APB in 
mod ified Cu3Au has been stud ied by Sukhanov and co-workers ( 1 980) . The 
mod ificat ion of N i 3Al by al loy ing for struc tura l use at h igh temperature 
( above 1 100 °C)  has been reported by Portnoy and co-workers ( 1 980 and 1 981 ) . 
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Other recent pub l ished works describe the e f fec t of  s i l icon on 
d i f fus ion in Ni-Al a l loys , where the interd i f fuaion c oe ffic ient inc reases 
t oward pure nicke l and with addit ion o f  6 at% S i  ( Koaitsyn e t  a l .  1 980) ,  and 
the e f fec t of t itanium, hafnium, tantalum ,  niobium, and molybdenum on the 
sub l imat ion o f  and d i f fus ion in Ni 3Al ( Bronfin and Drugova 1978) . Al l 
e lements dec reased both the rate o f  evaporation and the d i f fua ivity . 
Neutron i rrad iat ion o f  Fe 3Al baa been s tud ied by lbragimov and c o-workers 
( 19 82 ) ,  and the optical propert ies of ordered and d i sordered Fe-45Al have 
bee n  invest igated by Kudryavt sev and Lezhnenko ( 1 9 7 7 ) . Fina l ly ,  work on the 
synthe s i s  of s ix d i f fe rent a luminidea by high-temperature chemical  react ion 
has been reported by Podergin and c o-workers ( 19 7 5 ) . 

There is  cons iderable research act ivity on ordered a lloys in the Soviet 
Union . Ca lculat iona l approache s appear to be popular and some of this type 
of work appears good . 

EUROPEAN RESEARCH ON ORDERED ALLOYS 

The current research e f fort in Europe i s  now quite smal l .  The main programs 
are at the University o f  Poi t iers , France , under Rabier ,  at the Unive rs i ty 
of Sc ience and Technology in Li l le , France , under Eacaig , and at the 
University o f  Groningen , Ho l land , under DeHos son . In al l three programs , 
the emphas is  i s  on obtaining a sc ient ific understand ing o f  the de format ion 
properties o f  comp l icated ordered a l loys . None o f  these invest igators bas ,  
to our knowledge , pub l i shed work on the deve lopment o f  duc t i le 
polycrysta l l ine ordered al loys . In addit ion , there i s  a program on t itanium 
aluminides be ing carried out at  the National Gas  Turbine Estab l i shment at 
Farnborough in the United Kingdom. 

CONCLUDING REMARKS 

Based on the informat ion ava i lable in the open l iterature , the c ommittee has 
conc luded that coord inated e f fort s a imed at  the deve lopment of  new ordered 
alloys for s t ruc tura l  appl icat ions are under way only in the United S tates 
and Japan . The two major e f fort s in the United State s , at Wright-Patterson 
Air Force Base and at Oak Ridge Nat ional Laboratory , are , at  pre sent , the 
mos t  produc t ive and mos t  highly succes s fu l . However ,  based on the quant ity 
and qua l ity of  the pub l icat ions from Japan , i t  is c lear that substant ial 
resul t s  also  wi l l  soon come out o f  Japanese e f fort s .  
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4 

POTENTIAL DEPARTMENT OF DEFENSE APPLICATIONS 

Inasmuch as current deve lopment programs are c oncentrat ing on a l loys o f  
nicke l , t itanium ,  or iron with aluminum , app l icat ions for the se types o f  
material s wi l l  b e  emphas ized . The potent ial advantages o f  such a l loys  are 
their  re lat ive ly low dens ity coupled with good s t i f fne s s , s t rength , and 
oxidat ion charac teris t ic s ,  and uses that exploit such features must  be 
sought . Component s in powe rp lant s and in certain airp lane s  are obviou s 
cand idate s , e spec ia l ly for part s required to  operate a t  h igh temperatures .  
It i s  recognized that add it iona l proj ect s  are seeking to ident i fy a l loys 
with other attributes ( e . g . , wear res i stance , magne t ic propert ies ,  rad iat ion 
res i s tance ) .  Al though apace constraint s prevent detai led cons iderat ion, 
much o f  the fol lowing d iscussion should apply equa l ly we l l  to these a l loys . 

To date , no ordered a l loy has reached the stage o f  deve lopment at  which 
suf f ic ient manufac turing and des ign data have been generated to permit 
incorporat ion in de fense systems . Consequent ly , it  i s  not pos sible  to 
attempt a corre lat ion between spec i fic al loys and spec i f ic app l i cat ions . 
Many fac tors , however ,  influence such al loy se lec t ions , and ident i f icat ion 
of  these fac tors wi l l  be use ful not only in seeking appl icat ions but a l so in 
orient ing deve lopment e f forts to addre s s  such fac tors . 

Even when engineering data are at  hand , there i s  a series o f  
contractua l and admini strat ive cons iderat ions tha t may impede the t ime ly 
introduc tion of a new material into produc t ion. These inc lude 
spec i f icat ions from which approva l for deviat ion would be required , so le 
source cond it ions to which many contractors might justi fiably obj ec t , 
production schedu le s so t ight that t ime for usage va l idat ion i s  not 
avai lable be fore f inal commitment to ful l  scale produc t ion i s  required , and 
poor part pe rformance , which encourage s conservat i sm on the contrac tors 
part . Component s e lec t ion for early duc t i le ordered a l loy app licat ion 
should at tempt to minimize these  factors . 
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APPLICATIONS OF NEW ALLOYS 

It i s  some t ime s assumed that the exi stence o f  a new a l l oy that exhibit s 
propert i e s better than those current ly avai lable wi l l  be suf f ic ient to 
just i fy its app l ication s ince i t  wi l l  improve system performance .  However ,  
the factors that must  be cons idered are many and comp lex , and inc lude 
per formance spec i f i cat ions and various e lement s  of cost . The fol lowing 
paragraphs deal with some of these cons iderat ions . 

Per formance and Cost  Spec i f icat ions 

Mos t  vehic les  or equi pment that cou l d  uti l ize ordered al loys wi l l  be 
de s i gned to meet a spec i fic set of comprehens ive requi rement s ( e . g . , we ight , 
thrus t ,  speed ) .  W i th these spec i f icat ions e stab l i shed , the designer mus t  
not only mee t  these requ irement s but also  strive to ensure that the system 
can be bui lt  on schedule and with in cost . Thus , improved performance over 
and above the goa l i s  not nec e s sarily an advantage even in mi l itary aircraft  
whe re performance i s  so important . There is  no inc ent ive to exceed the 
requirement s unle s s  it  can be done wi th no increase  in cost and no 
compromi se in re l iab i l i ty .  To an extent , materials  o f  cons truc t ion are set 
by the spec i ficat i on ; given a choice , a des i gner wi l l  select a proven cheap 
a l l oy .  However ,  cost-we ight trade-offs  wi l l  have to be made for each system 
so a new material can buy i t s  way in , assuming the risk fac tors are deemed 
acceptabl e .  Risk i s  made up o f  seve ral con s iderat ions rang ing from fear o f  
the unknown to the fac t that only a l imited amount o f  characterization has 
been per formed and onl y  a sma l l  amount of mechanical  property data may be 
avai lab l e .  Th is last point can serve to i nt roduce another important 
fac tor : In the deve lopment of new al l oy systems , tens i le strength is o ften 
the only property determi ned . Inc rea se s in s t rength may be use ful but it  
represent s only one potent i a l l i mi t i ng charac teri stic . 

Limit Condi t ions o r  Fai lure Mode s 

E s t imates of  the s t ruc tura l advantage o f  a new material are frequent ly made 
by re lat ing spec i fic strength ( strength : dens ity )  to component s i ze . U s i ng 
such a me thod , an a l l oy that i s  twice as  strong wi l l  resu lt in a part hal f 
a s  thick or an a l loy hal f as  dense wi l l  cut the weight  in hal f .  Thi s  wi l l  
b e  t rue only i f  a l l  the key propert ies o f  the a l loy do not resu l t i n  a 
change i n  fai lure mode . In typica l  aircraft s t ruc ture s , a variety o f  l imi t 
cond it ions may be encountered ( e . g . , overload , buckl ing , fat i gue ) . Each c an 
serve to s ize the part . It i s  c lear , there fore , that weight reduct ion made 
pos s ib l e  by an improvement in one property can be restri c ted to a point 
where another fai lure mode become s crit ical . Thi s i s  i l lus trated i n  
F i gure 1 2 ( Ekva l l  e t  al . 1 982 )  which shows the requi red struc tural 
thicknesses  to sus tain the various fa i lure l imit s  i n  an aircraft s t ruc ture 
bu i lt  o f  two compe t i t i ve materia ls . The origi na l a l loy ( shown on the left ) , 
l imited by s t rength , i s  compared with a new a l loy ( shown on the right ) for 
wh ich the l imi t i s  set by damage tolerance . In the deve lopment of ordered 
a l loy s  it wi l l  be important to cons ider the ba l ance of properties  that can 
be ach i eved . Improvement i n  one p rope rty may not yield a commensurate 
component benef i t shou l d  other prope rt ie s change . Eva l uat ion of the 
re s i stance of new a l loys to a spec trum of  test  cond i t i ons wi l l  be required 
to permi t the dete rminat ion of app l i cat ion potent i a l . Thi s  type o f  
eva luation unfortunately shou ld not be relegated to the l ater s tage s o f  a 
deve l opment p rogram .  
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Strength Cr8ck 
Strength Propeg�t� - - - - - - - -.--.,.,;"""' 

Basic material 

Hypothetical new material that is 
stronger and stiffer, but no better 
in crack propagation resistance 

FIGURE 12 Pot ent ial we ight saving s c ons id er ing add it ional fa ilure mod es 
(based on Ekva l l  1 982 ) .  
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Timing Constra int s and Appl icat ion Windows 

A review of the Department of De fense planning documents about two years ago 
yie lded a l i s t  of projected maj or new systems scheduled for produc t ion 
between 1 983 and 2000 ( Kearns 1 9 8 2 ) . Detai l s  are given in Tab le 7 ;  the 
numbers  a l though subj ect  to  c hange are of the right order o f  magni tude and 
would seem to offer many opportunit i e s  for new mate ria l s .  However ,  t iming 
const raint s a l ter t h i s  a s ses sment because of  t he qua l i f icat ion requirements , 
and these const raint s vary wide ly depend ing on whether the materia l i s  to  be 
inc luded : in the origina l des ign ,  during the de s ign phase , to correc t  a 
t e s t  d e f ic iency , or  to a l l eviate a service problem . 

The original concept o f  high-pe rformance sy s tems usua l ly precedes f i rs t  
produc t ion by at lea s t  1 0  years . Many o f  those l i s ted i n  Table 7 have 
al ready passed t h i s  conceptua l s t age and , there fore , applicat i on windows 
have apparent ly been c losed . However ,  h igh-pe rformance  vehic les often 
experience unacceptable we ight inc reases during prototype deve lopment , and 
component fai lure s  a l so are not uncommon at t h i s  stage . Such occurrences 
offer  add it iona l opportunitie s  for the app l icat ion o f  new materia l s . 
Prob lems in service due to  unant ic ipated operat iona l condit ions often arise 
and t hese , depend ing on the magnitude o f  the problem ,  could re sult in 
materials  subst itut ions . In F igure 1 3 , the potent ial  appl icat ion 
opportunit ie s  in a i rframes and engines are ind icated by arrows at the 
appropr iate t ime s . 

TABLE 7 New Sys tems in t he Department of Defense Plans 

Yea r  A/C!. 

1 9 83 2 
1 984 1 
1 986 
1 9 87  2 
1 988 3 
1 989 4 
1 9 90 2 
1 99 1  1 
1 9 9 2  1 
1 9 9 3 1 
1 9 94 2 
1 996  1 
2000 2 

� 

1 
1 
2 
1 
3 
2 
1 
2 
3 
2 

LV£ 

6 
1 
1 

2 
3 

!.Fixed-wing a i rc raft  and he l icopter . 
�i s s i le s  • 

.£Land vehic les . 
�h ips and other seaborn vehic le s .  
�Guns , etc . 
SOURCE : Kearns ( 1 9 82 ) .  

s2. 

4 
1 
3 
1 
5 

1 

Other� 

1 

1 

1 
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F IGURE 1 3  New materia l appl ication windows ( Ekva l l  e t  a l .  1982) . 
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QUALIFICATION AND INCORPORATION PLANN ING FOR NEW MATERIALS 

Having indicated some o f  the problems that wi l l  be encountered in ga�n�ng 
acceptance of a new material and ge tt ing it incorporated into systems , it  
may be informat ive to examine how this  has  occurred in prac t ice . I f  the 
materia l s  used in the various sys tems and equipment operated by the armed 
forces  are surveyed , it becomes c lear that new and upgraded materials  are 
incorporated on a regular bas i s . Some of  the change s are obvious ly 
evo lut ionary , but it i s  the more revolutionary changes that are of intere s t  
here . There are a serie s o f  steps through which a ( succe s s fu l )  new materia l 
mus t  pas s  on the way to  qua l i f ication .  The se are represented in Figure 1 4 ,  
which shows not only the t iming of  these  stage s but a l so the approximate 
cos t . Ba sed on the f irst incept ion o f  a new idea , a serie s o f  laboratory 
tes t s  usua l ly is pe rformed to confirm the promise of the sys tem and def ine 
ba s ic capab i l i t ie s ; this  i s  a re lat ive ly inexpens ive s tage . The deve lopment 
stage i s  muc h more costly  and invo lve s proc e s s ing s tud ie s  ( e . g . , large-scale 
me l t ing ,  convers ion t o  mi l l  produc t s ) , deve lopment of  pre l iminary des ign 
property data , fabricat ion t ria l s , etc . As suming succe s s  at thi s stage , 
prototype hardware would next be produced and sub j ec ted to rig , engine , and , 
in some case s , service test s .  In para l le l , qua l i f icat ion of  a lternate 
produc t ion sources  would occur and for incorporat ion approva l would be 
sought from the various contro l agenc ie s .  Fina l ly , after 1 0  or more years 
and the expend iture of  about $ 1 5  mi l l ion , component s made f rom the new 
materia l wou ld be incorporated into produc t ion hardware . 

It i s  obvious that such a complex deve lopment sequence involves many 
part ic ipant s--the cus tome r ,  the manufac turer , vendors , technical 
laboratories ,  etc . Even these descript ive t i t le s  are in some ways 
mi s leading in that part ies are concerned with many aspec t s  o f  the 
ac t ivit ies . For examp le , government agenc ies often fund much of the ini t ia l  
sc reening proeram through to manufac turing techno logy demons t rat ions before 
the material �s incorporated into a produc t acquired by DOD . In many cases 
c lose coord inat ion of  all  stage s aids  great ly in provid ing period ic feedback 
and program cont inuity . The other important , and often l e s s  tangible , 
fac tor that is  c reated by such a team i s  an advocate ( o r  advocates ) of  the 
techno logy in the key manufacture r and customer area s . Without such 
advocate s , a technology can withe r  away and die in the current compet it ive 
atmosphere . 

Another key e lement for any major  thrust  i s  frequent reviews o f  the 
payof f  for the techno logy . If  thi s  i s  h igh , i t  obviously  wi l l  serve to 
maintain momentum espec ial ly in t ime s of  technical  tribulat ion . Such 
cos t-bene fit  stud ie s  need to be repeated at regular interval s ,  e spec ial ly in 
the t ime period between the euphoria of  laboratory demons trat ion and the 
b leak rea l i sm of  the deve lopment program , because the basel ine assumpt ions 
often are mod i f ied as new informat ion becomes avai lable . It is we l l  to 
remember that the first  thing you eve r hear about a new material i s  the bee t . 

The s i tuat ion can be summarized , in re lat ion to the above scenario , for 
the new al loys  that have been covered in pre sentat ions to the commit tee : 

1 .  Ti tanium aluminides--Deve lopment path i s  we l l  under way . If  basic 
engineering concerns can be overcome , l imited engine u t i l i zat ion cou ld occur 
as early as 1 987 . 
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F IGURE 1 4  Typical development sequence  for a new material be ing 
incorporated into a de fense system ( c ourtesy of United Technologies , Inc . , 
Prat t and Whitney Aircra ft ) . 
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2 .  Iron a l umin ide s--Pre l i minary laboratory demonstrat ion i s  nearing 
comp l et i on .  I f  systems pas s  cost-bt>ne fi t  t e st s , they should proceed to 
deve lopment stage within three years wi th qua l i ficat ion possible  by 1990 .  

3 . N i c ke l  a luminidt> s--Laboratory demonstrat ion has been ini t i ated and 
re sul t s  have been promi s i ng .  Somt> pre l i minary component ident i f icat ion has 
been performed , but more i s  needed . Cl earer p i c ture o f  payof f s  wi l l  be 
requi red i n  the future . 

4 .  Iron-ba se ordered a l loy s--Laboratory demons t rat ions have shown some 
attrac t i ve propert ie s .  Lac k  o f  potent i a l  user i nterest  and spec ific  payof f s  
st>em t o  b e  major  d rawback s  at prest>nt . 

SOME POTENTIAL APPLICATIONS 

Based on the known charac teri s t i c s  o f  the al loys that have been covered in 
th i s  review , the most  obvious appl icat i ons are in gas turbine engine s . The 
intermed iate- and h i gh-temperature strength charac teristics , low den s i ty ,  
etc . , a l l  point to such app l icat i ons . Material temperature s  encountered in 
propu l s i on systems o f  thi s type are charac teri s t ical ly hi gh .  Al l oys wi th 
good high-temperature strength and oxidat i on re s i stance and low dens ity 
wou ld seem e spec i a l ly advantageou s i n  rotat ing part s in whi ch c entri fuga l 
l oad s may account for about 7 5  percent o f  the total load ing . Figure 1 5  
i l lustrates a typ i c a l  l arge t ransport a i rc raft turbo fan eng i ne and Table  8 
l i s t s  property requirement s  and fai lure modes pos s ible  for the various 
component s . 

Potent i a l app l icat i ons  for the vari ous  c l asses  o f  ordered a l l oys , 
e spec i al l y  the alumi ni de systems , are covered i n  more de tai l be low wi th 
empha s i s on rotat i ng component s . The i l lustrat ions chosen a l so inc lude 
bri e f  desc ript ion s  of the ext reme s i n  operat ing cond i t i ons together with the 
materia l s  and processes  u sed to make the component s .  

Requi rement s  for fan and l ow pre s sure compre s sor part s ,  shown in 
F i gure 1 6 ,  are low dens ity but h igh s t i f fnes s  and strength . These 
charac teri s t ic s seem be s t  fitted by the t i tanium a l umini de s . The front end 
of an engine operate s  at low temperature s and i s  subj ect to the inges t ion of  
foreign object s .  Thus the ba sic damage toleranc e  of  any a l umi ni de system 
wou ld have to be shown to be adequate . Temperatures  rise rapid l y  as  one 
proceed s through tht> hi gh pres sure compre s sor , shown i n  Figure 1 7 ,  and 
severa l of the ordered a l loy systems cou l d  be cons i dered for these 
component s .  We ight , durab i l ity , and the f i re danger wi. l l  di c tate the 
spec i f i c al loy se lected . It  i s  probab l e  that a combi nat ion o f  systems would 
be the be s t  compromi se . It should be noted that the drum rotor des ign 
requ i re s  good we ld ing and repai r charac teri s t ic s .  

The burner , Figure 1 8 ,  and h igh pre s sure turb i ne ,  F igure 1 9 ,  o f  ga s 
turb ine eng i ne s  represent the most  cha l lenging environment for materia l s .  
Stre s s e s  and temperature s are h i gh ,  but maximum value s usua l l y  do not occur 
s imultaneously , l ead i ng to comp lex durab i l i ty ( thermo-mechani cal fat igue ) 
requi rement s .  N i cke l alumi ni de s  are the onl y  current candidates that have 
any prospec t of meet i ng the mechanical and corrosi on p ropert ies needed in 
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FIGURE 1 5  Aircraf t turbofan eng ine ( court esy of  Unit ed Techno log ies Corporat ion , Prat t 
and Whitney Aircraf t ) . 
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TABLE 8 Gas Turb ine Eng ine Metal Components - Mat er ial Property Requ iremen t s  and Fa ilure Modes 

Co.pooeat Major Mate r i a l  Property aequf re.eat a 

eo.preaaor d i ••• Riah apec i f ic atrenath ; creep rea i ataoca ; at f f faaaa ; fat i aue ( LCP/crac• 
( f ac l .  faa) arowth) ; ozidat ioa/corroaioa raai ataoce ; we ldah i l ity 

CO.,raaaor bladea Pat laua ( LCP/RCP) ; a t i f foeaa ; low deaa f t y ;  eroaioa reaiataaca 

c. ••• 
( faa aod ca.praaaor) Straaath ; c reep raal ataoce ; fat iaue ; d t  .. aaioaa l atabl l ity ; repairabi l ity 

Shafta Blah apec i f f c atrenat h ;  fat iaua raaf ataace ; cr .. p raaiataaca 

ec.buator l ioer Blah bu,._t t_,.ratura ; the11Wal fat iau• atreqth ; oaldatioa aod 
hot-corroa f oa real ataaca ; c reep reaiataaca ; fabricab i l lty ; repa i rab i l i ty 

Turbf oe  •aoe 

Turbioe blade 

Turblaa dhc 

C.aaa ( dt f fuaioa 
aod turhiaa) 

Bl ah bu,._t t_,.ratura ; fracture touahoeaa ; tbel!Wal fat iaua atraqtb ; 
ozidat loa aod bot-corroaioa reaiataoca ; eroaioa raahtaoce ; low 
dl atort ioa ; repairab i l i ty 

Blah bu,._t t_,.ratura ; taaaHe atrenath ( y ie ld aod u l t iaate ) ;  
a t raaa-rupture l i fe ; creep reahtaace ; oaidat ioa aod bot-corroaioa 
reahtaoca ; fatlaua atraqth ( RCP aod LCP ) ; fracture toualmaaa ; 
eroaloa raaf ataoce ; low thel!Wal azpan a f oa ;  blah tbel!Wal cooduc t i•ity ; 
low daaa i ty ;  repairab i l i ty 

!!!l atreaa-rupture l i fe ; c reep real ataaca ; fat iaua atraqth (LCP) ; 
oaldat loa aod hot-corroaioa rea f ataaca 

� teaai le atreqtb (yield aod u l t i  .. te) ; fat iaua atraqtb ( LCP) ; 
tow deaa ity for eat ira d i ac 

Taaai la atreqtb ( yield aod ulti .. te) ; atreaa-ruptura l i fe ; c reep 
rea i ataaca ; fat iaua atraaath ( LCP) ; oaidat ioa aad hot-corroaioa 
reaiataoca ; low diatortioa fa b lade raaioa ; fabricabi l i ty ; repairabi l i ty 

typ ; cal Fai l ure Modea 

Low cyc le fat iaue 

LCP aad acr ; foraiaa objec t d .... a ;  
f i ra /o .. rheat iq 

Low cyc le fatiaua ; i.,ac t d .... a 

LCP ; wear 

Tbel!Wa l  fat iaue ; c reap-bucUiq ; buna-tbrouah ; acr 

Tbel!Wal fat iaua ; oaidatioa ; hot-corroaioa ; 
diatort ioa ( c rMp) 

Straaa-ruptura ; oaidatioa ; bot-corroaioa ; 
tbel!Wal fat iaua ; Bcr 

llacbaaical LCP ;  llCP 

LCP (.oatly .. cbaaic a l )  
acr 

VI 
00 
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FIGURE 1 6 Fan a s semb ly of a CF6-8o e ng ine ( courtesy of Gene ra l Elec t ric Company ) . 
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F IGURE 1 7  Compressor rotor of a CF6-6 engine ( courtesy of Genera l E lec tric 
Company ) .  
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F IGURE 1 8  Combust ion c hambe r o f  a JT9D engine ( courte sy o f  United 
Tec hno log ies Corpora t ion , Pratt  and W h itney Ai rc ra f t ) . 
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F IGURE 19 High pre s sure turbine assemb ly of a CF6-50 engine ( c ourte sy o f  
Genera l Electric Corporat ion ) . 
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turbine disks , blades , and vane s .  It i s  pos s ible that the lower stresse s 
that prevail  in the burner c ould permit the exp loitat ion o f  the excel lent 
oxidat ion resistance of the iron aluminide s .  Component s are present ly made 
by a variety o f  methods and the abil ity to c reate these comp lex shapes from 
these new systems wi l l  also  be a key fac tor . An examp le are the comp lex 
ho l low blade and vane cast ings shown in Figure 20 . The temperature s  and , to 
a le sser extent , s t resses  are lowe r in the low pre s sure turbine ( Figure 21 ) , 
and the le ss  demand ing condit ions open up seve ral potent ial appl icat ions . 
Both  the t itanium and nicke l aluminide s appear cand idate s for d i sks and 
blades . 

It is  obvious from F igure 1 5  and the other i l lustrat ions that there are 
many othe r component s in a turbine engine . The payo f f s , compat ibi lity with 
de s ign need s , e tc . , would have to be asse s sed individual ly to define 
appl icab i l ity . It i s  hoped that this  rather brie f treatment o f  some o f  the 
chal lenge s for new material set by gas turbine s  wi l l  s t imulate more in-depth 
stud ie s . 

A role for ordered al loy s  in rocket propuls ion sy stems a l so can be 
foreseen i f  improvement s over exi s t ing nicke l-base supera l loy s are 
achieved . O f  part icular intere st wou ld be a thermal-fat igue and 
high-cyc le-fat igue re s i stanc e  superior to that o f  the MAR-M246 current ly 
used for turb ine blade s on the Space Shut t le main engine , for examp le . 
Figure s 22 and 23 show typical c ros s-sec t ions o f  advanced rocket engine 
turbomachinery with potent ial app l icat ions be ing turbine blade s , d i sks , and 
combust ion chamber l iners . 

Other potent ial aerospace hardware app l icat ions for ordered a l loys are 
in advanced meta l l ic therma l  protec t ion sys tems and hot gas duc t ing for l i f t  
augmentat ion devices .  I n  these l a s t  two case s , low dens ity i s  o f  paramount 
importance , making the t itanium aluminide s o f  great intere s t . 

Another pos s i b le app licat ion for advanced duc t i le ordered al loys i s  in 
nuc lear space power systems . Severa l a lternate system type s are current ly 
under  s tudy , and the maximum temperature to  which s t ruc tura l materia l s  wi l l  
b e  exposed varie s from one des ign t o  another .  However ,  maximum temperature s 
would typic a l ly be in the range o f  830 to  1 2 30 ° C .  S ince the se are f l ight 
sys tems , weight i s  an important parameter and materia l s  that o f fer 
strength-to-we ight advantage s are attract ive . The duc t i le ordered a l loy s 
current ly be ing deve loped wi l l  not be adequate for use in the higher 
temperature systems be ing s tud ied ( i . e . , maximum temperature of 1 230 ° C ) ; 
however ,  other al loy systems , such a s  the CoAl-ba se a l loy s , may be usefu l in 
the higher temperature range s .  

The space power systems based on the use o f  in-c ore thermionic 
conversion expose s t ruc tura l materia l s  to lower maximum temperature s ( i . e . , 
830 ° C ) . In the se systems , the duc t i le a luminides ,  for examp le , could p lay a 
use ful ro le in component s such a s  the rad iator , piping , pump s , manifold s ,  
and nozzle s .  

To b e  applied i n  space power systems , materials  must  be compatible with 
the heat t rans fe r f luid s  ( typica l ly molten meta l s  such as  lithium , sod ium , 
or sodium/potass ium) . Limited experiments have shown good compat ibi l ity for 
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V�E BLADE 

F IGURE 20 Turbine b lade s and vane s o f  a PW203 7 engine ( courte sy of United 
Tec hno logies  Corpora t i on ,  Pratt  and Wh i tney Ai rc ra f t ) . 
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F IGURE 21  Low pre ssure turbine as semb ly o f a CF6-6 engine ( courte sy o f Genera l E lectric Corporat ion) . 
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F IGURE 22 High pre ssure fue l turbopump ( c ourtesy of Rockwe l l  Internat iona l ,  
Rocke tdyne Divis ion) . 
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F IGURE 23 Space shut t l e  ma in  engine powe rhead component arrangement 
( c ourtesy o f  Rockwe l l  Int e rnat iona l , Rocke tdyne D i v i s ion ) . 
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some ordered a l loys with such mo lten a l loy s . The h igh nicke l content o f  
some of  t h e  higher strength duc t i le ordered a l loy s  may b e  a d i sadvantage i n  
t h i s  re spec t since  many a l loy s with a high nicke l content exhibit high 
corro s ion rates in l iquid metals  o f  the type s indicated . Good resistance t o  
i rrad iat i on damage wi l l  b e  important f o r  appl icat ions i n  shie lded locat ions , 
and t he boron content o f  some o f  the h igh-s trength duc t i le ordered al loys  
may be a d i sadvantage in this  regard . In add i t io n ,  s ince space power 
sy s tems are typic a l ly fabricated from formed and j oined sheet , p i pe , e tc . , 
good fabricab i l i ty and we ldab i l i ty wi l l  be required . Overal l ,  howeve r ,  the 
we ight saving potent ial  of some o f  the duc t i le ordered a l loys sugge s t s  that 
they should  be eva luated for space powe r .  
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AVAILABLE DATA ON DUCTILE ORDERED ALLOYS 

ENGINEERING DATA 

Introduc t ion 

For material s  to be useful in the h igh-re l iabi l ity , 
prec i s ion-engineered struc ture s typica l o f  advanced defense techno logy 
sy stems , a very large body of pert inent enginee ring data mus t be avai lable . 
Detai led spec i f icat ions to ensure that procured materia l s  exhibit  acceptable 
degrees of  reproduc ibi l ity and pred ic tab i l ity a lso must be avai lable . The 
type s o f  engineering property data that may be required inc lude : 

1 .  Physical Properties 

2 .  

3 . 

a .  Modu lus 
b. Thermal expansivity 
C o  
d .  
e .  
f .  

Time 
a .  
b .  
C o  
d .  
e .  

Time 
a .  
b .  
c .  
d .  
e .  
f .  

Therma l conduc t ivity 
Dens ity 
Spec i f ic heat 
Poi s son ' s ratio 

Independent Mechanica l  Prope rt ie s 
Yie ld and tens i le strength 
Tens i le f low behavior 
Duc t i l ity 
Inf luence o f  mult iaxial stre ss ing 
Toughne ss  

and Cyc le Dependent Mechanical  Propert ie s 
Creep and rupture strength 
Creep-rupture duc t i l ity 
Low cyc le fat igue s t rength ( s train and load contro l led ) 
High-cyc le fat igue strength (various R rat io s )  
Creep-fatigue ( thermomechanical fat igue ) 
Ef fec t s  o f  mu ltiaxial stresses  
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g .  S low crack growth due t o  fat igue , c reep , creep fat igue , o r  s tatic 
fat igue 

h .  E f fec t s  o f  long-term thermal aging 
i .  Size e f fect  

4 .  Environmental Compat i b i l ity 
a. Oxidation 
b .  Su l f idat ion behavior 
c .  Stres s  corros ion cracking 
d .  Evaporation rate s in hard vacuum 
e .  Susceptab i l ity to saline-bearing environment 
f .  Erosion 
g .  Corros ion by heat trans fer f luids ( l iquid metals , water , s team,  

salt s )  
h .  Hydrogen embri t t lement 
i .  Tribo logy behavior at a l l  operat ing temperatures  
j .  Irrad iat ion 

5 .  Fabricab i l i ty 
a .  Abi l ity to make required produc t forms 
b .  Reproduc ib le propert ie s from product ion s ize lot s  for required forma 
c .  Acceptable machinabi l i ty 
d .  Joinability  ( by we ld ing , brazing , d i f fus ion bonding )  
e .  Acceptable formabi l ity 
f .  E f fec t s  of form ,  forming , and j oining on propert ies  

The re lat ive importance o f  these propert ies change very substantial ly 
as a func t ion of spec i f ic app l icat ion . For example , in modes t-temperature 
aerospace app licat ions , dens i ty ,  modulus , tens i le strength , and fat igue 
properties may be mos t  important . In higher temperature app l icat ions , on 
the other hand , t i me- and cyc le-dependent mechanical propert ies such as 
c reep and rupture strength , c reep-fat igue , and s low crack growth may be mos t  
important . Environmental compat ib i l i ty requirement s wi l l  vary great ly with 
app l icat ion . In high-temperature jet engine appl icat ions , oxidat ion and 
sul f idat ion rates may be most  important whereas in nuc lear space power 
app l icat ions , l iquid metal  compat ibi l ity and evaporat ion rates in high 
vacuum may as sume more s igni f icant roles . Clearly , for any o f  the se 
app l icat ions , i t  i s  necessary for the materia l s  t o  be avai lab le in the 
required shapes , and they mus t  be j oinab le and mach inable to the extent that 
this  is a design requirement .  

In order to produce high-re l iabi l i ty de signs it  also i s  necessary to 
know the range of  variabi l i ty that can be expected in propert ies  as a 
func t ion o f  heat-to-heat variat ion , product form , etc . Typical requirements 
from MIL Handbook 5 ,  in this re spec t ,  are shown in Table 9 .  For certain 
materials  i t  a l so is  necessary to assess  properties as  a func t ion o f  
direct ionality  ( anisotropy ) , which may vary cons iderab ly with produc t form. 

Overal l , there fore , the qua l i ficat ion of an a l loy for advanced de fense 
sy stem app l icat ions is a re lat ive ly expens ive and t ime-consuming ac t ivity 
( see F igure 14)  t hat is only undertaken when suffic ient cost-benefit  
incent ives exis t . 
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TABLE 9 Typical  MIL  Handbook 5 Dat a  Requirement s 

Feature Required 

S pec i f icat ion 

Room Temperature Value s  

Temperature E f fec t s  

Fat igue 

Creep and Rupture 

Other 

Mi l itary , federa l , or aerospace material 
specif ica t ion 

Tens i le , compre s s ion , shear and bearing te s t s  
on 10  lot s  from at  least  2 product ion beats  

Tens i le ,  compre s s ion , shear and bearing tes t s  
on 5 lots from 2 heat s at  each temperature 

No minimum data requirement s 

At least 3 temperature s and 3 s t resses  
covering 2 to  3 orders o f  magnitude on e lapsed 
t ime for a minimum of 5 lots  o f  materia l 

E f fec t s  o f  aging--propert ie s o f  j oint s , 
physical propert ie s ,  fracture toughne s s , 
stre s s  corros ion 

Avai lable Data on Duc t i le Ordered Al loys 

In the remainder of this  sec t ion the discuss ion wi l l  be limited to the 
duct i le ordered al loy s  recent ly deve loped at ORNL ; spec i f ica l ly , mos t  o f  the 
discus s ion wi l l  re late to t he duc t i le N i 3Al-based a l loys . The current ly 
avai lab le data on the engineering propert ies of duc t i le ordered a l loy s are 
extreme ly l imi ted . In fac t , most of the avai lab le informat ion is for 
experiment a l  lot s  of  materia l and es sent ial ly no engineering type data 
exist . The data that are avai lab le ,  however ,  ind icate that some of  the 
duc t i le ordered a l loy s appear to posse s s  prope rt ie s that offer a 
cons iderab le engineering advantage . The dens i ty-compensated y ie ld strength 
and ultimate tens i le st rength o f  the duc t i l ized Ni 3Al a l loy s , for examp le , 
increase with temperature and can achieve leve l s  comparab le  to those o f  some 
of the h ighe st s t rength a l loys  current ly avai lable ( Figure 24 and 2 5) 
( Engineering Alloys Dige s t  Inc . 1968 ; Menon and Re imann 1 9 7 5 ; Conway and 
Stent z ,  1 980 ; and private communicat ion with C .  T .  Liu , Oak Ridge Nat iona l 
Laboratory , Oak Ridge , Tenne s see , 1983 ) .  Strengths  o f  this  orde r ,  coup led 
with fairly good duc t i l it ies , are encouraging . 

The ava i la b le data on creep and rupture behavior are ve ry l imited , but , 
again , encouraging . As ind icated in Figure 2 6 ,  the rupture strengths o f  the 
advanced LRO and a luminide a l loy s are we l l  above those o f  many comme rc ia l ly 
ava i lable wrought a l loy s--and may approach the strength leve l s  o f  some o f  
t h e  cast-nicke l-base supera l loy s ( Engineering Al loy s Dige s t  1968 ; Menon and 
Reimann 1 9 7 5 ; private c ommunicat ion with C. T .  Liu , Oak Ridge Nat iona l 
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Laboratory , Oak Ridge , Tenne s see , 1983 ; Ae rospace Struc tura l Metals  
Handbook , 1 984 ) .  Avai lable c reep data  are summarized in Table 5 .  The 
l imited avai lable data also ind icate that the duc t i le ordered al loy s  can 
exhibit good fat igue behavior and good resistance to c rack propagat ion 
( Figure 10 and l l ) . 

The al loys  under cons iderat ion in this  report o f fer the greates t  
apparent potent ia l f o r  app l icat ions where their  good strength at e levated 
temperature can be used mos t  advantageously . However ,  the good oxidat ion 
res i s tance at e levated temperatures of the N i 3Al-baee al loy s also may 
c reate important app l icat ions . 

Required Engineering Prope rt ies Deve lopment Program 

In view of  the cost and t ime involved in deve loping the large body of  data 
nece s sary to  qualify a materia l for advanced de fense system appl icat ions , it 
is  recommended that a phased program be undertaken.  The intent o f  the f irst 
pha se i s  to produce suf f ic ient data o f  a screening type to serve as  the 
bas i s  for engineering t rade-o f f  s tud ies to assess  the potent ial cost and 
per formance advantage s o f  these a l loy s in spec ific  appl icat ions . If , at  the 
conc lus ion of this phase , incent ives appear suf f ic ient , a second phase o f  
data generat ion shou ld be undertaken.  Thi s  phase shou ld inc lude evaluat ion 
of the properties of some typical produc t ion lots of material and 
deve lopment o f  suff ic ient data for the performance o f  detailed engineering 
stud ie s  to  prec isely quant i fy cost  and performance advantages .  If c lear 
incent ives remain at  the conc lusion of this second phase , the final phase o f  
detai led material qua l i f icat ion should b e  undertaken . This phase wou ld 
inc lude deve lopment of  a l l  informat ion required for spec i f icat ions , detai led 
statist ical assessments of t he material property variab i l ity , ident i f ic at ion 
of the inf luence of fabricat ion on propert ie s ,  etc . The ac t ivities  
recommended for  each o f  these phases are as  fol lows : 

Phase !--Screening teste  on experimental a l loys with  emphas i s  on 
phy s ical  propert ies (modulus , expane ivity , conduc t ivity , dens ity ) , tens i le 
propertie s , c reep-rupture , creep-fat igue , toughnes s ,  crack growth ,  and 
corros ion behavior ( part icu larly eulf idat ion/hot corrosion) .  

Phase I I--Charac terizat ion test ing of experimenta l  and produc t ion 
materials represent ing several produc t forme . The emphas i s  should be on 
more extens ive charac terizat ion o f  propert ies studied in Phase I a s  we l l  a s  
studies o f  e f fec t s  o f  mult iaxial s t ress  s t ate s , produc t anisotropy , 
feas ibi l ity o f  j oining , and compatib i l i ty with a wide range o f  re levant 
corros ion environment s .  

Phase I I I--Extens ive t e s t ing o f  mult iple produc t ion heats represent ing 
a l l  re levant produc t forme and process ing route s .  Development o f  suf f ic ient 
mechanical property data to permi t  adequate s tat i s t ical charac terizat ion o f  
a l l  required propert ie s .  Development of  wide ranging produc t ,  proce s s , and 

. jo ining spec i f icat ions . 

It i s  as sumed that test ing in Phase I wi l l  be  on avai lable experimental 
heat s  o f  materia l .  In add it ion to  the generat ion o f  bas ic physic a l  and 
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tens i le property data , creep rupture , creep fat igue , and cyc l ic c rack 
growth informat ion must  be generated s ince these propert ies tend to 
determine the use fulne s s  of materia l s  in e levated temperature 
app l icat ions . The data generated should be suf f ic ient . to at least allow 
the a l loys to be ranked , with respec t to  s trength , re lat ive to other 
current ly available engineering material s . Useful  teet  data probably wi l l  
l ie i n  the 700 t o  1000 ° C  temperature range with test e  lasting u p  t o  perhaps 
1000 hours . 

Prel iminary charac terization o f  toughnes s  i s  a l so viewed as important 
in Phase I s ince materia l s  with very poor toughnes s  often are constrained 
in their  engineering ut ility .  Some measure of K or J toughness  as a 
func t ion o f  temperature in the room temperature to 1000 ° C  range is 
des i rable for this purpose . S imi larly , there are some indications that the 
duc t i le ordered a l loy s may , in some case s , have an unusual ly high 
suscep t i b i lity to c rack growth , and such suscept ibi lity , i f  c onfirmed , 
might we l l  l imit the engineering ut i l ity o f  the materia l s . Accord ingly , it  
i s  important to do some preliminary c rack growth characterizat ion at least 
under fat igue cond i t ions . Finally , because some of the duc t i le ordered 
al loys of part icular intere s t  have a high nicke l  content , it is important 
to  characterize their  corros ion behavior--part icularly in the saline ,  
sul f id ing ,  hot corros ion environment s found in many gas turbine 
app l icat ions . Some pre l iminary screening tes t ing in such environments 
should be performed . 

In Phase II , test ing should move toward evaluat ion o f  product ion 
materials--as we l l  as more extensive evaluat ion o f  earlier experimental 
lot s . Data should be generated from at least one p roduct ion-sized heat of 
materia l .  It a l so should be as sured that a sampl ing o f  applicable produc t 
forms i s  inc luded . Suffic ient data should be generated to a l low some 
pre l iminary assessment o f  statistical  behavio r .  In add i t ion , pre l iminary 
stud ie s  o f  the e f fec t s  o f  product form on property anisotropy should be 
performed and assessment s o f  behavior under mult iaxial loading conditions 
and the feas ibility of machining and j oining shou ld be c ompleted . 

By the t ime thi s  phase i s  undertaken , some re levant app lications for 
the a l loy systems should have become c lear ; therefore this testing phase 
should also involve a prel iminary asse s sment o f  the compat ibility of 
materials with re levant corros ion environments . Metal lurgical s tab i lity 
a l so must be demonstrated . The inf luence of  long t ime s  at elevated 
temperature under s t re s s  on c r i t ical strength propert ies ,  duc t i lity ,  and 
phase stabil ity mus t  be determined . 

Phase I l l  bas ica l ly involves generat ion o f  suf f ic ient test data to 
ful ly qua l ify the material for high-re l iabil ity advanced defense eyetea 
app licat ions . Mechanical and phy s ical propert ies should be determined f rom 
three or more produc t ion heat s  o f  material .  Thi s  invo lves not only 
extens ive mechanical p roperty data generat ion but a lso the eva luat ion of a 
ful l range o f  app l icable produc t forms , the deve lopment o f  detai led 
materia l s  and process  spec i f icat ions , and so on . Reproduc ible propert ies 
and charac teristics  mus t  be demonstrated from severa l heat s  of  material 
us ing the ult imate p roduc t forms intended for use . 
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7 7  

S CIENTIF IC DATA 

The inc idence o f  order in a l loys a f fect s  most propert ies ,  inc lud ing the 
mechanical , e lec trica l ,  and magnet ic propert ie s .  Beca�se the change s in 
properties can be large and because changes in order can be manipulated 
through contro l o f  compos i t ion and /or process ing condit ions , there has 
deve loped considerable potent ial to further exp loit the se a l loys for 
prac t ical  purpose s .  The actua l  use o f  ordered a l loys date s back many 
centuries ;  current sc ient i f ic unders tanding has evo lved over the past 60 
years (We stbrook 1974) . De spite this rich his tory of work with ordered 
al loy s , there are many aspec t s  of ordering behavior , and i t s  re lat ionship to 
propertie s , that remain poorly understood . The intent here is to highlight 
those areas o f  research and deve lopment that are deemed important to 
e s tablishing the sc ient i f ic base needed to furthe r  deve lop ordered al loy s as 
use ful engineering materials . An important emphas i s  o f  these observat ions 
wi l l  be the long-te rm  potent ial of an improved sc ience base to make the 
processe s  of s t ruc tural a l loy deve lopment more e f f ic ient and economica l . 

In add ition , i t  mus t  be realized that the deve lopment o f  the current ly 
avai lable duc t i le ordered a l loy s  grew out of sc ient i f ic programs . The 
programs at  Wright -Patterson and at Oak Ridge have depended very s t rong ly on 
a sc ient i f ic foundat ion that was pains takingly deve loped for many years 
be fore the se new a l loy s were cons idered . 

Phase Diagrams 

Although an understand ing of phase equi l ibria underlies a l l  work with 
ordered a l loys and wi l l  be  d iscussed later in other  context s ,  i t  is 
important to  emphas i ze that there i s  cons iderable need for c lass ical phase 
diagram determinat ions for port ions of many binary ordering systems as  we l l  
a s  for the more comp lex , but h ighly prac t ica l , cases o f  ternary and h igher 
order al loys on which l itt le systemat ic work has been done . It also shou ld 
be noted that , in many instances , earlier work should be examined in l ight 
of the current understanding of  phase t rans format ions , part icu larly the 
occurrence of precursor t rans format ions and metastable trans format ion 
produc t s . Future work wi l l  certainly be fac i l i tated by the improved 
e lec t ron , x-ray , and other  instrumentat ion and t echniques current ly 
avai lable . 

The iron-aluminum system provides an examp le o f  the uncertaint ies that 
exi s t  for many phase diagrams . There is only part ial  agreement about the 
low-temperature region encompass ing Fe 3Al and incomp lete definit ion o f  t he 
high-temperature regions ( Figures 2 7  and 28) . Also , l it t le ha s been done to  
de fine the e f fec t s  o f  ternary addit ions to Fe-Al a l loys .  

More work i s  needed to def ine phase equ i l ibria in binary as we l l  a s  in 
ternary and higher order ordering systems . Thi s  type o f  work shou ld be 
encouraged as  an important adjunc t to  al loy deve lopment work . 

Degree of Order 

Ordered phase s commonly exist in a less  than perfec t ly ordered state . These 
deviat ions from perfec t order can be expre ssed stat i s t ically as  orde r 
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F IGURE 2 7  Fe-Al phase d iagram ( American Soc iety for Metal s  1 9 73 ) .  
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FIGURE 28 Fe-Al phase d iagram comp i led by Swann and co-workers ( 19 7 2 ) . For 
added deta i l  see Al len and Cahn ( 1 9 75 ,  1 9 7 6a ,  and 1 9 76b ) . 

parameters def ining the sublat t ice occupanc ies within the s truc ture . 
Experiment a l ly , order parameters are determined most  convenient ly and 
direc t ly by comput ing the intens ity of  superlatt ice ref lec t ions , which 
derive from the occurrence o f  the order , re lat ive to  the fundamental  

- re f lec t ions , which are independent o f  orde r ( Barre t t  and Massalski  1 980) . 
Where order i s  not long range and represent s short -range deviat ions from a 
state o f  randomne ss , short-range-order parameters , or pair probab i l i t ie s , 
can be used to describe the atomic arrangement . The se can be determined 
from measurement s of d i f fuse scattering ( Cohen 19 70) . 

Of  interest  here i s  t he f ac t  that the propert ies o f  ordered phases are 
sens it ive to change s in the degree of order .  For many ordered al loy phase s ,  
changes in temperature may c ause t rans format ions to d isordered phases or new 
ordered phase s ,  but the degree of order may change we l l  before the 
temperature of t rans format ion . 

An addit iona l area o f  interest  re lates  to  t he c omment s made about phase 
diagrams . The solub i l i ty l imit  for al loy add i t ions to b inary-ordered phase s  
i s  usual ly unknown , and , i n  many cases , the s it e  occupanc ies  assoc iated with 
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part icular a l loying e lement s also  are unknown . For example , it  can be noted 
that in more complex s t ruc ture s , such as the D03 s truc ture of Fe )Al 
shown in Figure 29  ( refer to Figure 2 7 ) , there are severa l  types of  
sublat t ice s ites avai lable and that the add it ion o f  certain e lement s 
favoring part icular sublatt ice sites  may enhance propert ies whi l e  other 
choices may result  in much sma l le r ,  or  even de leterious , e f fects  on 
propertie s . Of  course , the solub i l i ty l imi t s  may vary considerably with the 
part icular sublatt ice as we l l  as with the compet i t ion for s ites between 
solutes for the case of mul t iple  a l loy add i t ions . For certain a l loy s , site  
occupancy informat ion can  be determined by  means other than d i ffrac t ion . 
One examp le i s  the use o f  Mossbaue r spec t roscopy to exami ne atomic 
configurat ions , as has been done with iron and t itanium a luminides ( Cranshaw 
1 9 7 7 , Huf fman and Fisher 1967 ) . 

0 TYPE I SITES ON I SU BLATTICE 

(i) TYPE I I  S ITES ON I I  SUB LATTICE 

Q TYPE I l l  SITES ON I l l  SUBLATTICE 

• TYPE I V  SITES ON I V  SUBLATTICE 

FIGURE 29 General i zed unit c e l l  appropriate for descript ion of D03 , 
121 , and B2  superlat t ice s . B atoms are confined to Type II  s ites for 
A3B and no3 s t ruc ture and to Types I and II  for AB with B2 structure 
(Marc inkowski and Brown 1961 ) . 
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In cons idering the degree of order i t  a l so i s  important to recognize the 
e f fec t s  of deviations f rom s toichiomet ry on the properties of ordered 
phase s . In a number of systems , changes in compos i t ion can cause format ion 
of de fec t solid solut ions where vacanc ies are int roduced onto a sublatt ice 
rather than a wrong atom type .  S imi larly , the e f fec t s  o f  a l loy add i t ions 
can vary great ly for pos i t ive and negat ive deviat ions from stoichiometry , as 
evidenced by the recent succe s s  of boron add it ions in duc t i l i z ing N i 3Al 
only for a l loy s  with less  than 25 at% Al ( Liu et al . 1 983) .  

Fina l ly ,  i t  must  be recognized that the kine t ic s  o f  ordering vary 
great ly among ordered phase s  and , furthe r ,  that l i t t le i s  known about the 
e f fec t of  a l loy addit ions on t he kine t ic s .  Because o f  the wide variety o f  
processing conditions ranging from rapid sol id i f icat ion t o  convent iona l 
cast ing , with or without mechanical  working , a high degree o f  order c annot 
be as sumed and must general ly be introduced by a spec i f ic ordering heat 
treatment . 

An improved understanding o f  t he degree o f  order and ordering kine t ic s  
and how these are a f fected by chemical compos it ion i s  needed . I t  i s  
part icu larly important that the evaluat ion o f  properties inc lude 
spec i f icat ion of the chemis t ry , degree of order , and detai led 
thermal-mechanical proce s s ing history .  

Dis locat ions , Ant iphase Boundarie s ,  and Stacking Fau l t s  

Because ordering changes the trans lat ion vec tors o f  the lat t ice , the mot ion 
of normal d i s locat ions c reates d i sorder . However ,  dis locat ions can move in 
combined arrays , or superlatt ice  d i s locat ions , separated by APBs or other 
faults  so as  to  preserve orde r .  It is the interp lay between various 
supe rlattice and s ingle  d i s locat ion processes as  a func t ion of temperature 
and other variables that determines the mechanical propert ies of  many 
ordered material s .  Complete characterizat ion o f  the Burgers vec tors and 
s l ip systems has only been done for certain ordered phases with much less  
informat ion about change s caused by alloying . In those case s where 
dis locat ions d issoc iate into part ia l dis locat ions , the superlatt ice 
dis locat ions become more complex invo lving both APBs and a variety o f  
stacking faults . The ba lance between the APB and stacking fault  energies , 
there fore , determine s the nature o f  the dis locat ions , the s l ip systems , and 
the mechanical  propert ies through e f fec t s  such as the restrict ion or 
enhancement o f  the ability  to cro s s  s l ip ( Pope and Ezz 1984) . Part icular 
combinat ions o f  part ial  d i s locat ions a l so can provide low energy faults  and 
a means o f  forming de format ion twins in ordered struc ture s (Mikko la and 
Cohen 1 966) . 

APBs a l so c an be formed t herma l ly because a l loy phase s order by a random 
choice o f  sub latt ic e  for the ordering proces s .  As the se ordered regions , or 
ant iphase domains , which d i f fe r  only in sub latt ice cho ice , grow and impinge , 
the interface formed creat e s  an APB . Depending on some unknown 
re lat ionships between a variety o f  fac tors inc lud ing the c rystal lography and 
the APB energy , the s e  APBs can be p lanar or crystal lograph ic in nature or 
as sume random orientat ions . 

In add it ion t o  the important role o f  APBs in a f fect ing dis locat ion 
behavior , such as c ro s s  s l ip ,  it i s  important to note  that the kine t ic s  o f  
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APD growth and /or the therma l  history can cause the APD s ize to  be very 
sma l l .  Thi s  can inf luence both the properties and the abi lity to detec t the 
order by some technique s .  Al so , as with any interface , there exi s t s  the 
potent ial  for segregat ion to APBs . 

The interre lat ionships between the nature o f  the dis locat ions , s tacking 
fault s , and de formation-induced APBs probably determine the mechanical 
prope rt ies o f  ordered a l loy s . However ,  there are several areas of 
mechanica l  behavior that awai t  a uni f ied interpretat ion based on these  
re lat ionships . For examp le ,  t here i s  a s  yet no  common bas i s  for 
understand ing the anomalous temperature dependence of the s t rength of many 
ordered phases ( Pope and Ezz 1 984) , a l though the phenomenon appears to  be 
reasonab ly we l l  understood in N i 3Al . 

Fundamental work on the deformat ion behavior o f  ordered al loys  i s  
needed . Thi s  inc lude s not only the binary systems , but also ternary and 
higher order a l loys where l i t t le systemat ic work has been done . In 
add i t ion , more informat ion i s  needed about APB energie s ,  superlatt ice 
d i s locat ions , and APD s t ruc tures . 

Grain Boundary Characterist ic s  

Probab ly the moat important factor l imit ing the engineering use o f  many 
ordered a l loy s , part icu larly those of intere s t  for e levated-temperature 
app l icat ions , has been poor duc t i l ity .  In many cases it appears that these 
duc t i lity prob lems stem from segregat ion to  grain boundarie s and /or the 
intrinsic p roperties of grain boundaries .  For example , s ingle-crystal  
N i 3Al is  quite  duc t i le at  room temperature , but  polycrysta l l ine N i 3Al is  
quite brit t le .  Recent ly Liu and co-workers ( 1 983 ) ,  fo l lowing the lead o f  
some Japanese workers ( Aoki and Izumi 1 9 7 9 ) , have been able t o  duc t i lize 
po lyc rysta l l ine N i 3Al by add it ion o f  boron , which probably segregate s to 
the grain boundaries . In t h i s  work it  has been sugges ted that the boron 
compensates for intrins ica l ly weak grain boundaries in N i3Al by ac t ing as 
an e lectron donor to e lec tron-de f ic ient regions at the grain boundarie s .  
Unfortunately , the  add it ion o f  boron t o  other b r it t le a luminides appears t o  
be o f  l i t t le bene f i t . 

It a l so should be noted that there i s  good reason to be l ieve that many 
grain boundary e f fect s  are sens i t ive to stoichiome t ry .  With N i 3Al i t  was 
found that boron was e f fec t ive only for compos i t ions with les s  than 2 5  at% 
Al ( Liu e t  a l . 1 983) .  Much remains to  be learned about the se e ffec t s , and 
i t  may be t hat the unique s t ruc tura l nature o f  intermetallics  wi l l  create 
the potent ial for a substant ial contribut ion t o  the general understand ing of 
grain boundary e f fec t s .  

The re appears to be good potent ial for improving the mechanical  
properties  of  many interme t a l l i c s  under monotonic and cyc l ic load ing through 
a bet ter understand ing of grain boundary e f fec t s . The importance o f  
intrins ic grain boundary propertie s , as we l l  as  the fac t that segregant s can 
be bene f ic ia l  or harmful , has been demonstrated . There is a s trong need for 
more control led experiment s in this area . 
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Other Areas 

There are severa l other areas in which work i s  needed . The se wi ll  be 
commented on brief ly be low . 

The enhancement o f  c reep res i stance and the interpretat ion o f  creep 
measurements ,  as  we l l  as  other processes such as high-temperature oxidat ion 
and coat ing behavior , will  require an improved understanding of d i f fus ion in 
ordered a l loy s . Lit t le quant itat ive informat ion about d i f fus ion in binary 
ordered a l loys i s  avai lable , and only a l imited amount o f  work has been done 
on the more comp lex ternary and higher order a l loy s . 

Re lated to the area o f  d i f fus ion i s  the need for add it ional work on 
point de fec t s  in ordered a l loys . Point defec t s  are important , not only 
because they occur in de fec t solid solut ions formed at o ff-stoichiometric 
compos i t ions in some phase s , but also because o f  the ro le they play in 
determining ordering kine t ic s , general  mas s t ransport , and phase s tabi l ity . 

Fina l ly , one c la s s  o f  ordered al loy s  has been o f  sc ient i f ic intere s t  for 
some t ime , but it has not been exploited for prac t ical use . These are t he 
long-period superlatt ice phases in which a periodic APB s t ruc ture o f  very 
f ine spac ing forms within t he domains o f  the norma l ordered struc ture 
( Barre t t  and Massalski 1 980) . The stab i l ity and occurrence o f  this type of  
order has  general ly been re lated to  e lectron energy e f fects  aris ing from the 
interac t ion between the Fermi surface and the Bril louin zone ( Sato and Tot h  
1961 and 1 962) . The period , or APB spac ing , at  a constant temperature 
depend s  large ly on the e lec tron-to-atom rat io and can range from a few to 
several tens o f  atom spac ings .  Li t t le has been done to evaluate the 
properties  of these  material s .  

The Potent ial Impac t of  Improving the Sc ience o f  Ordered Al loys 

Current approaches to  the d iscovery and deve lopment o f  new s t ruc tura l a l loy s 
are , o f  neces s ity , large ly empirica l and Edi sonian in nature . Thi s  wi l l  
cont inue to b e  t he case in t h e  near future , with the role o f  sc ience be ing 
mos t ly interpret ive rather  than pred ic t ive . Howeve r ,  for a variety of  
reasons , not t he least  o f  which are  the e ff ic iency and cost o f  the  current 
met hod s , it might be expected that other approache s wi l l  be sought and 
deve loped . Fortunate ly , it now appears that there i s  a great potent ial for 
sc ience to make s tronge r input s to a l loy des ign and deve lopment . Thi s  has 
deve loped large ly because of rapid advances  in comput ing capabi lit ies and in 
ins t rumentat ion for s t ruc tura l and chemica l  charac terization . 

Of part icular intere s t  here are t he t remendous advances to  be expec ted 
from quantum mechanica l  calculat ions of ordered a l loys . It is now genera l ly 
agreed t hat t hese ca lculat ions soon w i l l  be suffic ient ly accurate to be 
useful as  input to further ca lculat ions deal ing with rea l  al loys ( Conno l ly 
and W i l l iams 1 983 , Gyorf fy and Stocks 1 9 83 , S tocks 1 983 , W i l liams e t  a l . ·  
1 9 7 9 , W i l l iams e t  al . 1 980) . The re sult s of  the quantum mechanica l 
ca lculat ions wi l l  general ly y ield the energ ies , latt ice parameters , and 
e last ic cons tant s ,  at absolute zero , for perfec t ly ordered arrangement s o f  
two o r  more atom types . Energies a l so wi l l  be ava i lable for c lusters o f  a 
few atoms within a lat t ice  o f  "average" atoms . It wi l l  be important that 
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materia l s  re searchers take advantage o f  the re sul t s  o f  these calculat ions by 
deve loping means of c a lculat ing the propert ie s of real a l loy s under a 
variety o f  real  cond i t ions . In add i t ion , i t  wi l l  be extreme ly impo rtan t . 
that a variety o f  parameters , such as phase trans i t ion· temperatures as  a 
funct ion o f  compo s i t ion , are ava i lab le to fac i l itate re f inement and testing 
of  the ca lculat ions . Because ordered a l loy s can be defined s t ruc tura l ly by 
experiment and , furthe r ,  because the s t ruc ture s can be contro l led through 
heat  t reatment , the impac t o f  t he t heore t ical  calcu lat ions described above 
wi l l  be greates t  for these a l loy s . It shou ld be expec ted that the future 
wi l l  bring predict ive capabi l i t ie s  to comp lement and ac t as  an e f f ic ient 
sc reening too l for the usua l method s of al loy deve lopment . 
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PROCESS ING OF DUCTILE ORDERED ALLOYS 

INTRODUCTION 

Recent breakthroughs in the deve lopment o f  duc t i le ordered a l loys have 
re sulted in research focused on the deve lopment o f  a variety o f  ordered 
al loys  inc lud ing a luminides ( Liu and Koch 1982)  and ( FeNi ) 3-v type 
mater ia l s  ( Liu 1 9 7 3 and 1 9 7 9 ) . This work has focused primari ly on 
mechanica l  property behavior as  a func t ion of composit ion and heat 
treatment . As these material s  mature , cons iderat ion mus t  be given to the 
manufac turing technology required for the fabricat ion of use ful hardware . 
At t he present t ime , cons iderat ion o f  process ing techniques i s  genera l ly 
l imited to the generat ion o f  sma l l  lots o f  material for charac terizat ion 
purpose s . In the future , attent ion should be given to the produc t ion and 
subsequent process ing o f  commerc i a l  lots o f  material .  The processing 
technology is extreme ly important because mos t  of the cost  assoc iated with 
incorporat ing a new material system into either mi litary or commerc ial 
sys tems i s  re lated to proce s s  opt imizat ion and f ina l izat ion ( Stephens and 
Tien 1 983 ) .  In ant ic ipat ion of this need to cons ider produc t ion 
requirement s ,  current me thods used fo r the manu fac ture o f  materia l for 
charac terizat ion purposes were reviewed . 

CURRENT PRODUCTION METHODS 

The l iterature on the various produc t ion processes employed for the 
preparat ion of ordered a l loy s for al loy development and charac terization 
stud ies wa s surveyed . Thi s  review revealed that : 

1 .  A wide varie ty o f  methods have been emp loyed for the wide range o f  
composit ions under invest igation .  To date , there has been no focus on any 
part icular method for fabricat ing any particular c la s s  of ordered materia l .  
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2 .  The methods can b e  c la s s i f ied into three generic type s a s  shown in 
Figure 30 ,  which repre sent s a f low diagram or process  routing for the 
preparat ion of ordered materia l .  S tart ing wi th the ini t ia l  me l t ing 
operat ion , the three generic types inc lude cas t ing , de format ion proces s ing , 
and powder metal lurgy . 

3 . In a l l  case s , the amount s o f  material made were re lat ive ly sma l l  
( gene ra l ly less  than 5 0  pound s )  and d id not represent produc t ion type 
quant i t ie s . 

4 .  With the except ion o f  the cast ing approach , some type of  subsequent 
secondary process ing such as machining , forming or forging , or J 01n1ng 
(we ld ing ,  brazing , d i f fusion bond ing ) would be required for the fabricat ion 
of useful hardware . 

With the se genera l  point s in mind , a brief descript ion o f  the rout ing s teps 
is presented below .  

Me l t ing 

Each o f  the three proc e s s  routings begins with the preparat ion o f  al loy 
ingot or me l t  stoc k .  In genera l ,  eithe r  vacuum induc t ion or arc me l t ing 

M E LTING 

� I 
CASTING DEFORMATION POWDER 

PROCESSI NG ATOM IZATION 

1 
POWD E R  
CONSOLI DATION 

F IGURE 30 Current process  rout ing for the produc t ion o f  ordered a l loy s .  
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under some type o f  protec t ive atmosphere was used to  produce the initia l  
ingot material . Vacuum me l t ing was used for such materials as cu3Au ( Kear 
and W i l sdorf 1962 , Chien and Starke 1 9 7 5 ) , cu2N iZn ( Van der Wegen et a l .  
1 982) , and N i3Al ( Thornton e t  a l .  1 9 7 0 ,  Davie s and Stoloff  1965) . Arc 
me l t ing was used for a wide variety o f  materia l s  inc lud ing N i3Al ( Guard 
and Wes tbrook 1 9 5 9 ) , FeCoV/Fe 3Al ( Sto lof f  and Davie s 1 964a) , Mg3Cd 
( Stolo f f  and Davie s 1 964b ) , AgMg (We s tbrook and Wood 1 962-63 ) ,  
N i3Ge /Fe3Ge ( Suzuki e t  a l .  1 980) , N i-Ni4Mo ( Nesbit and Laughl in 1980) , 
and beta brass ( Shea and S to lo f f  1 9 74) . High-purity e lemental  cons t i tuent s 
were used a s  the start ing s tock and , in genera l , argon ga s was used as the 
protec t ive atmosphere for the arc me lt ing operat ions . A variety o f  
c ruc i b le s , inc luding ceramic and graphite containers , was used to produc e 
round ingot shapes or buttons . In general , less  than 50 pounds , and in mos t  
cases les s  than 10  pound s , o f  a l loy was produced . There appear to have been 
few problems with of f-chemi stry composit ions , and good y ie lds  general ly we re 
achieved . In summary , l it t l e  d i f f iculty has been encountered during the 
me lt ing of small  quant i t ie s  of ordered al loy compos it ions . 

Cas t ing 

Subsequent preparat ion o f  cast spec imens for mechanical  property evaluat ions 
has been directed towards obtaining e i ther an equiaxed microstruc ture , as in 
stud ies invo lving ordered intermetal l ic phases in superal loys ( Cop ley and 
Kear 1967 ) , or s ingle c rysta l s  in the Ni 3 ( Al , Nb )  ( Ezz  et  a l .  1982 ) and 
Ni 3 ( Al , W )  ( Kuramoto and Pope 1 9 78)  systems . In a l l  case s , vacuum cast ing 
was emp loyed and equiaxed mic rostruc tures were obtained through convent iona l 
so l id i f icat ion technique s in which heat i s  extrac ted from the mo l ten metal  
by radiat ion through the mold material . The s ing le-c rystal  cast ings a l so 
were produced in vacuum , and the mo ld containing the molten meta l was 
wit hdrawn through a thermal grad ient at a control led rate to achieve 
direct ional solid i f icat ion . Orientat ion contro l was achieved by us ing 
eithe r a s ingle-c rystal  seed or a grain se lec tor conf igurat ion to obtain the 
de sired orientation.  It is recognized that the deve lopment of cast ing 
techniques was not a major thrust in these invest igations . It can there fore 
be conc luded that the cast ing approach repre sent s a potential  method for 
manufacturing component s from ordered al loys . 

De format ion Process ing 

De format ion proce s sing o f  ordered a l loys invo lves  a variety o f  operat ions 
performed subsequent to the preparat ion of the me l t  stock materia l .  The 
primary purpose i s  to obtain a homogeneous compo s i t ion and a uni form 
mic rostruc ture . Vacuum-me l ted ingot s  have been subj ected to hot (Kear and 
Wi l sdorf 1 9 6 2 ,  Davie s and S toloff  1 9 65)  and cold ( Van der Wegen et a l . 1 9 82) 
ro l ling , and arc-me lted ingot s  have been subjected to hot ( S to lo f f  and 
Davie s  1 9 64a , 1 9 64b ) and cold ( Nesbit  and Laugh l in 1 980) ro l l ing , hot 
ext rusion (We s tbrook and Wood 1 962-63 ) ,  and upset forging ( Shea and Stolo f f  
1974 ) . The ro ll ing operat ions resulted i n  sheet or p late o f  varying 
thickness , the hot extrus ion operat ions genera l ly resulted in cy l indrica l  
bar stock , and the upset forging operat ions resul ted i n  pancake type 
conf igurat ions . The se operat ions were conduc ted on a l loys canned or c l ad 
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with various materia l s  in order to  aid heat retent ion during proce s s ing , 
avoid surface c racking during processing ,  and protec t the various a l loys  
from environmental  degradat ion during heat ing to  the working temperature . 

It mus t  be emphas i zed that the deformat ion proce s s ing opera t ions c ited 
here were performed for the purpose of supplying sma l l  laboratory lot s o f  
material .  They were not conduc ted a s  part o f  a systemat ic program t o  se lec t 
opt imum proces s  rout ings that achieve maximum material yield or opt imum 
mechanical  propert ies . The various process  variables , inc lud ing c ladding 
materia l ,  reduc t ion rat io ( for ext ru s ion) , reduc t ion per pas s  ( for the 
ro l l ing operat ions ) ,  and working temperature , were se lec ted on t he bas i s  o f  
previous experience w i t h  s imilar type s o f  materia l .  The overal l  resu l t s  o f  
the se stud ies  were quite encouraging , however , in that the workabi lity 
potent ial o f  a wide variety o f  composit ions by a wide variety o f  processing 
method s has been demonst ra ted . The se resu l t s  sugges t  that p late or bar 
s tock materia l can be produced by norma l deformat ion processing methods .  

Powder Metal lurgy Processing 

PM process ing o f  ordered a l loys a l so i s  under invest igat ion because i t  c an 
o f fer a number of  important advantage s .  In add ition to the savings  
re sul t ing from inc reased materials  u t i l izat ion compared to  convent ional 
ingot metal lurgy , PM a l lows the formulat ion o f  s t ruc tures wit h  
nonequi l ibrium phases , an extension o f  the range o f  so l id solubi lity , a 
re f inement o f  resultant grain s ize , and a suppression o f  grain boundary 
segregat ion . As a re sul t  o f  these advantages ,  PM process ing o f  ordered 
a l loy s  has received cons iderable attention . 

PM process ing invo lves two basic steps : powder atomizat ion and powder 
conso l idation . A number o f  atomizat ion approaches have been employed for 
the �roduc t ion of ordered a l loys . The se approaches feature a range of 
coo l 1ng rates between 1 000°C/sec and l , 000 , 000°C/sec . The lower coo l ing 
rates genera l ly are assoc iated with the rotat ing e lec trode process  ( REP) and 
higher rate s with inert gas ( argon )  atomized powder .  REP has been used for 
the preparat ion of t itanium a luminide powders ( Sastry and Lipsi t t  1 9 7 7 , 
Mend iratt a  and Lipsitt  1 980) whi le argon atomizat ion has been used for the 
preparat ion o f  iron a luminide powders ( Vedula 1 9 83 ) . The higher rates are 
genera l ly as soc iated with rapid so l id i f icat ion rate ( RSR) processing ,  which 
is  achieved by cent ri fugal atomizat ion in combinat ion with forced convect ive 
coo l ing , and with  me l t-spun ribbons . The RSR process  has been used for the 
preparat ion of various material s  inc luding iron a luminides ( Chat terj ee and 
Mendiratta 1 982) , and me l t  spinning has been used for the preparat ion o f  
various materia l s  inc lud ing Ll 2 compounds o f  the type Ni-Al-X( X•Cr , Mn , 
Fe , Co , or S i )  ( Inoue e t  a l .  1 983 ) .  Each of  the processes  o f fers advantages 
as soc iated with either process  economic s ,  produc t ion scale-up c apabil ity , or 
the ab ility t o  achieve extreme ly high coo ling rates . At this point , no 
preferred atomizat ion proces s has evolved for the preparat ion o f  ordered 
al loy powders . Charac terizat ion of powders made from a wide variety o f  
a l loy s and proce sses  i s  under way . A s  is  the case for de format ion 
process ing of ordered a l loys , no systemat ic invest igat ion has yet been 
conduc ted re lat ing powder proce s s ing parameters to overal l  process  economic s 
or mechanical property performance . 
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Subsequent to  atomizat ion , the powders mus t  be  consolidated for further 
evaluat ions . Although a number o f  c onsol idat ion approaches  are avai lable , 
mos t  o f  the work done to  date on ordered a l loy powders invo lves either 
vacuum hot press ing or hot extrus ion .  Vacuum hot press ing can be used to 
form a net shape or near net shape , but hot extrus ion must be fol lowed by 
subsequent fabricat ion to  form a use ful c omponent . Again , no systemat ic 
inve s t igat ions o f  the hot pre s s ing or hot ext rus ion operat ions have been 
conduc ted to optimize process  economic s  or mechanical  property performance . 
Characterizat ions thus far o f  the mel t-spun ribbons have been l imited t o  the 
ribbons themselve s , but s tudies involving pulverized ribbons subjec ted to 
subsequent PM conso l idat ion processes  are in progres s  ( Ray et  a l .  1 983) .  
Although the resul t s  o f  PM s tudies conducted to  date on ordered al loys  are 
o f  a pre l iminary nature , they do sugges t  that thi s  type o f  process ing 
approach can be applied to this c lass  of materia l s . 

PRODUCTION S CALE-UP CONS IDERATIONS 

In order to addre s s  the i s sue s that mus t  be cons idered when scaling-up for 
large-scale product ion of a new materia l ,  a spec ific  process ing approach 
mus t  be se lec ted . On the basi s  of the stud ie s  conduc ted to  date on ordered 
a l loys , some potent ial has been demons trated for processing a wide variety 
of composit ions by a wide variety o f  proces s ing method s . Although no s ingle 
processing approach has evolved for any part icular c ompo s i t ion , an 
assessment can be made regard ing what is current ly known about the 
manufac ture of these material s .  In genera l , three maj or i s sues must be 
addres sed : sc ale-up to larger , produc t ion s i ze quant i t ies ; process  
opt imizat ion to  reach a compromi se between process  economic s and mechanical 
property performance ; and secondary fabricat ion approaches nece ssary to  
manufac ture produc t ion hardware . These i s sue s are d i scussed be low for each 
of the steps shown in  Figure 30 .  

Me lting 

The maj or i s sue regarding me lt ing o f  ordered a l loy s  i s  re lated to the 
maximum s i ze product ion heat that can be produced with the desired 
chemis t ry . Ingots  of me lt-stock material of spec ialty al loys such as  
ordered al loys are qua l i fied on the bas i s  of  their  chemistry spec i f icat ions , 
which cont rol not only the maj or e lement addit ions but a l so the tramp or 
impurity leve l s .  The spec i f ic maj or element chemis t ry range s for ordered 
a l loys wi l l  be e s t ab l i shed as more knowledge is obtained regard ing the 
e f fec t s  of o f f-chemi s t ry . Because on-line chemica l analy s i s  is now 
rout ine ly performed during vacuum-induc t ion me l t ing ,  off-chemistry with 
regard to  the major  e lement addit ions is not ant ic ipated to  be a problem . 
Thi s  may not be the c ase , however ,  for o ther kinds  o f  me l t ing operat ions , 
and certain o f  the ordered a l loy systems may present part icular chemis t ry 
prob lems . For examp le , the propert ies o f  some a l loy s  change great ly with 
sma l l  change s in s toichiometry . Thi s  may make the contro l o f  composit ion 
more d i f f icult  t han in ord inary a l loys . Impuri ty leve l s  a l so may present a 
problem ,  particularly i f  high superheat or pour temperature s are required . 
Higher temperature me l t ing operat ions usua l ly are a ssoc iated with a greater 
degree o f  c ruc ib l e /metal reac t ivity and can resul t  in degradat ion o f  the 
ceramic f i l ters current ly used to remove nonmetal l ic inc lus ions . 
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Scale-up to product ion s i ze heats  of  duc t i le ordered a l loys alio may 
requi re secondary proce ssing s teps for mac rostruc tura l  and microstruc tural 
contro l .  In many instances , prima ry ingot s cannot b e  direc t ly hot worked 
because of coarse and nonuni form grain s izes , shrinkag� p ipes , and 
re lat ive ly high degree s of macrosegregat ion and microsegregat ion , which 
represent problems part icularly in a l loy s featuring complex chemistries . 
Vacuum arc reme l t ing has overcome many of  these problems and , in addi t ion t o  
deve loping more uni form composit ion , propert ie s and struc ture , o f fers the 
capab i lity to improved purity . A recent innovat ion in reme l t ing , termed the 
VADER proce s s  ( Boesch et a l . 1982) , o f fers s igni f icant advantages compared 
to vacuum arc reme l t ing inc lud ing a decrease in energy consumpt ion for 
comparab le me l t  rates and s ign i f icant ly f iner and more uni form grain s izes 
to enhance subsequent de format ion proce s s ing .  Although these secondary 
me lt ing operat ions have not yet been app l ied to  the duc t i le ordered a l loy 
c la s s  of materia l s  they do represent potent ial  methods for improving the 
qua l ity of  primary ingot s .  

Process  yield i s  a l so an important considerat ion .  For examp le ,  a 
proce s s  yie ld of  90 percent or greater usua l ly i s  obtained when produc ing 
supera l loys , and any me l t ing process  that resu l t s  in y ie lds of les s  than 90 
percent would have l imited app l icabi l ity . 

Cas t ing 

The manufac ture of cast ings o f  new materia l s  such a s  the ordered a l loys 
require s  extens ive proces s  opt imizat ion to ensure high yield s . Important 
cons iderat ions are the spec i fic gat ing/risering sy stems to be employed for 
the spec i f ic conf igurat ions , the mold systems that must be used , the number 
of individual cast ings that can be made per mold , and the speci f ic cast ing 
procedure that mus t  be used . So far , none o f  the se cons iderat ions has been 
addre s sed with regard to cast ordered a l loys .  

Casting yie ld i s  a direct func t ion o f  the types o f  de fec t s  encountered 
during the produc t ion operation . In general , the qua l i ty requirement s 
inc rease with the comp lexity o f  the cast ing operat ion , be ing more s t ringent 
with s ingle-c rystal cast ings than with equiaxed cast ings . Equiaxed cast ings 
are evaluated in terms of x-ray ( for internal porosity and inc lusions ) ,  
Zyg lo pene t rant inspect ion ( for surface-connected porosity and surface 
inc lus ions ) ,  d imens iona l tolerance ( inc lud ing core shi f t  for t he produc t ion 
of cast ings with internal cooling pas sages ) ,  and mechanical propert ies of 
spec imens machined from ac tual component s .  Co lumnar-grain and 
s ingle-c rystal cast ings a l so undergo this type o f  inspec t ion and an 
add it ional step involving etching to check for the pre sence  of  of f-axis  
grains ( for columnar-grained cast ings ) and surface equiaxed grains ( for 
s ing le-c rystal  cast ings ) .  S ing le-c rysta l cast ings a l so unde rgo inspec t ion 
for orientat ion determinat ion .  S igni ficant cos t s  are assoc iated with this 
qua lity as surance ac t ivity and , when comb ined with the cost of  the cast ing 
proc e s ses  themse lves , account for approximate ly 90 percent of  the component 
cost s .  Thi s  means that s ince materia l s  cons t itute les s  than 10 percent o f  
the f inal cost , t he u s e  of  sma l ler quant i t ie s  of  critical o r  s t rategic 
materia l s  in some of the new ordered a l loy s cannot be expec ted to resu l t  in 
dramat ica l ly reduced cost s .  
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De formation Process ing 

Tbe produc t ion scale-up cons iderations related to  de format ion process ing 
concern economic s ,  capital  equipment need s , and mechanical property 
requirement s .  Process  economic s  general ly are contro l led by process  
yie ld s .  Mos t  materia l losses during processing occur due to the rejec t ion 
of material that contains edge or surface defec t s . Losses  a l so are 
encountered in the extrus ion operat ion due t o  the need to crop off  nose and 
tai l sec t ions to remove undeformed or nonuni formly de formed material in 
these locat ions . In genera l , materia l y ields in exces s  o f  90 percent are 
usua l ly required in order to achieve attrac t ive process  economic s .  Another 
conce rn regarding process  economic s  i s  the degree o f  contro l required to 
accomp l i sh the desired de format ion .  Thi s  is usua l ly referred to as the 
process ing "window" and inc lude s the spec ific  tolerances  that mus t  be 
maintained in terms of proce s s  temperature , amount of reduct ion , and t ime 
required . Al l of  these parameters inf luence the uni formity o f  the 
deformat ion re sponse throughout the material .  Process  costs  e scalate as the 
"window" narrows , and no data on the size of thi s  "window" for the newly 
deve loped ordered al loys  are yet avai lable . 

Capita l equipment need s re late to the s ize of  the equipment needed to 
accomplish the des ired de format ion . As s ize requirement s increase , the 
numbe r of  vendors able to accomplish the work with the desired qual ity 
decreases . A potent ial  problem area here may be the long lead t imes 
as soc iated with schedul ing the work . This  s i tuat ion is  already preva lent in 
the aircraft indust ry where lead t imes of more than one year are not 
unCODIDOn .  

The scale-up problem assoc iated with mechanical  property performance is  
re lated to achieving t he des ired property leve l s  in  large sec t ion s ize . 
Extrus i on barstock and p late spec i f icat ions c a l l  for minimum mechanical  
property requirements to  be met as a func t ion o f  various spec imen 
orientat ions . In scale-up operat ions , there usua l ly is a decrease in 
mechanic al  property performance due to sec t ion size e f fec t s . This i s  
re lated i n  part to the s igni f icant ly slower coo l ing rates obtainable in 
large sec t ion sizes that have an adverse e f fect  on the morpho logy of the 
various s t rengthening phases in the mic rostruc ture . Increas ing the cooling 
rate from the heat  treatment temperature by the use o f  various quenching 
med ia ( hot salt , for examp le ) can up-grade the mechanical property response , 
but care mus t  be taken so that quench c racks are not deve loped . Thi s  
problem may not arise with the scale-up o f  s ingle-phase ordered a l loys but 
may be present in ordered a l loy s featuring a second phase . 

Powder Me tal lurgy Proce s s ing 

In d i scuss ing the scale-up o f  PM proces s ing ,  both powder atomizat ion and 
powder consol idat ion mus t  be cons idered . The se  two areas wi l l  be d iscussed 
separately below .  

Both the produc t ion c apab i li ty and the qual ity o f  the re sul t ing powder 
are important cons iderat ions . Produc t ion s ize capab i l ity i s  int imate ly 
as soc iated with economic s ,  and a re lat ive ly large-scale produc t ion 
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capab i l i ty now exi s t s  for the s lower-coo l ing-rate powders produced by REP 
and inert gas atomi zat ion . In fac t , inert ga s atomizat ion i s  current ly in 
use for the produc t ion of large quant ities  of nicke l -base supera l loy powders 
used for d isk appl icat ions in the airc raft industry . ·The atomizat ion cos t s  
f o r  these  powders general ly are les s  than $ 2  p e r  pound . Atomization cost s 
for the REP powder are approximate ly $6  per pound . W i th regard to the 
faster-coo l ing-rate powders and ribbons produced by the RSR and 
me lt-sp inning processe s , large-scale produc t ion quant i t ie s  o f  these 
material s  are not yet avai lable . E f fort s are in progre s s , however , to 
sca le-up fac i l it ies  to  produce larger quant i t ie s  of these materials . No 
cost  project ions are yet available . At the current t ime , then , large 
sc ale-up PM proces sing of ordered a l loy s  would be l imited to the PREP and 
inert gas atomi zat ion processing . 

Powder qua l i ty concerns are re lated primari ly to the pre sence of  de fec t s  
i n  the powders and their  e f fec t s  o n  low cyc le fat igue , frac ture toughne s s , 
and fat igue c rack growt h .  The evolut ion o f  damage-tolerant des igns and 
ret irement-for-cause concep t s  in t he aircraft  indus t ry  has placed s t ringent 
requirement s on powder qua l i ty .  As a result of these requirements ,  powder 
producers now have s tric t contro l of powder chemis t ry , both maj or e lements 
and t ramp or impurity leve l s .  Powder lot s a l so are inspec ted by water 
e lutriat ion and metal lograpbic technique s  to determine the pre sence o f  
extraneous part ic les such as  ceramic part ic les from mo ld /metal reac t ion , 
react ive de fec t s  such as part s o f  0-ring seal s ,  and cro s s  al loy 
contaminat ion re sul t ing from the atomi zat ion o f  various a l loy compo s i t ions . 
Current ly , e f fort s are be ing made to minimize the use of  ceramic s during the 
atomizat ion of high-temperature powders . S ince the presence of ceramic 
part ic les in ordered a l loy s  are also expec ted to be very de leterious , 
s imi lar quality control procedures wi ll  be required for their powder 
produc t ion . 

The vacuum hot pre s s ing and hot extrus ion conso l idat ion approaches for 
the ordered a l loy s  involve scale-up cons iderat ions s imi lar to  those 
d i scus sed previous ly for de format ion proce s s ing ( i . e . , process  economic s ,  
capital equipment need s , and mechanica l  property requirement s ) . An 
add it iona l requi rement , however , i s  the need t o  ma int ain powder puri ty 
during any consol idat ion operat ion .  Thi s  i s  re lated to  the pos s ib le 
contaminant pick-up during powder t rans fer and hand l ing and subsequent 
loading into vacuum hot pre s s ing or bot ext rus ion cans . In certain 
instances a l l-inert powder hand l ing is t hus spec i f ied for critical rotat ing 
component s .  

Secondary Fabricat ion 

With t he except ion of cast-to-s ize c omponent s ,  some type of sec ondary 
proce ss ing wi l l  be required for the fabricat ion of  useful hardware from 
ordered al loy materia l .  The se secondary proc e s s ing procedure s cou ld inc lude 
machining , forging or forming , and some type of bond ing fabricat ion 
operat ion such as we ld ing , braz ing , or d i f fus ion bond ing . To date , 
sy s temat ic studies  of  the se technique s involving process  opt imization and 
de f init ion have not been done on the ordered a l loy s . Some pre l iminary work 
has been conduc ted on we lding of  nicke l aluminides ( private c ommunicat ion 
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with s.  A .  David , Oak Ridge Nat iona l Laboratory , Oak Ridge , Tennessee , 1983 ) 
and ( Ni , Fe ) 3( V , Ti )  long-range-ordered material ( Braski 1983 ) . The e f fec t s  
o f  e lec t ron beam we lding parameters ( for the aluminides ) and gas tungs ten 
arc ( GTA) we lding parameters ( for the long-range-ordered materia l )  on we ld 
qua l i ty were charac terized . For both types o f  materials , condit ions were 
ident i f ied that resulted in c rack-free we ld s . In more genera l  terms , the 
incorporat ion of j oining fabricat ion operat ions in the overa l l  process ing 
sequence for ordered a l loys also wi l l  have to addres s  sec t ion s i ze e f fec t s  
on j o int quality and mechanical  property response as we l l  as  the e f fec ts  o f  
phase t rans format ions i n  those systems featuring mul t iphase 
mic rostruc tures . Unt i l  such s tudies have been conduc ted , no rea l i s t ic 
assessment can be made as to whethe r  the ordered a l loy s  a s  a c lass  o f  
materia ls  would present any more d i f f icult ies than do the current ly used 
material s .  

SUMMARY-PROCESS ING 

A wide range of processing methods have been employed for the preparat ion of  
materia l for the init ial charac terizat ion o f  ordered a l loy s , inc luding such 
primary process ing techniques as a l loy mel t ing ,  cast ing , de format ion 
proces s ing , and PM method s .  These e f fort s have demonstrated that 
cons iderable f lexibil ity exi s t s  for the manufac ture of  ordered a l loys in bar 
and sheet form as we l l  as in s imp le cast configurat ions . There have been no 
systemat ic s tudies of these approaches with regard to achieving an opt imized 
proce s s  in terms of economic s  and mechanical  property performance . In 
add it ion , except with casting ,  the primary process ing must  be fol lowed by 
some type of  secondary operat ion in order to fabricate useful hardware . Up 
to now only l imited e f fort s have been d i rec ted towards evaluat ion o f  these 
secondary operat ions . Once spec ific  a l loy compos it ions evo lve from the 
current work in progres s  on ordered a l loys and poss ible defense applicat ions 
can be ident i fied , studies  can be directed toward process  opt imizat ion and 
sca le-up . Unt i l  these studies are conduc ted , a rea l i s t ic assessment cannot 
be made of the d i fficulty of fabricat ing component s from ordered a l loy s  
re lat ive to current b i l l-of-material s .  
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