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on weight savings and , where possible , performance , and (4) formulation of a
• plan to explo it advanced a luminum al loys for app lica tion to new weapons systems

where significant improvements in systems effectiveness would result.

• The survey of  current technology identifies promis ing  a l l o y  systems an~~~~
’
~~~~s

of producing rapidly solidified powders . The most inte res t ing  property c omb in ’
~’.

tion appears to be achieved by a l loys  of aluminum containing up to 3 weight
percent lithium .

The t~twe I composition aluminum alloys evaluated inc l uded separately 2 weight
pe rcent calcium , 20 weight percent magnesium and 1 weight pe rcent boron .
Additionall y, 7075 conmterc ial alloy was in cluded , for comparison purposes.
The alloys were made by induction melting small ingots , remeiting and rap id l y
solidify ing into small particulate using melt—spinning or c e n t r i f u g a l at o m i z a —

t on , and h e l l  urn gas i~ uench lug .  The p.Y..’.te rs were va cuum Itot p mt ’s SC’ .1 and e’ xt m d —
i ’d I I .1 ill : 1 reduct io~ r at in to make .t rec t an gul  tsr bar  t rots wit I ch t e n s i l e  and
I i  set  nrc roughness  specimens were obt a i ned • Mi  c rost ruct -  tire ot  the as—s ol I d i  fed
par t  I cu l i t t ’  and ex t ruded  pro duct were ebta m ed. The most s i gn i f i can t re s u l t

• w as a 1.’ percent Increase in e la s t  Ic nxc dul us in t i e  AI— 2Ca a l l oy , w i t h  no si g—
ii i  f t  cant  ..‘han go in dens It v . in t h e  Al — 20Mg a l l ov , a I per cent  dec re’ (555 in
d e n s i ty  was oh t a t  nod howeve r , t h e  t’l a st i r modul u~ a l so d~ rr~:ised 17 pe rce n t

The t r ade o f f  s tudies  ind ica te  a number of areas where sign! f i can t  weight
savings would obtain by app l i ca t ion  of new a luminum a l loys  e x h i b it i n g  15 p erc ent
or more inc reased modulus coupled w i t h  Ii percent  or more decreased dens i t  ~

‘ .

S t r e n g t h - c r i t i c a l  aerospace components would s i m i l a r l y  b e n e f i t  by increased
st rength  combined w i t h  decreased dens i ty .

Re cotnn~’nda t b its I ot ’ the dove I opment of advanced a l u m i n u m  a l l  s’V s f rout rap Id  I v
4 s o l i di f i e d  powde rs was f o r m u l a t e d .  The goa l e s t ab l i shed  for  a l l . ’.~’

deve l opment i s  a 30 pe rcent increased s p e c i f i c  s t i f f n e s s  (e l a st  Ic m o d u l u s — t o -
d e n s i ty  rat  t o )  . Appl  I cat ions fo r  s i g n i f i c a n t  improvement in

• we ight  sav ings  and concomitant  performance are the Advanced Tact i ca l  Fi gh t e r
a i rc r a f t  (AF~ , Subsonic  V/STOL a i r c r a f t  (MAW) , and Advance ’eI T R IL2E NT —D 5 l” ttM
(N AV\’ ) , a l l  ot w h i c h  are t o  be developed in the next decade.
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FORE WO RD

This report was prepare d by Lockheed Missiles and Space Co. Thc , Palo Al to ,
California under USAF Contract No. F336 15— 77—C—5 186 . The work was sponsored
by the De fense Advanced Research Projects Agency (l)oll), Arlington , Virg ini a ,
under ARP A Orde r No. 34i7  and was adminis tered  by the Ai r  Force Materi al s
Laboratory , Wri ght—Patterson Air Force Base , Ohio , w i t h  l)r . Lawrence R.
Bidwell (ARIL/LLS ) as Program Manager.

The report is the resul t of a f e a s i b i l i t y  s tudy fo r  the  development  of
s t ruc tu ra l  aluminum a l l oy s  f rom rap idly s o l i d i f i e d  powders fo r  aerospace

‘I st ruc tura l  appl ica t ions . The au thors  of t h i s  report  are R. E.  Lewis , P .
Webster , and I . C. P a lm er , of LMSC , Inc .  The work was per forme d by the
f o l l o w i n g  LMS C , Inc .  personnel .

Pr inc i pa l  Inves t i gators  — R. F. Lewis and I) . Webs t e r
Summa ry of Curren t  Technology — I.  C. Pa lme r
M a t e r i a l s  Processing — P. 1). Crooks

• Propert  tes Eva luat  ion — P . P. Crooks , R. I. • Bou rn
Opt ical  Microscopy — A, Hansen
Transmission E l e c t r o n  Microscopy — El.  Kawavo sh i , V. P h i l l i ps
Scanning E l e c t  ron Microscopy  — A. Gleason
Space Systems Des i gn T r a d e — O f f  S t u d i e s  — F.  Loss
M i s s i l e  Sy stems De s i gn Trade—Off  Studies — W. N. Brown and .1. F. But let ’

In add i t  ion , C. Wa 1 d • F’. St runk and R. Me~ art ’s of the I ,ockhee ~l— Ca I i  fern  Ia Co
per fo rme d  the desi gn t r ad — o f f  s tud ies  of a i r  vels [ci e (a [rp l ane ’) st rue t ures

The autt.ors  w isis to acknowl ed ge the  cont r lb u t  ions of  t lii ’ fo l lowing peop le .
We wI sh  to thank  l)r . T . F • I let  z , Manager of  the M e t a l  1 ur~~’ and Compos I tes

• Labora tory , LMSC , Inc .  , fo r  h i  s h e l p f u l  guidance th roughou t  di is St udv and
rev iew commentary of t h e  report  . We are a lso indeb t ed  t o  l)r. N . A. Ste m itt ’ rg ,
O f f I c e  ~c f New Technology , l.ockheed Corpor at  Ion , Burbank , Cal i fern  I a • for ii is
ins ight  and e ar I ~’ en couragement  for the  u n d er t a k i n g  of this st u d . Pr.  R .
Ma r inge r , Bat t e l  I ~‘ Co l umbus laiho ra to ties unde rt  ook t lie ~ re’ pa ra t  ion of t he
novel a l l o y  compos it ion powde rs by me l t  sp i n n i n g  t e & ’lin Iq u e’s . Mr. A .  H . A dal  r
(LLM) • A i r  Force M a t e r i a l s  Laboratory , WPAFR , Ohio , arranged fo r  t he p re’pa la—
t Ion of nove l a l l o y  compos fri on powde rs isv at o m  I za t  ion , and wit I eli we’ me

• • provided  by Messrs • A.  Cox and R. C. Bourdeau , P r a t t  and Wit I tue A l re r a f t
Group • Government Products  Div i s  ton , West Pal in Beach , F l o r i d a . Drs . I .

• RI dwell  , AFMI , , F • C. Van Re uth , and A. Bement , both of l)ARPA p rovi  dod
guidance and advice  t h a t  Was most use f u l  throughout :  t h e  course of  ( I s  Is st udv
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Section 1

• INTRODUCTION

Three major new aerospace systems are to be developed in the next decade
which will have significantly advanced military capabilities. They are an

Advanced Tactical Fighter (Air Force), Vertical/Short Takeoff and Landing

Reconnaissance Airplane (Navy), and Advanced Fleet Ballistic Missile (Navy).
In each of these , improved structural materials properties are needed to

significantly improve range, payload, and service life over that which would

result from current technology .

The most coninon presently used structural materials in aerospace systems are

alloys of aluminum. Selective use is made of other metals and alloys such as

high st r ength steel and t i tani um , ma gnesium, and various composite materials.

In order to significantly improve operational effectiveness of new aerospace

weapons systems , any new materials developed must be stronger or s t i f f e r  than

materials currently available. In order to identif y those p roperty goals

which wou ld have a maximum payof f  in these new systems, design t rade-of f

studies have been and are being performed . These studies include advanced

aluminum alloys , titanium alloys and composites. Two important considerations

in these studies are pertinent to the present Work:

(1) Improved aluminum alloys are of major interest to aerospace manu-

facturers because of the extensive existing manufacturing technology

and capability directly suitable for this class of alloys.

(2) The development of improved aluminum alloys which exhibit significantly

higher stiffness and/or strength properties is technically feasible.

a I
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1.1 Objec t ive

The major objective of this program is to determine the feasibility of develop-

ing aluminum alloys Irons rapidly solidified powders having significant

improvements in mechanica l propert ies for  aerospace s t ruc tura l  applications.
Specific objectives include (1) the determination r f  prop er ties of uni que

aluminum alloys prepa red from rap idly sol id i f ied powders , and the de termina t ion
of the deg ree to which these propert ies  are superior to conunercially ava i lable
alloys , (2) the prediction of benefits of weight , payload, and service life
of the unique alloys for typical aircraft , missil e, and space systems, (3) the
identification of promising alloys for further development , and (4) reconunenda-

t ion of plans fo r major development of new aluminum alloys and structural forms
pertinent to the at’rospace industry .

1.2 Probl em

Improvemen t in currently available materials is seriously limited by basic

physical and mechanical metallurgy. Alloying of aluminum to significantly

increase’ strength above that exhibited by 7075-T6 results in a serious loss in

f rac ture  toughness and s tress  corrosion resistance . For these reasons, 7079
and 7178 alloys , fo r examp le , have not been of practical use to aerospace
designers even though they exhibit a 30 to 40 percent increase in strength

j over conunonly used alloys. Ultra high specif ic  strength or s t i f f n e s s  metals

such as ‘ erylliuns , steels and titanium alloys are either too expensive or too

low in toughness to rep lace aluminum alloys in current applications. Develop-

men t of graphite-aluminum metal matrix composites promises to contribute

signif icant  s t ruc tura l  e f f i c i ency  where uniaxial or biaxia l prope rties suf f i ce

and where i ts low bearing strength is not a penalizing de ficiency . However ,
graphite-aluminum composites are not useful wisere triaxial tensile , in-plane

shea r , or bearing loads are major factors of the  s t ruc tura l  design due to low

fiber-matrix interfacial bond strength.

Thus , major  advances in the u sefu lness  of new aerospace systems arc expected

from developmen t of unique monolithic aluminum alloys exhibiting higher

st rength , s t i f f ness , toughness , and f a t i gue behavior and lower density and

suscep t i bi l i t y  to stress corrosion cracking.

2
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1.3 Approach

An important degree of freedom in develop ing new alloys exhibiting improved

properties is obtained by rapid solidification from the melt. Compositions

and grain sizes not possible by conventiona l casting can be obtained by

solidification rates of at least IO
5 °K/sec . This has been demonstrated by

quenching a thin stream or small droplets of liquid metal in gas , liqu id  or

impingement on a chilled solid surface . Small lots of a variety of metals

and alloy s have been produced under laboratory conditions then consolidated

by hot pressing and extrusion , and uniq ue microst ructu r es an d propert ies

appear to be •chieved . However, for aluminum alloys, no systematic study

had been undertaken to evaluate the feasibility of this approach or to pre-
dict the impact on weapon development or nature of warfare , presuming
signi ficant improv ement in properties is obtained in a scale suitable for

full-size structures applications . The work reported herein is a stud y of

the f eas ib i li ty  of develop ing aluminum alloys from rapid ly sol idif ied powders

having significantly improved properties .

This study consists of four tasks . Task I involves a survey of current
technology in rap idly-quenched aluminum powders . Task II is an evaluation

• of unique , promising alloy compositions . Task III is a series of design

t radeoff studies to predict potential  gains in selected aerospace s t ruc tu ra l
• applications of new alloy s achieving per t inent  property improvements . Task

IV inc ludes an analysis of the results of the f i r s t  three  tasks and t h e ’

development of a detailed p lan to exploit new aluminum alloys produc ed I rons

rap idly-q uenched powde rs.

3
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Section 2

SURV EY OF CURRENT TECHNOLQCY

2.1 Rap id Solid ification

In recent years a considerable background of information has been published

on the improved structures and properties obtained by the rapid quenching of

alloys from the melt. A sununary of r ecent in fo rmation is given in the

Proceedings of the Second Internationa l Conference on Rap id Quenching held

in November 1975 at M .I .T . (1,2) .  Rapid quenchi ng can be achieved by a

variety of methods ranging from gas or water atomization to metallic substrate

(splat) quenching. The cooling rates obtained during solidification , esti-

mated fo r example by measurement of den drite ann spacings (3,4), range from
iO°-103 K/sec . for gas atomizat ion , to 1o6

~lo9 K/sec . for various sp lat

methods. The quenching rates of interest  in the present stud y a re those

which produce mic roc rys t al l i ne  s t ructures  showing improved mechanical
p ropert ies , and in rapidly quenched aluminum alloys they range from

K/sec .  The tuost s ign i f ican t  benef i ts  achievable from these m i c r o c r y s t a l l i n e

structures are ’ as follows .

o Decreased Grain Size

There is su progressive decrease in grain size with increasing cool iuig

ra te, and grain sizes of ‘~ 1~m can he obtained . The decrease in

g r a i n  size increases both strength and toughness.

o Increased Solid Solubi li ty

Quench ing from the mel t  increases solid solubility, o f t en by ord ers
of magn i t u d e  compared to equil ibr ium condit ions . These increases

can produce un iqtte a l loy s t ruc tu res , new precipi tated phases and

• la rge Increases in volum e f r a c t ion  of preci p i t a t e  d u r i n g ag ing. • I

hi. ! • ~~~~~~ • ~~~~~~~~~~~~~~~~~~ • .  •
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o Elimina tion of Segr egated Phases

Rapid quenching can either eliminate the comp lex in termetall ic
pa r t ic les which form in conventional ly cast aluminum alloys (e.g.

AlCut4iFe intermetallics), or reduce the size of the par ticles which

form to give a fine dispersion of sub-micron sized pa r t icles  and an
improvement in properties, particularly tou ghness.

2 .2  Rapidly Solidified Aluminum Alloys

Studies on rapidly solidified aluminum alloys can be divided into two groups.
The fi rst group includes studies of the rap id ly so lidif ied powder par t ic les ,
both as-solidified and a f te r  various therma l treatments;  these studies include
chemical analysis, microstructure (both optical and TEM), microhardness and

lattice parameter. Of particular interest has been the identification of the

various precipitation processes by which the supersaturated solid solutions

obt ained by the rapid solidification decompose into the equilibrium phases ,

- 
and correlation of the changes in snicrostructure with observed changes in
lat t ice  parameter , microha rdness , etc. The second group of studies has been

concerned mainly with consolidation of the rapidly solidified powders, using

such methods as cold compaction, vacuum hot pressing, hot extrusion and cold

swaging. The resulting microstructures and physical and mechanical properties

of thc bulk material have been correlated with the consolidation param eters

and heat treatments used. The aim has been to develop the consolidation

processes which provide the optimum combination of the desired mechanical

properties . In the following review of published work on rapidly solidified

aluminum alloys only the most recent or relevant papers are described and

only those which deal with alloy systems having potentiall y useful mechattiesi l

properties at ambient or elevated temperature.

2.2.1 Microstructural Studies on Rapidly Solidified Powders

A stmunary of the papers reviewed in this section is given in Table 1.
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TABLE 1

MICROSTRUCT U RAL STUDIES ON RAPIDLY SOLIDIFIED ALLOYS

ALLOY SYSTEM QUENCHING COOLING RATE PRON~’RTIES EVALUATED* REFERENCE
METHOD 

— 

K /sec. 
— 

i 
.L . _L. ± __________

Al-Cr (~un lO~ .1 ~J .,J 5,6

Al-Cr ,Al-~t~,Al-Cu Gun >106 .1 ~,J 7
A 1- Fc,Al-Co ,Al-N i

Al-Cu Gun >106 ,j 8 ,9 , 10

Al-Cu Plasma Sprayed 
~J ~/ 11

• A l -Fe  Gun ,,J ~,/ 12

A 1-Fe,Al-Fc-1t~ Gun J \ / 13
• Al-Fe-Zr

A l-F e,Al-Ni Electron ~
j \/ 14

At-Cr ,A1-~h~ Beam

Al— Mg -Si ~J 15

Al-Mg ,AI -Si , Arc ~~~~~~~~~~~~~~ •,

Al~~~~-2r , A1~~~~~~ Sp rayed

• Al-Mn ~J \/ \ / \
/ 17

A1 .lhth Uun .J 18

Al Ni (;un ‘I 1 19

A l - Z r  .j \ / 20 , 21

A l — i l l  2)

* I. Mierostructur~
2 . ~~ ~rolsardne’ss
I. Mi c u e ’ S m n ~u I vs i s

L~u t t i ce  P.s r and i i

—
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Al -Cr Al loys

Rapidly quenched Al-Cr alloys have been studied by Furrer and Warlimont (5,6).

They used a gun technique to obtain cooling rates of 10~ K /sec .  and s tudied
the microatructure and phase composition of alloys containing up to 7 at 7. Cr.

Six different decomposition mechanisms of the supersaturated solid solutions

were identified . Fontaine (7) also studied Al-Cr and other Al-transition

metal alloys up to 3 at 7.., and concluded that Cr , t4~ and Cu s u b s t i t u te  at

random for Al atoms, whereas Fe, Co and Ni form c lu s t e r s  respons ib le  for  the

high hardness values observed in these systems .

Al -Cu Alloy3

Will iams and Edington (8 ,9) studied the mic ros t ruc tu ra l  c h a r a c t e r i s t i c s  of

rapidly quenched Al-Cu alloys. They splat quenched sev en alloy s with copper

additions up to the eutectic (17.3 at 7.. Cu) composition using a gun system to

obtain cooling rates of > 106 K/sec . They examined the microstructures of

as-quenched powders in the TEM and also performed high reso lu tion microanal ys is

in the TEM. Davies and Hull (10) also used a gun technique in an inert atmo-

sphere to study the microstructure of the A1-l7.3 at 7. Cu eutectic composition .

This study showed the importance of a low-oxygen quenching atmosphere in

promoting efficient spreading of liquid particles and good therma l contact

with the quenching surface. Their quenching method was sufficient ly fast to

cause the formation of amorphous phases. Krishnanand and Calm (11) studied

the properties of plasma sprayed Al-6 at 7.. Cu and Al- 12 at 7.. Cu. The aim was

to assess the usefulness of plasma spraying as a single stage process for

splat quenching and compacting on a substrate. Very high hardness values

(300 DPN) were obtained in the as-sprayed layers. They studied the hardness

as a function of aging time and t emperature and f ound strong secondary har-

dening effects.

Al-Fe Al loy s

Jones (12) stud ied the microhardness as a function of alloy composition for

splat-cooled Al-Fe alloy s with compositions in the range 0.5 - 13 at ~~. Fe ,

and shoved that the hardness increased continuously with increased alloy

7
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content . The sp lats  showed two different structures and the supersaturated

regi ons of a sp lat were found to be twice as hard as the other regions .

These regions in turn were twice as hard as conventionally cast m a t e r i a l .
Jacobs and coworkers (13) examined a splat-quenched Al-8 wt. 7.- Fe alloy , and
confirmed the presence of two different structures in as-quenched splats.

They cha racterized each in terms of the dispersions and types el phases

pres ent, and investigated their decomposition behavior en annealing between
i and 873 K. The e f f e c t  on the microstruc turos of adding 3~. Mn or 1

to the al loy  was also examined . The observed microstructures and phase
t rans fonm~m t ions were correlated with microha rdness measurements.

Gr ub! and coworkers (14) produced rap idl y quenched Al - Fe allo s (and a l s o

A l — N i , A l — C r  and A l — M n  al loys) by local elect ron beam melting followed b~
rapid cooling. The Al— b ’

~ Fe alloy showed the most promising pr op er t i e s

especial ly at temperatures above 200°C.

Al—~ g Al loys

Bose and Kumar (15) studied rapidly solidified Al—Mg—S i alto s, with composi-

t ions  chosen to give Mg
2
Si in the range 1— iO ,. with excess Si up to 4 •

1~m t t i c e  par amete r , microhardn ess and microst ructure were studied as a func-

tion of Mg
2

Si con ten t and annea l ing  t e m p e rat u r e .

W a r l i mont and Kunzma n (16) studied Al—Mg , A l — S i , A l — M g — Z r , A t - M g - M n  commerci~m 1

t i 11cr w i r e  a l loys , in the forts of arc sp r~m e d  ~-oa t ings , produced with a
4 5

cooling rate of 10 —1 0 K/sec. Lat ti c’ parameter , h ardness , umicrost ruct urt’

and stress def lec t ion  measurements were made on t h e  coated samples.

Al—Mn Alloys

Ikeda and Nishi. (17) stud i ed preci pitation processes In a supersat urat o&l
7 Al — V~ Mn alloy obtained by rap id solidi f ic at l on . They measured hardness

and tat t ice parame ter and nmde x—ray d II fraction and mic roana I vs i s mea sure—

men t s . The precipitation pro L’ dS s was very comp lex and four ~i I f f ~‘ re im I

dec~~nposi t ion phases were ident  f l i e d . They a iso foun d that i ron and si 1 i eon

impurity elements had a signi ficant effect on the preci p11 at I on i~m o t  t ’5S

8
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Bhat and coworkers (18) used a gun technique to product ’  rap id l y  quenched

Al — Mn alloys , and ext ended the solid solubi ii Iv by a 11 c C O t  01 t o u v . The

• s up er s at ur at e d  so lid solut ions were retained up £ o I K w i t  bout s i  gui I i

decomposition . When decomposition occurred t h e  c’qu 11 ib r ium Al
1
Mn ph ase  was

pr ec i p i t a t e d .

Al -Ni Alloys

Cha t topadh yay and coworkers  ( 19) used a gun technique to 
~i’ tat coo I an Al - 1

at ~ . Ni a ll ov , and used rEM to stud y the mi~et astah1~’ phase t ormed . Thj s

phase wa s uns tabl e w it h respect  to p l a s t i c  d e f o n m ~~t ion at roots t emperatu r e ,

and also decomposed in 10 m m .  at ~7 K.

~L~i~ •!~l l•o•y~•

Nes ~mnd ili tIdal 120) examined the t rans format ion products onsed Jut i ug

rap id st’Iidi I i c at i on  et  A l — 0 . 8  wt . :~r and Al — I .~~‘ wt . :r . Tht ’v ident i tied

three d~ t t eren t phases: t he  e q u i l i b r i u m  At ~ r , a m et a s t a b  to cut’l c Al ~~r and

a sttporsa ( nra t ed A l— r sot t J  s o l u t i o n . l~ mh I and coworkem ~~~
‘ I examined

At — I .2~~.. r a 11ev s wh I cii were ap i dlv sot U ill ~~ in a W~I C ( ‘t coo led ste Id
A g i n g  at s7 I .l~7 1 K ca u sed preci pitat ion ot sp ht - m i e ~~l coh er en t  j ’a t t  i~ - l  05 ot

mc t as t ah l c cub ic Al ~~r , ~nd distinct age hardening. At higher t empt-tatutes

• the equt 1 ihi- turn Al r phase appeared. Repea ted  proc  I p i t  at Ion h a r d en i n g  was

found t o he not possible.

Al lit At i* ’v:~

Rynts i, .‘ 2 pt’ m t ormed a muet a t  lographi c s t  udv o I an At — I . $ wI . ‘
. III a 11ev a I t  or

t ap i J sot  i di I I cat t on , and high t enmper at  u m e  anne:l Ii ug . Rap id sot J i i  c at  ion

produced a supersat tirated s ot  Id so tnt ~on . On a n ne a l i n g  • the tnt emmed I at e

At ~Ht i hase preci pi tat e~t as coherent  spheres  and d e nd r i  t es . On t’Oflt  i mi ned

an ne al i ng  the i’qu i 1 ihi- l uin A L ~111 phase preci p i t a t e d  as a lanmina t ed s t  r u e t u m  e

w i t h  the i n t e v m t’d l a t o  phase.

J •
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2.2.2 Microstructure and Mechanical Property Measurements on ‘ onsolidated

Ma teri al

• A stutsna~~.- of the papers reviewed in this section is give t in Table 2.

• A l -Cu-Mg Alloy s

Lebo and Grant (21) studied the structure and propert ies el  rap i d ly  s o li d i f i e d

• 2024 Al alloy (Al-4.5~1 C u- l . 4~ Mg-0 .6~ M n ) .  They used a sp la t  method and

estimated cooling rates of up to iob 
K/sec., based upon measu remen t  of den-

drit e arts spacings . The flakes were screened and then con s o l i d a t e d  by cold

compaction , vacuum anneal ing and hot extrusion , using a reduction ratio of

20 to 1. The extruded material was cold swaged , so lu t ion  t r e a t e d , quenched

and naturally aged . The splat cooled alloy had cons t i t uen t  p a r t i c l e s  of

1~m or finer , compared to 5-20~m for the coumiercial material , and One of the

constituent phases (A1CuFeMn ) was virtually eliminated by the rap id quen-h .

Very little coarsening o - the dispersion of constituent particles occurred

du ring the high tempera tu re ex trusion and solu tion t r e a t m e n t  stages , although

the grain size did coarsen signi fi can t ly. Compared to the connmercial alloy ,

the sp lat quenched material showed 15 to 207 improvement in yield and ultimate

strength with no loss of ductility, a seven- fold increase in fati gue life at

207 ?‘~ a (30 ,000 psi), and a large improvement in the 423 K stress rupture

l ife . The fracture characteristics were inhomogeneous due to the presence of

finely dispersed oxide films .

Al -Zn-Mg Alloys

Durand , Pelloux and Grant (24) studied the structure and proper ties of sp lat

quenched 7075-Al type alloys (A1-670 Zn-1.3Z Cu-2.37. Mg-0.27. Cr), in which

modifications to the basic alloy included increases in Zn, Mg and Cu , and

in one alloy , additions of Ni and Fe. Foils were produced by splat quenching

using a copper roll  method . The cooling rate was estimated to be l0 5~ l06

K/sec . by measurement ~~ dendrite arts spacings . Some degree of supersatura-

tion occurred and resulted in rapid aging of the foils at room temperature

and below . The s t r u c t u re was highl y ref ined and coarse int enneta l l ic

particles were not formed . No Cr-rich phase could be identified and very few

_ _ _ _ _  - 
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TABLE 2

~I1CROSTRUCTURE AND MECHANICA L PR OPERTY MEASUREME NT S ON
CONSOLIDATED MATERIAL

r A ~ L(~~~ Isr~~ 

:~~f ~
__ 

-

_ _ _ _  

ION

~~~~~~~
) r

~~ffLrS

FVC\LrATF
~~~~~~~~

H R

~~~
1

At C I I - ~~~~ ~~~~ Splat  10 Ce ’l~t ~ompa~ t 1~ ’n , v~ic .  .• 2 1
annealing, hot extrusi o n

A l ?n~~t~ ~ • 1 a t  10 _ 1 0 C Vac.  annca1in~~, h-C ~
~ ‘C7 “ ‘1 ex t t U $ i o n

M,- l t  l0~ - 10
C I (~~ld compact ion , vac.  ~‘

Spinning annealing, hot
hot e x t i u s i o n

Al -Fe  ~~~~~~~~ 

I (o ld  c~~~ 3ct i c i i~ , .iIm j l III~~ ~1

r. ti,’t e x t r u s i o n

i I - Ft~ e ,,n ~
. 10 Co Id ompac t i n • hot

A I - F ~ ‘r . A l - F e - M n  I e xt r u si on

A t -  ~~I - C C I  ‘It OCl i ~a t i on
— 1 - M?: — CU

A l  ~~ A I C - I l  :~I C I oii Fxt rei s I on •~ 10

I i0~ cold  ~ompactton . vac. h~ t s

1202-. + LII Spinning press ing, hot extrusion

Al III~~tg-Li S plat 10 ’ Cold compact ion , hot 
~~
‘ 45

t 20 ’-. + Li 1 extrusion

Al -Z n- Mg-Cu- CC’ A t o ’ 1 t~~Ition 10~ — l0  Cold compaction , vat- . ~ 5 / 1 t~0.b l
(MA t~~,MM1)  .nncaling,hot pressing,

I hot ext rusion

* 1. Mi c rostru ctur e I. (leva ted Temperatur e Tensile ¶i . Creep
2 Tensil e 4. ~‘atigue 6. Corrosion /Stress Corrosion
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Fe .iflLi Si i j  di 
~~ 

i t  ~
‘ les were  l ound .  l”oi Is W C I C ’ so m E  ion t~~al  t r oat  ‘d

queneh1J  and .h~ ’eI . t’~estt l t a i i t  L~I J  ill Si.’t’S Wt’le In tb lJl1i ~i ’ 10— i\ ri , . 1 1 1 1 1

a I I in c  Ins ion s  were  found as a t i n e  d i  si~ Cs ion o1 p a r t  1~~l~’ s i :- t ’ I ~‘C.’~

0.

Fo I Is We ’ Ce ’ e-on sol t W i t  od t)\’ \‘~~CUt U fl a t i t i ca I .t ilg t~~ ’ 1 10W ’si b y  1101 • - x t  I (I S t o l l  Us 1 1~

.1 r a t i o  o I 20 t o  I . Some’ a ll o~’ 5 we Ce’ cold swa ged a I I o r ext rus b i t . ( ‘ e ’il CO Ii —

dat 1’d IUa t e’t i a I Wll5 SC ’l itt i on I C  e’a t ~d , quenched ~ind a god . 1’s-us ii • p t~ p et  I I e-s

were s olnIlaled w ith Va I t i es  I C C C  c e nun er 5- j  ci i  t_ i 11C ’( ’t ‘
I i-at ’ 707’— ‘ 11 ’ ~iti 1 I )  ‘ - s 

~
1 t e ’th ts~~sl

t’Otfl .1 i C at 01111 CC d powders wi tli a quench ra t  - of abo ut  10 K Cs ’ s . l7i~’ ~l I I e ’v

W i t i t  mod i t t  cat i s ’ltS o I the 7 0 7 ”  compos i t  ion h ad excel lent t otis lie pl’Ope rt i es

and were’ si gn ii i  k - a n t  I V  sI  ronge’r than 7Ø7S The impr ov ed p r op er t  i CS w e t  C

attribut ed t ~‘ a 1 ine’r sub st  I - r n - lu r e  and a lin er diapers jOU 01 VeAl ( ‘ pe

lil t e’flnet a lii c pa t-t i ci es -

M’b 1ev , C I a t t e  I Jill! W i  I Ce’X ( 2 ’ ’) st  ud i c ’ s! t h e ’ p r op e r  I i t ’S o t 707 ’ A I C C ~ t t~~~ t ~
- t od

I rem r ap  Id lv  s o l i d  it i ed melt — spun  r i  bboii th e ’ s o & ~ 11CC I~~i t  C W d C  , C t  i LC~tt ed I C ’

h o I i )  - I U~ K/soc . M a t e r i a l  was t-onso Ii Wt t Cs! h ’s’ s e ’ I d p CC SS i t 1 C ~~, ‘I ’J 5 t t u t c

51nl11 ’a 1 t t i e~ , hot p r e s s i n g  and hot ext ru s ion  w i t h  a )t ’~ I resIns-I ion I _ I t 0.

~~~

t rud e - si nut s 1  j J  was i t1 ’~t t  I t C J I I ’ ll t o  t h e ’ 1’ - o s o t i s i  i t  on , Wi li ~It t C S t L l  I C C !  i i i

.i very t i tie equ i axed gra i n  s t CC (1— 1 Oi in’) . The liie’c ltan i t -a 1 i’ rop e’ Ct I ‘-s we ’ Cc ’

comp a red w I th t hose ’ o I c OiilIlls ’ i- c i a I nut t’r ia 1 . Tlit’ t oout t e’llip e r at  ( iCe ’ \‘ i C is!

st re i igth  Ji ls I  SI UCE I l i t  v WCC ’C ~ihoti~ I t )  h i ghet -  tha i t  tIit ’ t’OllUiCs ’ I C  id I I CI . I t  e l  iJ I —

T h e ’ st  r e -n Ct  Ii  1 ( ‘V el rI-ma i ned rea t or up t o  about S7 K. At about  t’ I K t i l l ’

a 11 ov exlt i bit ed s up t ’rplas  t ic I e t i den s - i t ’S i~f ~ 200 ‘) • at  t i - i  bu t  e-d to i lie l i n e ’

~~U.L CU St :e~ -

A [ — t-’t’ Alloy s

Faninger  , Mer:’ and Wi titer t 2(1 ) St tidi Vtl t111 1’ 1 t ’VJ I ed I e’tIipt’ t a t  UI’ o st  rengt Ii • and

( i t s ’ L’t’rrl’s b i t  I C S  st a n ce ’ o f  Al — I’ . l~ and At  —S , Fe’ 5’ont .l I Ci i f l c , stu:tl 1 .tddt I i e’n7:

01 Mc , Mn and  Ct . Powders we’re p r o d n 5 -ed 1w :i sp la t p t C s ’ess ~ i vi t i~ a coo I I ug

rate o I 10~ K see .  l’ht’ powders were’ cold s-ompas - t e ’st , . t t i t i e ’a t ed t I  1’ ,
’ K , .iud

~~~~~ l tt ~ I Cd Its l it J t- t’dLl C I ~O11 lJ t i e ’ ill I li t ’ l Jii~~ C 2 1 1 10 ~~‘ 1 ‘liii ’ C OIlS e ’ I i ~la t o~l
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materials showed good elevated temperature strength up to 573 K which was

attributed to dispersion hardening, and good corrosion resistance; the small
additions of Cr and Mn had beneficial effects on these properties. Thursfield -:
and Stowell (27) examined the properties of a splat quenched binary Al-8 wt.

‘h Fe alloy , and ternary alloys containing additions of Zr and Mn. The alloys

were quenched by means of a gun technique , giving cooling rates in excess of
1O5 K/sec. The microstructures of the same alloys were examined by TEM by
Jacobs , Doggett and Stowell (13). The alloys were consolidated by cold
compac tion followed by hot extrusion . The alloys had exceptiona l high tempera-

ture tensile proper ties , and room temperature properties equivalent to those
of the strongest Al alloys available. The microstructure and room temperature

strength of the Al-8 wt. 7. Fe alloy were stable up to 613 K. The strength of

the splat cooled alloy was substantially superior to that of an Al-8 wt. 7. Fe

alloy studied by Towner (28) and made by gas atomization (with a cooling rate
3 -of 10 K/sec,), at aJi t emperatures up to 673 K. These results were

a tt rib uted direc tly to the difference in cooling ra te emp loyed in the two
techniques. The elastic modulus of the alloys was also measured as a function

of temperature from 293 K to 673 K. At 293 K the modulus was 81CPa (11.8 x

1o 6 
psi) and at 373 K 72GPa (10.4 x io6 

psi). Additions of 1 wt. 7~ Zr to the

Al—S wt. 7. Fe alloy resulted in improved strength at all temperatures and

par ticul~irly between 573 K and 723 K. Additions of Mn to the alloy improved

the strength at temperatures between 373 K and 523 K.

Al-Mn Alloys

Rostoker et al (29) studied the properties of Al-Mn-Cu and Al-Mn-Cr-Mg-Zn

alloys produced from consolidated powder which had been made by atomization .

The alloys showed high yield strengths and hardnesses which resisted softening

at temperatures as high as 623 K. Some alloys showed good hig h tempera ture

yield strength. Preliminary tests showed that the alloys were not susceptible

to stress corrosi—”i cracking at stresses of yield strength magnitude.

- - Sheppard (30) studied the properties of Al-Mn alloys produced by extrusion

of atomized powders. The structure and substructure of the alloys was

13 
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b nvC ’ 5 I I ga t ed , aitci tilt’ p rope rt I es s sunp~I re el wi iii I lio~ c ’ o t  o1ite~ alloys p rtidti ’e’cl

h’s’ powder  me t : I  I lurgy -

2 . I Physical Met a I it~irgy ot  Al uminum A l l o y s  antI C I t e s t S  c i t  Rap ist

Sol jel l Ii s a t  Ion

The p i iy s I ca I iiit’ t a liii rgy t i  f a i t un inu in  all o’s’ s has bc on Ce ’e s Il t 1 ‘~‘ rovi  owed i~n a

utnnh ~’ 1’ ci I bI i-I sic’s ( S O C  I c i i ’ i’xinnp le ttic’ Sympos I urn on Advanc t ’s in  t h e  I’hy s I c a  I
Me’t~ I tu r gy  o 1 A m u m i nui t t  Al t oy s  [975 (31), St aj ley (32), Starke (31)’)

l ilt ’ p a rattte ’t t’t’s of tn tp or t a u c-e wh ich  dt ’t e ’rni in e the  tuec -li an i c~t I prt)pe’t t i e’S c i t

hi ght strength alutn intun :11 toy s will be reviewed he’r e’ , : I l l e I  t he  c’Xt  c-i tt  I 0 which

I l i s S e ’  ca n be si gn! I I c-a nt ly chai ’ge -d b y rap id soil ii Ii cat  ion  i n  oi’det’ to improve

Lil t ’ t t i t ’chanl cal pr op er t  los wI mi b&’ d.i scussed .

‘th e most signi I i  cant metal .Iut ’g I cal f a c t o r  wit i cli m i  luencc’s lIl t3Clt ~ t t i i  c : t  i p roper—
I os is I lie type  and cli s t u b  bu t  ion o f  second plias e’ part is-i es - Iii c-o nline’ t’ - i a i

a I t oys L I t s ’~~e’ hav ’ I)e ’e’ll C I t ISSI  fi s-el  i n to  I br e e’ t y pe ’s

( I )  Con s t i t u e n t  pa it I c -It’s. These’ :1Cc ’ Fe , Si ~iieI Cu ri cit inc ins ion s  0,1 to

1 0~ in in d I a • , fo rme ’eL slur ing c-a cit ing - Fe and 5 1 :1 1’s’ U5 Uil liv i tupur i I I s ’S

witt’ COil S Cu i ci a ck’ Ii he’ra tt ’ a I I oy l ng add l i o n .

F ( 2)  Int ernte ’d l a t e  p a r t  I d e -s or di  spe ’r so lds  , rich i n  Cr , t’lii or Zr , 0 _ O S  I o
- 0_ ’ i~~tn i t i  C I C e ’ , ~ h b e ’h :1 Cc ’ use ’c( t s i  c’oui t re i l i e ’ct ’y s t a i l i : ’ at  ion ansi gra in

g r o w t h .

( I )  Pre’ci p i t ale  par t ii’ teci , r i ch  in Cu , Mg, Zn , ott ’ • , which have’ ci linens I otis

I row 0 .01 to 0. 5~j r n , and are us eel t o strong then th e’ matrix.

Th e’ role’ ci t t h e s e ’ si lt I e’r-~’nt pai -t  I c  i t ’ c l i sp c’rsions , t o g e t h e r  wi Ut o t her

iW~)O t’t ant pa r.li ’te ’t (‘ I CC such as grain c i i  sc’ , w ill be’ di ci s’ttS sod mo l’c’ f u l l  ‘~ b e ’ low .

flhj ~ t i ’t s i c h t I u s  A i t u n i  Alloys

Sign ! I i c h i l l  l i l t ’ 1 011505 in  t h e ’ modulus  cii a l u m I n u m  alloys can he’ achieved by
the’ p r osence’ ci I a large vo lunic’ f ra c t i o n  o f a I ji l t ’ dis 

~
‘e ’ rs ion cii second pita s e’
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particles of high elastic modulus . So lid solut ion al loy ing or t ex tu re  mod-if !-
ca t ions  can al so  increase the  modulus , but in general to a lesser extent.

Th e disper sion of second phase particles can be ach ieved  in two ways , e i t h e r

as preci p i t a te s  dur ing  conventiona l age hardening of so lu t i on  t r ea t ed  and

que’nched ma te r i a l , or as a re la t ive ly  insoluble dispersoid  which  preci p i t a t e s

du ring cooling or subsequent processi ng. The volume fraction is determined

by the’ amount of solute and by the composition and dens i ty  of the prec i p i t a t e d

phas~’

Th e’ Al-Li system is an example of t h e  f i r s t  syste ’nm in wh ich t h e rt ’ is e’X t e ’ f l sj V ~ ’

solid solubility of Li in Al so that the alloy cat-i be solution treated ,

quenched and aged in the conventional way , and rap id solidif ica t ion is not

required to achieve a bight volume fraction of precip itate’. Extensive studi~’s

have been made of this system (see Section 2.4) which shows the highest

sp ec i f i c modulus for a given solute content of any aluminum alloy system.
The precipitate which forms at Low agiag temperatures is Al.1L1, and very hi gh

volume tractions can be obtained , giving a high modulus . I)I ff1~ u 1tIe ’s have

been experienced with the Al-Li systems in the conventiona l l y cast and wrought

condi t ion , in particular low toughness at peak st reng th , and scgrs-g:lt ion in

large ingots. Rapid solidification of powders should enable sig n i f i can t

improvements in the strength and toughness of these alloys to be ach i eved ,
by decreasing segregation , and producing a very fine grain siSe ’.

‘rite’ Al-t’h system is an example of the second type of system , with limited

solid solubility, in which conventional casting will not achieve suific-ient

supersaturation to give a large volume fraction of f i n e  precipitate’. Rnp ld

solidifica tion is needed to achieve th is requirement . This alloy in the cast

and wrought condition has shown a higher modulus than most ci ther alumintun

alloys (34). Rapid quenching of Al-Mi alloys will give a supersaturate’d

solid solution , and if the precipi tation of second phase (Al~,Mn) c-an

cont rolled during consolidation and subsequent processing, to give a I j ut’

d isp ers ion , then a high modulus and improved secondary proper t ies  should be

obtained . Other alloy systems (Al-Ca) have shown increased modulus values in

15
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preliminary studies (see Section 3), and would also lit ’ expected It’ show

ii i gii i ii c8flt improveitient s as a resu it 01 ra pit1 que’ncht I ng.

Al loys Show ing Decreased__Den s~~~

Alloy  elements of low dens i ty  can be added to aluminum alloys to decrease

t h e’ ele’nsity, and to a first approximation the f ina l density can be ca lcula ted
[rum the law ot mixtures (15) . The common al idly ing e’ I e’tmme ’nt $ Li , Mg, SI , and
11 ~l e e’ rca St’ tit e ci ens it y at-id Cr , Cu , Fe’, Mn , Ni , ‘r I ii tic1 ‘/n re ’S tilt Iii an

increase. Li has the great est of fect In decre’as 1mg (- Itt’ dens It v (or :m g i V e ’ii

alloy content , and slnc’e It also has the greatest effect lit Increasing h it’

modulus , i t ci early is t lie out s tanding syst ems for  improvement In sped I It’

modet 1 us - In other systems in wh I cii t he e’l cinent forming t h e ’ iii git modui Ins

1)11880 is of h i g h  de’n~ ity, it may he necessary to acid c )thlt ’i ~1e’nit’iits t i t lOW

dens i t y  ( e . g .  Mg) to decrease the [itia l til toy cictisi I V

Alloy Ele’me’nts in f l u e n c i n g  St reng th

St rongtlie’n lug o I a lmuuinuni alloys can be ttchl owed liv a nuumbe’r of c l I f  fer e ’nt

n iechan I sins Incluci i ng sd 1(1 sol.ut I on s t r e n g t h e n i n g ,  l~1I’ t’t’1 p1 tat I ott I t am’ d e ’nt ng

dispersion hardening, work hardening nm ci use of a l i n t ’ grain si :~e ’. Pre’ci p i —

t itt I on ha m’eit’nl ng I s the most e f fe c t i ve  and is achi eyed by sot tit Ion  hea t

I i-es I ment einei~cit I ng ~tid aging to prec i 
~ 
it at e coite r ent  C— P :~eiit o ci , r~’ m t  i a liv

cOi tt ’F(’Iit I itt e’fllie’ti l a t e ’  pt - ’c I p itnt 05 em’ I ncoiiert’nt equl 1 ibriunt pl’e’e’ I p it at eci ,
slc’pt’nel lug en the ag i mig conel it ! ens - In (hit’ 2000 set- I c’s a 1 unimlntun alloys Cu Is

liii ’ pri nc I pal ii h o’s’ el t’memit anti gi Vt ’S proc Ipi tat I on st rt’ngt betting by :- ,‘ile ’s

tn t ct-med itt t c prt’c’i p 1 tate’s, ø t -  the cqulli b i-itu tm pi’ee’i )iI I a t e  CuA1 2 - in I lie 7000

5c r ! ‘ci a ll ovs ‘in atid Mg ~i i t ~ I lie p t !  tic ’ I p a l  ~i i i eiv i t i l t  I,’I t’me’Itt 5 and pt-div ide ’ ,‘0it~~5

and pi’e’c t p lt8te’$ eI  (l it ’ MgZii , type’.

In i i ~i i t  h it -i t o  d i r e c t  st re’ngthen I ng whit ch Is ticiti OVO el by pre’cl pit a t c’s I mit t’t.—

- l e t  i i i  with c i t  sh o t - a t  I on movement , t i l l  ely V icrnt’nt s can prow I sit’ I~ eIi ret ’
-
~ I I o i i g t  it  o t i l  ng liv ( li t ’  tnt—sta t Ion ci f II sic stal ’ i t ’ ill spersol u s  wit I c ’it s I c i l ’  i l l  0 a —
h u t ’ ota In ‘~~( ruct io u’ 

-
~ ~~~~~

--
~~~~~ 



- —
~~~

- ‘rZ:--z—. - 
~~~~~~~~~~~

Rapid quenching of aluminum alloys can result in significant strength

increases being obtained , firstly as a result of increasing the solid solu-

bi lity and thereb y increasing the volume fraction of preci p itate which forms

on aging, and secondly as a result of the very fine grain size (“.‘ lj.tm) which

- ‘ is well below the size (...‘ 5j.tm) at which significant strengthening starts to

occur.

Factors Affecting Fracture Toughness

Alloy elements affecting fracture toug hness in aluminum alloys are predomi-

nantly those which form brittle Insoluble inter ine tall ic compounds (36).

These brittle particles fracture at low strains and i n i t i a t e  uticrovoids which
coalesce to cause failure . The role of various a l loying  elements in a f f e c t i n g
both strength and fracture toughness has been studied by many workers , for

example in 7178 Al alloy by Piper , et al (37), who found that  Fe degraded
toughness to the greatest extent . Recent work (38,39) has shown that the most

si gnificant elements influencing toug hness of aluminum a r e both  Fe and Si .

This has lead to the development of new alloys having the  same nominal
chemistr y as previous ones but with Fe and Si contents kept to an absolu te

imitninium . Examples are 2124 (the counterpart  of 2024) at-id 7475 ( t h e  counter -

part of 7075) which have the same strengths as thei r counterparts , but

enhanced toughness. Both the par t ic le  size and volume fraction of h u t ’
intenset allics  are important and large particles are particularly dt ’trinte ’ntal .

Rap id quenching catt eliminate the formation of large iiitt’i~ittu’ L~il lIe ’ pat-ticlt ’s

and result  in the formation of a very f i ne dispersion wi th  s t g n t t 1 c ~t iit
increase in fracture toughness.

Tite reduction in grain s ize which is achieved by rap id  qu e n ch i mt g  may be’

even more inmpor tant than the reduction in the intt~r1tit ’tal1it ’ particle’ S !,~ e’ ,

siti ce’ It represents a unique opportunity by whi ch h i t ’ nia te’rlai may he b oth

strengthened and toug hened , This is particularly attrac-tive ’ i U  \ ‘!e’W ~if thi c’

generally observed inverse relationshi p h e’tween iii rt’migtli and (eitmg lt nt’ss. The’

t i t l e ’ gra in si z e wil l also he ’ stabilized by the fltw d i s pe r s i o n  ot  I n t e ’ r-

metallic particles . Data are reported by Hah n and R o sen t i e l e l  ( lt i ’
i amid h’s’

Thompson (40) that  show s ign i f i can t  Increases li-i f r a c t u r e  toughness with

17
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dec r ease In grai n s ize fo r a numbe r of 7000 ser ies a l loy s in b ot i t  the under-

aged and overaged conditions . Similar data are also shown b y Nes (41) for

Al-Zn-Mg alloys in the naturally aged and peak aged conditions . Rapid sell-

di f ica tion by splat quenching produces grain sizes l~tnt which are signifi-

cantly smaller ti-ian those developed in conventiona l casting. A quantitative

analysis of the grain re f inement resul t ing from solid i f ica tion at the bi ght

cooling rates (> l0~ K/sec) encountered in sp lat quenching htas been made by

Boswell and Chadwick (42), and good agreement was obtained be ’tween observed

and predicted grain sizes for rapidly quenched aluminum . Significant im-

creases in toughness should be realized if tite fit-me grain size obtained by

the sp lat quenching can be retained through subsequent consolidation .

Factors Affecting Fatigue Crack Propagation

Many studies of fa ti gue crack growth rates in tu e iutermnediate growth ratc’

reg ime have shown thtat metal lurgical  factors such as monotonic v i c ’ I e l  strem gth ,

thenitontechanical t rea tment and preferred oriet itat ion do not have a s i g n i f i can t

effect on the crack growth rate in aluminum alloys. The most significant

f inding itas been that the fatigue crack growth rate’s in engineering alloys

depend on the modulus of elasticity . By normalizing t h e’ stress intensit y

factor range h)y the modulus , differences in fatigue crack growth rate are

largely eliminated (43). One of thie significant benefits of the production

of h igh modulus aluminum alloys from rapidly solidified powders is t h e t-t’duc-

tion in fatigue crack growth rate which should be achieved , Results reported

in the literature (23) have shown significantly improved fatigue lifetime ’s

in rap idly qucnctmed aluminum alloys which are probably a result of decreased

crack growt h rate.

Factors Affecting Environment-Assisted Cracking

The environment assisted cracking of aluminum alloys has bet’n Le’centl y reviewed

by Spcidcl (44). The main metallurgical factors affecting enviroit incut  ass is ted

cracking in aluminum alloys are alloy chemistry , heat t reatme ’nt and tht ’nno-

mechanical treatment . Many studies have shown that overaging Is the most

effective way to improve the environment assisted cracki ng behavior ol alutit inum
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alloys. Overaging a iso t iec r east ’s t h e  y te’ hi st L- e’ngth  but Inc 1’e’a SOS t he ’  fm - a c —

tu r e’ t oughness.  The samne f ac tor s  tha t  app ly  in convt ’ti t iona liv cast amid

4 wrought mater ial s  w i l l  l i ke ly  apply in rapidly  quenched alun;itiuimi alloys.

Tht e res is tance to t’nvironmucmmt -assi sted cracking genera l lv imptove’s w i t h

- 
- dt ’crcasiiig s ize  ot  comi st i tUe ’flt pa r t  I cit ’s ~- .-u ) . R ap i d  sc’l idi Ii e’at it’ll produce’s

very f ine const i tuent  par t ic les  sti d should t h e r e f o r e ’ itu p reive’ tiie ’st’ pr eipe’rt i t ’S

Factors A fecting Elevated Tempcrature’ St t’engt ii

One of the requirements for elevated t emperatut-e st rengt It is a h u e ’ d i  spe’rs ion

of tht ’rmodvnamica I ly stab it’, coherent , ctip Lanar preci pitates or st’ctinei—p hias e

pa r t ic les  (Fine (45) ) .  The in termedi ate ’  size pr e’e’ip it at t ’s  witi e’ht ~rt’ found
In 7075 containing Cr are s table , p a r t i a l ly cti he ’r ent  pre -c i p i t a t e s , and ?,rAi

is also partially coiterent with the Al matrix. The volum e f t - a c t i o n s  kit both

thtese par t i c les  arc l imited in convent ional ly cast sy s tems  but  may be’ signi-

ficant ly increased by rap id s o l i d i f i c a t i o n . Al 3Ni is also a very stabli’

phase used tti o b taI n  e leveu t eel tt’nipt’rature’ st r ength au th normima l i v  onl y sm al l

Vt’ I tum e I rae i i  ellis can h ’ t ’  ohitaitted . Time ’ ~‘ 
I O S e ’ti ct’ o f  Fe in  e’t inve ’nt I e’na 11 v t ’as I

Al al leiys nonna I ly has a tie le’te’t’ious of feet on pr oper t  li’s as a r t’su i  I e’I  t lit’

re’lat lye ly coam ’ se ’ I mit e’rttte’tal 1 i 1 ’ part it ’I es wit I cit are’ I e ’ t i m m e ’d . However , rapid

Sti I i  ci i f  i cat  i tilt cit Al — Fe’ a I le~~s hut s  ht ’~ tt ShieiWt i tt’ re’su i t  i i i  :1 Ve ’FV I f o e  s i t s  —

pers I ou t  oh s tab  le ’ FeAI 1 p e ir t ic  le’s , anti bet t e’r high I e’uipe’rat mm t’e’ pm’opet’t I

th a n  e’xi st I i-m g cottin e’rcia I h igh tetmiperatetre’ a 1 le’vs (27) . in i i  nar Al — M g a 1 toys,

Mg
2

A [ is a re ’asonab ty s t ab le  p ha se’ anti l a rge’ volum e’ fr a c t  I ems m a y  h,~~’ e’r mnt ’d

in conventional  cast lug . However rapit i s~~lith i fi  cat iot would g i V e ’ a mm m cii

f i n e r  dispersion and would lie expected to improve’ ete’vat t’eI I euttp e’tatut’e’

st ret igth . Simil a r l y  in the ’ A~ —Cu system where’ the ’  st ah i I t ’ CoA L, hi 1i~15t ~ i s  u sed

tei improve’ elevated t empe’r atmtr e prop er t  it’s in alt o s ceinta In ing Cu hi e’Xc c ’S S

ot  tite’ solid so luh i  Ii  ty l imit , m’apiei Sei lid I f i t’at I on woulti h it s expe’cte’et t o

improve the propert ies  by providing a much finer eilspe ’rsieim of tb ’ CuAl i

p a r t i c l e ’s.
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.‘.4 Aluminum-Lithium Alloys

Al-Li a i ie ’ vs arc being evaluated for ae’rospace app lications as a result of

ti-me significan t increase in specific modulus (i.t’ ., modulus/d ensity ratio)

wh i ch can be achieved in this alloy system. Recent progress in the de ’ve lop-
mnent of Al Li alloy s i-ia s been reviewed by Sande’rs and Ha Inmei t ii (4 ‘
D i f f i c u l t ie s  have been expe’rlenced in the conventional casting of these ’

a l l o y s , in p ar t i c u l a r  s eg regat i on  of a l loy  elements , and low values of frac-

t u re  t e ’~t~ iif le ’Ss. For this reason alloy X-2020 was withdrawn as a comunt ’rrin i

product. As a r esul t  of thes~’ difficemlttes , attetitpts are’ currently b e ’tng

made to produce Al— Li alloys from rapidly solidified powders ( W e b st e ’r ( ‘c ? ) ,

Sankaran (48)). Rap id solidification is being used primarily for  i t s  a b i l i ty

to reduce’ segregation and produce a fine grain size , rat her tham to  exte’nd

solid soluhilitv which  is not necessary for the Al—Li svste’tn. Prov i e’tis

research on Al -Li alloys can be divided into work on the prc’cl pitaiien ci  b ets

in the alloys , at-id work on time mechanical, properties. Research has been

re’por teei mainly tin binary Al— Li alloys and on two ternary svste’tmms , Al —C u—Li

anti At—Mg— LI

Pre’cip i t a t i o m ~ Stmt die ’s

A l - l i  t i l t -m ary  Alloy

Tite’ eie ’e re’a sing solid Sei tubi lity with tempe’t’ature’ ~i f L i i i i  Al re ’,tel e’rs t h e ’

sy st em capahi It ’ of a ge’ ha relcning . Ti’2’i Studies  (Nob It’ ~nd Th om pson (4 C) )

WI I h ams and Edington (50))  have sitown that the pr eel p it  at I t ’t i  se q m m e’nt ’t’ i s :

so! tel Sc’ lu t  I ott ~~ ‘ , where’ ~ 
‘ is  a me’tas tab h e ’ o rek’rt ’d pl’t’t’ I p1 t a t e ’  wit I cli

has t h e ’ Li , t ype superlatt ice’ si ruct  t i r e ’ (s i tmtt l ~~t’ to Cu.1Amm ) and the ’ e’tiunpos i —

tiei n Al .5Li , and ,S is time t ’qui libr iunt  I . c t’ . phase ’ of e’empeisl t l eim i A L Li

~ i h i i e ’ and ‘l’hmonipseti (49) fei ttlid tha t  time ’ ~ ‘ pt’ee’i p it ~n I  It ’ll oe’t’u t i e d  ovei a

t e’mpem-at ure’ range’ cit 29 1— i 1.1 K in a 2 wt: . ‘-
~. i i  a 11ev am id I orm e’d a Sp i t e ’ m- I ~‘a I

pr(’c’I p it at  e’ whi t cit had a volume tract I on of 0.04, anti over a I outmpe’r a t  or e’ range’

oh 29 1— ‘i7 I K In a -) wI . ‘
~ . LI al loy  lentil rig an I i-rt ’~~tt i a r shmape ’el pre e’ I p i t at

WI ti m a veil uttt t’ I t a c t  ion o f  0 .4 .  I’ltey a Iso feimtnel I hat “at i at l eimi o f  thi ~ eI Ue ’HC’lu

rate hati l i t t l e  e’ttoe ’t tin ~ ‘ i’o nttj t t t e in .  ‘t’itt ’ p t e ’c i p l  t a t e ’ si  ~e’ and ~h i  s p e u s l o i t

— 
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after aging at 473 K were essentially the same after furnace cooling or wate’r

quenching from the solution treatment t~~nperature . The size of the ~~~
‘

precipitate varied (toni 0.0l~m after aging for 24 hr. at 373 K to O.O3ILm

after aging for 24 hr. at 473 K. This latter treatment produced considerable

strengthening and the maximum hardness. Above 473 K 6’ coarsened rapidly

according to an r3 relation. Continued aging below time 6’ solvus , or

aging above the f ’ solvus (513 K in the 2 wt. 7. alloy and 573 K in ti-it’ 4

wt. 7. alloy) resulted in the heterogeneous formation of time equilibrium

(f.c.c.) 6 preci pitate. The 6 precipitates were found to add h i .t l e  to

the strengthening of the alloy due to the large size and coar se disper sion
of the particles.

Al-Cu-Li Alloys

Early work on this system was performed by Hardy (51) and Silcock (‘i2). ‘rlte’~’

used alloys ~~ntaining up to 5 wt. 7. Cu and up to 2.5 vt. 
‘
~ Li. The pct’ci pi-

tates formed on aging at 438 K were identified as ~~
“ and t 

‘ as in bina ry

- t Al-Cu alloys , 6’ as in binary Al-Li a lloy s , and T
1 

(A1 2CuLi). Time e’qetili-

briwn precipitates formed by aging at 623 K we re iden t i f ied as ~ (CoA l , ) ,
T 1(Al 2 CuLi),  T3(Al 7Cu4Li) and 6(A 1Li) .  The t’ffe’ct of Cd ad e l itle in s on agitg

was also investigated . Noble and coworkers (53) immvestigate’d time ag ing  ~if

Al-4 .S wt.  7, Cu alloys containing between 0.8 at-md 1. 5 Vt. Li. Natural

aging resulted in GP zones with-i ti-ic Li remaining in so l u t ion .  At e leva t ed

temperatures Li suppressed the  forntation of 0 ” whit e’ promoting t ime’ tot-ma-

tion of e ’. In alloys with Li contents above I wt .  ‘Z, fine’ 5 ’ was also

precipitated . In 2020 alloy (A1-4.5 wt. 7. Cu - 1. 5 wt . ‘~. Li) Sa nd ers  amid

Balmuth (46) reported that the Cu preci pitated independently of ti le ’ i i  anti

followed the sequence of the Al-Cu binary system, while’ the  Li pr e’t’ i p i t a t e ’d

as 6’.

Al-)~g~.-Li

The aging sequence in Al— Mg—Li alloys has been determine’d as: Sect id s ol ut  ion

—.5 ‘—.AI
2 MgLI (Sanders (54),  Thompson and N oble’ ( S S ’ ) ) . The ’ sI re ’n g t h t ’nin g p F t ’c I  -

p i t a te ’  is the’ 5 ‘ phase ;  it is e s s e n t i a l l y  u n a l t e r e d  by t i l e ’ pi ese’ltce’ of t i t e

I’ 
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Mg, the  h en et i c i a l  e’I lect of whicit is at  t r i b u t e d  to s o l id  se i l u t  ion s t r e ng t h e n —

i n g .  flit ’ e ’qu i l i hr iu iu  Al 2 MgLi preci p i t a t e , whic h - i  is incoherent  anti t r a nsf o r m s

[rem 5 
/ upein pr e i leinged aging , doe3 not s i g n i f i c a n t l y  St rengthe ’n t i t t ’ al loy .

Mechan i cal  P roper t i e s

The ’ most a t t r a c t i v e  f e a t u r e ’ of A l — L i  a l loys  for  at-m- ei space’ structural applli-5m —

t i Ot i s  is t h a t  t he ’s’ i i e i 5 S e ~S5 a hi gher el a s t i c  modu lu s and lowc’r d en s i ty  t h a n

cen~ne’re ’ i .m l high St t’engt im Al a l loys , giving si gnt f ic a n t  lv h i g h e r  va u’s of

spc ’ci t i c  modulus . The s p e c i f i c  modulus of a 2.84 wt  . ‘
.. Li a t  b y is 2 1 h ig iie’r

t h a n  t h a t  for 2 0 2 4 — T  l’il and 2h h igher  ti-ian t ha t  for 7 0 7 5 — T ’ S l  (Sanders  and

R t  iniut Ii t, c i i )  ‘f . Tim1’ .t 1 l oys .il So show it ig im V i e ’ Id st r e’mig t lt 3t e1 good corros I on

Fe ’S I St at ic c iieiW t’Ve’ r ~‘a lue ’s of  f r a c t u re ’ tou gimmto ~ s a m c  cur r o ut  lv 1 owem- t im.m n

de’sirc’d , anti t c - s c ’.trc lm is in p rtigre’sS to improve t h e  toughness of t h e s e  a I lovs

A l — C u — L i  :\l t o y s

r i - ic’ car i i  e’st comtut me ’rc ia I a 1 1 CiV containing Li was ~i~’v~’lope ’d in I’-)” ? i t  had 1

fleimlula 1 e’oItlp ’SI t I c i i i  i f  Al 4.  5~ Cu 1. I’~ Li 0. 5’ ~~ ~ .02” Cd and was

d e s i  gnat t ’d X2020 .  1’iiis ah oy was s t ronger  ti -ian 707 5 -t ’ h , and poss ’ss~’d a

lower  dens i t  v and an 8”: hi ghe’r mnodcmlus . The f a t  I gut’ pt -ope ’r t  ie’~ We’re’ s u p e t io t

to the isc ’ c i t  707 5—~ h and the’ st re’ss r u p t u re ’  propert I c’S were  sm tpe ’r i or t o t lies e’

1i t a l l  ~‘t i ter  h igh  st r e n g t h  Al a l loys . Tite’ f r a c t u r e  toughness , however , was

low , hi _ i r t i e’ LI La t lv in t h e’ pe’ak st rengt i-c t emper a si grit t i can t  imp rev eu -ion t iii

t oughness could be’ ob ta ined  by s l i g h t l y  unde ’raglng t i t e’ a l l  e’V (Sanete ’rs (S(i ) )

The’ Russ i an  a 11ev ~‘AP2 1 s intl la r in compos I t ion to X2020 , was el c-vt ’1 eipe’d in

19h2 , and i t s  p roper t i e s  a r t ’ similar to those ot X2020 (F r id lva t ider  ( - ‘i ) ) .

tlc~t it x2020 and \‘AD2 I ce intal  n about 0.2 wL . ~, Cd , wiii cit has be’ein shown t 0 in—

c ’ th’ st  re’ngt hi at a l l  t empe’ra to res , and to impro ’t’ t hic ’ St F es S — l U p t  C u r e ’

p f e ipe ’rt  i t ’S . It is thought t imat  time s t re’n g t i ien ing  a r i s e’s fre im a t educt i lit -i

t h e ’ mat rix—preci pit a t e ’ i n ter fac i a l  ene’rgy w i- i tch - i  r e su l  s in a liner pre ’t’ i p i tate’

d i .-; t r i h e it  leum ; the’ resist ance’ to coarsening of t h e ’ pl-t’cip i L a t e ’s is  imi Sc’ it t—

e r t - 5l se’d the’rehy imp roving the elevated temperature propert ic’s.
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Al—M s—L i Alloys

Al Iovs  w i t h t  compos i t  b its in t h ie ’ two phase’ so l id  solution + A 1 ,MgLi re’gion are-

age’ ha ret e’nahle’, and t h i s  f e a t u re  was u t i l i ze d  In  t h e ’ ehe’vt’lopme’nt ti l time’

Retssiati alloy 0142(1 i t  1968 by Fridlvaude’t ’ e’ E  ,11 (‘i8’f . T he ’ alloy h a s  s im i l a r

st re’ngthm , 12’: lower tie’tiS i t  v , S’. h ig itt’r titeidujus , and bt ’t t e ’r ceirro s ion and

fat igeme pre-ept-rti es than 2024—T4 .

Re-cent work ha s been p er fo nmt e’d at  ALCOA on Al—Mg—Li alloys St r e n gt h t t ’ned b

the  p r ec i p i t a t i on  of ~ ~~
, and has result~’d in h i g h st r ~’ngt h t  alloys w i t i t  very

4 im igi t  va lues  o f  sp e c i f i c  modulus  ( Evancho (59) , Sanders ( ‘
~- ‘c ) , Sanders  and

Ba lmuth  t .’~ i ) ) .  The a l l o y s  possess lower titan desirable’ Va Inc ’s of  t racture’

t oughne ’s s . It has  been proposed t h a t  t h i s  i s a r e s u l t  of  t i le ’ ord ered  s t r u t - —

to re  tif ~ whii d-i 1 it t i i ts  C ross s l i p so tha t  hi gh st r e ss  cot i c t ’nt ra t  ion can

c’ccLt r  a t  g rain  boundar ies , where’ there  is  h i e t e ’rcigenocis pre ci  p i tat  L O U  of

A l M ~’Lj . This can lead to i n ter gr an u ln r  fai lu re’ at-id low values  of t otmg 1 m- ’s s

(Sanders & “ 14 )) .

~~~~id 1y Se’elidili. e’d Al— Li Alloys

We-list e’r (47) e”xantined the  proper ti  os of Al — 202-c , A l — 
1(124 — I — 1/ 2 ’ . Li  and

Al — 2 0 2. e  — I L i  a l l oy s , consol ida ted  from rap idl y queue-h od powtl~ rs made b” .u

melt sp i n n i n g  prot-ess . The’ a I lovs shiowt’d that a 28 . intpreive’me’nt in spe c t i c

mo dulus  coul d  he’ o b t a i n e d  wi t im P’ . Li w h i l o  maiti~ a ir i n g  a h i g h  s t  re ’ng th i  ~y i  old

s t reng th  i2 k si )  . Impact toughness was low at peak s t reng th  but  could l i e ’

incre ’ase ’d t c ’  Al -70 75 -T6 l e’Vt’lS by underaging wi th  a consequent loss itt

st r e n g t h .  Thi e A l — L i  a l loy s we ’re t’asv to hot work and machine , showe’d ~m c ce ’pt-

ah l ~’ cor ros ion  rest s tance in 3—1 /2 7 .  N aCI solu tion , and could be welded . ‘rite

p reipe r t I c’S e’ I an A l —  5 -
~ Li a 1 b y  con so ii dat eel from gas a tomi e’d powd e rs are

currently being examined .

Sankaran (48 ) examined the’ p roperties of AI-2024-l ’.. Li au-id Al-201 ’c- i’~, Li

a 1 t o y s  consce l idat ed [rein splat quenched [lakes made by a r o l l  t~c’t it t ’cd w i t h  ,m

coo t lug rate’ of 10’~ K / s e t - . A g r a in  si  ~e’ of 2~;mum was o ht  a i nt ’ci lfl t i le ’ I - - Li
a I 1 c ’ and a J t ’Itc h n t  ic st m’ut’ t mute wit it a ~i end r I t e’ a nut spa c ’ I mu~ o t 2 • ‘~~. mit wam

2 1
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o b t a i ned  in t he ’ I ’:- Li a l ley .  The alloys we’re’ conso l ida ted  1w cold compac t ion

and hot extrusio n ; both alloys recrystallized to a g ra in  si :~e’ of 1 — 2 ~it it . A
f i ne - dispersion (l—2 ~in-m) of secom-id phase p a r t i c l e s  was also oh t a i n e u  in  b ot it

;illo s; tile’ dispe’rsion did not coarsen much dur ing  subsequent  s ol u t i o n  tie -at

r e -at m e nt s . Th e’ I ’ . Li a l l oy  had a 3’~ lowe r dens i t y  and 8’.;. higher modulus
than  Al — 2 0 2 - c  ; t i i~’ t’~. Li alloy had 9 ’~ lower density and 18’.;. hi gh e r  modulus.

Time y i e l d  s t r e n g t hs  o f  t ime a l loys  in ti -m e T-t i  condi t ion were ‘3 .S k s i  fo r  t h e’

1” Li ~i i  1ev and 8 3  k si  for the J~ Li al loy . ‘rime toug hness v a l u es  of tile’

alloys m t - i  t h e  ‘l’ — t i  c ond i t i on , p a r t i c u l a r ly t i e  3’... Li a l loy  were r a t h e r  low ,
even t iieiug h t i t e ’ gr ;m in  si:~e’ was very f i n e . It was suggested  tha t  t h i s  was
a rt ’sul t  o t  t he  pr e set - ice  of a s i g n i f i c a n t  volum e f r ac t ion  of  second ph ase

pa rt  id es , rc su lt  l u g  f ront th~ low s o l ub i l i ty  of Cu in t lt e  I’. Li ~il1o~’. It

was a l s o  su c~~es t e -d tha t ti - m e tough -cress mi ght he’ improved by underaging or

o v e r a gin g .  Th~’ r e f i ne ’d nt i cnos t  r u c t u re s  in both the alleys r e s u l t  t’d i n be’t t e’r
S — N  fatigu e’ p r o p e r t i e s , p ar t i c u l a r ly in the  3~. Li a l l oy ; however , t ime ’ p r o —

Sdt-id~’ ~i f  t i m e  i n s o l u b l e ’ seco nd p hase pa r t  ~c~~&’s r e su l t ed  in poor fatigue’ crack

c_ t o t  ti he’huav i em itt t t te’ I ’ . Li a l l oy . The’ st ross rup tur e ’  pr op er t  i e’S o f  t i t e ’

1 Li a l t  ~‘v We ’rO stupo r j ew (at .‘c 2 3  K) or comparable (at ~ 7 i  K) to  t hose’ of

I heist’ ~i f  t i m e ’ 1 - Li a t  b y  we ’re ’ i n f e r i o r ;  t h e  i n fer i o r  p t ’ope ’rt  ics  at

-c  7 1  K We’te’ dt t rj h u t e’d to rapid coarsening of the ~ ~ pr t ’cip i t a te .

2 • ‘i Powder Me’ta I lur g ~’ o f  Aluminum Alloys

f-x t cu -is (ye r esearch  inves t iga t ions  have bet’ti perforuue’ei iv ALCOA (Ly le’ and

C~- l ’ m t  l~t k  s~ oO) , Otto ( t i i) ) aimed at develop ing powder m et a l l u r gy  m i l l  p r o d u c t s

with super ior meciianical and physical  p roper t ies  compared t o  p r oducts  pro—

ekt cc ’ei fw conventitina l ingot metallurgy . Outstanding combin at i e ins  of st re’ngthi ,

I oug imne s s , t a t  igue’ and s t r e s s  cor rosie) n r e s i s t a n c e’ have’ bt ’e’n ,m chi i  t’ve’d by t im e’
L IS t ’ of  ~t t ouui :~ed powdt ’rs which  i~~ve been contp act t ’d i nt o va n i otis product . s forums

liv a pro c ess i n vo l v i n g  vae’uum pr t ’he ’at ing , hot press j u g ,  and hot d c -forma t ion .

T h e ’ a i m  of re’cent work has been to o st a b l i s im  time t ip t imum pr oct ’ss ing se’qut ’nc c’

t o  provide’ improve’d property levels , and the’ process has he’c’rt sca lt’d up to

l’c SO L~~. ( I .~~Ot)  lh. ’t hot compacted i i i  liets.
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The powder metallurgy approach has been developed for two main reasons ,

f i r s t ly because of the’ fine metallurg ical structures which-i can be’ obtained

by the rap id solidification of the powders , and secondl y because alloy cuut-

positions can be used which cannot be made by ingot metallurgy . The atoniiza-

t ion process used by ALCOA results in cooling rates 1O3 - 1O~ K/sec. (Lyle
and Cebulak (60)). By the use of a splat quenching process which-i gives

cooling ra tes of io6 
K/sec. or greater , further refinement of the micro-

structure and improvements in properties can be antici pated .

F~ rly work indicated ti-mat the Al-Zn-Mg-Cu system was thie utmost pr omis ing  fo r

developing high strength at room temperature. It was a l so  found tha t  phases

containing Co or Fe+Ni were more resistant to coarsening dur ing  f a b r i c a t i o n

than phases con taining Cr , Ti , V , Zr , Mo and W. Additions of Co or Fe+Ni

were therefore made to these alloys to produce fine dispersoids of C o 2 A1 9 or

FeNiAl9. P/M alloy MA67 had the composition Al-87. Zn-2.57. Mg-i’ . ;  (‘u-i .b”~ Co.

Alloy MA87 was then developed with lower Zn and Co levels which resulted in

better toughness for the same yield strength; ti-me composition of NA87 is

Al-6 .5 ’ . ;~ Zn-2 .57. Mg- l .67 ,  Cu-0.47 Co.

Atomized powders were consolidated by a process involving the f o l l o w i n g

steps: Sieving of powders , cold compaction , preiteating in flowing argot-i or

vacuum ~~ dega s, hot pressing, ext rusion to forg ing stock and torging . Alloys

were ti-men solution i-meat treated ,quenched and aged . Development work showed

that preheating in vacuum gave better final toughness ti-mat-i preh~’ating in

argon .

The tmi icrostructure’s of MA67 were compared with those’ of 7000 ser ies  a l l o~’s ,

particularl y 7050 made by ingot metallurgy. The grai u-m Sb~~e’ o f th e’ 1’~M all oys

was very much finer , and the grain boundaries were very ii’regular as a r e ’sult  “

o f the presence of the disp ersoid of Co
2Al 9 particles; thcse’ parti t~lt’s ranged

in size from 0.05 to 4em, depending upon the sIze’ of time ’ atomize’d powder ,

and on the therma l and mechanical process used . Oxide particles we’re’ ane-ut ime r 



l e a tu r e  ot  t he  s t r u c t u r e s  of P/M a l loys  as seen b y TEN. ‘l’he ’y we ’re su b s t a n —

t i a l ly  f iner  t han  the  Co
2A19 p a r t i c l e s , ranging in SiZe ’ f ront  0 .01  to 0. 04 ,. m ,

and app~-a te d  fre ’qu e ’nt l y in c l u s t e r s  and in g ra in  boune ’a r ie s .  The amount of

oxyge’n present was de termined b y a neu t ron  a c t i v a t i o n  me thod , ~nd depended

on the si::e of t i l e ’ powder p a r t i c l e s . For a p a r t i c l e  siz e- o f 2O~jn t 1e volum e

[ract ,~on of oxide  was 0.5’.;.;. Electron microprobe ana lysis indicated ti-ma t

- . a s u b s t a n t ia l  pa r t  of  t ime oxide was present  as MgO. P o r o s i ty  did not appea r

to be a p rob lem in P/N alloys which had been given the  vacuum preheat-hot

pressing t r ea tmen t .

Lyl e and Cebulak (60) found that the P/M alloys MA67 and t’~ .87 had super ior

combinat ions of hi gh s t r e n g t h  and s t r e s s -cor ros ion  c rack ing  r e s i s t an ce  com-

pared to  t IM 7075 and 7050 a l loys .  The f r a c t u r e  toughness  was equa l to th ia t

of 7075 but somewhat lower ti-ian that of 7050 , p a r t ly  as a resu l t  of a l a r g e r

volume f r a c t i o n  of second pha se p a r t i c l e s .  The improvement in stress-

corrosion properties was attributed to a mo re favorable grain morp hology

and to ti-me presence’ of the Co
2

A1
9 

particles; it was suggested th at ti-icy could

serve ele’c t rochemira l , catalytic and mechanical functions in retardiug crack

propagation . Otto ((ii) perforimied f u r t h e r  work on alloy MA87 and e’st~ib1 ishme d

optimum powder production and consolidation processes . Th~- improved a i i oy

si-mowed slightly higher streng th , equal ductility and substantially tigher

toughness than 7050. The most significant improvement observed was in time

fa tigue crack growth behavior particularly at low values of AK; crack

growth rates were l5-l0007~ slower than 7050. The most i n f l u e n t i a l  f a c t o rs

affecting the fatigue performance were the amount of secondary hot  working

and the cobalt content.

The f ina l propert ies  of alloys produced from sp lat  quenched po~~ie ’rs w i l l  be

strongl y inf luen ced by the consolidation and processing param m ete’rs , as with

the  a l loys  produced from gas atomized powders . Both ti-ic t e m p e r a t u r e ’  of

deformation and the amount of deformation will affect time preci pitation of

second phiase particles , and rap idly quen ched sp la t powd ers , as a result eu

the higher supersaturation of alloy elements and excess vacancy co n c e n t r a t i o n s,

will behave differently from gas atomized powders.  For those a l l oy  sy s tems

26
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I

I . Me’ it i t -mg range’ cc I time ’ a lloy . Th m e ’ a l loys wt’re proces sod h o low the i r
sol i dus  t t -nup t ’r at u re s

2 . Stabilit y c u t  d i  spc ’rsc ’d ph ases . In the  case  of t im e Al— 20Mg and Al — 2Ca

a 1 loys t he’ pressing t c’mpera Lure ’ was selec t ed to be be ’l~ w the t e’nmpt’ra Lu rc ’

at which si gui I i  ca tt t  growth el  the pre ’ci p i t~tt e ’d p lta se ’s cucceui’rt’d . Timi a

te ’nmp c’r atu t -~’ was eh~~t t ’nitinet i by t r a i m si m uis s lo im elec t  roi m nI le  Fei sc ’Oh iy c u t  hu t ’ti t —

t t e’~t t ~~ei powei t’rs

Time v:i ccu unm hm ot —p re’ss Lug was ca rrte’cl out it two s tage ’s Sc) thuu t a grap iti t. t’ d i e ’
wi t i t  a low wa I 1 I i ’ i c t  ion coulti  be’ used [ci lowt ’el by im i g h e t -  pr t ’ssur e ’ consol ida—

Lion i mi a st  e’t’ 1 die . TIme’ 20 p ercen t  umagnesicun and I percen t B a l l o y s we ’re ’

t i t i  ly dense a U OF press  lug in  grap h i t e  so t h t ’y we’re ’ ext ruded w i t h o u t  t m u t ’ t h e r

e’t cm m stc l [d a L t on .

l~hit~ t- otnpact ed a 1 lecys Wt’te then one lose’el in am-i altutuimuunm (cOt> I cyl I nt i e’r w i  ti m

Al 707 S t a l l  and mt ost ’ ~~l Oct ’s atm d hot ext reuei e’d at  t ime ’ t e’t\mpera  Lure ’ shown in

Tab) e .‘
~ . ‘l’hit’ l i m i t [a I ext riis ion hi I I t’t wa s 5Ommuit cii anmt ’t or wit i elm was e ’xt m’ ucled

.it  aim ext i ns  i ~u ti t ’ u t  10 tu f 10: 1 to give’ a 1e’C t am igula  U e m o s s  Sc ’C t ioui 41 nuit x

S~ t>nm iut

t~4 Re’sulta

C .4. 1 C~umnpos It I tin ccl As — Rt’cc ’ tV m ’cI Powde’rs

Time actua l chue ’mtu I cal  c- e cnm i c e S I t Lou is tu f the as— tee c’ I veei powdc’ rs a t~L’ gi von j u t

‘talc ~~ ~c . Thme Al —4Fe at  b y  could not be’ produced liv PWA due t c te’clmni cal

t i lt Ijeulties . tW,~t, could not produce elthm i ’r time ’ A l— 4Ee ’ cii ’ thi t’ Al—li t at toys

due’ tic t o c h m n i c a l  d i i f i cu l t j e ’s .

3.4.2 Mi c ros tru ctum - t’

A. P~WtIt’t~

Tite’ nti crest i-nc tmure ’s ol the as — received pe-iwders frou u u b e cthm sm upp I i  e’rs a to sh own

1mm FI gures 2-lU . Time powders can be clmaractt’rtzcd by t i m e i r  see-onelary dc’n d r l t c ’

a rut sp ae - L n g  ~SPAS) wh i cim for a given c ’mmposition is relateti tec thie c’eu c i l j u g

u-a t e , an d by I lie ’ p tot’ i p I ta te par t  Ic Ic si  :~o I u th e’ case c u t  t lit’ B, Ca :iut cl Mg
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a l l o y s  wimere  a second phase of low solubility is formed . The s ize  of tlte

st’cond phase is also related to the cooling rate. The secondary dend rite’ arm

spacing and the precip itate particle size are listed in Table b . it i s  not

expected tima t SPAS will in itself lmave a direct effect on mechanica l proper—

tjt’S Sit tet ’ time apparent grains are usually separa ted by low angle’ boundari es

which  are destroyed during subsequent consolidation and mechanical working.

On the o t i m e i  hant l precipitate particle size in as-received powders defines ,

in those  cases where the particles are of low solubility, time efficiency and

applica tion of the alloy system.

‘ri-i e production of a stable dispersion in the lOO-500nm si z e  range would  a l low

the production of a very fine grained material by cold work and recrystalli-

zu t t ion  sinc e particles in this size range efficient ly prevent grain boundary

migra tion .  In a s t i l l  f iner  par t ic le  size range alloys that  produce a s table

dispers ion less titan 5Onm during rapid cooling would be suitable for elevated

temperature application where a conventiona l precip itated phasi’ would agglomi’-

rate and reduce the strength of the alloy .

TABLE 6
MICROSTRUCTURAL CHARACTERISTICS OF ALUMINUM ALLOY POWDER

ALLOY SUPPLIER SECONDARY DENDRITE PRECIPITATE PARTICLE
+ ARI’I SPACING (him) SIZE (nm)

Al-2Ca ICCL 1 5-10
PWA 0.5 - 2.5 *

Al-2OMg BCL 1-2 P l a t e s  10-20 t lmick .
PWA 0.5 - 1 *

Al 7075 PWA 1.5 - 10 *

Al-lB PWA 1-26 Up to 60,000

+ ICCL Powdc’rs produced as flakes 25~int t h i ck  by me l t  sp i n n i n g  pr o c e ss

imt Argon . PWA powdc ’t-s produced as 5- lOO itm d ia .  sp h ercc  i ds by
atomization , quenciming in he l ium.

* Nt_it det t ’ rmined

- -- 1~~~- - - - ~~ -~
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Small amounts of porosity wer e obse rved in some of the a s - s o l i d i f i e d  powders .

In PWA powd ers the porosity was observed predominan t ly in the Al-2Ca alloys ,
-. wi th  smal ler  amounts in the Al - lB  and Al 7075 (Fig.lO). In BCL powders

porosity was observed predominantly in the A1-2Ca aiioy (Fig. 3), and also

in the Al-2OMg alloy .

Of the alloys evaluated on this program the Al 7075, Al-2Ca and Al-2OMg

appear to be f r ee  of massive inclusions. The Al-lB alloy contains inclusions

tip to 60p.m diameter which would be expected to cause ~ttbrittlement. The

large borides were not able to be dissolved before casting owing to tenmperature

limitations on the PWA equipmen t which req ui red ca sting a t 1373 K ra t lmcr  titan

the desired 1573 K needed to put the a l loy in a sing le phase l iquid fic ’ld .

The A1-2Ca and A1-2OMg powders have dispersoids in t ltc size range suitable’

for dispersion hardening. These dispersoids grow sligi m tl y dur i ng conso l ida t ion

but appear to be suitable constituents for high t emperature  a luminum al loys .

B. As- Extruded

Time microstructures of the as-extruded a l l o y s  are shown in Figures 11-18 .

The consolida tion procedure for all materials was succes s fu l  in  e l i m i na t in g

porosity ; however, a considerable dc’grec’ of growth of t i m e  i nt e rm et a l l i c

particics has occurred in some alloys which would be expected to reduce

toughness and strength of these alloys . The actua l grain size of the extru-
sions is not resolvable optically but is expected to be In the Subulli  c-ron

range. The Al-lB alloy from PWA (Figs. 11 and i 2~ showed a f ine ’  grain si z e ’,

but  rather coarse second phase par tic les , tip to 5Opam in s i z o , wh ich  t~c t m ld  he ’

expected to reduce t h e ’ toughness . The Al-2Ca alloys from both DCL (Fig. l~~
and PWA (Figs. 14 and 15 showed a fine grain size’ and a l i n t ’ particle’ disper-

S t O f l . In the PWA ah oy the  d i spers ion  was finer in t l t c ’ al isv c ’xtrude ’cl  at

the lower t e’mpc’ra t u re .  Tite Al — 20Mg a l i e ”, (F i ¼ .  . 1 (~ ) SimO We ’cl Cl I i  Fle ’ Sc ’ UI  1ct — l i Lt ’

m i t -r o s t ru c  ture w i t h  e c & ’u u s i o n a l  c’i ’ a F s c’ I n t c ’ nttt ’t i i I l i t - part ic ’ l c -~~. ‘l’lt c’ Al 707”

alloy (Fig. 17) showed a f i n e  grain st r u c t u r ’ and a l i ne ’  t i i sp e ’r s lon  o h  i m t t ’ m ’ —

nk’ta 11 Ic particles ; t h e  particle ’s, however , we’re cc_iarser t itan titeil-i c ’ In  I i t t ’

“ 4 1
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Figure’ l”u Al —2Ca Al lew f rom PWA , H o t — P r e s s e d  and I -xt  rudt”d at 700 K ,
M i c r o s t r u ct u r e  a s — e x t r u d e d  conta ins  rathme r tmomogt’nt’ous
sub—micron size’ particle’s (a). Occasionally, coarse’,
fragmented intermetallic’ particles arc’ foun d  (b ) .
Magnification (a) and (h) 500X
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Figure 17 Al 7075 Alloy fr om PWA, Rot-Pressed and btrude’d at
700 K. Most intermetallics are less than l~m after
hot pressing. Magnifications (a) SOOX (b’~ 3000X
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A1-2Ca and Al-2OMg alloys. The microstructure of the Al 7075 alloy in the

STA condition was similar , but showed fewer int cr tneta llic particles.

3 .4.  1 Physica l Prope r t ies  - Density

The densities of the alloys made on this program are given in Table 7. The

densities were measured in the hot pressed and extruded condition which was
found to have negligible porosity . The only alloy of signif ican t ly reduced
density is the Al-2OMg alloy with a 13 percent lower dens ity than Al 7075.

TABLE 7

DENSiTY OF RAPIDLY SOLIDIFIED POWDER ALLOYS
AFTER VAC1J1JN HOT PRESSING AND EXTR UDING

DEN S ITY AT 293 K

ALLOY POWDER SOURCE g/cnt 3 
l b s / i n

3

Al 20Mg 8CL 2.35.~,. .0887

Al 2t’-a BCL 2.872 .1038

Al 20Mg WA 2.4-a_i .0884
Al 2Ca 600 PWA 2.873 •l038
Al 2Ca 800 PWA 2.871 .1037

Al lB P\~A 2 .8h8 .l0~~
Al 707~ PWA 2 .815 .1017

1 .4.4 Mechanica l Pro1’e -rti t- s

Aging Response

The ag ing respon se ot rap idly coo led powder c’Xt m us i on s  01 A l — 20Mg and Al — 2Ca i s

shown in Figure 19. The’ response of Al 7075 a l l oy  con*ncr~-i a 1  she’e’t is also

shown for compari sot_i ; .ugin~ respon se o f rap i d ly  cooled  powder e’Xt rUsioflS ot

7075 was i den t i cal I t ’ t h e c c~me’rc i a 1 she e’t . lit e’ Al  — Mg and Al — Ca a lt o s tb

not show the loss of hardness  after ci oval ed temperature exposure shown by

conventiona l all oys such as Al 707 S , This i n d i c a t e’s that very little p arti cle’

agglomerat ion i - - e_ iCCUr r ing in  the new a I lovs which is .i rcqtui renwut I ot- a

stabl e lt i gh t emp e’ra tt ur e ’ mat~- r i a  I

k ~~~~~~~~~~~~~ ~~~~~~~- - - - -~~~~~~~~ 
-- - 

~~~~~~~~~~~~ — -- -~~~~~ -- - ----—— 
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AGING T EMPERATURE (K)

Figure 19 Room Temperature Hardness Versus Aging Temperature
for Aluminum Alloys Prepared From Rapidly Solidified
Powders. Conmtercial Al 7075 aging response is shown
for comparison.



3. 4 .5 T e n s i l e  P r o p e r t i e s

The tensil e p r o p e r t i e s  of the alloys are give r_i in Table 8. The mos t im p o r t a n t

ob s e r v a t i o n  is t h a t  the Al 7075 p r o p e r t i e s  in  the STA-T6 c o n d i t i o n  are  a lmost

id en t ical , in strength and ductility, with proper ties obtained on the  sam e

a l l o y  (al though a d i f f e r e n t  h e a t )  in 3 - inch  thick p late• The fine grain size

of the powder produc t does not increase its tensile strength , however , it can

also be said that powder processing does not reduce tensile ductilit y .

The calcium alloy shows an 11.8 percent increase in elastic modulus wh ich in

combina t ion with good ductility is a useful combination of properties for

some applications . The strength of the c a l c i u m  a l l o y  can be inc reased at  the

expense of ductilit y by reducing the extrusion temperature from 700 K to 587 K.

This is a result of the decreased particle growth that occurs at the lower

tempera ture ; the p a r t i c l e s  are presumably A 14Ca .

The magnes ium alloy is as hard as 7075-T6 but is brittle in the as—extruded

c o n d i t i o n .  It s  d u c t i l i t y  is very high a t 616 K , probably as a result of a
very fine gra in size. It has a 13 percent  lower d e n s i t y  than most a luminum

a l l o y s  bu t  i t s  low s p e c i f i c  modulus wou ld be a d isadva ntage in some app lica-

t i o n s .  The e la s t i c  mod Lius  of Al-Mg z’Jloys over th~ f u l l  range of c o m p o s i t i o n

has been determined by K8ster and Rosenthal (62). This work showed that the

addit ion of Mg to Al decreases the modulus more rapid ly than wou ld be pre-

dicted from the law of mixtures. The decrease is approximatel y linear for

Mg c o n t e n t s  up to about  38 wt. percent , at which concentration the m o d u l u s

is as low as that of pure Mg. Assuming a similar decrease in the presen t

A1 -2 OMg a l l o y , and i n t e r p o l a t i n g  for a Mg concen t ra t ion  of 20 w t .  pe rcen t

gives a value for the modulus of about 56 CPa , which  is c lose  to the exper i -

men tal val ue of 52 CPa (Table 8) .

3.4.6 Toughness Properties

In d ic a t i o n s  of fracture-toughness of the alloys were obtained from slow bend

tests of fatigue pre -cracked Charpy spec imens . The specimens were’ too t h i n

to produce plane strain conditions with alloys of t he  y i e l d  s t ren g t h s

54
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TABLE 8

T!~~SILE PROPERTIES OF’ EXTRUDED RAPIDLY COOLED POWDERS

ALLOY CONDITION UTS O .2’X ~ YS El I- TEST T EMP E RATUR E
MPa MPa ‘7~ CPa K

Al—l B As l-xtruded 311 173 17 72 300
PWA 728K 311 173 18 72

A1-2Ca As Extruded 373 228 14 79
PWA 700K 380 228 1 1 7 9

As Extruded 455 297 77
587K 435 28. 1 7 79

Al 7075 As Ext ruded  455 28 1  1.3 70
PWA 700K 428 283 12 70

STA—T 6 614 545 I I  70
635 573 i i  70

Al 7075 STA- ’l’ô a 600 573 i i
I in.  P l a t e - h 628 600 $
From Ingot
I or Comparisot-i

Al —20 Mg As I-;x t ruded 290* — — ~2 300
BCL 644K

[9 27 20 - ’u 6 1 h

Al —2Ca As Ext. i-tid ed :180 262 14 80 100
LI CL 700K

I’ re tir t  t U re- I-a i lure

a Plate - C e n t e r .

b Pl ate - Edge . 

-~~~~~~~~~~~~~~~~~~~ . - —--
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- ‘ o b t a ined  in this program . Howeve r taken in c o n j u n c t i o n  w i t h  the impac t

results given below they  p r e sen t  a qualitative indication of the r e s i s t a n c e

- 
- to crack initiation and propagation in the alloys . The fracture toughness

results calculated in five different ways art ’ given in Table  9. K~ was
- 

- obta ined from the ASTM E-399--74 test method pertaining to 3-point bend .

A pp l i c a t i o n  of t h i s  method invo lv ing  a secant intercept equivalent to a 5 per-

ce nt  change in comp l iance did not satisf-i requirements for K
1 

in any case ’

h ere . All spec imens were inadequate in size , thereby e x h i b i t i n g  i n s u f f i c i en t
- I 

elastic constraint to obtain plane strait conditions at the crack tip. Only

in one case , Al 7075 , solut ion t r ea ted  and aged to peak hardness , was the

specimen size CIOSC to  being large enough : spec imen t h i c k n e s s  was 0.48 cm

nominal l y and would  have to be at  least 0 .77  cm , accord ing  to the ASIM

s tandard . However , the K
Q 

values of 31 and 32 for Al 7075 STA -T6 a re  p r o b a b l y

w i t h i n  10 pe rcen t  or less of actual K
i~
.

was ob t a ined  by metitods described in genera l  in ASTM E-399 and lo r  pre-
- 

- 
c r acked  Charpy slow bend testing are described in detail in a re’cent NMA II

c o m m i t t e e  r ep or t  ( 6  3 )  - This method has been shown to he usc’ f u l  fo r  e~ t r apo—

la t  ion of K 1 by c o r r e l a t i o n  w i t h  subs ize spec linen r e s u l t s  up to a l i m i t  -

In th e’ present case , the results are probably a u se f u l est  itna t e of K
1 

Icr the

Al— 2Ca a l l o y  fron t PWA , hot pressed and extruded at 587 K . ‘litis est imate i

2 ’  ~Ta rn ’ + 20 pe rcent .

K 1 and K , are b y metit ods f i r s t  proposed 1w Orne’r and Ilarth owe ’ r (( ‘-~~~ ) , w h er e ’

K 1 per ta  ins to i n t eg r a t ed  energy o n l y  up to max i tnum load and K ., pertai us to

tota l int e g r at ed  energy . In the l a t t e r  case’ , the te’ta I i lit e’grat od energy

was o b t a i n e d  to  beyond itiax itnuin load to the crtet ol  i- cc crete -el l oad —di sp lao ernent

or_ i the cita r t, or to wi_ ic re t i_ ic 1 oad dropped o f f to 2() iio fl~c ’ it  I o f  max i must load

Thus in a Ii cases , I he in tc ’gt-a ted cite rgy d i d t i e i I Inc I ud ’ t lie c l i  I t I e ’ 1~~~i I~

C) f t h e l o a d — d e f l e c t  ion  record . When spec- m ien s i z e - c ome s ci O S O  to sat is lv i t_ig

s i ze c onel i t  ions r e q ui r e d  by ASTM proce-dure  E— I , t hie’ni K
1 

is prohab Iv a c l O S t ’
c’S t I ma to of K - i - or  c’xamp le  , K and K va t u e  s lot- ho ( i i  A I — 2( ’a ex t rude ’ eh atIc 1 Q
587 K ar _ i d Al  7075 STA—T6 are in close agre ’entent - in I lie 01 lit- r c i z i s , K ,, i s

a qua l i t at. 1 Ve t i_id i C~tt lOU of lot  S i t e ’O I i i i  c k i i ’ s s  t i le ’ same- as spec m e n

‘it,



TABLE 9
QUAI , ITA’l’ IV I-~ FRACTURE TOUC hI N E SS VALUES

ALLOY CONDITION ~~*j~~SR
W f K~ * [  K ,* ~~~

MPa tfl ’ Ml’a

Al— [B As Extruded 15 24 50 66 ‘i 6 171 3
I’WA 728K 15 2 3  50 t~6

A l — 2 C a  As I -x t rude d  22 2$ 41 88 (i2 22$
-
‘ 

I’WA 700K 22 26 . 34 80 - 57

As I-~xt rudeet 2 ! 25 25 40 28 290
587K 22 24 2 3 3e) 28

Al 7075 As Ext ruded  2 3 28 3t) 82 ‘8 3
PWA 700K 22 29 37 $4 , e)

SI’ A— ’l’ t ’ 3 2 37 2~
) - ‘iO 27

31 39 31 it ~

Al 2Ca As Ext ruded 22 ‘4 e) 78 ii ‘(i .~
BCL 700K 29 30 40 7 3

* K
Q 

c’a I cu I~i tech I t Oitt “ pC t • S e’c ’ a t _ i t  1 lit t’t’e’ &‘pt ilie ’t hod i~c’ 
1 AS’l’M 1-: — 199 , 1 —  

~~ i t _ i t
bend.

R 
caicti l at i’d I rot_ it ASTM F— 3 e ) e)  1- c’s i ehita .1 s t r  engi I _ i me th t od and co _i~r e ’ t a t  i on:
KSR 0. RSb_ cv0y W h _ ie ’i-~ R Sb_ cv  -~‘N/ ~ y ~_ i _ i _ id °N ~t_i_iax S

K
1 

calculated t rot_i_i ~nergy I ei max load propagation art-a , ( W / A ) n _ i a x ;  i~
E (WIA)max ( 1— v  )

K , c al c u l a ted  I ron_i total e’ite’rgy propagat  b _ i _ i  area , K~ l-:~ W/ A)~ I, I —  ~~~ ) pe’l~
— Orn _ it ’r  and h la r tbe i we ’r (&4) .

K c-al culat ed I rom total energy pi-opaga t i t_ in :1 Ft ’~ I , K F ( W / A )  I - ‘3 pi’ r
Rona ld  , H a l l  a nd P i eve  e (6 ‘ ‘~ - 2

“7
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thickness , it otitina lly 0.48 Cm. Sec R e f .  64 fo r  i l l u s t r a t io n  and Ref . 6 3

for  d i s c u s s  j ot_ i of t i t i s  c o r r e l a t i o n .

K 3 is obta ii_ied by c1_ie’rgy i n teg rat i on  s i m i l a r  to tl_ iat used for K
2 , but  assumes

a different correlation between total work per unit c rack propagation area ,

W/A . ( 63 , 65). Ronald et at have found a correlation between K
3 

and K
1

for  va r ious  a l u m i n u m  a l loys  (65 ) t i_ ia t  would include results obtained here

ot_ i ly  f o r  the Al-2Ca , ext ruded  at 587 K and t i_ ic  Al 7075 STA—T6 alloys. Note

tIt~ r e l a t i v ely  c lo se  agreement between K
3 

and KQ or KSR values for these two

al l oy s in Table  9. Obv iously , it would he advantageous to test larger size

specimens to assess tough n ess n_iore accurately ti_ iai_ i pern_iitted in the presen t

study. This  was not poss ible  because of t i te  l imi ted  ai_ i_ iount of rap i dlv

quenched powders a v a i l a b l e , as w e l l  as t ite  ex t rus  ion t o o l i n g  and reduc t ion

ratio se’lected. Alternatively , one tnig ht use other m e t h o d s  of su b s i z e  test-

ing than employed herein , hut some degree of verification would still be

r equ i r ed  b& ’twcet_ i exp er in_ ienta l r e s u l t s  and K 1 -

Impac t r e s u l t s  f o r  s u bs i z e  notc i_ ied C 1_ iarpy specimens are given in Table  10 .

Tht e Al  7075 (STA— T6 ) is si  I gi_ it ly less tough t i_ ian  an e q u i v a l e n t  i i_ i g o t  procluc t

but  t lt is  nay be a result of non—opt imized  compact ing procedures .  As would

be expected the weaker a l l o y s I_ ave the ’ hi ghest impac t s t r eng th .

The f r ac tu re  s u r f a c e s  of the slow bend Charpy specimens are shown in F igures

‘0-27 - The Al-li !, Al—2C a at_id Al 7075 alloys all sI_iowed t r z _ i n s gr a n u l a r ,

ductile rupture. Ti_ic d imple’ s i z e  in t i_ i c A l — 2 C a  a l l o y s  was sm a l l e r  t i_ ian in the

otite r two allo y s , as a resti  I t  of the finer in tense  tall i c particle dispersion .

The Al -2 OMg a l l o y  appeared to f a i l  by t r an sg ranu lar  cleavage . The A l - 2 C a

al l oy s , and ti_ic Al 11) 75  alloy In the STA—T6 condition , showed de lam! nat  ions

w h i c h  were probably fra ctu res a long  p r io r  p a r t i c l e  boundar ies .  T h i s  s u g ge s t s

titat d u r i n g  ti_ic ext runs ion_ i opera t ion , ci titer the tempe rature was too low , or

the amount of de format lot_i i nsu i~ ic lent  , to promote c ot_itp Ie ’t ..’ i n _ i t  e’rpLl rt i c 1 o

bonding .

— - - .-- — - - - - - -—- - ---—- -—-------~~~~— - -



TABLE 10

SUBS IZE CHARPY IMPACT VALUES

ALLOY CONDITION THICKNESS IMPACT
ENERCY*

(nun) (J)

Al- lB PWA As Extruded 728K 4 .25 15.3

Al-2Ca PWA As Extruded 587K 4.44 2.7

Al-2Ca PWA As Extruded 700K 4.76 9.5

A1-2Ca BCL As Extruded 700K 3.89 6.9

Al -7075 PWA As Extruded 700K 4 .48 11.1

Al 7075 PWA STA-T6 4.3 7 3. °

* Normalized to Standard Charpy Size.
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D3595 (b) etched

Figure 24 Sections Through Fracture Surface in Al-2Ca Alloy from
PWA , Hot-Pressed and Extruded at 587 K. These two
d i f f er ent f i e lds  i l l u st r a t e  fine transgranular ductile
ruptu re mode [cusps In (a)~ and separatio n along pr ior
par t ic le boundaries (b) .  Ma gni f ica t ion  (a) and (b)  500X
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Sec tion 4

DESIGN TRADE-OFF STUDIES

The effective development of advanced aluminum alloys for aerospace structural

app lica tions requires as a f irs t step the establ ishment  of property  goals whi ch

would result in major payoffs in specific applications . These property goals

may call for improvements in strength , elastic modulus , density, toughness or

environmental resistance (fatigue, stress corrosion threshold) singly or in

combination . The applicat ions consider ed are spac e, mi ssi le and air c raf t

systems that are likely to be designed or to undergo major redesi gn in the

next decade. After a preliminary review was conducted of genera l material

proper ty needs f or adva nced aerospace st ructures , three properties were con-
sidered for improvement: density , elastic modulus , and strength. It was

assumed ti_iat other properties would be retained at least to the degree needed

for each spec i f i c  s t ruc tura l  applicat ion. Selected space , miss i l e  and a i r c r af t

s t r u c t u r e s  were then studied to deter_i’nine the  e f f e c t  of the assumed property

improvements on weigh t savings and where possible on payload and range . T u e

following subsections describe the specific studies performed and r e s u l t s

obtained. These results , along with design trade-off studies from o t h e r

source s, were used to establish recousnended prope r ty  improvements goals f o r

the developmen t of advanced aluminum a l loys  from rap idly sol idif ied powders .

s- .l Spac e Sy stems Struc tur es

Two different types of space structures were selected for evaluation of w e i g h _ i t

savings obtained by application of advanced aluminun_i alloy s. Tli~’ f i r s t  i - a s

the  C!NTAUR Standard Shroud , a larg e, ligl_itweigitt , stifin ~’ss-critical assen_ib l y .

The’ second s t r u c t u re ’ s t u d i e d  was the S EASAT- :\ Sensor M o d u l e  and M o d u l e ’ Suppor t

S t r u c t u re , compr ise - cl of a comp lex combina tion o ’ s q u a r e  and r e ’c t an gu l ar  t u b u _ i l a r

sections , f r ames and p lates , most ct which  ar t ’ s t r e n g t h _ i — c r i t i c a l .
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4.1.1 Assumed Properties

Properties were assumed for advanced aluminum alloys to be evaluated as possible

repla cements for the existing aluminum alloys used in the two space veh icle
systems studied . The baseline alloy considered was 7075-T76. Advanced alloy

proper ties dif f e red in modulus , densi ty or str ength , and selec ted combination s

of these. All other properties including fabrication , fatigue, toughness,

and corrosion resistance were assumed to be the same as those of Al 7075-T76.

The propert ies  assumed are given in Table 11. Major fea tures  of these alloys

are as follows .

Advanced Alloy A is assumed to have a 20 percent lower density than the

baseline alloy . All other properties are the same as baseline.

Advanced Alloy B is assumed to have a 40 percent higher modulus than the

baseline alloy, w~ th all other properties being the same as baseline .

Advanced Alloy C is assumed to have both a 40 percent increase in modulus

and a zu percent decrease in density . This results in a modulus-to-density

ratie’ increase of 75 percent compared to the baseline alloy . 
- 

-

Advanced Alloy D is the same as Alloy C but with a significantly h igher

yield strength and ultimate strength , 60 and 70 percen t, respec t ively.

The effect on weight of each of th e sp~~ e vehicle systems was determined by

substituting each of these alloy property sets for the existiag aluminum

alloys.

4.1.2 CENTAUR Standard Shroud

The shroud provides an aerodynamic cover over the payload and second—stage
launch vehicle positioned fo rward of the f i r s t stage launch motor .  Figure 28
shows a Titan/Centaur Vehicle on take—off. The shroud is the entire top

h a l f  of the v is ib le  s t ru c t u r e . The r e l a t i ve  size of the shroud is more
c l ea r ly  il l u s t r a t e d  in Fi gure 29 , showing the  s t r u c t u r e  du r ing  fa b r i c a t i o n .
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Const ruction f e a t u r e s  ot the shroud are- shown In FIgure’ 30. Three main se c-

tions of the shroud were evaluated by substitution of the advanced a l u m i n u m

a l l oy s .  Ti_ iese ’ a re  the l~ i— c o n i c  nose , cyl indr ica l  c e n t e r  sec t  Ion , at_id conic

b o a tt a i l a f t  end. -rhe hi—conic nose is of semi—monocoque construction and

for purposes of t h i s  s t u d y  an aluminum alloy constructi on was s u b s ti t u t e d  b r

the existing magnesium a l l o y  when weig i_ it  r e d u c t i o n  Could  i_ ic- effected. TI_ic

cylindrical sl_iell is stiftened internall y by circ t- L_ir ring frames , as shown

in Figure 30. The boattail aft shell is reinforced externally by hat

st iffeners , as shown in Figure 30. Design loading criteria t o r  t i _ i .~’ CENTAU1~
Standard Shroud are presented in Fi gures 31 and 32 A d d i t i o n a l  key design

criteria are the ex te rna l  at-id i n t e rna l  space envelopes , assembly  r equ i rements ,

incl uding access par ts , at_id separation requirements. Up on launch , ti_ ic shroud

provides aerod ynamic cover and suppor t  of the  payload , u n t i l  a t  .1 predc’t er—

mined altitude , the shroud is p u t  into two halves lengthwise l’v p y r o t e chn i c

super—:i p joints at_ id separated from ti_ ic launch vehicle.

h i — C o n i c  N os e ’

1’I_ie p r i m a r y  dc’s i gi _ i or  i t  c r 1  on t c_ ’ r ti_ ic nose i s  si_ id I i n s ta b i  I i t y  d ue t o  ex t cr t_ i a  1

p ressure  load i ng (se t ’ F i g .  3-~ ) . C r i t i c a l  pr es s u re ’ on t lie’ ct’1u’ is

_____________ 
t 2

p = -) C,—)
cr  12 , -‘T-\’ Z I-i

W i_ i t’ t’ is; V = 0. 78, a ‘‘knock—down ’’ ía c (c_ i r I c_s ~ IlIc _s Itoc _-oqu e’ c_ e’II ( ‘ S

C 1, = b u c k l i n g  c oe f f i c i e n t , exper i men t a l l y  ~1 c _ ’i~’tuiiin~’d

E
c 

= compressive modulus

\‘ Po j s ~ i_ is ‘ ro t i e’

= shell thickness

b si _ i t ’l l  w i d t h  norma l to primary loael ii_ ii: di t o ot jot_i

=

L ~‘c I tui \ ’ ale n t c_ - i  inde’r ie’n gt h _ i 
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R .  + R
— 

lain max
— 

2 cosO-

R . , R = mm and max cone radiimm max

= ha l f  cone angle

Thus , advanced a l l o y s  tha t  have increa~icd modulus  c_ sr decreased density would

result in wel gbt savings in this con_iponent .

Cy l indr ical She l l

The pr imary design criterion for the  shell structure is compression loading

resulting from axial load and bending on the leeward side at maximum ai r

loading (see Fig.30). The critical buckling stress was used for analysis.

2 2n E
~~~

Q
‘ er

where : E
t 

= tangent modulus

= radius of gyration of shell corrugation

L internal ring spacing, 38.1 en_i (15 in.)

Thus , ae’vanced alloys e x h i b i t i n g  i_ i igher n_ iodu lu s  or lower  dens i ty  would re’suat

in weight savings of th i s  component.

Boa t ta il Shell

The primary design criterion for the boattail shell is compressive load

resulting from longitudinal bending (see Fig. li ’) .  The cri tical mode for  the

hat  s t i f f e n e r  is the inter—rivet buckling between fasteners . In hot i_ i  cases ,

f l a t p la te column critical buckling stress is used for desi gn analysis.

K ’ l E t 2
= (—)2 b12( 1-v ) —

—- ~~~~~~~ 

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



where : k = sheet buckling coefficient

t = sheet thickness

b = sheet w i d t h  norma l to d i r e c t i o n  of lead

Thus , for the same c r i t i ca l  buckl ing  s t ress  an increased modulus or decreased c _ lc _ ’n s i t

would resul t in weight savings of bo th t i_ i c con ical shel l  and t h e ’ hat  s t i f f e n c _ ’rs .

Interna l Ring Frames

The primary desi gn criterion for internal ring frames in the  b i -conic  cyl in-

drical sections is elast ic s t ab i l i t y  during external  pressure  loading  (Set -

Fi g. 32) .  For the b i—conic  section , the c r i t i ca l  p ressu re  c o n d i t i o n  was cal—

~u 1ated from a theory  assuming f a i l u r e  of two— I_ i ingo d r i n g s  in the second

-
‘ buckling mode .

= 
3 E I 

, where I = section moment c_ - i f  iner t ia
cr R

3

In the cyl indrical  section , redesign of the  ring fran_ ies was ca lcu la ted  f rom

the f i r s t  buckling mode of two hinged rings . Cr it ica l  pr e s s u re  i s :

0.8 El
cr R

3

Thus , b
_
or the san_ ic c r i t i c a l  pressure  weig ht  savings would r e s u lt  for  r i n ~~s made

from an allew ex h ib i t i_ i_ i g  e i t l_ i er  a h igher  modulus or lower densit y .

Longer~~~~ Splices, Doublers

A variety of additiona l structura l elen_ients are used in t i_ ic ’ s i_ iroud asset_ i_ i 1 1y

and which are strength critical , rather than stiffness critical , These Ort ’

longerons , used for door cutout r ein forc i ng , splice’s across manufacturing

Joints , and miscellaneous doublers , sti f f e ner s and r~’in 1orcement s fo r  vln’ i O _ i _ i S

c u tou t s .

Sun~_ i_ ia ry of Weight Savin~~

The calculated weigh t  saved in the shroud l-iv substitution c _ s t ea ch_ i oi~ ti _ i c

advanced aluminum alloys listed in Table Ii is sunm_ iar i ’- e ’d in Table’ 1? . t ’t- i~~st t’ ue ’-

t ion f e a t ur e s  of  the sI_iroud obtained liv re’el c_ ’sign ~c_ ’su i t  i t_ ig from app I i ca t  i c _ ’fl

o I tI_ ic c_ s i L ‘c_~aun\ st U ~ tn e s s  advanced a lloy  C,A1 Icy C are’ shown in Ft gur e  I

L ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ : ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE 12
SUMMARY OF WEIGHT SAVINGS IN CENTAUR STANDARD SHROUD

BY
APPLICATION OF ADVANCED ALUMINUM ALLOYS

WEIGHT SAVED , kg(lb)

Alloy Alloy Alloy Alloy
A B C D

Key Property Changes 20 pct 40 pct (A+B ) C+
Compared to Baseline Lower Higher 70 pct

(ref., Table 11) Density Modulus High_ ic r
Yield  S t r e n g t h

STRUCTURAL

SHELL STRUCTURE 152 265 364 364
(Nose, Cy lindrical (335) (585) (803) (803)
Cen terb ody ,  Aft Boattail)

RINGS (ALL) 144 195 300 300
(318) (429) (661) (66 1)

LONGERONS, SPLICES 86 52 127 168
MISC . DOUBLERS (189) (114) (281) (371)

TOTAL WEIGHT REDUCTION 382 512 792 832
(a) kg ( l i i )  (842) (1128) (1745) (1835)

(h)  Pct . of Aluminum 20~ 27’~ 4l’;-~
Structure

EQUIVALENT INCREASE IN 27 37 57 59
ORBITING PAYLOAD , kg ( ib )  (60) (81) ( 125) (111)

(l~~:l RATIO)
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TI_ic CENTAUR Standard Si_ i roud  t o t a l  w e i g l_ i t  is 2 - ) 7 2  k g ( t 5 5 2  lh ’h , of whic h_ i

h’s percent (1910 kg ) is aluminum . Suhst itution of advanced a l u mi n u i _ i _ i  a l loy s

exhibiting decreased density , increased modulus , or i n c rea s e d  s t r e n g t h  w i l l

save weig h _ i t  in r i _ i e~ shroud , thereby a l l o w i n g  an increase’ in o r b it i n g  pay load

wei gh t .  Ti _ i c’ n_ i ost  e f fe c t i v e  p rope’rt ~ i n  ci f e c t i n g  a w e i g h _ i t  change of ti_ ic

sh roud  is dei_is I t i .’ , w i t h _ i  modu lus  less ef fc _ ’c_~ t ive , and s t reng th_ i having

neg l i g i b l e e f t e c t  ivefle’ss . Tat-i l ~ 1 3 shows ave  rage’ wei gh _ i t  cl_ iange’s pc _ ’ r one

p e r cen t  ch_ ian ge  il _ i  each of t hese  t h r ee  p r o per t i e s .  Thus , the  mos t  e f fe c t i v e

advanc ed aluminum a l l oy  to be deve loped  f o r  i n c re a s i n g  desi gn e f f i c i e n c y  in

the  Centaur  S tandard  Shroud would he a c o m b i n a t i o n  of de’crea sed d e n s i ty  and

i n c r e a s e d  n_ iodulu s . Son_ ic advanced a l urn inum a l l  cv s se 1 c’c t c_’d L or  development

i n c o r p o r a t e  b o i l _ i  t I _ i e s e  p r o p e r t y  changes , A L —L i  be ’in g  a pr ime example .

TAB L E i i

SENS IT IVITY OF WEIGHT CHANGE TO
PROPERTY CHANGE IN ADVANCED ALUMIN UM

ALLOYS APPLIED TO CENTAUR STANDARD SIIROW )

STRUCTURE AND PAYLOAD WEIGHT CUANGI-~*
PER ONE PERCENT CHANGE IN

SELECTED PROPERT 1I- S

Dens i ty  Modulus S t r e n g t h
Decrea se Inc rease  Inc rease

Wei gh _ it  Savings  l”~. l ( 42 . 1) 1 2. 8 ( 2 8 .2 )
In Shroud , k g ( l a )

O r b i t i n g  Payload
We ig i_ i t  I nc r ea se’ 1. 4 t ~ ~) 0. Q ( 2 )  0.~~ ~~~~~ . I ‘

I

** kg( 1b )

* Average’ , a p p rox i m a t e d  by as s u m i ng  I ir_ica r r e ’la t  ~onsh _ ii p
b etween property change and we ig h t c I _ i an g e .

** As s un_ i c’s same’ t ake ’— o f t  t i _ i  rust ~tv,i i i a b l e  and I s : I shroud
weigh_ it reduct ion to orb i t  l ug  p ay load snc _ -rs ’ase ’ ratio .

L
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-~ .1. 3 S~- :ASAl ’ -A  Structur e’

SFASAT—A , shown in F i g u r e  ~‘~s is an e x p e r i m e n t a l  ocean— surv ey sat c l i i i e i - i c i n g

developed 1w Lockheed  Mi si les and Spa ce ’ Company fer  t i_ i c N a t i o n a l  Ae ronau t  ics

and Space Administration. SF,ASAT-A will circl e’ the eart h_ i 14 t in_ ies d a i l y and

co~’er 95 perce’nt of Ic _ sis al oe’e’jI_i a rca every ih h o u r s .  A large van ~t v of

:;e ’ll s or s  , t r a n s m i t t c _-r s , and ant e’nnas are ’ suppo r te d  1w a c o m p l e x  f ra n _ i e’w erk

t a b r i c a t c_’el f rom a luminum alloys. This framework , shown in F igur s. iS , is con_i-

posed of a Sensor Module Structure’ (SMS ) at_ i d Se ns o r  Module Support S t rt ~c ture ’

(SMSS) . The alun_ iinun’_ i a l loy s  p r e s e nt l y used in SMS and SMSS inc lueI~’ 2XXX ,

SXXX and 6X~~ a l l c _ - ivs , s e l e’cted  for t h e i r  CaSe’ of fabrication , St ross corrosion

resistance and relativc_’lv high s t r e n g t h .  S u b s t i t u t ion  c_- i f high er s t r e n g th

or I c_-i_icc r elOflS I tv all ovs fcs r thOse  present lv used won 1 d s ive c_ ce I eli t i n  h o t  h

t i_ ic ~ and SMSS.

‘l’I_ i e SL\ SAI’ —A is launched  into orb i t  by a l a r g e  boos te r  rocket . The ax i a l

loads , shear loads , and bend ing  moments imposed on t i _ i c  SMS and SNSS durine

l aun ch_ i  c o n s t i t u t e  the c r i t i ca l  de ’s I gu loading requirements . TI_i es c_ ’ a rc - shown

in F ig u r e  ~~O. For n_ io st  of the  components , des ign  an a lv s i  s f o r  wei g h t  savings

r e s u l t i ng  f r o m  app l i c a t i o n  of  advanced  aluminum a l l c _-i v s  a r e’ b a s ed  upon st  rc_ ’ng t h _ i

and dens i tv c _ - i f  ti_ ic a I 1o,,’s at-_i d the st  l’esses c_ It _ ic ’ tO conibine’c_I a x i a l  load at_ ic _ I

ben c_ 1 
~~~~:• - n_ion_ient . Ti_it_is, ti_ i c’ maximum st re’s s at any loca  t ion alone t i _ i e~ st tts ~ t U 1 C

is:

P M C
— 

max 
+ max

max A

w I_ ie’re ’: p = n_ iax a x i a l  loadmax

A = e- r o s s — ,sc ’e’t i ona l area ol st ruc_’t ui’a I sc _ - c t ion

= app lied bendin g me-intent

C = distance’ fron_i neutral axi s t c _ ’ e-iute’r I il- ic r

1 = Se ’ c_’t ic _ il _ i I_ iiot_i_ic’nt 01 i t _ i e’tt j ~l

$2

- -
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Weight savings result from reduced section size of par t icular  components

if fabr ica ted  from a higher s t rength alloy. Fçr example, substitution of

an advanced alloy having a yield s trength of 827 MPa (120 ks i)  for  the 6061-T6

alloy having a y ield strength of 290 MPa (42 ksi) in the 25.4 cm (10-in.) dia.

tubular mast of the Sensor Nodule Structure allows reducing the wall thickness

from 0.318 to 0. 152 cm (0. 125 to 0.060 in .) .

Shear panels in the Sensor Module Support Structure are designed to take

maximum shear loads. Consequently, design t rade-of f  studies of these compo-

nents involve both elastic modulus and strength. The maximum critical shear

stress was calculated from the following :

T = 0.50 X —max 8 0
S

where a = allowable st ress

= strength at secan t intercept for slope of l ine 70 pct
of compresive modulus , E

~

Application of higher strength, higher modulus advanced Alloy D permits

redesign of the shear panels to 20 percent less thickness, thereby reducing

weight .

Suu ary of Weight Savings

The calculated weight saved in the SEASAT—A Sensor Module Structure (SMS) and

Sensor Module Support Structure (SMSS) is summarized in Table 14. Total

weight of the SEASAT—A , SMS and SMSS is 1189 kg (2622 ib) of which 404 kg

(890 ib) is aluminum structure considered in this study . Weight reductions

from application of advanced aluminum alloys result in a 1:1 ratio of

increased weight for orbiting payload in the form of additional sensors,

transmitters and associated equipment . As shown in Table 14, substitution

of Alloy A with 20 percent lower density than the presently used alloy

results in a 81 kg (178 ib) weight savings. Substitution of Alloy B with

- 
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39 to 77 percent higher ultimate strength and 40 percent higher elas tic
modulus than the presently used alloys results in an even larger weight

savings, 116 kg (256 ib). This is because a number of the present alloys

used in the structure have relatively low ultimate strength, 303—386 MPa

(44—56 ksi). The increased modulus of Alloy B contributes to weight

reduction only in the SMSS shear panels. Alloy C, combining the lower
density of Alloy A and higher modulus of Alloy B and with the strength of

7075—T76 results in a weight savings of 174 kg (383 lb), somewhat less than

the additive savings of A and B. The largest savings is achieved by

application of Alloy D which is assumed to have an ultimate strength of

827 MPa (125 ksi).

Assuming a linear relationship between selected property change and weight

savings, sensitivity factors can be calculated as was done for the Centaur

Standard Shroud . These factors are shown in Table 15.

It is evident that change in density is most significant in terms of weight

saved per percentage property ct~~nge. Change in strength is next most signi-

ficant , followed by change in modulus. These results are in distinct contrast

with the results for Centaur Standard Shroud, where the significance of

strength change in advanced aluminum alloys on weight saved was negli gible.

Thu s, for the SEASAT-A , the preferred properties to he developed in advanced
aluminum alloys would bc decreased density and increased strength. If

strengili increase were not possible, then modulus increase with density

decrease would be of next priority. Weight saved by successful app lication

of Al loy C, Tab l e l4 ,would result in 174 kg (383 th), which is particularly
significant because detector and transmitter payload weight increase is

1:1 with respect to structural weight decrease.

- _____ - 
- 
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TABLE 14

SUMMARY OF WEiGHT SAVINGS IN SEASAT-A
SENSOR MODULE STRUCTURE AND SENSOR MODUL E SUPPORT

STRUCTURE BY APPLICATION OF ADVANCED ALUMINUM ALLOYS

WEIGHT SAVED , kg(lb)

ALLOY ALLOY ALLOY ALLOY
A B C P

_ _ _ _ _ _ _ _ _ _ _ _ _ _  — -  4C) pct 
—____

KEY PROPERTY CHANGES H~ gh er
COMPARED TO BASELINE 20 pet Modulus 

~~~~~ A-fR (it) pet
Lower 50— 60 pet ni ~h’ i -
Density Higher U l t i m a t e ’

STRUCTURAL (a) Strength Strength
ELEMENT S (h 

— ____ 

( , )

SENSOR MODULE 23 ‘iS 8’) 85
MAST TUBE (50 ) (128 ) ( 152) L (188)

SEN SOR MODULE 31 28 5 90
SUPPORT COMPON EN1 S (d) (68) (6 1) (116) ( 1’)”)

SCATFER0MFrrER, 18 21 I S
V IR R AND (39 ) (4e) (78) (12.9 )
TRANFT BEACON (e)

SMSS SHEAR PANELS 10 10 17 17
(21) (21) (17) (

~

3 , TOTAL WEIGHT REDUCTIt1~
k ( ib) 81 116 174

( 178) (258) ( 1 8 1)  (5~8)Pet. o t  Aluminum 
— 20. 2’). — ~ l’~ •

Structure

EQUIVAL EN T iNCREASE IN 81 116 l i ’s 24 ’)
ORBITING PAYLOAD, kg(Ih) ([78) (258) (181) (5.98)
(1:1 RATIO) 

__________ -

~~~
________ — _______ _______

NarES: (a) Alloy A is assumed to havt ’ 20 pet lower de n s i t y  th an present a 1 toys ,
hut no change in strength or elastic modulu s . Present at lovs Inc  I t i d , ’Inc 1 tid ,’ 606 1, 5083 and others~ vary ing n vi,’ Id st r,’n8t 8 Iron, 248
to 345 MPa (16 to ~O ks I ) and ultim ate st ri’ngt h I ron~ 10 1 t o  186 MPa
(44 t o  56 ksi).

(h )  All oy B is assumed to have 40 p e t higher meiek I us t han pre sen t a l l  ovs
and the’ ultimate strength of 518 MPa (78 k s i  ) t 1 cal tor 707~ -T78 ,about 50—60 pet higher than presont .il t O Y S

(c) U l t i ma te  s t rength  ci f 8~ 2 MPa (I 2 ‘i ks I ) 60 pet hi gh. ’i I han t he S 1$
MPa (78 ksl ) ultimate strength ot At t o  B .

(d) Inc lud es machined fittings . st rue turn I column s , out r I gger columns ,syn th et i c  ap erature  radar m a l n f r n m ’ and supp or t  st r u c t u r e , andmiscel taneous br ackets  and fittings.
(c) Inclu de ’s SASS p la t e , mast and skin pane l s , Tran et I1 ,ae ’on f rame , and

supp ort for visual  and i n f r ar e d  r ad lomet  ,‘t

4 
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TABLE IS

SENSITIVITY OF ORBITING PAYLOAD
WEIGHT TO PROPERTY CHANCE

IN ADVANCED ALUMINUM ALLOYS
APPLIED TO SEASAT-A

PAYLOAD WEIGHT CHANGE kg (lb)
____________ 

PER PERCENT PROPERTY CHANGE

Density 4 (8.9)

Modu lus 0.9 � (2)*

Strength 1.25 (2.75)

* Rough e s t i m a t e  as weig ht savings fo r  Alloy
B incorpora te  both modulus increase  and
strength increase above present alloys.
C o n t r i b u t i o n  of modulus increase alone ‘~as
estimated to be 30 pet of t o t a l  In m a k i n g
this calculation .

3. 1 . -~ 
(‘one lus ions

For both the predomi nantly st i  f t n t ’ s s -  er i t  ical  shroud and s t r e n g t h — c r i t i c a l

S EASAT — ‘c st ru c t ur ’s , change in dens it ‘~‘ result s In t h e  g reat es t  change in

weigh t  on a percent b as i s , in the  c 1st’ o I the  CENTAUR Standard  Sb roud , modulus

o f  e’l a st i ci  tv  change is 2/ 1 rds as e1f ~ ctj ve ’ as dens i ty  change; s t r e n g t h

change Is o I neg l ig ib le  e f f e c t .  Thus , for the  shroud , an advanced alloy

ex h i b i t i n g  h igher  modulus and lower density would he the’ most e ’t f eet  lye’

combinat ion to save s t r u c tu r a l we igh t .  Because t h e  shroud is discarded
a lt e r  launch but  be ’ fore ’  o rb i t , weight  savings in t h e  shroud results in only

a 1:14 ratio c i t  orbiting payload increase’. For a number of s a te l l i te ’ pro-

grams In t h e’ past , a few kg increase In payload has been of major importance

In de’stgn development. Successful developmen t of Alloy C , w i t h  a 40 pet

higher modulus and 20 pet lower density compared to 7075-T76, for the  CENTAU R

Shroud would result in a major con t ribu t ion c~ 
f  S7 kr c~ Incr eased pa” lodd
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App 1 i c.t t ion et  e’i tit er I he’ h i ghe’r mo dulus  or It I ghe ’i st re ’ngt It .tdvatt,’cd a t  cwc i n u n

at 1ev s t o  t h e ’ S t ’AS.-\ U — A  st rue t ur~’ cont ci hut  c’s to inc Fe ’a se tU eel’ i t  i ug pa~- I t ’ael

but  the’s,’ are en l v  2 ”  I e 1 P~ 
t as et  t ( ’c t j \ ’ e ’ .15 d ens i t v de’e’ ~‘a se , en .i p~’I’ ce’n I

pr ope’ r tv c hange’ basis . Thus , combined p top e’t ’ C V I tup rovelne’it 1 5 of Inc rc ’as e’d
s I  r4 ’ngt It and dcc i-e~as,’d dons It y or Inc ceased modu [us ,ind dec r,’as eel dc ’ns it V

Wets hi hot Ii cent r I but  ,‘ ab out t he same to o rb i t  I ng par s’ I e~td in  cc ~‘a Si ’ . We ’ i ~ht

s.iv,’,1 j~ t he Sl;ASA’i’ — A st r u ctu i ’e has a di reel  1: 1 i’ l l  oct ‘ on p ;cv I o.i*I , a,; t h e

St rue t ut~ s p ar t  e ’ I t h’ o t-b It lug sys out. Ach i e’ve’me’nt et  Al 1 ~‘v 1~ prop,’ I

In an adv ;u ,h - ,’d a l l ey  would result i n  a m a j o r  cent t i b u t  Ion t o  SrASAI ’ — A  i’a\’ lead

•‘) k~~. l~tt i W ou ld  a l l o W  r ,’dttct ton et t h e  boost eu t e c k o t  I h r u s t  re ’qul teme’ut

or a d e l i t  ion e t  mo t- e’ sens ors , t ransnt .t I I e rs , e’t c . ,  tIt~’r ’l’y i n c r ea s i ng  I nu ct  lena 1

cap abilit y during sc’uvi c,’.

.. .2 F ’le ’e’t Ra t l i s t  ft MISSI  t o  St end ures

The’ u,’xt gc’uot-at ton I I ~‘ot h a t  l i s t  i c tnt  ss ito ( FIlM) I 5 I ho 1V Advan ced ‘I’R I t ’~ N I ’

s m i s s i l e ’ W i  ii hav ’ a longer range and p o s s ib ly  a h e ’av i or pay toad C luau t h , ’

ext st ing i.’3 TR I t)f ~4T FIlM • l ’tte ’ di ’ C a L i e ’ ci dos I gui e I t l ie ’ l~ “ it as t ie v,’ t I ’ e ’e ’ui In  —

I t  tat i’d .  Uowc~’c’ r , I ye e ’rnpenc ’n Is  we ri’ so I e,- t ed  I t e n t  I In ’ ~~~~ m i s s i l e  t~~ i C, ’ . ’ j “,Ii I

sa v i ng s  St ueI ie s  us i tug assumed pt’epet t  I i ’s of  aelvance ’d a lu tu l n unuu  a 11ev s . Tb,’

compon1’nt $ SO I ,‘c I i’d We ’t ’ t ’ b~ s ‘d en one ’ h~’ lug st it [nt ’s c u l t  c at  and I Ii ,’ et in’ i

b ’  I ug s I  rongth  criti c a l; b oth  a re ’ st m c t  ura  I component s ii k ’ l  to  ho t n c e r —

- ) 
p0 r .tt  e d , w i t h  ou t  m i n o r  mod ( f t  cat leti , in the P” FilM .

The intent ion in app ly ing  advanc,’d aluminum a t  toy s t o  FilM app ii cat  ions is to

reduce’ structura l weight , thereby increa sing  range’ oi p~u toad . (II I It,’ FilM

m u l t i s t a ge ’  m i s s i l e ’, par t s  01 the ’ s tru ct u re  ar e’ car t - I 1’d in t h e ’ flight for

d l i  Ic rent  t (sues . ‘t’he’ I ongee a gI von st u-ne’I nra 1 t’empoiue’nt Is ca ’tI i’el ,

great or s lit, ’ p en al t  v o f  Its wc’Ight: on pay Load ot ’ rang e’. h u e  te ’lat  i\’ e ’ we igh t

per fennant’c’ se’nsit iv! ty et  m a l o r  component s ot a I vp I c a t  11tH Is shown in

Figure ’ ti. It is m t  c’rest ing to n~t e’ that the  C4 FilM equipment s e~’ t Ion ,

whi ch has the ’ highest st’nsit ivitv to we i ght re’ehtct ion , i s madi’ p r l m a r l  Lv 01

graph i t  ~ epoxy . At t he  t ime t hi s component was b ’  I ug dc ’s I gued , no! fIt em

adyancc,j a Itutulniun a l l oy s  nor advanced uuetzt I IWt t r ix  composites w,’r ,’ a v ai l a b l e

* t~~e’ un i t  Vt’ I glut SRV eel In st rue tura I we’ I ght at tows otte ’ dcl i i i  t I ona 1 Un I I We I glut
to h’ added t o  tlu~’ orbit lug pdvlO8eI.
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I) NOTE: COST AND RELIABILITY SENSITIVITY ARE CONSIDERED
IDENTICAL FOR ALL STAGES

~~~~~~i’IFTT ~~~~~~~~~~~~

NOSE EQUIPMENT / FIRST -STAGE
FAIRING SECTION / \ IN TERST AGE ROCKET MOTOR

FORWAR D SECOND’ STAG E
ADAP TER ROCKET MOTOR

Figure 17 Re’lative Significance of Structura l Component
Wei ght Reduction on Performance of Typ ical
Fleet Ba l l i s t i c  Missi le

I.
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A pt-ouu i sing st m c  tura I component for  advanced a 1 ur~i nuin a l l o y s  e’xlu lb  i t  lug

improved spec (ti c stillness is t h ’  f o r w a r d  a d a p to r .  The ’ t or w ar d  a d a p tor

site’ i i  in the  t’4 m i s s i l e’ is  made’ of 508 1 a 1 urn ! n unu . Cr11 ca I d~’~’ gn l ead

~onih i I lotus  f o r  t h e’ fo rward  a d a p tor  occur  d u r i ng  unde’rwa t e’i l au n c h , and e on—

s i st  o f ’ a h i g h a x i a l  eompr e’ssive f o r c e  coup led w i t h  a small t’xt e’rna I e-ru sluing

pr essure ’ .

The ’ ~ ecen , i  St r u ctu r a  I p~u-t s sd c’e’ted tel’  ~tu i . i  h vs i :‘ a Fe ’ l’t:icke’t s Sitp I’ t ’V (  i U~~

t1~ tus V o c t  .‘t cent r e t  t, ’I’VC ‘I ceuupone’nt 5 in ~‘ ~ [1~ the’ I i r s t  and ~- c e’e’tlcl s t  a go

n~ to  i s  ci  t h e ’ C-. F1t~’1. The’s, ’ c,’uF ’One ’nt s a re’ I re ’ngth em it i ca I and a Fe 
~‘ 

re ’se ’fl I Iv

maci,’ I rorn a l um i n u m  a 1 b y  201 — T i  c a s t  tugs In order to achi  eve ’ low mann I ac t ei r i n~-,

cos t .

2 . 1 .‘\ssunn’d Pi ’epe’rt i t ’s

rt-oper t ics w’re .15 st tme ’cl t ci ’ a tt t uwbe’i’ 0 1~ t t i V t f l C  ed a t  cnn i u i t im a l l  evs to  b e’

e’-.u lu.ut ed as rep lacenue ’nt s f o r  t h~’ cxi st in g  a I levs  , 5e’t ’ ‘FaI ’ Ic ’ It ’ . ‘I’ho advanced

at 1 ~‘vs d i  I let  in  modulus  • eie ’fl51 I~ or s t r e n g t h , and se’I cCt Oci de~fltI ’j nat  i o n s  of

I lies e . Al I ,‘t h e r  i’ ~~ p ’  ii 1 s i n c  luid  lug  I ab vi  c at -  ion , fa t  i e~et i ’ , I eeig l inos  s and

~ 0 1 1  05 lOll 1 05  i S t  ; t%le e W e’te’ as suin e’d to be’ I he’ same ’ as the’ presen t lv u sed ha Sc ’ —

t i ne .itl. ’~ ~; - A e’Olnpa r i  S, ’n o f  t l u e ’se a l l oy s  I o t h~’ a pp r o p r i  at  e b a s e l i n e ’ a ll ”
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TABLE 16

ADVANCED ALUMINUM ALLOYS PROPERTiES ASSUMED
FOR FBM COMPONENT S APPLICATION STUDY
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COMPARISON OF ADVANCED ALLOY PROPERTU ’ 5
WITH BASELIN E ALLOYS

_______ _______________ 
PER CENT CHANCE COMPARED TO BASELINE

ADVANCED APPLICATION DENSITY YIELD ULTIMAT E ELASTIC
ALLOY CONSIDERED STRENC1’H s’rRF.NGTH MODULUS

(TEN S iON)

C FWD -17 +94 * 7 0  +17
Adaptor

E - 7  + 9 4  + 7 0  f 18
F - 6 + 2 1 1  + l t ’ ’ - 1 2

P TVC -20 +150 1 + 1 2 1  + l t’
Brackets

F -10 + 150 I + 1 2 1  - i t
II 

______________ ______ 
0 +lSO __j + 12 1 4 11’
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-‘+ . 2.2 Forwa rd Adapter

The lorward adaptor selected for th is study is a good c a n d i d at e ’ f o r  a h i g h

5p~ ci f i c  nuoel u lu s m a ter i a l .  In a d d i t i o n , a p~ e~’~ ous St  udv has been inadt ’ o l

this structure using graph ito/aluminum as the  advance ’d 111i1t e’r ia l  (i~~ )

A cross  sec t ion  of the  b a s el i n e  fo rward  adap te r  (dwg . No . 3079867) i s  shown

in Figure  ~S . The s h el l  s t r u c t u r e’  is f a b r i c a t e d  of 5083-1132 .1 a l u m i n u m  sheet

w i t h  welded end r ings  and a r i ve t ed  m i d — b a y  Z r i n g  s t i  f f e n ~’r . S t i l e e  t l i o t ’ e
ale no longitudin al St  i f f e n er s  t h e  structure Is a ring st i f t e n , ’ d  mC’flC ’L’ C ’—

quo cy l i n d e r .  Al though  t her e  a re  numerous small  c u t o u t s  and two l a r g e ’ ac c e s s

panels  in the  s t r u c t u r e , these  d e t a i l s  have’ been neg lected in the  p r e s t ’nt

s tud y .

th~1y the ’ she l l  p o r t i o n  of  t he  forward a d a p t e r  was ana ly:10d .  The end r i n~~s

represent a significant portion of the  t o t a l  weig ht , b e ing  about  17 kg

(38 lb .) as compared to  the  shel l  weight  of 25 kg (56 lb . ) .  T h e r e f o r e ’ ,
Q~n s idt ’r a t io n  of advanced a l l oy s  fo r  the  end and m i d - b ay  r ings  has a f u t u r ~’

pote’n t i al  for  s i g n i f i c a n t  a d d i t i o n a l  weigh t s av ings .  F u r th er , ach iev em ent  of

a b ight  ‘‘as welded’’  s t r e n g t h  in the  h igh specif ic s t iffne ss advanced al  lovo

would provide an add i t i ona l weig ht savings .

To evaluate the advanced alloys a bifurcation buckling analysis was Perlonfle’ei

us ing  the  BOSOR computer program to a n a l y t i c a l l y  p r ed i c t  the  a x i a l  load and

c rush ing  pressure  s t r u c t u r a l c a p a b i l i t i e s .  Severa l d i f fer e n t  a l l o y s  Were

evaluated for  d i f f e r e n t  e las t ic  modul i  and she l l  th icknesses . For each con-

f i g u r a t i o n , a marg in of s a f e t y  was ca l cu l a t ed  for  the  equ iva len t  de ’s ign  loads

[P = 809 kN (182 k i p ) ,  p r e s s u r e’ 12.5 kPa ( 1.82  p s i )  l i m i t:,  and p l o t te d  in

Fi gure 39 w i t h  respect  to shel l  weight .  Also p l o t t e d  a re  the’ c es u l t s  from

the graphite ’/a lunuinum study pt’rformed by Rezin (66). The m a t e r i a l  1~rope ’r -

t ies used in that  stud y are  given in Table 18. The r e s u l t s  in Fi gure ~s0

show that the advanced alloy shell designs are in all cases l igh t e r  than the

conventional baseline design. For Alloy C, a weight  savings of about
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~~ 36.
11.30

ALUMINUM ALLOYS :
SHELL: 5083 H323
FORWARD AND AFT RINGS: 5083 H111

• MIDRING: 6061-16
23.55 —” ‘~ 0.875

—~~~ 0— 0.121

NOTE: D IMENSIONS IN INCHES
1.0

Figure 38 Cross Section of Forward Adapter for
Trident-C4 Fleet Ballistic Missile
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0.90 — 
/

ALLOY C /
‘
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- 
0.80 — /

ALLOY E /
0.70 — /

/
ALLOY F

0.60 —

0.50 —

/ /  /
-0.40 — (90/0/90) / 

/ /
GR/Al / / /

/ / / REFERENCE:
• 0.30 / / ‘ Al 5083-H323

/ 1 /
z / /
~5 0.20 — 

/ /
/ / ,

/ (0/90/0) GR/A I
0. 1 0 —  / /

/ /-0~~ -t l i l y
30 / 4 0  / / 50 60 70

-0.10 — 1
/ / / BAS IC SHELL WEIGHT (Ib)

-0. 2 0 —  / 1 /

-0.30 — / / (0/0/O) GR/AI
1/
/ /

-0.40 — / /
/ /

-0.50 —

Figure 39 Forward Adapter Margin of Safety Versus Shell l~ ight
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TABLE 18

DESIGN ALLOWABLES FOR G RAPHITE /ALUMINUM

Name of Mater ia l :  Grap hi te-Reinforced Aluminum

Volume Percent of Reinforcement: 30

5 
Material  Density : 2.38 g/cm 3 (0.086 lb/ in 3)

Tensile Stress Allowable

Longitudinal: 551 MPa (80 ksi)
• Transverse: 34 MPa (5 ksi)

Compressive Stress Allowable

Longitudinal: 517 MPa (75 ksi)
Transverse: 96 MPa (14 ksi)

Elastic Constants

Longitudinal ~tdulus , E11: 144 GPa (21 x lO~ ksi)
Transverse Modulus, E22: 31 CPa (4.5 x l0~ ksi)

Shear Modulus, C12: 23 GPa (3.4 x ~~ ksi)

Poisson ’s Ratio , v 12 : 0.26

NOTE : Properties given are for uniaxial pl y conf igura t ion

97
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ALLOY C

15-
(90/9/90)
CR/Al

• ç~b

10 —

~b c • ALLOY E

ç~.

Z
5 — 

~ç~
Ql’

(0/0/0)

ALLOY F7
° BASEUNE

C
8 9 10 11 12 13 14

MODULUS (106 ps I)

Figure 40 The Effect of Density and Modulus of Elasticity on Weight
Savings in the Forward Adapter Shell fo r  a Marg in of S a f e t y
of 0.32
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• 8 kg (17 lb .) is indicated , and , when compared to the grap hite/aluminum

composites , advanced alloys C and E are both  competitive . The isotropic

properti es ol the’ advanced alloys art’ an advantage in this particular appli-

cation . The graphite/aluminum in a quasi-isotrop ic form has a lower specific

modulus  t han Al loy  C. From data in Figure 39, weigh t savings  w ere  det er m in ~~I

b r  the ’ various mat~’rials assuming a margin of safety e ’,t 0.32, the value ’ used

~n the’ present design . Figure 40 presents the~ e~ weig ht savings as a function

of modulus oh . elasticity and density. Again , a favorable comparison is

indicated tor Alloys C and F. with the various configurations of graphit e

• a l um inum composites .

-‘e .2. I Thrttst Vector Cont rol Brackets

The C4 Thrust Vector Control (TVC) brackets on tht ’ h i r s t  and second stage’

motors were selected for study on the basis of substituting high strength

advanced alloys. These brackets are used to support TVC hardware  and are

presentl y made of 201-T7 aluminum castings , insulated to withstand th e

elevated temperature environment after motor ignition . Figure 41 shows the’

geometry of  these brackets along with the critical design loads.

The advanced alloys selected for evaluation in this app lication have h igh

spvciflt’ strength. They art’ Alloy D, All oy F, and Al loy  H .

C r i t i ca l  l oading condit ions are underwater launch for the  f i r s t  s tag e  bracket ,

and the  first stage separation event for the second stage bracket. Becaus e

the brackets are’ insulated by an overlayer of cork and foam , the  maximum

t t’mpe~ra tu te experienced by the  aluminum is only 338 K.

The TVC brackets are strength critical (bending). Therefore , a simp le ratio

of the ultimate strengths was used to calculate bracket size. Density cf the

various alloy s was then used to determine weights and potential weigh t

savings . Table l9is a sumary showing the bracket weights and weight saved by

t h e ’  advanced alloys . It is assumed that the insulat ion weig ht is constant

for all the alloys . Note that on each motor  stage t h e r e ’ art-  two brackets;

titus the missil e weigh t savings is twice the weight savings for each bracket

in each stage .
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GAS GIN

CO CPGAS GIN. ---
~~~~~~ 

• 
.P~ 5170 lb (LIMIT)

— ‘ -BRACNU
AFT DOME - / n~o lb (LIMIT)

MOTOR SKIRT

CG CPIIRACIe.IT

(a) FIRST STAG E BRACKET
CRITICAL DESIGN CONDITION: TUB E LAUNCH

P5 3260 lb (LIMIT )

•“ 1’T - 2950 lb (LIMIT)

\\ ii
- - - 

• 
- • 

- MOTOR RING

(b I SECOND STAG E BRACKU
CRITICA l DESIG N CONDITION

FIRST ST AGE SE PA RA T ION .
SECOND STAG E IGNITION

Figure 41 TRIDI*fl—C4 Thrust Vector Cont rol Bracket s W i t h  Cr I t  i e’~~1
Design Loads In d i ca t ed
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In Figure 42, the estima ted weight saving per bracket is plotted against

u l t ima t e  strength and densi ty.

TABLE 19

TVC BRACKET WEIGHT SAVINCS*

ALLOY ULT IMATE DEN S ITY FI RST STAGE 
— 

SECOND STAGE
STRENGTH WEIGHT WEIGHT WEIGHT W EIGHT

SAVINGS SAVIN GS
HPA g/cm 3 kg kg - kg kg —

___________ 
(ksi) (~ b/ in 3) (ib) (ib) ( ib)  (Ib)

201-T7 386 3.4 - -

(BASELINE) (56) (0.10) (7.6) (2.15)

ADVANCED
ALLOYS

D 861 2.214 1.2 2.2 0.35 0.63
(125) (0.08) (2.7) (4.9) (0.77) (1.38)

F 861 2.491 1.4 2 0.41 0.57
(125) (0.09) (3.1) (4.5) (0.90) (1.25)

H 861 2.768 1.5 1.9 0.45 0.52
(125) (0.10) (3,4) (4.2) (1.00) (1.15)

* Weigh t and weigh t savings are per single bracket . Insulation weight

H 
not included and is not a variable.

~~ a percentage basis the sensitivity of wei ght savings to density is simil ar

for both the brackets and the forward adapter shell , de’scribed previously .

- 
- 

Both the weigh t savings per bracket and sensitivity to de’nsity and ultimate’

strength are higher for first stage brackets than for second stage ’ brackets ,

as shown in Figure 42 . With respect to effect on mi ssile range’ or payload ,

it should be noted that weight saved in the second stage motor is five times

more effective than weight saved in the firs t stage motor , Figure  17 . Thus ,
• substitution of advanced alloys for the 201-Ti aluminum castings in the’

-

~~ second stage motor TVC brackets would contribute more to missile’ range or

101
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DENSITY (lb/in3)
0.08 0.10

ALLOY D

~~: 
:~

~~ 
~~~ 

°‘
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Figure 42 The Effect of Ultimate Strength and Density
on Weight Savings in the TVC Brackets
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payload tltat~ substitution in first stage brackets. Because the  brackets are-

re’lative’ly low In total weight , the con t r i b u t i o n  to m i s s i l e ’  per formance  b y

advanced alloy substitution is limited .

A pot ential cost limitation in  substituting an a d v an c e d  aluminum a 11ev b r  the

201-Ti a l loy  cas t ings  is that the former cad nor be cast • On e’ approach  fo r

low f a b r i c a t i o n  cost in a p p l y i n g  the  advanced i i  1e ’v~- i s  t . ’ use tl~ ’ H ip  (h ot

Isostatic Press) process to consolidate’ the rap idl y solidifi ed a l l ey  powders

to a near net s iz e  p a r t .  HIP p rocessing  of the 201-T7 bracket castings is

now being use’d to improve’ t h e i r  tens!  le duct  i h i t v  and should b e’ applicable ’

to processing of the  advanced a l loy  powders  as We ’l I .

4 . 2 . 4 Conclusions

For both the predominantly stiffness-critical forward adap te r  sh e l l  and

strength-critical TVC b racke t s , s u c c e s s f u l  development  of the  advanced a l l o y s

considered would result in weight savings. In the  case of  the’ forward

adap te r  she l l , a p p l i c a t i o n  of Al loy  C having  14 ~~‘r ce1:t hig her compressive

modulus and 16 percent lower density than 508 ~-H3 2 I sheet pr esen t ly used
would result in a 7.7 kg (17 lb.) weight savings . A hi gher  s t r e n g t h  a l l o y  in

th i s  case would not result in any weight savings, as the shell is stiffness

c r i t i c a l.  in the  case of the  TVC brackets , app lication of Alloy 0 having

123 percent higher strength and 20 percent lower density than the 201-Ti

cast ings p resen t ly  used would resul t  in a 4.4 kg (9.8 lb.) weight savings in

the f i r s t  stage and 1.25 kg (2 .76  l b . )  weigh t savings in the  second stage .

Weig ht saved in the forward adapter and second stage motor TVC brackets is

five times more significant in missile range or payload improvement than in

the first stage motor TVC brackets. Because some question exists in econo-

micall y forming TVC brackets from advanced alloy powders tha t could compete

with the relativel y low cost near size casting of the 201 a l l oy  b racke t s , it

is reconvncnded that selection of property goals for advanced alloy developm en t

focus on the forward adaptor requirements .
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Successful development of an improved stiffness alloy such as Alloy C in

the form of a rolled ring forging or sheet would provide a weight savings of

7.7 kg(17 ib). However, over a relatively short (three year) period , it is more

likely that an advanced alloy would be successfully developed that has an

intermediate stiffness improvement . An example is Alloy E, which has a 25 per-

cent higher specific stiffness (compressive modulus-to-density ratio) than the

presently used 5086 alloy. Successful application of this alloy would save

3.6 kg (8 lb.) in the forward adapter shell alone, and with additional savings

possible by application to the forward adapter rings as well.

4.3 Aircraft Structures

Three different aircraft structures were selected for evaluation of weight

savings and related performance improvements obtained by application of

advanced alwninum alloys. The structures studied were (1) subsonic recon-

naissance V/ STOL aircraf t , (2) supersonic fighter/interceptor V/STOL aircraft ,
and (3) wide-bodied transport. All three aircraft include stiffness-critical ,

strength-critical , and fatigue or crack growth rate critical components.

Thus , it is appropriate to consider the application of advanced alloys that

are higher in strength or stiffness or fatigue resistance than the best

commercially available alloys for each aircraft. Because such improved

properties are likely to be developed in different alloys rather than all in

one, then weight savings may be obtained by selective substitution of advanced

alloys each having different properties for different parts of the structure.

The application of advanced alloys exhibiting significantly higher selected

properties is intended for new aircraft to be designed in the next decade.

Because these aircraft have not yet been designed , except for general

size and service requirements, the trade-off studies described herein are
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based on two aircraft currently in service. The S-3A Navy ca r r ie r -based,
ant i -submar ine  patrol  a i r c r a f t  was selected as a s t r u c t u r a l analog for  the

future subsonic V/STOL and supersonic V/STOL aircraft ; the L-lOll commercial

wide-bod y t ranspor t  was selected as a structura l analog for a future long-

range military cargo/transport. This approach is intended to provide a more

accurate determination of weight savings/performance improvement from app lica-

tion of advanced alloys than would be obtained from parametric analyses of

preliminary designs. Detailed weight and stress analyses as well as extensive

i n - f l i g h t  experience are avai lable  for a l l  components in the S- 3A and L-lOli

aircraft .

Analyses of critica l and near c r i t i ca l  design conditions and f a i l u r e  moth’s

were determined for all structural elements in the two aircraft . Weight

savings were then calculated by substituting various advanced alloys for

the present  aluminum alloys. Substitution was performed by applying improved

stiffness alloy properties in stiffness-critical components , improved strength

alloy properties in strength-critica l components, and so on. In some instances

s u b s t i t u t i o n  of a pa r t i cu la r  property set resu l t s  in sh i f t ing  from one c r i t i c a l

failure mode to another, in which case the limiting condition satisfying

structural design requirements and providing the optimum weight reduction was

selected .

4.3.1 Assumed Propert ies

Advanced alloys exhibiting two levels of improvement in selected properties

were considered. The first level selected is based on a reasonable probability

of being developed in a three-year period for scale-up and ready for new

systems applications in five to seven years. The second level selected is

based on a probability of being dtveloped in five to seven years and ready

for app lication in nine to twelve’ years. The second level of improvement is

twice the first level improvement . The properties and improvement amounts

se lected for  the two levels are as fo l lows .
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Level I

t-k dulus ot Elasticity

St rength +20 .

Fatigue and da/dN +20 

Density —

Le’Ve’l 11

~~dulus of Elasticity

Strength

Fatigue and da/dN 440’~
Density

It is also assumed that in each instance the p r o p e r t i e s  o ther  than t hat

se’lccted for improvement are not compromised f rom the  p r e sen t l y used a l l oy s .

This includes corrosion resistance , machinability , fabricab ilitv , e’tc .

4 . 1.2 V/STOL Aircraft

As desc r ibed  above , weight  savings were f i r s t  determined by s u b s t i t u t i n g

alloys assumed t o  have improved properties for present aluminum structure in

the S-iA a i rp lane , then these weight savings were scaled to the two sp e c i t i c

v/STOL aircraft configu rations , subsonic reconnaissance and supersonic

f i gh t er /  i nt e r c e p t o r , fo r  determinat ion of performance’ changes. An arti st ‘s

rendi t ion of one vers ion of the  subsonic V/ STOL is shown in Fi gure 4 ~.

Table ~0 shows the S-iA wei ght savings in wing,  fuse lage , and e ’mp onnage ’ al~nu i-

num s t r u c t u r e  for levels C fle’ and two improv &~nent in s t ren g t h , modulus  of

elasticity, and fatigue, but no change in density or other properties.

Table 21 shows the percentage by weight  of each major  s t r u c t u r a l  element  t h a t

would benefit in strength , stiffness, or fatigue improvement. These percent-

ages represent the portions of existing structure replaced by advanced alloys

having selected property improvements. For example , from Table 21 , it is

seen that 100 percent of the wing spars ar e’ s t r eng th  critical , 38 percent are

also stiffness critica l, and none are fatigue critical. The weight savings

lOt’
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TABLE 20

S-3A AIRCRA FT WEIGHT SAVINGS RESULTING FROM INDIV IDUAL
PROPERTY IMPROVEMENTS (NO INPROVEM NT IN DENSIT Y )

WEIGHT SAVINGS - LBS.
STRUCTI.RAL ADV. ALII4.-LEVEL I (- 2o~) ADV . ALUM .-LEVEL II (+~.o~)

EL~ 4ENTS STRENGTH STIFFNESS FATIGUE STRENGTH STIFFNESS FATIGUE
Pr imary Structure

Upper Surface 18 138 - 37 287 -

Lower Surface 23 69 97 31 84 194
Spar s 146 7 - 91 9 -

Ribs 145 - - 286 - -

L.E. 14 ii - 8 22 -
~ Control Surfaces

Aileron - 19 - - 38 -

-
~.E. Flaps 147 10 15 93 12 31
L. E. Slats - 1+9 - - 99
Spoilers 16 13 - 31 16 -

Subtotal - Wing 299 316 112 577 567 225

Pr imary Struc ture
~ Cover 71 13 - 11+1 26 -
~ Longerons - 3 86 - 6 172
~ Blhd . & Frames 179 31 59 353 62 119
~ Floor & Deck 99 - - 198 - -

Keels on 84 - 168
Sub total - Fus . 1+33 47 11+5 860 91+ 291

Primary Structure
Surface - 33 - - -
Spars 26 7 - 51 9 -

~ Ribs 13 8 - 25 16 -

~ L.E. & T.E. 8 6 23 15 12 145

Control Surfaces

~ Elevator - 59 - - 118 -
~ Rudder - - - -

Subtotal - Emp . 147 11414 23 91 278 45

Total 779 507 280 1528 939 561
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TABLE 21

P ROPORT ION OF S - 3A AIRCRAFT COMPON ENT W i~1 CIII  C1IAN C El)
I~ECAU SE OF SPECIFIC PROPERTY IMPROVEM EN T

% STRUCTURE CHANGED
STRUCTURAL ELEMEN’r STRENGTH STIFFNESS FATIGUE

Primary Struc ture
tipper Sur face 100 100 -

Lower Surface 100 100 1~0
Spars 100 38 -

Ribs 100 - - -
L.E. 100 100 -

Control Surfaces
Aileron - 100 -
T.E. Flaps 62 23 17
L.E. Flaps — -

Spoilers 100 lOU -

Fuselage

Prima.ry Structure
Covering 98 18 -

Longerons - 3
BThd . Frames 72 10
F1oorin~ & Decks 100 - -
Keelson 100 - -

Empennage

Primary Structure
Surfaces - 100 -

Spars 100 49 -

Ribs & Fittings 100 86 -

Fixed LE. & T.E. 32 13

Control Surfaces
Elevator - 100 -

Rudder - 100 -

l0~)

—
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listed for the  wing spars , Table 20, are the result of replacing 100 perc en t

— of existing alloys with improved strength alloys , or replacing 38 percent ol

exi sting alloys with improved modulus alloys , and not rep lacing any of the

structure with improved fatigue strength alloys.

Tabl e 22 prese n t s  weight savings for the S-3A a i r c r a f t  obtained by substituting

h i g h e r  strength or higher fatigu e properties but not changing density. For

thu wei ght savings obtained by subs titut ing  a h ighe r modulus  a l l oy,  a chang e

- 

- 
t o  lowe r den s i ty  was also assumed . These l a t t e r  weigh t savings were ob ta ined

by substituting t he  higher modu lus/ lower  dens i ty  a l loys  for s t i f f n e ss— c r i t i c a l

compon ent s and then a lower densi ty alloy was substituted for  the  ba lance .

For the weigh t savings in this table attribut ed to improved s t r en g t h  o r
l at i g u e  p r op e r t i e s , port ions  of the  components not s t r e n g t h  cr i t i c a l or f a t i -

~~ %C cr1 t i  cal , respec t ive ly ,  were changed to a lower d e n s i ty  a l loy . For
example , a st m c t  ure that is 72 percent by wei gh t st  rength c r i t ic a l

has this port IOu replaced by a h igher  s t rength  alloy , and the balan ce rcp iace~I

I~v a lower density alloy in which o the r  p roper t ie s  arc unchanged.

~n T a b l e  .~~~ , weights l i s ted  under  “Optimum Alloy Selection ’’ are the  h i ghe’st

w e i  ej,t s aV i nu s  or  each component obtained by alloy suhst i t ution . Under the

t rengt h , st i I in ess .1 ud dens i ty , a uid f a t  i gue c ci Hum S , the ’ max i mtuii we i gh

sav ingr  a r e  u n d e r l i ne d .

Tlit ’ above we i ght savings data were then  transposed to  the  two V/ STOL ai Fer a l

con I i  gur a  t i on s and the ’ re’su I t  ing improvement  on a i r c r a f t  we igh t  , si ;~e, and

p er f o r m a n ce  were calculated by a p r o p r i e t a r y  systems an a ly s i s  program termed

ASSE T (Advanced System S y n t h e s i s  and F~ a luat ion  Techni que)  . Ib i s  i s  :10

it erat i ye compute ’ri zed pr ogram which is used for  a ir cr a  11. s s t  ems anal ysis
and r ade — o I f iud i os • A schema t i. c of  [h i’ ASS FT svn t bus 1 s eye ’ I c  i 5 showfl

i n I” i gim u - i ’ - ‘~‘e a long wi. tb the’ d u ~ i s i on — m a k i n g  (low d i ag r am  in  Fi gure

ASS - ‘I’ m t  (‘gra t us in p u t  da t  a d esc r i b i n g  a i r c r a f t  geomut rv , a ero lvn:im i cS

propu l si on , mat t ’ r u a l s  and p r ope r t i e s , for  particula r st rue’t u res  , and w e i g h t s

o t  c e r t a i n  component s  to obt a~ n op t imum a I rcra ft W ul  uht , s i :‘c , and ut ’ I to

I I s I v p rey i ow; ly I~~i i n  , d  m i s s i o n  and pay load ru qu  1 rumun t s . Des i gu opt m on ;;
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TABLI - 22

5— IA WE I (l1’l’ SM’ IN CS FOR (W I’ IMU M COMR I. NAT iON 01’ I l l  CII
sr RI :NCTII  , I l l  CII I ’AT IGUI - , ANt ) It lGll M0I )LIU T S/ l O W liENS I TV

Al l OY S

wziaa’r sAvnma us.
ADV. ALLk. - L.EV~~~. t .2C~.) ~DV . ~~~~ - ~~~~ t : ..~ot’

OPr~ tti 3ii.rp~~~ s3 ~l’t’~4tI4
S~~T.r~’t~ AI. & DU8~~T ?ATI0t~ ALLOT ST~~~IO~~ 3. DE2ISITT )‘ATI3U3 ALLOT

~~~~~~~~ ( .)  (2) J31 ~~LECTICW 
_______ ________ ~i) ~~LECTIQN

Prtaary Struct~mr.
• pp.r Surf.  113 ~h1~ 79 .~‘3 37 .~~~~

l~v.r Surf . 23 ~~~~~ ~ *1, 31. ~~~ ~~ 22~
Spar ~eO •~~~ . k’ -. 1 

~~ 
)14

Ilib ~~~~~ _ 9” :~$ -~~~~,

t..z. 8
2a~ trO1 Suifac.a

12 .“ 1’~ 19
T.~ . Flap ~~~ IL’Q 12’

L.E. Slats 2~ ,~c ,.~ 
-
~~~~

Spo t-h r lb lIe .~b 31 s,.. 29

Subtotal - Wt ~~~~ 3~ 1 b87 le.27 ‘~‘Q l2ut) - ‘ c

PrImary Structur.
Cov.ring 1,13 3b 72

-

3114. 3, Fr an.. ~~~~ . 113Q 1.90 2214 
~~ 372 3~ 

1,1,1,
Floor ~ Dsc* •~Q Le9 1,9

le ’~ 814 1314

Subtot&l - ?ua•Ja4s 21~ 37~ 1,01, 1242 ‘142 81.2 2~28

PrImary Structure
Surf. 21, ~~ 1,8
Sp.~ 23 17 2t’ ~i

~ Rib. 13 10 113 .~~..

L.L. 3, T.~ . 23 27 
~~~~ 

31,

Cootro1. Surf aO.s
*1.v. .19 13.~ 29 83 ~~Q ‘ c~ ‘0
Rug . lb Lb 31 11

Subtot&L - Tail 1.31 2149 1.30 2’0 .1’9 ‘(‘2 2’8 ~;~2

TotaL 1006 1.312. 961 1.573 1980 .llen2 .~~~~‘ NQ’

(1) Tb. struc ture La s.a~~.d to b. nad. t’r~~ a bi4b atr.s~th nat.rtlJ. vttsr. It  a a tr.rug th r t t t c a.1
and a law 4.naity sat.rtaJ. wttb •i%uival.rt t prop.rtisl for tb. risaintha atrtlctur . .

(2) Tb. atruct u~’. La u.uaed t~ b. nad. c~~~1 t.1~ roa a bigb atiffb.aa , 1~~ denatt y ail ,y .
Thua both wetgbt aavtn~a trca ttigft.r aoduiua a~d lower dun. I ty are ..nciud.d.

(3)  Tb. structure La u.~~~d to b. sad. fr ~~ a bt~b tati ~u. •trun~tb .a t.rla.l. vb.r. I t  is ta ti 4u.
orittca1. and a low d.natty aat.rtsl. vltt  .~uivat.nt prirpsrtt.a fur tb r~~athth~ st ructure .
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can be evaluated conveniently, comparing the relationships of thrust-to.

weight ratio , wtng loading, engine CYCle , and advanced structura l n~ terial

app lications t hen calculating optimum vehic le  weight , s ize , and performance .

The supersonic V/STOL mission involves a 740 lan (400 n. mile) radius of

operation , carrying a payload of 621 kg (1370 lb.). This V/STOL requires

vertical takeoff Ircm a shi pboard platform and so has a hi gh thrust-to-

weight ratio of 1. 13 . The wing loading is 4.79 kpa (100 lb ./ft 2). The

subsonic V/STOL aircraft has an unstated radius of operation and the  payload

is larger , 1618 kg (3568 lb . ) ;  the  th rus t - to -we igh t  r a t i o  is 1.10 and wing

loading is 4.31 kPa (90 lb ./ft 2). For each of the  component groupings in the

S- IA aircr aft , weigh t saved by optimum alloy selection was d iv ided  by tim e

total Structural weight of the component group to oh t a in a p~ me ’c n t  age’ we I gl u t

sav ing ,  see Table  2 1  and Figures 4 1m through 50 . We’ ( g lu t  sav i ngs In t h e  5~’

f i g u re s  are for  leve l I p roper ty  improvement .

TABLE 2 3

PERCENTAGE WEIGHT SAVE!) IN 5- IA AIRCRAFT
BY ADV ANCED ALLOY SURSTITUT ION

PERCENT AGE REDUCTION OF COMPON ENT WEI GHT
- I — FOR OPTIM UI’-l ALLOY SELEC rION *

COMPONENT
GROUP LEV KL I LEVEL i i

Wing 15.3 28.4

Body 11.2 22. 1

Tail 19.6 It~~

* Used for Subsonic and Supersonic V/STO L ASSET Ana lyst ’s.

These percentages were used In the ASSFT ana lyses for each of the  two new

a lr c ra ft  , the supersonic V/ ST OL and subsonic V/STOL. ilie’ results obtain ed in

t e rm s oil aircraft performance are presented in Tab les  ‘- t h r o u gh 27
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lOW OEN. 1 6 . 2

HIGH STR 5 7
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Figure 4(~ Weight Reduct Ion Comparison in S— 3A Ai r em - a f t
Resulting From Individua l Property Imp FoVe’ment
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Figure  47 Wel ght Reduc t Ion Compa ri sons in 8— IA At rc r a f t
R e s ul t i n g  From Ind ividua l Proper ty  lnmprovement

I: 
Combined With Reduction in Density
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DISTRIBUTION OF WEIGHT
WT REDUCT ION BY ALLOY REDUCTION BY PROPE RTY

•  

A’~~FA T. I
/ \ 1o -3% lHIGH SIR . - 

- 
.—~~~~.: - 

- 8 1 / \ ILOW DEN. ~l.- 
~ :. -~~~ .

;-
~~

-
~~ -

- / E \ I DENSITY
- 17.0% 36.4%

HIGH STIFF - 3.6
LOW DEN. 

STR

HIGH FAT. 
- 

- 

2.3 
36.3%

LOW DEN. 
-

EGUIV STR. 0 6LOW DEN. -

TOTAL 
- - 

14.6 

0 4 8 12 16
ALLOY WT REDUCTION — % STR WT

-‘1 gur e ’ 48 5— IA A i rcra f t  We! ght Reduct  Ion and Di st r ihu t  i on
for Optimum Combi nat ton o I Four Low Density
Advanced Al unit nuni Alloys — Hig h S t r e n g t h , High
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WI. REDUCTION BY ALLOY DISTRIBUTION OF WEIGHT
REDUCTION BY PROPERTY

HIGH STIFF. 

~ffff~ 
59

HIGH SIR. 4.7 
~~~~~~~~~~~~~~ STR

41.4%

HIGH FAT. 0.8

TOTAL 11.5

ALLOY WI. REDUCTION — % STR WI

Figure 49 S-3A Aircraft Weight Reduction and Distribution
for Optimum Combination of Three Advanced
Aluminum Alloys - High Strength , High Modulus!
Low Density, and High Fatigue Resistance
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ALLOY DEVELOPMENT WEIGHT REDUCTION — % STRUCTURE WEIGHT
NUMBER TYPE 0 4 8 12 16

OF ALLOYS OF ALLOY I I I I

BEST OF 14.6
THREE FAT /DEN.

BEST OF STIFF./DEN J11.4

BEST OF STIFF. 
}

9.3

STR./DEN 1113
ONE STIFF./DEN. 1 ~

____________ 

FAT /DEN 
~ 

8.0
DEN. 1 6.2
STR. ] 5.7

ONE
STIFF.

_____________ 

FAT . 2.0

Figur e 50 Optimum Payoff Comparisons for S-3A Aircraft in
Terms of Percent  Weight  Saved by Selected
Combinations of Advanced Aluminum Al loys
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tAt tl .I- 28

WF IGUT SAy 1 N(;S IN AI)VA NCI’L~ W 11) 1’ — ((ODY l’RAN SPOR ’I ’
A L  RCRA I-’T RKSIII,I 1 N(~ FROM INtl IV IDLIAL PROPERlY 1 MPROV Et’tt N’l S

ADVANCED ALUMINUM - LEVEL I (+20Z)
STRENGTR ST~~TNESS ?A~’IGUE

-t
STRUCTURAL STRUCTURE WEIGHT- STRUCTURE WEIGHT- STRUCTURE WEIGHT -

EL~ 4ENTS CHANGED LBS. CHANGED LBS • CHANGED LBS

Primary Structure

Upper Surtace 1C~CI 31~ 100 - -

Lower Surta.~e - - 1.00 - -
C~ vr ’r 1.00 102 — — 1.00 1200

- - St i t teners  100 — — LOt)
Spars

1.00 1114 147
Web 101) 15~ L00 .~~0 - —

Ribs 1.00 100 ~~0 — -
~ P4113 100 20 - - - -

L .E .  & T.E .  - - - - -
Cover & S t if f .  etc . - — - - - -

Ribs (.00 150 — — — —
Joints & Fasteners — — — — 100 .1 00
Control Surfaces; - - - - -
Secondary & Misc.

Subtotal - Wing 1016 1510

Primary Structure

Covering 1.00 300 100 100 1200
Str.  & Long. 314 200 - - - -
Pros. - Blhd . - — - - 100 140

- Deck 100 125 - - 100
Bthd. & Frames 2~ 2’~0 100 SOt) — —

Doors — — — — 1. 20 1.20

~ Floor Sup~~. 100 500 - - — -
Seat Track s 100 150 - - - -

~ Keelson 60 150 100 100 - -

Other Str. - — - - _ -
Secondary Structure

Frames & Doors bO 300 - - _ -
Other Str. - - - - - -

Subtotal - Fuselage 1975 R’~0 i14oo

I2~ 
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TABLE 28 (Cont ’d)

ADVANCE!) ALUMINUM - LEVEL I (+20%)
STRENGTH STIFFNESS FATIGUR

STR UCTURAL STRUCTURE WEIGHT- STRUCTURE WEIGHT- STRUCTURE WEIGHT-
EL~24ENTS CHANGED LBS. CHANGED LBS. CHANGED LBS.

Stabilator
Upper Cover 100 60 100 50 100 100
Lower Cover 100 30 100 100 - -

Spars 100 70 100 50 - -

Ribs 100 25 100 70 - -

Pivot - - - - 100 80
L.E. - - 100 140 - -

Other - - - - - -
(.1e~ pj~~

Cover & Stiff. 100 145 100 - -
~ Spars 100 17 100 10 - -

Ribs 100 5 100 10 - -
Other - - - - - -

Elevator - - 149 55 - -

Rudder - - 145 26 - -
Secondary - - - - - -
Subtotal - Ein p. 252 14~6 .1.80

Total 32(4 3 28th
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TABLE 29

WEIGHT SAVINGS IN ADVANCED WIDE-BODY TRANSPORT AIRCRAFr
RESULTIN G FROM OPT IMUM COMBINAT ION OF HIGH STRENGTH ,

HIGH FATIGU E RESISTANCE , AND HIGH MODULUS/LOW DEN SITY ALLOY S

ADVA~ ALIM~~T1C - LEVEL I ( +20%)
________ _______ 

opr~c~c
- ‘ STR~~ZURAL ~~~~~ ~wrna8S 7AT~~ T2 & ALI~ T

EL~~~~T3 (1) & D~~Sfl’! (2) TO~~ ffl ~~SS (3) ~~ .ECTIoN
Priwy Str’uct~~ea
Upper Surfac. 318 1737 927 1737
Lover Surtace

Cover 102 862 1200
Stiffeners 514 300 14.53

Spars
Cap 111. 911. 132
Web 158 261. 1.98

Ribs 1e08 1.0 8 705
)t.L.G. 20 19 19 20

U .  & T.L
- 

I Cover, Stiff., 206 206 206
etc .

Ribs 150 159 159
Joints , F..atsn.r , 191 121 191
Misc.

C~~ tro1 Surfaces & 1009 1009 1009 1009
See~~4~~7 5~~.
Sub tc’tal. Wing 2730 5971 1.707 631.0

Priasry St ’ucture
Covering 1.21.6 1200 lliii6
St r .& L~~g .121 537 537 555
Presa.-Rkbd . 141. 11.0 li~i

-Deck 125 60 125
BkM. & Fr.~.s 932 909 1360
Do~~s-Doub1.ers 96 96 100
Ploors Supp . 1.89 1.85 500

~ Seat fracka 1)1.2 11.2 150

~ ~i.1zoo 2I1.2 332
Other Str. 97 97

frs~.s & Doors 1.99 1e99 500
Other Str . ~~ 77. 1.71 1.7].

Subtotal Pua.i sg. 11930 5635 14.786 5677

1. 

~~~~~ ~~~
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TABL1- 29 (Ct-mt ‘d)

ADVANCE ALTJ(flit)( - LEVEL I (+20% )
OPTfl4U4

STRUCTURAL STR~~GTH srirrr~~SS FATIGUR & ALLOY
EL~ O~1iT5 (1) & DENSITY (2) ~~~m~ss (3) SELECTION

St-abilator
Upper Cover 60 100 1141
Lover Cover 30 102 192
Spars 70 68 113
Ribs 25 76 139
Pivot 7]. 73. 80 80
L.E. 60 96
Other 97 97 97 97

I-~a Fin
Cover & Stiff 1.5 142 83
Spars 17 27 18 27
Ribs 5 16 25
Other 32 32 32

Elevator 77 113 77 113

Rudder 1.0 140 59
- - Secondwy — — -— --

Subtotal Tail 629 1188 808 1197

Total 8289 12891. 10301 13154

NOTES:

(i) The structure is asst~~ed to be made tr~~ a high strength material where
it is strength critical and a low density material with equivalent
properties for the r~mal~n1~ng a tructure .

(2) The structure is asst~ed to be made c~~p1ete1y from a high stiffness ,
law density alloy. Thus both weight savings from higher modulus and lover
density are included.

(3) The structure is ass~~ed to be made from a high fatigue strength high toughness
material where its fatigue & toughness are equally critical aM a law density

- - material with equivalent propertie. for the reR~t ~~ ag structure.
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TABLE 30

PERCENTAGE WEIGHT SAVED IN ADVANCED WIDE-BODY
TRANSPORT AIRCRAFT BY ALLOY SUBSTITUTION

PERCENTAGE REDUCTION OF COMPONENT WEIGHT
FOR OPTIMUM ALLOY SELECTION*

COMPONENT
GROUP LEVEL I LEVEL II

Wing 13.3 24.7

Body 11.2 22.3

Tail 13.2 24.6

*Used for ASSET Analyses.

TABLE 31

SU)IMARY OF WEIGHT SAVINGS IN WIDE-BODY TRANSPORT AIRCRAFr BY
APPLICATION OF ADVANCED ALUMINUM ALLOYS , ASSUMING CONSTANT PAYLOAD

A/C ADVANCED ALUM 1NUN - LEVEL I ADV A~~ ( P  ALU MI N ITH - LEVF L I I
SI~CT1ON CONV ENT I ONAL flIP(TF — otyrp~rr fl~ptrr 

— 
nirrptn- -MET HOD w t . (I 

~. RED. W t . # 5, RE D . ~, RED.  WL #  1- R ED .

Wing  69077 I L )  54004 2 1.8 24 .7  42875 17.9
T a l l  727 . ’ I 1 ,2  554 0 2. 3 .8 2- , . 1~ 4 .”)8 40 .9
llod y 61456 11.2 53477 13.0 2 2 . 3 1,111, , 2 S 2

191~02 18345 6.4 17 313 ’ - . 4
Eng i ne  S~- ,~t ton 8993’ 8194 8. 9 7S ~ I

TOtAL SIR . 16640 1 (2 ) 10. 2 139560 16.1 (.‘119 . l’ 118007 29 .1

Pr o p u t st t -.n 2 8 S 7 7  263 14 7~~t3 . 4 , 9’) 1 .
Sv . ,‘. r u m .  3 ,2 ( 9 2  61966 .7 ( -16 17 1 .2

MEW 2 5 7 170 2278 19 U .~ 10412- . 20 . 7

St J .&Op c r .  Itom a 18 340 18 .120 .1 1$ 304 .2
OEW 275710 246 159 10. 7 2 2 2 . 2 8  19 . 1

Pity IoaJ 80000 80000 80000
E u e (  Q 82l . l -  9 1714 6 . 7  $I ’ l~ l~ 1 2 . 1

(T0W J 4 5 3 9 7 6  4 17 873 8.0 388785 1-. - 4

N YfF ~~ I )  Adv a nced A lumi  ruin Al to~~ Co n i t i i t t  ,‘ I Two Levi’ I s  I improvement .
LEVEL I :  2O~ Improvement in P t -op e r t ies  ~ ( 0 . Red~ c t t o n in D ens ity
LEV EL I L  , r . Improvement in P m o p e t - t I u - - ~ 6 2O5~ R~duc iou~ in ~~~~~

~l Not it Compult er Input

129

_______________- - ___________ -—



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- 

~~-T~~ ~~~~~~~~~~~ 
-

-I l

0 0
.4
4.1 4.1
4,1 4.)

a o
o~~~~ I-4 0 0) 0)

(“l —4 ~~

‘.0 0 ~‘t4.1 0 0
Z 4~~~- 4 W  + .- iN

33
4) 40 (0

0 0  0 ( 0 0
_ 1 .33~~~~-1 r- CO
‘ s-i 0 1 0 03 • 0) ‘1)

• -.. 03 (‘1 (0 .4
0O~~~4 c 0 3  iN ~~ 1.1 4.1

I-i 4 ,-I +

0 i-I ~ 0 0

I-I § 
.
~~ ~~~

. ( 4,1 4.1
in ‘~~~ U i-I 33

.11 ..*:z z
gIt -  .-

~ ~~

. 
0) >~~

., 
~~~~~~~~4.) O I J  0 1 . 1

“~ 1n4 . 
0 33 4 . 1 . 4

IA3 rI.1 114 o3 s-i (0 33.~~~ ~~~~~
~~ 0 

11-1 ~ 4 -4 • ‘~~ s-I 01 ‘-4 0)
l i z  03~~~~~4) 0 331

I I

~ .o~~~~~~-4 ~-~~~ ~~~~~~~~~~~~~~~~~~~~~ 
-

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

.

~~ 
.;;
~

03 ‘-4 5-1 ,.4
3 3 0 1

0
0
0 111

0 1 0  I-i
(O P-i Q 0I,

_______________________________________________



~~‘ - - -

iN

.~~~~~ 
-4

33 .0)
o ~.4 -4
4.1 0

4 J r 4  t~~U
‘.0

01

5
0
5-4
03

Z 01 4-’.-~~ lii 0 0 1  ‘.0 4.1 4.1It P-n 14 .4 0) ‘.0 .4 .4
—4 33 iN (0 01

-~~ - 33 33- - I 0� 0 1 0  ~~ 0) 0)
Z L ~ (O p., a’. 331

33 33
.4 .4

E4 1’l 33 33
0 0
.4 .4
4.1 1.1

if, .. 1) 0
s—I s-i • (0 ~r-. aZ~~ 0 0) 01

0 1-4 - 0 )  s—I p~Z ~- ..1 s-I
0 0 l~>-i lzl ‘-4 -~~ 4-I 0 000 s-I s-I iN

in .~3 Z  0 (0
~~~ .-I ’o 5-4 33 4 J s-4 ,-4 40

40 0) • 33 33

k

131

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ :;- :-
~~ - -



rh1
~~ ~~~~~~~~~~~~~~ 

- - - 
‘:
~~~~

—‘ ~~~~~~~~~~~~~~~~~ -
~~~~~~~~

- -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -

~~~~~~~~~~~~~~~~~~~~~~~~~ 
i~

_
~~~

_ _
~~ ?~ ~~~~~~~~~~~~~~~~~ 

-

LOW DEN

HIGH SIR 24

- ‘  HIGH FAT. & K ‘~~
‘ ~~7 / /’~ - 7/

7 2.4

HIGH STIFF. (i~~~~~~~~~

-

~~~~
2.1

PROPERTY 0 2 4 6 8

WT REDUCTION —UTR WT

Figurt ’ ~ 1 Wo ig ht Reduct ion Comparisons in Wi dt ’— B o d v  T ranspo r t
A i r c r a f t  R e s u l t i n g  From Individua l Prop crty
lilIp rovemen t

I

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _



- -  

~~~~~~~~~~~~~~~~~~~~ ~T’~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~
-‘

~~
--------

WE I G HT SAVED DUE WEIGHT SAVED
TO PROPERTY IMPROVEM ENT DUE TO PROP . INCREASE
ONLY & DENSITY REDUCTION

HIGH STR ,~~~~~~~‘/~//7’~~~ 24
LOW DEN. / /,-~2’~-Z~

-
, 

- //2/

~~~ / z,/,/ ~~~~~~~
- - --

~~~~~~
- -‘ -~ > 2 - -~~~HIGH PAT. & K ‘/‘ </ :“~

‘
~

-
~~

-
~ 9.6

LOW DEN- ~~~~~~~ -2 2
;.,~~

-/
~~~~ 

2.4

‘// _ ‘j , _  _ ‘/ ,_ ‘_ /,_ -
_,

-
,

/ - - . - /,-, /-- Yi/~ /7 ______________________________________________

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

2.1

—
~0

PROPERTY WT REDUCTION — S STR WT

Figure S2 We1~ht Reduction Ct~ parison in Wi de-lot lv Transpor t
Aircr aft Resu lting From Individua l Property
lmprovt~ients  Combined Wi th  R edu c t ion  in Den s i t  v

1 3 .1

p

- — - — - ~~~~~=~~~~~~ --- - 
- - -— — — --~~~~~~-~~~ -~~~-

—-—- --—--



--

DISTRIBUTION OF WEIGHT
WI REDUCTION BY ALLOY REDUCTION BY PROPERTY
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- 

- 
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14.0% 

DENSITY
LOW DEN. 56.4%

HIGH STR . 2.5
LOW DEN.

EQUIV SIR. 1.9
LOW DEN.

TOTAL

ALLOY WT REDUCTION — % STR WI

Figure ~ 1 Wide-Body Transport Aircraft Wei ght Re duct ion  and
Distribution for Optimum Combination of Four Low
Density Advanced Aluminum Alloys - High S t reng th ,
High Fatigue Resistance , High Modulus , and
Equivalent Strength
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When s t r eng th , modulus , and f a t i g u e  improvements are combined witl-i low den-

s i t y ,  Figures 47 and 52 , the S—3A bene f i t s  most f rom the combined s t ren g t h

and densi ty  imp rovement.  Howeve r , increased modulus coup led w i t h  decreased

densi ty  is 84 percent  as e f f e c t i v e  as the s t r e n g t h/ d e n s i t y  improvement .  Tn

the wide—body t ranspor t , the weigh t savings is almost I d e n t i c a l  f o r  a l l  three

comb inations of s t rength , modulus , and f a t i gue res is tance with  d e n s i t y .

When optimum combinations of property improvements are considered , Figures

48 and 53, then the ma jo r i ty  of we igh t savings c omes from s t r e n g t h/ d e n s i t y

improvement in the S—3A and fatigue/density improvement in the wide—bod~’

t ransport . Combining optimum propert ies of low density alloys results in

higher weigh t savings than if a mix of alloys were not considered.

Because prel iminary alloy development approaches have alread y i d e n t i f i e d

promising alloy systems combining increased modulus and decreased den si ty ,

(Section 2 , this r e p o r t ) ,  the wei ght  savings comparisons shown in Fi gure s 49

and 54 are most per t inent  to relat ively short  term development goals. In

the S—3A a i r c r a f t , 11.5 percent of s t ruc tu ra l  weight is saved b y replacing

presently u3ed aluminum alloys with an optimum combination of high strength ,

hi gh f a t igue  resistance, and high modulus/low dens i ty  al loys (Level I

proper ty  se t ) .  This is only 21 percent less savings than if the  improved

alloys were a’so low densi ty,  compare Figures 48 and 49. The same com-

promise obtains for  wei ght savings in the wide—body t r anspor t , about 20

percent less. These resul ts  are important from the s tandpo in t of al loy

development goals , because it is apparent tha t  i f  a h i g h  modulus , low d e n s i t y

al loy is success ful ly  developad , it is not necessary to also develop low

densi ty  alloys having hi gh s t r e n g t h  and f a t i g u e  resistance in order  to achieve

s ign i f i cant weight savings in advanced aircraft system s.

4 . 3 . 4  Conclusions

Advanced a l u m i n u m  al l oys having 20 percent  h igher  s t r e ngt h , f a t ~~g u -  r e s i s t a n ce ,

and modulus , with 10 percent lower density contribut e significant improvements

in a i r c r a f t  per formance , both fo r  the V/ STOL and advanced w i d e — b o d y  t r anspor t .

For a constant  weigh t a ir c r a f t , the advanced alloys save sufficient we i gh t
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Section 5

CONCLUSIONS

Aluminum alloys produced from rap idly solidified powders of conventional

composition may or may not have significantly improved properties compared

to conventional ingot metallurgy products. However , alloys of non-conventional

compositions can be produced from rapidly solidified powders which have sign i-

cantly better properties. One example is the improved elevated temperature

mechanical properties of an aluminum alloy containing 8 weight percent iron.

Another examp le is the high modulus/low density of aluminum alloys containing

lithium , although the e f f e c t  of so l id i f i ca t ion  ra te  on p r o p e r t i es  has vet to

be fully characterized .

Experimental aluminum alloys containing 20 weight percent Mg or 2 weight

percent Ca have a dispersed submicroscop ic phase which is thermal ly  s t a b l e

to above 700 K, thus indicating possible usefulness for high t e m p e r a t u r e

applications .

An experimental altuninuni alloy containing 2 weight percent Ca exh ibits a l~
percent higher room temperature elastic modulus titan 7075 and o the r  c o m m e r c i a l

structural aluminum alloys. Ca additions may therefore contribute to  the

development of hi gh modulus/high s t r eng th  al loys .

The tradeoff studies performed indicate significant weight savings would

obtain in a variety of aerospace structural applications by app licatioti o f  neW

aluminum alloys exhibiting 15 percent or more increased elastic modulus

coupled wi th 11 percent or more decreased density. Strength-critical aerospace

components would also significantly benefit in weight savings by app licati on

of alloys combining a 20 percent or more increase In s t r e n g t h  wi th it) p er c e n t

or more decrease in density.
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Section 6

RECOMMENDATIONS

It is recommended that the development of advanced aluminum alloys from

rapid ly solidified powders be undertaken which meet specific property goals,

along with development of a metallurgical basis 8uitable for further scale—up

and application to new weapons systems. Rapidly solidified powders will pro-

duce a fine grain size with control of size and ~istrjLbution of interwetallics,

and , where appropriate, extend the solid solubility of alloying elements beyond

that practical by conventional ingot metallurgy . A primary property goal that

would provide a major payoff in the performance of selected new aerospace

structures is the development of an alloy with specific stiffness (elastic

- - 
modulus—to—density ratio) increase of at least 30 percent compared to Al 7075—

T76 and without significant loss in strength, toughness, fatigue behavior , or

stress corrosion resistance. An alternative property goal would be to identify

an aluminum alloy that has a specific strength increase of at least 20 percent

combined with an increase in specific modulus of 15 to 20 percent , compared to

Al 7075—T76, without significant loss in toughness, fatigue behavior , or stress

corrosion resistance. An appropriate plan should include both fundamental alloy

and fundamental process studies , alloy production scale—up and evaluation phases ,

and a cemponent design evaluation phase that utilizes sealed—up alloy properties.
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