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7Ue fusion "eldidn of tla aluninur. alloy 6061 has been a nart of
fabrication developuent at Bell :.e.vsysterts since the construction of the
Rascal missile. ?ew desicns involvIA; perforrance in or with new environ-
meets have necessitated the generation of design data not rmqured previously
such as ccanical property data at 7vrious cryogenic temserrtureso For the
most nart, data available in the litA rature due to differences in welding
technitc.es is not asplicable. Bell :.1-osystems' weldirc tecnicques have
developed to a sta-e thAt allows -ell iesiners to use •---:fr rvLlues than thoce
found in the literature and -ubl'rhcd ly otter conanies.

Aluminum alloy 6061 was studicd fzo= '-ractical weldLin: considera-
tions. Fveri effort was made threu hout tl'e nro-r r to du-11cat- .n-shop
reldirg and heat treatment corn-iticnr. Ai.-s of concernt to 2•-c design and
metdllur ical en-ineering departrxents in r~gard to tank fabrication, inc-ud'in.g
rsniatch tue to !is-ro.cr line u- of var-cus degrees (25, 50 cnd I00,), effect
of weld renairs, hand versus machin¢t effect oZ agink, nx tle effect of Imo
tempertturps on the -. echanical -rouerties of mlded and unwelded, notched and
unnotchce, solution treated and soittion treatd and aged •aterial, were
studied.

For clarity of oresentation, each phase , f the -rorrar will be
reported cn nc-orately. However, the ir.ttraction o! the various narameters
reDorted on nu=st be considered in uVr end iten to be cInstructed.

Sisnatch is encountered in h._-/'are fabric tioL as the resul, of
poor line up or warpage of one ri. ce of r.-tcrial in respect to another orior
to weldit., The designer is in need of this Information to ur-i-e at sound
e1ginecring sifety factors.

"ield repairs are a part of t)V ,aily rcutine of ;4y a-ifrs-- weld-
ing sh•-. o-'evrr, the variety of co' ',ons encountered make it difficlt
to assess the de-reciation of weld oinet strength. H.nd r-jairs o- welded
parts fabricated "ith -nrane w lds in 41ich a precise degrce of cnmrol over
speed is exercis-ed are detrimnetal.



29 June 1962 jm BLu 61-1,0(2 ' cv. A

Uyocgenic temperatures are to be encountcrrd in the storage of
missile propellant fuels. Liquid gases for the above anplication result
in temperatures from -150 F to -423 F. Specialists in this crycgcnic field
raintain that face-c ntcred cubic met-li are superior to the body-centered
ietlIs. Aluminum and it's aloyvs are frce-centcred cubic but aerformancc
within this group varies. Ductility of the alwu = alloys suffers as ter-
peratures arproach absolute zero (-h60 F). Welded structures of aluninn
are moro subject to fatigue failure at the low terperaturos despite the
increase in yield and tensile strength that results from such an environrmnt.
It has bben the purpose in this program to deterrine (1) the strength of the
material (6061T6) usrelded and welded at -150 F and -320 F, (2) the effect
of a "P notch en welded and unwelded raterial, (3) the total elongation
occurring at tem',rature, (h,) the strain magnitude encountered at the apex
of the "V1 notch so that a relationshin mzght be arrived it for elongation
as reported in a standard two inch uniform cross sectional area specimen
mid a two inch ýV notch elongation whre the cross sectional arca is non-
unj4fom due to the presence of the notch.

Heat treatment of aluminun alloys his been and will continue tn
be a shop practice requiring rigid controls on the equipment used and -cr-
sotnel performin the operations. Haat treatable aluninum alloys such as
6-61 develop their properties by solution heat treatment and quenching,
which suspesds a precipitate (the result of alloying) in the alumuun
mtrix, fcllo;wd by either natural or artificial a•ing, which nromotes the
growth of the precipitate rerulting in a str.4ngthc.aed atomic lattice.

"The nhysical oroerties of interest of the 6061 aluminum alloy
studied herein -re given in ?able I.

,.S I

P1esical Properties of 6061 Alumr-rm Alloy

Density .098 lb/in
3

Melting rw~e (F) 1080-1200

Coeff. of The=' Expansion
(iWi./F x IAO 6U-212 F 13.1

Thereal. Conductivity 1070 (TO
M-.J/in/ft 2

/F/hr at 77 F
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The guarantee -im for 6061T% and T6 set forth in Military
uhIarbok 5 re viven in -able -L.

TAMLE i

Guraxteo Mnixam for Ab•jmm Alloy 6361

T4s Condiition T6 Condition

Tensile Ultimte 30,000 42,000

Tield Strenth (0.2% offset) 16,000 35,000

% Elongation in 2 inches 16 10
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A. MI-natch

in this rha~c ~rac f tcrsilo s- circ.on wcz deliberately ris-
aligned to obtain 25, 50 zzd 100% rasstch ath 0.125 inch thick material
rnd 50 and 10% tismatc. -th 0.06L inch matcrial. The 25% rsmadtch was
not ru• on the 0.06a inch raterial. On -he thin'w matsrial this degree

f :nstch was vez sna=l, =,proximately O.j16 of an inch. The mismatch
is exvressed as Dercentage of total oheet thickne". :utt joints wCre r-de
in .i*nch by 12 ir.n& plateE. T-hese plates yielded nine tensile specirens
per plale. The bars were tcst'd at room temer.ture uther uniaxiall loe
cornitions (shims .:ere used to maintan ai-nxent.

Figure I shows a ty-ical grouping of the sanles. Sarles rarked
A are representative of 1'0,' , ismatc!', B sarplcs 507 aa the C sample 255.
7ne excess veld metal rhou-n in the pictur's of tre 0.125 inch s3en.lcs A are
B was not -roun off for it h s no effect on the rrchani:l pro-erties.

The mechanical 'ro-erties of the soccini-c test. d are sun-arized
in Tables 121 aW 17. All soecimens -.ere welde n the T! condition an
aged to the T6 tearer after 'elding.
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B. Weld Repair

This portion of the program deals with the effort made to asCeetain
strergth depreciation following weld repairs. It I? stadard practice in the
fabrication of parts to grind out defects fowd by radographic techniques and
-e-weld the joint. The size and depth of the weld repair determines the area
of depreciation.

Three plates were hellare welded with the dircct.:n of rolling and
three transverse to the direction of roflln. Fifty per cent of the weld metal
was ground cut of, 2 plates mnafly heliarc weldrd with the direction of roll-
ing, two plates mnuaflly bellarc welded transverse to +te direction of rollin.
two plates autom-t c Lal;i. -6aue wiih the rol.iri direction and two plates
autiatically heliarc welded in the tramnverse rollin direction. The plates
were then rewelded using the same welding method used on the original weld.
One of tro- plates frox each grou was ground out for the second time and re-
velded. After welding the plates were artificiafly aged to the T.6 condition.
Tensile specimem blanks were then cut from the welded plates and subsequently
machined to the standard tensile specimen configuration. Tables V through XI
present the data obtained. The ountrol samples were taken at the beginning and
end of ea-h welt: repair. They are representative of the welded sheet unrepaired
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C. Mechanical Properties

This section presents the rechanical properties of the aluminum
alloy 6061 in the welded and umnld,-, onditions. The alloy was studied in
the solution heat treated condition (TM), and in the fully age- condition
(T6), in both directions of rolling, transverse and lonitudinal, as well
as at various temperatures (-32o ýr -65 F, R.T. and +150 F). "74 notches
were also machined into welded and urwelded test b~rs, in both heat treat
tempers, and tested at the various temperatures. The *" notch used was
representative of a stress concentration factor (K) of 3 on the 0.125 inch
material.

The data obtained under the specified conditions is presented in
Tables XII through XVI. Figures 2 through 3D give representative curves
of a szile specimen under the various tempers, temperatures and welded
conditions studied.

ji
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D. Bulge Test

_xnmcrnco hs 31 .7t tI) mo :r vr -: v of a.-, correl-tlon
'et'iecn to ý ý ý m lonnlc t,~ -sni. - sz:- elded c'. n. v ('t -crforr.- nce of
pressur r-sals on or s-:rz:e so.oan.'Žc 1 1 c tclt or 'yrauil:o orst
test has renlocod the tvnrcle test -- wir t1 2rodooto 11 n'rformanse wryer
biaxial stren-es.

M:efixture consistc--t o c -.7stc0-] _.n - -;ocithe s')-
corta Vas bolted at intervals :so ittoI outer ciroor-f r--noc. The unpor
plate uss rmc.&znd to ;- ccriocý.- -,c-' Three 01 -or 1 of lo'.- for defer-
nation of the eld~d sh-et.

Bioj dl tensile stress o-f *'-e wided -i~'':s 4f cJa- from
masforemernts of rresourt .- siry ',;---t '! f c~rri -Is str'sis can be
calculated at o'-soot dmns. :-Ic t -t ollorirg !t tooe bt2fned for
stro -s iheight -n re~cre 1 ,),:t o' re'.

Zs, ~fl-he na,'or -c. l,-. -'' "" t-K t,-ot t- no 0.0 :n-ra-e )I
the =late can ZeŽ iaotiti t. -car -'oTa--n . -:,r-- -rehire'-- by ocirmng
stress soare &i- atest -w-en the r,'- o~-c boale: c i e ' ' . wr 0of' -oe
disnet'r to rsheet thod-siess -f I ol'sI, a'-naratus isa---------If t' e rat;oc
toss irnoreas'd to 2-0 toý 1 e-rror for-: 'yding str soon -odbe rco sod.

Fi~ures 32 and 33 slow toe el- butte tw!nt fuýture at a sn-crise
after test. The doal -.age os ostd to re-sure t~h^ !b,! c " t he fosxture
and snecison aft r disassstlly or :sIc 'n i-n t iure 2.

Fl. ore 3!.' is a 4ta~rrsatic sktch.*. of the !ixtu.±- C rwuia toe
nstbsoatioal sarancters of interest on determtining ther -us; of curvature.
A sheet pncne bulged ttrough an o~nes circular die -ener-y deoreas's on
radius -is bi~girg probr*sses. tnicess oending stresse, arois-d the clasnedd
edge are significant, all '-cont in the sbeet are _rcer onr equal '-iaxa
tensile stress, -titcr. con: be o- loflat- d frcct the eoquato. x for sie~tr; est

-heen Olie Io IVe ixtA stress, n is -i'-' in.rrczý,rs, ' ;.s tVe raoo;-as of
curvature of U, b-4ge, 'oil to !3 the original s-heet t -T'skoess. tor: the
height of the bu1--ed the s'-urs)tion is -Mv-e tJ,-t t-~ -'fsrn-ton cscurnrg !s
spoericol..
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Figure 32. Bulge Test Flztwo

Figua* 33. ibnle Test Fzixtur Dinaaumb1M



cl.RADIUS OF DIE EDGE
r, R4DUJS OF DIE OPENING
h, BULGE HEiGHr

(WBASIC RELATIONSHIP: c~Y -f*(-.
* SOLVE FOR Rk R- r;h*-LZ2~r-zah

Zhto SUBSTITuTE DIE DIMENSUMtS: -hi+&

110"r 34. .4AUS OF CURVATURE CALCULATI)ON
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III. MALLLT! UMAT n. 7RE&¶2T OF &LIMINWM ALWI 6o61

Ilnid- all•o 6061 is an al-dm maiagniu, Silicon alloy whichis responsive to precipitation heat treatamnt. Magnnaia sulicidge is diss-olved into the ahminw matrix during solution heat treataent at 970-1010 F.Upon qu&bching, Oun =1eroscopic particles of n=3 s-1 sL licide are ejectedfro the solid solution. Agtng 1,. 340-355 F causes growth or the precipitate
thus santhening the attom lattice.

This alloy offers good strength, for ility, valdsb)ilty and verygood corlosion re3ictanee. It is wid*ly us*d by the aircraft Industry inapnlicatkoric reuW~irng t!e cCObination of properties this alloy possesses.
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I:i.rmatch

"he tabulatcd resultuj of thia stud: re-:ented in Table III and
Table IV show that there is veri little depreci.,tion of nroncrtir's un to

Oj"' mismatch. At 10O0 rismatch there is nn preciable decrease in the
strengt!: of the welded raterial. These tcinrns all failed it the cde
of the weld or in the annealed zone area '.:hich does not res-ond to nzinr.
The specimrpns were ihi~zvd during londirE to eliminatn bending -tresses.

Weld Repair

The properties of the material were reduced to the annecaled cor-
dition by manual welding. No further tests w"rr conducted an t7 cvaiuatirC
repairs, for the strength of the -atcrial was re'accd to a mininum and the
structure due to anmcaling would be ,vr r',_•i'e to "g nj . The .utom.itic
welded (heliarc and sigma) ' .'6. inch thicl- material showed sliLht decreas.:s
in tensile and yi.eld strengths as shown b:- the data given in Tables V to '.
There was, however, a -rkcd dccreaze in elorhat.•un which, when considered
,vith the strengths obtained, is due to the increans in size of the weld bead.

The 0.125 inch thick material, in comariocn to the ".64 inch
material, welded in the -.Rre manner shows a much greater decline in tensile
and yield strengths, due to the higher heat irrut during valding vhl'h
caused more overaging of the heat aTfec~td ?,one than e'-cr4.enccd -- the
0.O4(L inch thick matereal.

'._echarizal Properties

The Ine.rease in yield, ter.,ile and elon.gation 'rorcrties t lv.wr
temperaturee is brcught. omt •y both tvlur'r-i (TJi and T6) studied . This tr.-
crease is beat exl-' Iv the r.pplication of diploc!t1"n tb'cor,. 1'7-".n
subjection to 10* ters.. -.Lture. the atomic lattice undergoes a contra.ctior.
the thermal agitation t,' .•r Ato .1m n r".;-.ed and the material will i'ndcrto
a greatea mount of uniform strain bc tore dislocation pile uns become keied.
Durin this strain period the lattilc- bý '"s stre4rthemhd by the repeated
generation of dileeatin-z .a;.1 aJ,-,,.er yield ?tr-ss ond t-nnile stress is
obtained. The period Nf "nnform qslc_ atlon ib ol" loii'er duration than A.t
room or elevated tempe-.Atw'es resulting in a higher rmecsurv-d elongation.



The difference in the Tl yield streroth and the T6 at - Y?' Y
reflects the difference in the matrix strcl-th the Th oeing cons!, b1-s•lv
weaker due to subuicroscopic particles. In the T6 condltion, the #,rtr.x
has been Atreogthemed by the i'rowth of the:,- n'-rticles.

The OVO notch data was obtained I'te in this pror;,r.. ? ,Ach.I
to ,motched ratios 4ll be obtained in the next phase and strez •n-c
centrations factora (K) greater ant less tl-.n 3 will be evaluated.

Bulge Test

The dat-i presented herein Is raw data and will be reducea due-re
the comn year. ,'odification of the JIg All be accomlishtd al:c to irb-
orove the accuracy of the test results.
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