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Representatlve mlcrostructure of the extruded AI-Ll 
alloy plate after Solutlon heat treatment (828K for 
0.5 hours) - longltudlnal sectlons (a) Alloy I 
(b) Alloy II. 

~epresentatlve mlcrostructure of the extruded AI-Ll 
alloy plate after Solutlon heat treatment (828K for 
0.5 hours) - transverse sectlons (a) Alloy I 
(b) Alloy II. 

Representatlve mlcrostructure of the hot-rolled 
Alloy I sheet, Solutlon heat treated at 828K for 0.5 
houra and aged 5 hours at 463K (roillng dlrectlon, 
R.D., lndlcated) (a) longltudlnal sectlon and (b) 
short-transverse sectlon. 

Representatlve mlcrostructure of the hot-rolled 
Alloy II (magneslum bearlng alloy) sheet; solu­
tlon heat treated at 828K for 0.5 hours and aged 
20 hours at 463K (a) longltudlnal sectlon and 
(b) short-transverse sectlon. 

Hardness as a functlon of aglng temperature for a 
constant aglng tlme of 16 hours. 

Aglng response of Alloys I and II at 443K (170C): 
hardness as a functlon of the tlme of aglng. 

Aglng response of Alloys I and II at 463K (190C): 
hardness as a functlon of the tlme of aglng. 
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temperatures - 443K and 463K. 
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ABSTRACT 

The agIng response of two powder metallurgy (P/M) pro­

cessed alumlnum-llthlum alloys has been determIned. Alloy I 

has the composltlon of Al-2.6% Ll-l.4% Cu. Alloy IllS the 

same as Alloy I but also contalns 1.6% Mg. YIeld and ultlmate 

tens lIe strengths of 480 MPa and 550 MPa were obtaIned for Al­

loy I after a peak age of 26 hours at 443K. _ HIgher YIeld and 

ultlmate strength of 525 MPa and 580 MPa were obtaIned for Al­

loy II after a peak age of 26 hours at 4E3K. StraIn-to-fracture 

was comparable for both alloys at about 3%. Some Improvement 

In tenslle duCtllity was achleved at the sacrlflce of tenslle 

strength by varylng the Solutlon heat treatment temperature 

or by under-agIng or over-aglng. In general, fracture character­

IStlCS were brIttle, and Ilmlted reductIon-In-area was observed 

In both alloys. The fracture mode and morphology of the two 

alloys dIffered. Alloy I fractured by transgranular separatlon 

(SlIp-plane decohesion) along a plane of maxImum shear stress. 

Alloy II fractured by Intergranular separatIon along a plane of 

maXImum tenslle stress. A fIxed orlentatlonal relatIonshIp was 

found to eXIst between the shear fracture plane of Alloy I speCI-
e 

mens and the rolllng dIrectIon, thus suggestlng that thIS P/M 

alloy may be strongly textured. Alloy II exhIbIted recrystallIza­

tIon and graIn growth, as well as coarse precIpItatlon along graln 

boundarles. The agIng response of both alloys was found to be 

sensltlve to hot workIng operatlons performed prlor to Solutlon 

heat treatment. 
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INTRODUCTION 

Over the next decade, emphas~s w~ll be placed on the devel­

opment of advanced alum~num alloys for aerospace structural ap­

pllcatlons. 1 ,2 Advanced alloys w~ll be utlllzed In the des~gn or 

major redes~gn of space, m~ss~le and a~rcraft systems. Alloys 

w~ll be ta~lored ~n terms of: 1) denslty, 2) elast~c modulus, 

and 3) strength to ach~eve major sav~ngs ~n we~ght and, thus, 

reduce operatlonal expense. To fully assess the strength-to­

welght or stlffness-to-we~ght advantage of the cand~date alloys, 

durab~l~ty crlter~a, such as fat~gue endurance and/or enVlron­

mental degradatlon, must be assessed. Stress corros~on crack~ng 

(SeC) of h~gh-strength alum~num alloys has been a prevalent ser­

Vlce problem ~n the a~rcraft ~ndustry. Thus, the strength-to­

welght advantage for an altern·at~ve alloy needs to be normallzed 

In terms of suscept~b~l~ty to sec. The purpose of the current 

research program ~s to: 1) ldent~fy a practlcal sec screen~ng 

techn~que, and 2) evaluate the relat~ve sec res~stance of AI-L~ 

cand~date advanced alum~num alloys. Th~s work ~s essent~al for 

successful near-term use of ~mproved alloys for commerc~al 

systems and for the eventual development of optlmum structural 

alloys. 

The obJectlve of th~s flrst report ~s to character~ze the 

m~crostructure and tens~le propert~es of the two alumlnum-Ilth~um 

alloys selected for study. The alloys were produced uSlng the 

powder metallurgy techn~que. Due to the unlque chemlstry and 

fabr~catlon hlstory of the alloys, the decls~on was made to 1) 

lnvestlgate the aglng response and 2) establ~sh basel~ne tenslle 

propert~es. The ag~ng response was stud led to determ~ne the heat 

treatment sequence wh~ch wlil Yleld opt~mum mechan~cal propertles. 

Partlcular attent~on was focused on ach~ev~ng sufflclent tens lIe 

elongat~on at hlgh tens~le strength so that degradatlon under sec 

condltlons could be properly assessed. The fracture morphology 

under amb~ent cond~tlons was also character~zed for later comparl­

son to sec features. 
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BACKGROUND 

The two most w1dely used structural alum1num alloys 1n 

the aerospace 1ndustry are the AI-Cu base alloy 2024 (Alum1num 

Assoc1at1on des1gnat10n) and the AI-Zn-Mg-Cu base alloy 7075. 

In the aged cond1t10n (-T3 and -T4 for 2024 alum1num and -T6 

for 7075 alum1num), the alloys are character1zed by low smooth 

spec1men SCC threshold stress values « 55 MN/m2) 1n the short­

transverse d1rect1on. 3 Th1S low res1stance to SCC has resulted 

1n a h1gh frequency of serV1ce problems. Through man1pulat10n 

of m1nor element chem1stry and through alternate temper treat­

ments (overag1ng treatments), the SCC res1stance of these alloys 

has been 1mproved, but usually at the expense of reduced tens11e 

propert1es. Add1t10nal progress has been made to introduce 1m­

proved alloys through adjustment of alloy chem1stry and through 

thermomechan1cal treatment (TMT). However, convent10nally-pro­

cessed (cast lngot metallurgy) alloys fall short of demonstrat1ng 

suff1clent lmprovement 1n propertles to d1splace the two malnstay 

alloys of the aerospace lndustry; the 2XXX and 7XXX ser1es alloys. 

Better comb1nat1ons of strength, reslstance to stress corro­

Slon crack1ng and reslstance to exfol1at10n corrOSlon can be 

obtalned 1n wrought products made from pre-alloyed atom1zed pow­

der than 1n correspond1ng products made from cast 1ngot. 2,4,5 

Improvements are attr1butable to the un1que m1crostructure of the 

rap1dly SOlld1f1ed powders. M1crostructural advantages 1nclude 

1) decreased graln Slze (gra1n Slzes less than 1 ~ mare attaln­

able), 2) lncreased SOlld solub1l1ty (often by orders of magn1tude 

when compared to equ1l1br1um cond1t1ons), and 3) el1m1nat1on of 

segregated phases. In the Un1ted States, m1crostructural char­

acter1zat1on of several base systems 1S proceed1ng. Alum1num 

alloys that have been 1nvestlgated 1nclude: AI-Cr, AI-Cu, AI-Fe, 

AI-Co, AI-N1, AI-Mn, AI-Zr, AI-Hf, AI-Fe-Mn, and AI-Mg-Mn. 2 

M1crostructure and mechan1cal propert1es measurements on con­

solldated materlal are also be1ng conducted. The follow1ng 

alloys have been stud1ed: AI-Cu-Mg (2024), AI-Zn-Mg (7075), 

AI-Fe, AI-Mn-Cu, AI-Mn, AI-Cu-Mg-L1 (2024 + Ilth1um), AI-L1, 
AI-Cu-L1 and AI-Mg-L1. 1,2,5,6,7 
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Alloy MA87, s~m~lar ~n compos~t~on to 7075 alum1num, 1S an 

example of the potentIal alloy advancement avaIlable through P/M , 
technIques. In compar~son WIth the Ingot metallurgy (1M) 7075 

aged to s~m~lar long~tud~nal y~eld strength, P/M alloy MA87 exhI­

bIts an approx~mate 15~ ~mprovement In tens~le strength, a 20~ 

~mprovement In the fatIgue endurance l~m~t, a reduced fat~gue 

crack growth rate, and a 100~ ~ncrease In the res~stance to 

stress corros~on.5 Powder metallurgy technology offers a broad 

range of compos~tlonal varIat1on, unatta~nable through conven­

tIonal cast Ingot process~ng. Thus, the greatest potentIal for 

slgn~f~cant advancement ~n alum~num aerospace alloys may be 

prov~ded by P/M proceSSIng technology. 

Of the many candIdate alum~num structural alloys beIng de­

veloped using P/M technology, alumInum-l~thIum alloys offer the 

best potentIal for successful near-term use In the aerospace 

1ndustry. AI-L~ alloys are pr1me cand~dates because they offer 

SIgnIfIcant Increases In speCIfIC modulus (I.e., elastIC modulus 

to denSIty ratIO), whIle prov~d~ng strength s~m1lar to the 7XXX 
serIes and 2XXX serIes l/M alloys.1,7 Because dIffIcultIes have 

been experIenced In conventIonal castIng, alloy X-2020 (AI-4.5 

Cu-1.5 LI)* was WIthdrawn as a commerCIal product In the late 

1950's. Recent attentIon has focused on prodUCIng AI-LI alloys 

from rapIdly SOlldIf~ed powders. 2 ,6 

Two powder metallurgy processed AI-LI alloys have been pro­

cured for the SCC study. The alloys are AI-2.6~ LI-1.4% Cu and 

Al-2.6% LI-1.4%Cu-1.6% Mg. Both compOSItIons are of potentIal 

commerc~al Interest because of the hIgh specIf~c strength values 

attaInable. In addItIon, the presence of magneSIum 1n the latter 

alloy alters the preCIpItatIon kInetICS and Influences the SIze 

and dIstrIbutIon of the graIn boundary preCIpItates. SInce graIn 

boundary preCIpItates and/or the accompanyIng preCIpItate free 

zones (PFZ's) are thought to play an Important role In the stress 

corrOSIon crack1ng process, the Influence of the Mg addIt10n WIll 

be closely monItored. 

*AII composIt1ons In weIght percent 
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EXPERIMENTAL TECHNIQUE 

Two alum~num-l~th~um alloys were purchased from Kaweck~ 

Berylco Industr~es, Inc., Read~ng, Pennsylvan~a. The alloys 

were processed us~ng powder metallurgy (P/M) techn~ques. Pow­

ders were produced by rap~d cool~ng an atom~zed molten stream 

of the target compos~tion ~n an ~nert gas (Ar) atmosphere. H~gh­

pur~ty (0.9999 we~2ht percent) alum~num and a 20 wt. pct. l~th~um 

master alloy were comb~ned so as to y~eld an approx~mate 2.6 wt. 

pct. alum~num-l~th~um melt. H1gh pur~ty element add~t10ns were 

made to adjust the melt to the des~red alloy compos~t~on. The 

cool~ng rate of the atom~zat~on process was est1mated to be ap­

prox~mately 10 3 oK/sec. The result~ng powders were spher~-
cal, about 150 m ~n d~ameter (slzed to 100 mesh). 

Powders were packed 1n 6061 alum1num cans (13.7 cm O.D. w~th 

a 0.32 cm wall) and cold ~sostat1c pressed to 415 MPa. The com­

pacted powders were then hot upset at 755 0 K aga~nst a bl~nd 

d~e and extruded at 6720 K through a 55.9 mm by 14.7 mm (2.2 

~nch by 0.58 ~nch) die. Th~s y~elds an approx~mate 10:1 ex­

trus~on rat1o. 

The chem~cal compos~t~ons of the result1ng alloys are pre­

sented ~n Table I. The l~th~um content was determ~ned us~ng the 

wet chem~cal techn~que. The Zlrcon~um 1S added to ref1ne gra1n 

s~ze and to retard gra~n growth. The AI- L1- Cu alloy 1S here-

after des1gnated Alloy I. 

des~gnated Alloy II. 

The AI- L~- Cu- Mg alloy 1S hereafter 

M1crostructures representat1ve of the as-rece1ved alloys 

are presented 1n F1gure 1. Coarse prec~p1tat1on 1S observed 

1n both alloy systems and th1S results from the somewhat h1gh 

process1ng temperatures used ~n the consol1dat~on of the powders. 

The prec1p1tat1on 1n Alloy II lS part~cularly coarse. Prec~p1-

tat10n lS found to be preferent1ally 1n 11nes parallel to the 

extrus10n d1rect1on (ED) 1n both alloys, although the effect 

1S most notable 1n Alloy I. 
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To scope the ag~ng response of the alloys, hardness test~ng 

was conducted on coupon spec~mens 12 mm by B mm by 1.5 mm, cut 

from hot rolled str~p. The str~p was hot rolled at about 7000 K 

w~th rolls ma~nta~ned at 450 0 K. The sect~on th~ckness was re­

duced about 5% per pass, and the mater~al was reheated to 700 0 K 

after every four passes. In th~s manner, a 1.5-mm-th~ck str~p 

was prepared from the 14.7 mm th~ck or~q~nal extrus~on and was 

also used to make tens~le spec~mens for character~zat~on of the 

mechan~cal propert~es. The Rockwell 15-T superf~c~al hardness 

scale was used to measure hardness. 

Tens~le tests were performed us~ng the three spec~men types 

dep~cted ~n F~gure 2. The tens~le coupons, F~gure 2a, were also 

fabr~cated from the hot rolled str~p. The stra~n~ng electrode 

spec~mens (for the subsequent stress corros~on study), F~gure 2b, 

and the tens~le rounds, F~gure 2c, were fabr~cated from the ex­

truded plate. All heat treat~ng was performed ~n a~r after spec­

~men fabr~cat~on. Spec~mens were rough-pol~shed to 600 gr~t abra­

s~ve paper pr~or to test~ng. Tens~le tests were performed us~ng 

a closed loop electrohydraullc test system under stroke control. 

TenSlle tests were conducted under amblent condltlons at a mea-
-4 -1 sured plastlc stra~n rate of 1.4 x 10 5 • Modulus deter-

mlnatlons were made from the output of two straln gauges attached 

to oppos~te sldes of tenslle coupons, F~gure 2a. An extensometer 

was used to determ~ne enq~neerlng stra~n, e, to flnal fracture. 

The straln-to-fracture, e f , data reported here~n are the values 

of the plastlc englneer~ng stra~n-to-fracture determlned from 

the dlsplacement versus load record. 
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RESULTS AND DISCUSSION 

In th~s sect~on, the m~crostructure, ag~ng response, and 

tens~le propert~es of the two alum~num-l~th~um alloys are char­

acter~zed. First, attent~on ~s focused on m~crostructural 

changes occurr~ng as a result of heat treatment and hot roillng. 

Solut~on heat treatment was necessary to d~ssolve the coarse 

o (A1 3Li) prec~pltates found ~n the as-rece~ved mater~al and 

cond~tlon the alloy for peak age-harden~ng. Second, the ag~ng 

data are presented. T~me and temperature cond~t~ons for peak 

strengthen~ng are def~ned for each alloy. Next, the tens~le 

propert~es of Alloys I and II are presented as a funct~on of 

heat treatment. The purpose of these data ~s to establ~sh 

strength/ductil~ty comb~nat~ons wh~ch are most pert~nent for 

the subsequent lnvest~gat~on of stress corros~on crack~ng. 

F~nally, the morphology of room temperature fracture ~s also 

character~zed to ass~st ~nterpretat~on of the tens~le results 

and for later comparlson to fractures ~nduced by stress cor­

ros~on crack~ng. 

M~crostructure 

Solut~on heat treatment was performed to d~ssolve the 

coarse prec~pltates found ~n the P/M processed alloys. Pre­

l~m~nary scop~ng tests lnd~cated that the prec~p~tates beg~n 

to go ~nto solut~on at temperatures somewhat greater than 6700 K. 

Th~s ~s cons~stent w~th the solub~l~ty data for the b~nary AI-L~ 

alloy system reported by Costas and Marshall. 8 Thorough d~sso­
lut~on of prec~pltates wlth~n 0.5 hours occurred for tempera­

tures greater than 7800 K. Solutlon heat treat cond~t~ons 

rang~ng from 768 0 to 828 0 K are lnvestlgated In th~s study. 
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Ag lng Re spon se 

Many alumlnum alloys exhlblt age hardenlng due to the 

growth of metastable phases that result from decomposltlon 

of the supersaturated SOlld Solutlon. The metastable phase 

responslble for strengthenlng In AI-Ll blnary alloys lS an 

ordered A13Ll preclpltate, termed 0'. 9,10 Under cer­

taln condltlons of tlme and temperature, the preclpltatlon 

of 0' lS homogeneous, produclng a hlgh denslty of very small 

~.010~m dlameter) spherlcal preclpltates. In AI-Ll-CU 

ternary alloys, the Ilthlum preclpltates lndependently of 

copper WhlCh follows the sequence that occurs In the AI-Cu 

blnary system: 

GPI • GPII-Q"-Q' (A1 2 Cu) 

80th the 0' and the e" preclpltates effectlvely lmpede dlS­

locatlon motlon, causlng an lncrease In flow strength. How­

ever, contlnued aglng results In progresslve loss In coherency 

between the matrlx and the preclpltate as the metastable 0 ' 

transltlons to 0 phase and as the QII proceeds toward the 

equlllbrlum Q'. As a consequence, there lS a reductlon In 

Yleld and tens lIe strength, as predlcted by mechanlsms such 

as the one proposed by Orowan. 11 MaXlmum strengthenlng 

thus occurs at some lntermedlate aglng tlme that lS dependent, 

In part, on alloy chemlstry. In thlS sectlon, data WhlCh char-

acterlze the aglng response of the two alloys are presented. 
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The m~crostructures of Alloy I and II, after solut~on 

heat treatment at 8280 K for 0.5 hours, are presented ~n 

F~gures 3 and 4. L~near ~nd~cat~ons present ~n the or~g~nal 

extrus~on rema~n decorated w~th prec~p~tates. Recrystall~za­

t~on ~s observed ~n both alloys. The larger recrystall~zed 

gra~ns are about 30~m long ~n the extrus~on d~rect~on, wh~le 

growth ~n the short transverse d~rect~on appears constra~ned 

by the l~near array of prec~p~tates. The array of prec~p~tates 

1S l~near rather than planar. Th1S 1S also ev~dent 1n the trans­

verse sect~on m~crographs of F1gure 4. A relat~vely un1form 

array of prec~p~tates ~s observed ~n the transverse f~eld. The 

recrystall1zed gra~ns are rather equ~axed and of the approx~mate 

d~mens1on of the spac1ng of the Ilnear 1nd1cat1ons ~n the long~­

tud1nal sect1on. The 1~nearly-al1gned prec~p~tates of F1gure 3 

are thought to be z~rcon1um. Th~s w~ll be 1nvest1gated ~n later 

work. 

The m1crostructure of the hot rolled str1p after 828 0 K/O.5-

hour Solut1on heat treatment and subsequent ag~ng 1S presented 

1n F~gure 5 for Alloy I and 1n F1gure 6 for Alloy II. Both 

long~tud~nal and transverse sect10ns are presented. Alloy I 1S 

found to reta1n m1crostructural features ref1ned by the hot 

roll1ng process. Gra1ns and/or sub-gra~ns approx~mately 5~m 1n 

Slze are observed ~n F1gure 5b. On the other hand, extens~ve 

recrystall~zat~on and gra1n growth 1S observed 1n the magnes1um­

conta1n1ng alloy, Alloy II. The structure of Alloy II cons~sts 

of large gra~ns (> 100~m d1ameter) amongst local cluster~ng of 

smaller, equ1axed gra~ns. Coarse prec1p1tates are observed 

along gra~n boundar1es. The poss1b1l1ty of heterogeneous pre­

c1p1tat1on of a gra1n boundary phase w1ll be 1nvest1gated 1n 

a subsequent transm1sslon electron m1croscopy stUdy. Large 

(60~m long) part1cles, such as that 1n F1gure 5a, are present 

1n both alum1num-l~th1um alloys. Energy d~spers1ve analys1s 

(KEVEX) 1nd1cates the part1cles conta1n Al and/or L1. The par­

t1cles may relate to the master alloy add~t1on and are probably 
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carryovers from the melt dur1ng the atom1zat10n process. The 

p01nt of fracture 1n1t1at10n 1n approx1mately 10% of the tens11e 

tests was assoc1ated w1th such part1cles. 

The aq1ng response of Alloys I and II 1S presented 1n 

F1gures 7 through 9. F1gure 7 1S a plot of hardness as a 

funct10n of ag1ng temperature for a constant ag1ng t1me of 

16 hours. These data def1ne the temperature reg1me where the 

5'/6" prec1p1tat10n is rapid; they also prov1de a measure of 

the relatlve strength d1fference between Alloys I and II. F1g­

ures 8 and 9 show the var1at1on 1n hardness w1th t1me for two 

ag1ng temperatures; 4430 K and 463 0 K respect1vely. 

hardness 1S a measure of the Y1eld and flow streRgth of an al­

loy, the data ind1cate t1me/temperature cond1t10ns for maX1mum 

strengthen1ng. The data of F1gure 7 1nd1cates that accelerated 

strengthen1ng occurs at a h1gher temperature for the magnes1um 

bear1ng alloy, Alloy II. For a f1xed ag1ng t1me, maX1mum harden-

1ng occurs at 4500 K for Alloy I and at 4700 K for Alloy II. 

The magnes1um add1t10n appears to alter the prec1p1tat10n process 

and 1ncrease the strength of the base alloy. On the bas1s of the 

data of F1gure 7, ag1ng temperatures of 4430 K and 4630 K were 

selected for the t1me-at-temperature ag1ng study. 

pendence of hardness for ag1ng Alloys I and II at 

The t1me de-

443 0 K and 
a ( 

463 K are reported 1n F1gures 8 and 9, respect1vely. Peak 

hardness for Alloy I occurs 1n about 30 hours at 4430 K. Al-

loy II reaches full hardness 1n about 200 hours at th1s tem­

perature. At 4630 K, Alloy I 1S peak aged 1n about 5 hours 

wh11e Alloy II requ1res 40 hours to atta1n maX1mum hardness. 

The add1t10n of magnes1um 1S aga1n demonstrated to 1ncrease 

alloy strength and to alter prec1p1tat10n k1net1cs. 

Tens11e Propert1es and Fracture Morphology 

The goal of th1s study was to develop a heat treatment 

wh1ch w111 render the reference alloys h1gh strength and yet 

ma1nta1n suff1c1ent and reproduc1ble duct111ty, about 6%, to 

perform the see 1nvest1gat1on. In th1s sect10n, the base11ne 

tens11e propert1es of Alloys I and II are presented as a func­

t10n of ag1ng cond1t10n. The tens11e propert1es are character-

1zed 1n F1gures 10 thru 14 and 1n Table 2. 
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In F~gures 10 and 11, the y~eld strength (0.2~ offset), 

ult~mate tens~le strength and plastic stra~n-to-fracture versus 

ag~ng t~me curves for Alloys I and II, respect~vely, are pre­

sented. Tens~le coupons, F~gure 2a, were used. Curves for 

443 0 K and 463 0 K ag~ng are presented ~n each figure. The 

follow~ng trends are observed: 

1) 

2) 

3) 

The largest value of stra~n-to-fracture at relat~vely 

h~gh strength ~s 5~ for Alloy I and 6~ for Alloy II. 
o 

Wh~le the stra~n-to-fracture, ef versus 443 K ag~ng 

curve for Alloy I (F~gure 10) goes through a m~n~mum 

as peak ag~ng ~s approached, the 463 0 K ag~ng curve 

for e f 

The e f 

b~ts a 

exh~b~ts an unexpected max~ma. 

versus 463 0 K ag~ng curve for Alloy II exh~-

local max~ma at about 14 hours. As the peak 

strength ~s more closely approached, the stra~n-to­

fracture rap~dly decreases. 

4) The y~eld strength and ult~mate tens~le strength ver­

sus ag~ng t~me curves of F~gures 10 and 11 correlate 

well w~th the hardness versus ag~ng curves of F~gures 

Band 9. Ag~ng peaks occur at s~m~lar ag~ng t~mes. 

The data of F~gures 10 and 11 po~nt out the necess~ty for 

close control of ag~ng cond~t~ons because of the anamolous be­

hav~or of the duct~l~ty parameter, e f • The opt~mum e f value 

of 5~ for Alloy I can be atta~ned e~ther by peak ag~ng at 463 0 K 

or by overag~ng at 4430 K. A stra~n-to-fracture value of 6% re­

sults when Alloy II ~s underaged, but ~f ag~ng proceeds too far, 

the stra~n-to-fracture rap~dly decl~nes to about 3~. Ag~ng 

temperatures somewhat greater than 463 0 K are expected to ShIft 

the ag~ng response curve to the left such that the decl~ne ~n 

e f w~th t~me may occur for s~gn~f~cantly shorter t~mes. The 

reproduclb~l~ty of duct~l~ty parameters ~s a major concern In 

the SCC study. Therefore, the e f for selected heat treatments 

w~ll requIre a stat~st~cal base to def~ne reproducIble control 

condlt~ons. 
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To determ~ne Young's modulus, E, stra~n gauges were mounted 

on two s~des of the flat tens~le coupons. Modul~ are reported 

~n Table 2. A value of 80 GPa ~s cons~stent w~th the data of 

Webster on alloys of s~m~lar compos~t~on. 12 The modulus for 

7075-T6 alum~num ~s ~ncluded for compar~son. The reference 

alum~num-l~th~um alloys are 12% st~ffer than 7075-T6 alum~num. 

The morphology of the fractured tens~le test spec~mens was 

stud~ed for later compar~son to stress corros~on fracture sur­

faces. Photographs of the tens~le coupon fractures are pre­

sented ~n F~gures 12 thru 16. 

Alloys I and II were observed to fa~l ~n d~st~nctly d~f­

ferent manners as ~llustrated ~n F~gure 12 where typ~cal frac­

ture surfaces are shown. F~gure 12a ~s a compar~son of the 

fracture prof~le of Alloy I (top) and Alloy II fractures. Al­

loy I fa~ls by shear (47.5 0 measured w~th respect to the load 

ax~s) wh~le Alloy II fractures on a plane perpend~cular to 

d~rect~on of max~mum load. Shear fractures for Alloy I and 

tens~le fractures for Alloy II were observed for the spec~mens 

used to generate the data of F~qures 10 and 11. Compar1son 

of the fracture surfaces of Alloys I and II ~s presented 1n 

F1gure 12b. The var~at~on ~n fracture topography ~s clearly 

observable. 

In F~gures 13 and 14, scann~ng electron m~crographs (SEM) 

show~ng the fracture topography of Alloy I spec~mens are pre­

sented. A stepped, br~ttle fracture appearance ~s observed. 

Elongated d~mples, character~st1c of duct1le metals fa~led by 

shear~ng, are not observed. 
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SEM m~crographs of the fracture surface of Alloy II spec­

~mens are presented ~n F~gures 15 and 16. The fracture of the 

magnes~um-bear~ng alloy conta~ns lam~nar tears or~ented paral­

lel to the roll~ng plane. The tears are thought to occur along 

~nterfaces weakened dur~ng process~ng of the hot rolled str~p. 

In substant~at~on, fracture surfaces of Alloy II spec~mens fab­

r~cated from the as-rece~ved extrus~on do not exh~b~t lam~nar 

tears. _Intergranular facets approx~mately 5~m ~n s~ze are the 

predom~nant fractograph~c feature. 

Both Alloy I and Alloy II fractures exh~b~t less than 3~ 

reduct~on ~n area. In add~ t~on, f~nal fracture of the tens~le 

spec~mens occurs at the po~nt of plast~c ~nstab~l~ty (max~mum 

load). These data comb~ned w~th the SEM fractograph~c results 

demonstrate the br~ttle nature of fracture ~n both alloys. 

The tens~le data of F~gures 10 and 11 represent Al-l~ al­

loy solut~on heat treated at 828 o K. In F~gures 17 and 18, 

tens~le propert~es are presented as a funct~on of solut~on heat 

treatment temperature for a constant ag~ng cond~t~on. These 

da ta we re ob ta~ned us~ng tens ~le round spec~mens,. F~g. 2 (c) , 

wh~ch were fabr~cated d~rectly from the extruded plate. The 

obJect~ve of these tests was to determ~ne the solut~on heat 

treatment (SHT) wh~ch prov~des opt~mum duct~l~ty for each of 

the alloys. The follow~ng results are found: 

(1) The duct~l~ty of Alloy I ~s somewhat greater than 3% 

and unaffected by SHT temperature. However, the y~eld 

strength (YS) and ult~mate tens~le strength (UTS) are 

max~mum at 788o K. These data suggest that the ag~ng 

response of Alloy I solut~on heat treated at 788°K be 

~nvest~gated for opt~mum propert~es. 
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(2) The duct~l~ty of Alloy II decreases and the 

strength values, YS and UTS, ~ncrease as the SHT 

temperature ~s ~ncreased. Thus, the opt~mum SHT 

~s a comprom~se between strength and duct~l~ty 

requ~rements. SHT at 7BB o K produces mater~al 

w~th 469 MPa y~eld strength, 550 MPa ult~mate 

tens~le strength, and an elongat~on-to-fracture 

value of 5~; excellent tens~le propert~es. 

(3) Values of strength for the B2B o K SHT cond~t~on 

for both alloys are h~gher than correspond~ng data 

reported for the tens~le coupons. The y~eld 

strength and UTS values of Alloy I are 9~ greater. 

For Alloy II, there ~s a more pronounced affect; 

tens~le round YS and UTS data are greater by 42~ 

and 30~, respect~vely. Th~s anomaly w~ll be d~s­

cussed later ~n th~s report. 

Fracture character~st~cs for the tens~le rounds are 

analogous to those of the flat tens~le coupons, and th~s ~s 

lilustrated ~n Flgure 19. Alloy I fracture occurs along the 

plane of max~mum shear stress and Alloy II fracture occurs 

along the plane of maxlmum tenslle stress. For Alloy II ten­

s~le rounds, there were two exceptlons; both the speclmen solu­

t~on heat treated at 76Bo K and a spec~men ~n the as-extruded 

cond~t~on fractured along the plane of max~mum shear stress. 

Th~s translatlon ~n fracture behav~or ~n Alloy II ~s attr~buted 

to two reasons: 

(1) For SHT temperatures less than 7BJo K, d~ssolu­

t~on of coarse prec~ptates ~s lncomplete, and 

recrystall~zat~on and gra~n growth do not occur. 

Thus, the as-extruded and 76B o K SHT spec~mens 
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dlffer from the remalnlng Alloy II speclmens In 

that relatlvely large, equlaxed gralns are not 

present (compare Flgure 1 to Flgure 3). 

(2) For SHT temperatures In excess of 7830 K, coarse 

graln boundary preclpltatlon accompanles recrystal­

llzatlon and graln growth In the magneslum-bearlng 

alloy. The graln boundary preclpltatlon slgnlficant­

ly reduces the coheslve strength of the graln 

boundary reglons. 

To demonstrate that preclpltatlon events are pre­

ponderantly responslble for the fracture transltlon observed 

for Alloy II, and for the more baslc dlfference In fracture 

behaVlor between Alloys I and II, conslder the SEM fractographs 

of Flgures 20 and 21. The fracture topography of Alloys I and 

II are compared In Flgure 20. Alloy I exhlblts a relatlvely 

flat, featureless topography whlle Alloy II fractures Inter­

granularly. The flat featureless reglons, Flgure 20(a), are 

thought to correspond to crystallographlc SllP planes along WhlCh 

deformatlon IS local1zed 1n the AI-L1-CU and AI-L-Cu-Mg alloy 

(systems. Slip 1S constra1ned to SllP bands due to the ordered 

nature of the 0' preclp1tates. SllP contlnues untll plle-up 

stresses are sufflclent to cause Sllp-plane decoheslon. Both 

alloys are thought to have a strong preferred orlentatlon and, 

thus, a relat1vely flat fracture topography 1S expected. 

Alloy II also deforms by locallzed Sllp. However, large, 

closely-spaced graln boundary prec1p1tates are present 1n the 

mlcrostructure due to the magneslum addlt10n (reference the 

opt1cal m1crographs of F1gures 4 and 6). The coarse graln 

boundary prec1p1tates reduce the coheslve strength of gra1n 

boundar1es. A cond1t1on IS reached where stresses generated at 

the t1P of the SllP bands durlng deformatlon are suffic1ent 
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to cause graln boundary decoheslon In preference to SllP plane 

decoheslon and Intergranular fracture results. The coarse na­

ture of the graln boundary preclpltates and thelr Influence on 

flnal fracture are eVldent In the fractographs of Flgure 21. 

It has been shown that the tensile propertles for round 

speclmens, FIgures 17 and 18, are consIderably greater than 

correspondlng propertles for the flat tensIle coupons, Flgures 

10 and 11, for an equlvalent heat treatment. Indeed, the YS 

and UTS values for Alloy II are respectively 42% and 30% greater 

In comparIng tenslle round and coupon data. SInce there IS a 

processlng dlfference as well as speclmen Slze dlfference, fur­

ther testlng was performed to Investlgate thIS anomaly. 

TenSIle tests were performed on straInlng electrode spec­

Imens, Flgure 2(b), WhlCh were fabrlcated dIrectly from the as­

extruded alloy, provIdIng Isolatlon of the processIng varlable. 

The resultIng data are plotted In Flgures 22 and 23. Inter­

pretatlon of the data for Alloy II IS complIcated because the 

speCImens were Inadvertently duplex aged. The specImens were 

aged at 4430 K for the respectlve tImes Indlcated ln Flgure 23, 

prlor to 463 0 K agIng. The data are nonetheless presented, for 

some useful lnformatlon lS obtalnabl~. The data of Flgures 21 

and 23 lndlcate the followlng: 

1. Wlth the exceptlon of the hlgh-Yleld strength of the 

speClmen aged for 3 hours at 463 0 K, the tenslle strength 

for the Alloy I stralnlng electrode and coupon-type spec­

Imens IS comparable. However, the straln-to-fracture data 

are not conslstent wlth the trend curve representlng cou­

pon type speclmens. A trend of Increaslng ductlilty wlth 

decreaslng tens lIe strength IS Indlcated. 
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2. The strength parameters for the Alloy II stra~n~ng 
electrode spec~mens, Flgure 23, are dlrectly comparable 

to values determlned for tens~le rounds, Flgure 18; that 

IS, YS and UTS values are substantlally greater than values 

obtalned from the hot rolled tens~le coupons. Processlng 

strongly Influences Alloy II propertles. 

3. The duplex aglng greatly accelerates ~, preclpltatlon 

In Alloy II. ThlS IS eVldent In that Inltlal aglng for 

short tlmes at 445 0 K (3 and 26 hours respectlvely), Shlfts 

the subsequent 4630 K aglng response curve to shorter tlmes. 

The ag~ng peak IS sh1fted from about 50 hours to less than 

three hours by duplex ag1ng. The stra~n1ng electrode spec-

Imen data 1n Flgure 23 are cons1stent wlth an averaged con­

dltlon for Alloy II. 

The data of F~gures 22 and 23 demonstrate the ~mportance 

of processing as a control var1able for the reference alum1n1um­

Ilth1um alloys. Varlat10ns 1n gra1n shape and s~ze and the Slze 

and d1strlbut1on of gra1n boundary preclp1tates strongly effect 

the mechan1cal behav1or. Alloy II IS more strongly affected 

because recrystall1zatlon and gra1n growth occur read1ly In 

th1s alloy, and gra1n boundary prec~p~tat1on 1S apparently 

more extens1ve. Even ~n the case of Alloy I, where shear frac-

ture mechan1sms dom1nate, the data 1nd1cate the 1mportance of 

the control of process h~story to y~eld reproduct1ble duct~llty. 

The fracture morphology of the stra~n1ng electrode spec1-

mens was cons1stent w1th results obta1ned for coupon and tens~le 

round spec~mens. Alloy I fractures were shear dom1nated, wh1le 

Alloy II fractures occurred on a plane of max~mum tens~le stress. 

The fracture ~rof1le of an Alloy I stra1n1ng electrode spec~men 

1S compared to tenslle coupon fracture prof1le In Flgure 24. 
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SEM fractographs representat~ve of Alloy I and II are presented 

~n F~gure 25. The br~ttle shear character~st~cs prev~ously re­

ported for Alloy I were aga~n observed. Alloy II fractures ~n­

tergranularly, and aga1n gra1n facets are tYP1cally 5~m ~n Slze. 

Secondary 1ntergranular cracking 1S also observed. 

Exam1nat~on of the var10US shear fractures of the ten­

sile character1zat1on program suggests that there 1S a strong 

pDeferred or1entat1on 1n the reference AI-L~ alloys. Th~s ~s 

demonstrated ~n the facture compar1son of F1gure 24 and the 

schemat~c of F~gure 26. When or~entat~ons of the var~ous ten­

s~le specimens are compared, f~nal fracture occurs on planes 

preferent~ally or~ented w~th respect to the roll~ng direct~on. 

X-ray d~ffract~on w1ll be used to determ~ne the degree of tex­

ture and the preferred or~entat~on. 
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SUMMARY 

The reference alum~num-l~th~um P/M alloys do offer the 

potent~al of h~gh strength, h~gh modulus and low dens~ty. 

Strength propert~es of 480 MPa y~eld and 550 MPa ult~mate 

tens~le strength w~th stra~n-to-fracture approach~ng 5% can be 

ach~eved through-proper thermo-mechan~cal treatment. However, 

the P/M alloys ~nvest~gated are character~zed by l~m~ted 

deformat~on beyond plast~c ~nstab~l~ty. Very l~ttle reduct~on 

~n area ~s observed and fracture chacter~st~cs are br~ttle. 

Because ~ntergranular fracture occurs ~n Alloy II dur~ng 

tens~le test~ng under amb~ent cond~t~ons, ~t ~s poss~ble that 

the tens~le propert~es of th~s alloy are env~ronmentally 

sens~t~ve. Thus, as a result of the tens~le character~zat~on-

program, the scope of the stress corrosion study has been 

expanded to ~nclude slow-stra~n rate tests of Alloy II after 

pre-exposure to a h~gh humid~ty env~ronment. Also, because of 

the extent to wh~ch gra~n boundary prec~p~tat~on occurs, Alloy 

II ~s ant~c~pated to be the more stress corros~on suscept~ble 

of the two alloys. 

Suff~c~ent mechan~cal propert~es data have been generated 

to character~ze the tens~le propert~es of the two reference 

alloys. However, further tests are requ~red to demonstrate 

sat~sfactory reproduc~b~l~ty of properties for spec~mens to be 

used ~n the stress corros~on program. The alloy process~ng 

steps and heat treatment must be somewhat ref~ned to assure 

reproduc1ble propert1es; 1n part1cular, stra1n-to-fracture 

character~zat~on tests are ~n progress. 
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CONCLUSIONS 

1) Strength propert~es of 480 MPa y~eld and 550 MPa ult~­

mate tens~le strength w~th stra~n-to-fracture approach~ng 5~ 

can be ach~eved ~n both reference alum~num-l~th~um alloys selected 

for the stress corros~on study. These propert~es, comb~ned w~th 

the h~gh elast~c modulus (80 GPa), make both compos~t~ons v~able 

commerc~al cand~dates. 

2) Reproduc~b~l~ty of propert~es requ~res close control of 

both alloy process~ng and heat treatment parameters. Further tests 

are requ~red to demonstrate sat~sfactory reproduc~b~llty of proper­

t~es for spec~mens to be used In the stress corros~on program. 

3) Precip~tat~on ~s more slugg~sh ~n Alloy II (AI-L~-Cu-Mg) 

than in the AI-Li-Cu ternary alloy, Alloy I. However, greater peak 

strength occurs In the magnes~um-bear~ng alloy. A y~eld strength 

of 525 MPa and ult~mate tens~le strength of 590 MPa w~th a 3~ stra~n­

to-fracture value was attaIned for Alloy II. The max~mum y~eld and 

ultImate tens~le strength atta~ned ~n Alloy I are 480 MPa and 550 

MPa respect~vely. 

4) Alloy I fractures along a plane of maX1mum shear stress, 

whIle Alloy II, In general, fractures on a plane of max~mum tens~le 

stress. Alloy II fractures ~ntergranularly, wh~le Alloy I fractures 

VIa sl~p-plane decohes~on. 

5) For equ~valent thermomechanlcal proceSSIng, recrystalll­

zat~on and gra~n growth ~s more extenSIve In the magnes1um-bear1ng 

alloy, Alloy II. 

6) It appears that .09 wt. pct. Zr 1S 1nsuff~cIent to 

retard gra~n growth, part~cularly ~n the magnes~um-bear1ng alloy. 
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7) The P/M alum1num-I1th1um alloys are character1zed by 

Ilm1ted deformat1on beyond plast1c 1nstab1l1ty. Very 11ttle 

reduct10n 1n area 1S observed and fracture character1st1cs are 

br1ttle. 

8) A f1xed or1entat1onal relat1onsh1p between tens1le 

fracture surfaces and the roll1ng d1rect1on suggest that the 

P/M processed alloys are stongly textured. Th1S 1S be1nq 

1nvest1gated 1n ongo1ng study. 

9) Because of the 1ntergranular nature of fracture 1n 

tens1le tests 1n Alloy I under amb1ent cond1t1ons, tens1le 

propert1es may be env1ronmentally sens1t1ve. Slow stra1n rate 

tests w1II thus be performed for Alloy I spec1mens prexposed 

to a h1gh hum1d1ty env1ronment. 
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fig. 2: Specimen types used to characterize the tensile 

properties of the Al-Li alloys (a) tensile coupon 

(b) straining electrode specimen (c) tensile round. 
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Representative microstructure of the extruded AI-Li 
alloy plate after solution heat treatment (828K for 
0.5 hours) longitudinal sections (a) Alloy I 
(b) Alloy II. 
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Fig. 4: 

e 
E.D. 

~ 
E.D. 

Representative mfcrostructure of thE~ extruded Al-li 
alloy plat~ after solution heat treatment (828K for 
0.5 hours) transverse sections (a) Alloy I 
(b) Alloy I L 
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(a) I I 
~m 

Fig. 5: Representative microstructure of the hot-rolled 
Alloy I sheet, solution heat treated at 828K for 0.5 
hours and aged 5 hours at 463K (rolling direction, 
R.D., indicated) (a) longitudinal section and (b) 
short-transverse section. 
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(b) 

Fig. 6: 

.. 
A.D. 

20l1m 
Representative microstructure of the hot-rolled 
Alloy II (magnesium bearing alloy) sheet; solution 
heat treated at 828K for 0.5 hours and aged 20 hours 
at 463K (a) longitudinal section and (b) short­
transverse section. 
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--C 1.5mm 

(a) 
5X 

(b) 4.8X 

Fig. 12: The fracture morphology of tensile coupons fabricated 
from the hot-rolled strip (a) fracture profile, Alloy I 
(upper) versus Alloy II (lower) and (b) fracture surface 
comparison, Alloy I (right) versus Alloy II (left). 
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( 

Fig. 13: Scanning electron micrograph (SEM) of a fracture 
representative of that found for the hot-rolled 
Alloy I tensile coupons. 
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(a) 

~m 
Fig. 14: Representative fractography (SEM) of the hot-rolled 

Alloy I tensile fractures (a) characteristic fracture 
topography (b) stepped features as viewed with side­
tilt. 
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Fig. 15: Scanning electron micrograph (SEM) of a fracture 
representative of that obtained in the hot-rolled 
Alloy II (magnesium bearing) tensile coupons. 
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(b) 

~ 
Q1mm 

~ 
~m 

Fig. 16: Representative fractography (SEM) of the hot-roll~d 
Alloy II tensile fractures (a) high magnification of 
the fracture depicted in Fig. 15 (b) further magnifi­
cation of the fracture (center region depicted in 
micrograph (a). 
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the tensile properties of as-extruded Alloy I for a 
constant aging condition. 
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r--6.4mm~ 

(b) 4.5x 
Fig. 19: The fracture morphology of tensile rounds fabricated 

from the as-extruded plate (a) fracture profile Alloy I 
(left) versus Alloy II (right) and (b) fracture surface 
comparison, Alloy I (left) versus Alloy II (right). 
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(b) t---I 
20llm 

Fig. 20: SEM comparison of the shear fractufe topography, 
Alloy I, to the tensile fracture topography of Alloy II 
for tensile round specimens fabricated from the as­
extruded plate (a) stepped shear topography charac­
teristic of Alloy I (b) intergranular fracture observed 
in Alloy II. 
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15 I 
11m 

Fig. 21: Intergranular fracture of Alloy II (AI-Li-Cu-Mg) 
(a) intergranular fatets and secondary cracks (b) 
two-fold magnification of the faceted region in (a), 
above, depicting extensive grain boundary precipi-
tation. 
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Fig. 22: A comparison of Alloy I straining electrode specimen 
data to the aging response curves obtained from 
tensile coupons, Fig. 10. 
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data to the aging response curves obtained from 
tensile coupons, Fig. 11. 
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5X 

Fig. 24: A comparison of fracture profiles of three specimens 
(1) shear fracture of an Alloy I tensile coupon (top) 
(2) tensile fracture and an Alloy II tensile coupon 
(center), and (3) double shear fracture of a straining 
electrode type specimen, Alloy I (bottom). 
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1~m 

1~m 

Fig. 25: SEM comparison of the shear fracture topography, 
Alloy I, to the tensile fracture topography of Alloy II 
for straining electrode specimens fabricated from the 
as-extruded plate (a) stepped shear topography, Alloy I 
(b) grain boundary faceting and secondary cracking, 
characteristic of Alloy II. 
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Fig. 26~ The orientational relationship between the shear 
fracture plane(s) and the extrusion direction (E.D.) 
of the as-received Al-Li alloy plate. 



Program KBI Alloy 
Designation Designation 

Alloy I 80001 

Alloy II 80002 
VI 
~ 

Table I Chemical Composition of the Aluminum-Lithium 
Alloys Selected for this Study 

Wt. Pct. ----, 
Li Cu Mg Zr Si Fe Mn Zn Ii 

2.6 1.4 .006 .09 .03 .06 <.005 <.02 <.03 

2.6 1.4 1.6 .09 .03 .05 <.005 <.02 <.03 

ppm 

Cr Be Ca Na K 

<.002 <.005 <3 2 1 

<.002 <.005 <J 1 1 



Table II Young's Modulus Comparison Data 

E Alloy I = 80.0 GPa 

E Alloy I I = 80.7 GPa 

E7075-T6 Aluminium = 71.7 GPa 

Note: a) Alloys I and II in peak-aged condition. 

b) Modulus determinations made from the output 

of two strain gages on opposite sides of flat 

tensile coupons. 

c) 7075-T6 Modulus value reported in Aluminum 

Standards and Data - 1979, The Aluminum 

Association (Sixth Edition), March 1979. 
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