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I, ITI0RCTION

‘The fusion welding of th2 aluminun alloy 6061 has been a vart of
fabrication development ut Bell le-vsystems since the construction of the
Rascal rissile, New designs involvin; performance in or with new environ-
ments have necessitated the gencration of design data not requared previously
such as rcctaniczl proverty data at vurious ayogenic tempercztures, For the
most nart, data available in the litcrature due to differences in welding
tecrnicues is not awplicable., Sell Aorosystems' weldin: technicues have
developed to a sta-e thot allews “cll desi ners %o use hi“¢r values than thoce
fornd in the literatwre and ~ublished 1y ot*er comoanies,

Alumimin alloy 6061 was studicd fro= <ractical weldin: considera~
tions, Ivery effort wes made threu hout tre =rorr r to de~licates in.shop
velding and heat treatment corditicns, Awrras of concern to tre design and
metz1lwr 3ccl enincering departrents in mgard teo tank fabricationm, including
nismateh due to irmroper line u» of varicus degrees (25, S0 cnd 1007), effect
of weld renairs, hand versus machinc, effect ol agin;, axd tre effect of low
terperatures on the -echanical ~rozerties of wlded and umelded, notched and
unnotched, solution treated amd solution treated and aged material, were
studied,

For clzrity of oresentation, each phase (f the ~rograr will be
reported on scearately. However, the interaction of the various varameters
reoorted on rust te considered in wny end item to de constructed.

iismatch is cncountercd in horluare fabric tion as the resul. of
poor line up or warpage of one i ce of m-terisl in respect to another orior
to weldin~, The desioner is in need of this information to wrive at sound
engineering safety factors,

Weld repairs are a part of ¥« daily rcutine of any ai-frome weld-
ing shon. Hovever, the varisty of con’ ‘ions encountered nake it diffieuwdt
t0 agsess the de~reciation of weld “:int stremgth, Henmd resairs o welded
parts fabricated -fth rmachine w 1ds in “ich a precise degree of con'rol over
speed is exercis~d arc detrimental,
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Crycgenic temperatures are to te encounter<d in the storage of
nissile propellant fucls, Liquid pases fer the above acplication result
in temperatures from -150 F to k23 F. Specialists in this crycgende field
raintain that face-cintered cuble metcls are swerlor to the body-centered
met-ls, Alumimm and it!s alloys are face-centered cubje but serformance
within this group varies, Ductility of the alumimmn allsys suffers as ter-
peratures acproach absolute zero {(~460 F), Welded structures of alumimm
are more subject to fatigue failure at the low terperaturcs despite the
ircrease in yield and tensile strength that results from such an enviroment.
It has bean the se in this progrom to determine (1) the strength of the
material (606176) umrelded and welded at <150 F and -320 F, (2) the effect
of a "V" notch cn welded and umwelded raterial, (3) the total elorgation
occurring at temprrature, (L) the strain magnitude encountered at the apex
of the "V" notch so that a relationshin might be arrived 1t for elon:ation
as reported in a stamdard two inch uniform cross sectional area specinen
2nd 3 two inch " npotch elongaticn where the cross sectionei arca is non-
uniform due to the presence of the notch,

Heat treatment of alumimm allcys has been and will contime to
be a shop practice requiring rigid controls on the equipment used and cer-
sonnel performing the operations. H2at treatable aluwmimm alloys such as
6~61 develop their properties by sclution heat treatmert and quenching,
which suspemds a precipitate (the result of alloying) in the aluramm
matrix, followsd by either naturdl or artificial a;ing, which oromotes the
growth of the precipitste rerulting in 2 strurgtheacd atemic lattice,

The chysical orooerties of interest of the 6061 2lumirm alloy
studied herein <re given in Table I,

TaEZ 1
sl o

Pt ies of 6061 Alurminum A1l

cal

Density 2098 1b/in’
Melting range (F) 10801200

Coeff. of Thergl Dpansion
(4s/in/F x 10°8) 66212 F

Thermai Conductivity
BIO/in/ 1t/ F/hr at 17 F 1070 (16)

13.1




WTIME ComPasy

[T RTINS Poge 3

BLR 61-10 (M)

Modo!
Cote 12.29-61

Ropert

The guarsntee minimme far S061TL and T6 set forth in Nilitary
HandLook 5 are given in Table II,
TABLE I3
Guarantee Miniwume for Aluminum Alloy 6061

T4 Condition
Tensile Ultimate 30,000
Yield Strength (0,25 offset) 16,000
% Elorgation in 2 inches 16




A Hlsmtch

In this vha=e ¢ ro  of tcnsile s~ chiens was deliberately nmise
aligned to obtain 25, €0 ond 100% rasmcteh nth 0,125 inch thick meterial
and 50 and 100% mismctcr -ith 0,06k inch materizl, The 25% mismaich was
not run on the 0,08l inch rmaterial, On the thinner material this degree
of =ismatch wes very small, avproximately 0.J16 of an inch. The mismatch
13 exnressed as percentage of total cheet thickness, Ittt jeints were r-de
in L anch bty 12 insr plates. These plates yielded nine tensile specirens
oer pla‘e, The bars were testrd at room temersture under uniadal Jo-d
conditions (shime 'rere used to maintain 224 nzemt},

rigure 1 shows a “y~ical greuping of the sar~les. Sarples rarked
A are representative of 1707 - ismatch, B samples I am the C sample 252,
Tre excess veld metal shown in the pistures of tre 2,125 Inch sarples 4 amd
3 was not -round off for it h s no effect on the mechamdcal procerties,

The mechanical »ro~erties of the soscimenrs test d are surrmarized
in Tables I1I and IV, All specimens were welded n the 7! comdition omd
aged %o the T6 temoer after welding.
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This portion of the program deals with the effort made to ascertain
strergth depreciation following weld repairs, It is standard practice in the
fabrication of narts to grind out defects foud by radicgraphic techniquas and
se-weld the joint, The size and depth of the weld repair determines the ares
of deoreciation,

Three plates were heliarc welded with the dirccticn of rolling and
three transverse to the direction of rolling., Fifty per cent of the weld metal
was ground out of, 2 plates naxuslly heliarc welded with the direction of roll-
ing, two plates manually heliarc welded transverse to the direction of rollirg,
two plates automatic heliaic welded with the rolling direction amd two plates
automatically heliarc welded in the transverse rolling direction, %he plates
were then rewelded using the same welding method used on the original weld,

One of twc plates from each group was ground out for the second time amd rew
velded, After welding the plates were artificially aged to the T6 comdition.
Tensile specimens blanks were then cut from the welded plates and subsequently
machined tc the standard tensile specimen configuration., Tables V through XI
present the data obtained, The control samples were taken at the beginning ani
end of each weld repair. They are representative of tho welded sheet wwepaired
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C. Hechanica)l Propertdes

This section presents the rechanical propertices of the aluminum
alloy 6061 in the welded and wumweldr, -onditions, The alloy wus studied in
the solution heat treated condition (I%), and in the fully aged condition
(T6), in both directions of rolling, transverse and longitudinel, as well
as at various tecperatures (-320 ¥, -65 F, R,T, and +150 F), "V" notches
were also machined into welded and urvelded test brrs, in both heat treat
terpers, and tesied at the various temperatures, The V" notch used was
representative of a stress concentration factor (K) of 3 on the 2,125 inch
material.

The data obtained under the specified comditions is presenteld in
Tables XIT threugh XXVII, Figures 2 through 30 give representative curves
of a sirgle specimen under the various tempers, temperatures and welded
conditions studied,
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D. 3Bulge Test

xocraence has sion wob ) re ls wer Tiffle 2f arg correi-tion
i t

retveen tensile trete ~F small crosce- elded oore. oz nt e ~erformnce of
pressure ve-sels wy er strace condatiins, re tl e test ok cyrawdic urst
test has renloced the tenczle test <-nee L oredicts 13 oerlcrmance umer

biaxial stres-es.

The fixture ccnsiste. . U ctevy st ed 1w~ in-rnien the 50 -
ciren vas bolted 2t antervals lon ats! cuter circwrnd rines, The uvper
plate wvag rmactaned to 2 scnl-curict) Jhape {Fiure 11 .z 21lor for defor-
raticn of the elded shret,

Siaxial tensile stress cof ‘e welded ~lucs
reasurerents of rresswre wd hci-Wt - f feformation,
caleulated at omyr ~oimt durin the t ot cllovirng 2t
st ~s neight ~nd wressure *risht ¢ rvee,

ine of he
tre clate can ce all

stress s are gr atest wen the ne ~t 22 4rc bl e
diamet~r to cheet thickmess -f I:11's a~maratus i3 ‘L
were inereascd to 220 t2 1 errerc from  crding str stes -

after test, he d:23) sage 18 used te ressure the MWl

and speci=en aft r disasser®ly :r stcm In Filare 20,

A sheet pinel tulged trrough an coen circular die -emer " ¥ decreass in
raiius s bulging pro.resses. Unlesc cending stresse, arcurd the clasped
ge are siznificant, all -~oints in the sreet are waer or equal “iaxial
53 9 :
tensile stress, which cin te c-icddat-d from the equat.on for resdbrines:

0.2
Tt

©

where Gis the Yiaxial stress, o Is the btul iIng crecoure, R 15 Ue racius of
curvature of . bdulzc, =ad to is ste sriginal shret 4 ‘srness,
height of ithe bul-ed the azcurmtion 213 =ade thut t-e eform-t.c
spnericil.

n wing the

]
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Figure 33,

bulge Test Fixture Disasserdled
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R+RADIUS OF CURVATURE
2-RADIUS OF DIE EDGE

T= RADIUS OF DIE OPENING
h* BULGE MEIGHT

@BASK RELATIONSHIP: RV 0r-)* + (R-h+2*

@ SOLVE FOR R Re T30%2+22r-2an

2R

@ SUBSTITUTE DIE DIMENSIONS: R hZhe2s
a1
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-

é‘"‘m& RADIUS OF CURVATURE CALCULATION
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a.
N\ T1I. METALLUROY &HD HEAT TREATMENT OF SLUMINUM ALLOY £05)
v e
9}, Aluwdmz: alloy 606) is an aluminum magmesiun; atlicon alloy which

is responsive to precipitation heat trestasnt. Magnssimm silicide is disse
oy olved inte the alimious matrix during solution heat treatnent at 970-101C F,
. Upon quenching, mmxll =icroscopic particles of ragerslan silicide are ejected
fram the solid solution, Aging in 340355 P caunses growth of the precipitate
thus strezethening the atomoe lattice,

This alloy offers gocd strength, formsbility, weldabi)ity and very
good coriosion resistance. It is widaiy used by the aircraft in
apniications regmiring the combination of properties this allecy possesses,
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IV, DISCUSSIYY OF [LW7ris

liismatch -

The tabulatcd results of this stud - -resented in Table III ard
Table IV show that there is very 1iitle depreci-tion of ~ronerties un to
507 mismatch, At 100% mismatch there ic =n mpreciable decreasc in the
strengt!: of the welded raterial, These snecirens all failed 2t the cdpe
of the weld or in the annealed zone area :hich does not resmord to aging.
Tho specimens were shirmed during loading to eliminate bending stresses,

Weld Repair

The properties of the material ucre reduced to the anncaled cor-
dition by manual welding. !No further tests were conducted as t- cvaluating
repairs, for tae strength of the rmatcrial was reduccd ¢z a minirum and the
structure due to amcaling would be nwnrr enancive 40 -ping, The sutomatic
welded (heliarc amd sifma) 7,26!. inch thick material showed sli;tt decreas:s
in tensile amd yleld strengths as shown b:- the data given in Tables V to .7,
There was, howvever, a marked decrease in elongation which, when considered
with the strengths obtained, is due to the increase in size of the :vld bead,

The 0,125 inch thick material, in compariscn tc the .26l inch
material, welded in the sare ranner shows a ruch greater decline in tensile
and yield strengths, due to the higher heat irmrut during w2lding which
caused more overaging of the heat a“fectod s0ne than emerienced <+ the
0.,04L inch thick material,

racharizal Properties

The increase in yield, ter:ile amd elon:ation rropcrties ¢ lcw
temperatures is brcught mut - hoth Lemners (T)) and T6) gtudied. This .r-
crease is best oxrl~‘n 4 hv the ~pplication cf dislocatinn theory. !aen
subjection %o low tem..  .ture: thc ztumic lattice undergoes a contr:ction,
the thermal agitation ¢ **r ~toms I5 reduced and the matcrial will vndergo
3 greater amount of uniform strain b fore dislocation pile uns become keyed,
[uring this strain period the lattic: b~~~=as strengthensd bty the reneated
generation of dislocatin=z w:: a_hi;uer yield ~tress ond trnalle stress is
obtained, The period ~f niform elc.ization is of loner duration than ..t
TUOM Or elevated temmertures resulting in a hizher recsured elongation,
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The difference in the T4 yield stren:th and the T§ at - .2° *
reflects the difference in the matrix stren;th the TL veing consi :=rdly
weaker due to submicroscopic particles. In the T6 condition, the mtrix
has been atrengthened by the crowth of thesr =articles,

The "V* notch data was obtzined l-te in this proorii. ? sche
to wmotched ratios will be obtained in the next nhase and stress -un-
centrations factors (K) greater and less thcn 3 will be evaluated,

Bulze Test
The dat-: presented herein is raw data and will be reduced durirg

the coming year, iodification of the jig i1l be accomplishied al:c to im-
orove the accuracy of the test results,




