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ABSTRACT

A test program was conducted to develop blaxial strength allowables

for MIG and TIG welds in 201h-T6 aluminum Welded cylinders, 16-in

in diameter and 60-in. long, were fabricated using procedures simulating
actual production methods used for SATURN S-IVB domes and common bulke-
heads Certaln of the specimens were subjected to a thermal curing
cycle The cylinders, each having two diametrically opposite
longitudinal welds, vere tested to failure at TOO, --3200 and -h23°F by
comblined internal pressurization and applied axial lcading produclng
biaxial stress states of either 2-to-1 {axial-to-hoop) or l-to-1

(exial-to-hcop) Under all test conditions the TIG-welded specimens

exhibited greater biaxial strength than the MIG-welded specimens

it
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INTRODUCTION

The purpose of this program was the development of biaxial s*rength allowables
as related to MIG and TIG welding of SATURN S-IVB domes and common bulkheads
It consisted of fabricating and testing twenty-one MIG welded and twenty-one
TIu welded 2014-T6 16~inch diameter cylinders Besides the welding process,
test variables ineluded test temperature, biaxial stress state, and number

of cures (uncured and double-cured)

The test eylinders were fabricated to simulate actual production fabrication

methods. The welding procedures (MIG) simulated those employed in meridional

welds of the S-IVB common bulkhead

The common bulkhead is a double-walled, spherical-contour membrane separating
the liquid hydrogen end liquid oxygen tanks of the S~-IVB vehicle ZInsulation,
which is cured in place, is provided betwesen the forward (LHE side) and aft
(10X side) domes of the bulkhead During operation the forward dome is in
contact with liquld hydrogen (—h239F) and the aft dome is in contact with
liquid oxygen (-298°F) The aft dome of the S-IVB encloses the liquid

oxygen tank and during operation is in contact with liquid oxygen =t -298°F
The entire tank assembly 1ls proof tested at TOOF The test temperatures

for the program, TO°F, -320°F and -423°R, were selected to simulate

operating and proof temperatures of the tank assembly

Figure 1 illustrates some of the stress states which can be exverienced in
a cylindrical pressure vessel with hemispherical domes  The stress state
in the weld joints can depend upon the thickness of the weld relative to

the thickness of the membrane In a uniform-thickness, hemispherical
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dome the stress state due to internal pressure is l-to~1 (exial-to-hoop)
Weld land reinforcement in meridian welds, used when the strength of the
weld is less than the strength of the parent metal, can reduce the stress
{(hoop) normal to the weld 'The stress parallel with the weld (axial) is
not reduced by weld land reinforcement provided that the strain in the

weld land tends to equal the strain in the membrane If the weld thickness
is exactly twice the wmembrane thickness, the stress sftate in the meridian
weld is 2«to-l (axiel-to-hoop) while the dome wmembrane stress state remains

1l-to-1 The blaxial stress states employed in the test program were l-to-1

and 2-to-1 (axial-to-hoop)

PROCEDURE

The biaxlal test matrix is shown in Table 1 Tests of cured specimens
represent the commen bulkhead which experiences temperatures in the range
70° to -423%  Tests of uncured specimens represent the aft (LOX) dome

which experiences teﬁperatures in the range TOO to -298°F

Material and Specimen Preparatlon

The yaw material for this work was selected from stock originally purchased
for the SATURN S-IVB progrem The original thickness of the 2014 sheet
stock was 0 143 in  Type 4043 weld filler wire was used, MIG welds were

made using O OLS in diameter wire and TIG welds were made with O 062-in

diameter wire

The biaxial test specimens were 16-in diameter cylinders 60-in in length,

as shown in Figure 2



TABIE 1

BITAXIAL TEST MATRIX

Cure Stress Test MIG TIG
Cyecles State Temperature | Welded Welded
{(Axial-to~Hoop) op Specimens | Specimens
None 1-to-1 TOO 3 3
-320° 3 3
2uto-1 70° 3 3
~320° 3 3
Cure 2-tom1 70° 3 3
Cycles
of o
Common B/H =320 3 3
No 2002
0
~423 3 3
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Figure 2  Welded Biaxial Test Cylinder Dimensions




The manufacturing flow chart for the biaxial specimens is shown in Figure 3.
The cylindrical specimens were assembled by the joining of two semi-cylinders
formed from sheet. Blanks, approximately T73~in long by 25-in wide, were
sheared and chem-milled to a final thickness of 0 105-in {thickness tolerances
of + O 005-in ). After chem-milling, the blanks were annealed according to
DPS T 00-1, as shown in Table 2 Annealed blanks were formed to & semi-
cylindrical shape (8-in radius) on a stretch brake and solution treated
according to DPS 7 00-1 (Table 2) Prior to aging to the -T6 condition,

the semi-cylinders were sized on the stretch brake  All aged semi-cylinders

vwere anodized and trimmed to size for welding

Before welding, the Joints were cleaned according to DPS 9 1% A mitric-
hydrofluoric acid slurry (Pasa-Jel) was used to loosen the anodized coating
from the Jjoint surfaces The slurry was removed by use of British Etch
Just prior to welding, the Joint edges were hand filed All welds were

made using 4043 filler wire by either the MIG or the TIG process Weld

parameters are listed in Table 3

After welding, the welds were shaved to within O 0l0~in. of the parent

metal thickness on both the inside and outside surfaces of the cylinders

All welds were radiographed and inspected with dye penetrant Those
cylinders scheduled to be tested in the "cured" condition were then subjected
to cure cycles simulatling those actually used on S-IVBE Common Bulkhead

SN 2002 (P/N 14 39309).
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TABIE 2

HEAT TRFATMENTS USED FOR PROCESSING 201k ()

Anneal

Solution Treat

Age - T6

1  l-hour heating time
2 2-hour soak at T80°F

3. TFurnace ccol to SOOOF
(not faster than 50°%F/hr )

Lk Air cool to room
temperature

k0~-55 minutes 1in
air at 925-945°F

Water quench

19-hours in air

at 310-330°F

Air cool to room
temperature

(1) DPS 7 00-1




WELDING

PARAMETER

TABIE 3

MIG

PARAMETERS USED IN FABRICATION OF TEST SPECIMENS

TIG

Weld Unit

Finger Pressure
Chill Bar
Toreh

Iead Angle
Contact Tube
Slope

Voltage Range
of Slope

Inductor
Atmos phere
Flow Rate

Veld Wire

Current
Voltage
Travel Rate

Electrode

Wire Feed

Linde SVI 500 #1554 waith Lande
Travel Governor Control

100 psi (8 £t Airline Fixture)

Titamum with O 312 in by
0 040 in slot

ILinde STS with #8 Cup
10°
0 057 in

Flat with Dial at 8

13-3h

Low-Dial at &
Pure Argon
60 cu £t /hr

Type bol3, Wire Spool, O O45
in  dia , Heat #0LLy

135-138 amps
22-25 Volts
28 in /mun

Miller 360 A/BP with Linde SVI
500 Wire Feed

100 psi (8 £t Airline Fixture)

Copper with O 260 in by
0 025 in slot

Iande HW 27 with #10 Cup

10°

Pure Helium
70-100 cu Tt /hr

Type 4OL3, O 063 a2n dia

138-147T amps
11-1/2 ~ 12-1/4 Volts
15 in /min.

3/32 in dia Tungsten
2% Thoria

38-52 in /min



Cylinders were cut to length and the trim was used for unlaxial tensile
specimens. Doublers, as shown in Figure 4, were bolted and adhesively
bonded to the cylinder ends using Narmco 7343  This adhesive requires
a cure cycle of 160°F for 2 hours The doublers provided attachment
sites for the loading heads which also seal the cylinder The doublers

were designed with fingers to minimize end effects

Each aluminum loading head contained a 16-in diam circular groove into
which the test cylinder was inserted for attachment Moliten Cerrobend
alloy (melting point 159°F) filled the groove and solidified locking the
cylinder in place  After solidification the Cerrobend alloy undergoes &
solid stete reaction which results in a volume expansion Such expansion
within the cirecular groove established a gas-tight seal between the
cylinder and the loading head  Loading heads for room temperature tests
are shown schematically in Figure 5 Cryogenie loading heads, shown in
Figure 6, were designed to trap the helium gas used for pressurization and
to release slowly the expanding gas at failure to produce & hydrostatic,
rather than a pneumatic, burst In addition, the baffle srrangement kept

the warm helium gas from contacting the specimen walls

Test Equipment

As detailed in Reference (1), some room temperature biaxiasl tests were
performed in a Baldwin 400,000 1b capacity testing machine with an
auxilisry hydreulic pressurization system The Baldwin tesiing machine

t
was used to apply axiasl loads and the hydraulic system was used to
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pressurize the test cylinders The specimen loading ratio was controlled
manually by following an appropriate X~Y recorder plot of Baldwin machine
hydraulic pressure versus specimen pressure  The X-Y recorder plot was
devised to provide a 2-to-1 or a l-to-1 (axial-to-hoop) biaxial stress

ratio

Remaining room temperature and all cryogenic blaxial tests were performed

in & specisl test machine (P/N 1T06601-1) The test machine consisted of

a system for applying the desired stress ratios to the cylindrical specimens
by means of a single high pressure gas source Prior to pressurization, the
specimens vere filled with water for room temperature tests and with ligqu:d
nitrogen or liquid hydrogen for the cryogenic tests 1In all cryogenic tests
the specimens were submerged in liquid nitrogen or liquid hydrogen contained
in a cylindrical cryostat Specimens were pressurized using gaseous nitrogen

at room temperature and gaseous helium at cryogenic temperatures

Instrumentation

For the purpose of detecting the formation of cracks in the welds of the
loaded specimens prior to bursting, crack wires (ili-gage insulated Formvar)
were bonded to the welds and connected to the recording equipment, a wire

failure was therefore synchronized with specimen pressure

For room temperature tests, the 2-to-1 (exial-to-hoop) specimens were
equipped with two crack wires installed on one of the two longitudinal
welds as shown in Figure 7 For cryogenic tests, both longitudinal welds

in the 2-to-1 {axial-to-hoop) specimens were equipped with two crack wires
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For the l-to-l (axial-to-hoop) specimens, crack wires were laid in the form
of 8 sine wave crossing the weld Two acoustical methods for detection of
crack formation were attempted The first method involved the attachment
£0 the specimen of a crystal accelerometer which was connected to an
oscillograph, ear phones and s tape recorder Background noise prevented
the successful use of this methed The second method, also unsuccessful
due to excessive noise, involved the use of gix crystal accelercmeters to
detect and locate cracks by triangulation This method was supervised by

an Aerojet-General representative, as requested by NASA

All specimens were equipped with at least one braxisel stresin gsge mounted
either on the parent metal or on the weld to monitor the stress state On
some specimens, biaxial strain gages were located back-to-back on the weld
and on the parent metal Certain specimens were instrumented with deflection

transducers to measure circumferential growth at the center of the specimen

Specimen internal pressure and axisl load (in terms of pressure) as detected
by electricmsl pressure transducers were recorded for all tests on an XY

recorder Internal pressure was also menitored by a mechanical bourdon-type
dial gage All electrical pressure gage, crack ware and strain gage outputs

were recorded on an osclllograph or by the Digital Data System

Two specimens were instrumented for the purpose of evaluating stress
distrmbution salong the weld during loading at room temperature  Photo-
stress was applied to the weld of specimen Bl and back-to-back bilarisl

strain gages were located approximately 8 inches from the doublers at



one end of specimen B¥. Specimen Bl was first pressurized to produce a
1-to-2 (axial-to-hoop) stress state, this pressure was maintained while
the axial load was increased to produce a 2-to-l (axlal-to-hcop) stress
state This loading procedure was followed several times and photographs

of the stress patterns were taken for analysis

Test Procedures

Assembled room temperature test specimens were installed in exther of the
two test machines, filled with water and pressurized and axially loaded in
steps up to & longitudinal stress of 55 ksi for the 2-to-l (axial-to~hoop)
specimens and 24 ksi for the 1-to-1 (axial-to-hoop) specimens After each
loading step, the one longitudinal weld not equlipped with crack wires was
dye checked for cracks  After achieving the above stress levels, the

specimen pressurizetion and axisl loading were applied continucusly to

failure

Specimens for -320°F tests were first purged with helium gas  After purging,
the specimens were pressurized with helium gas at 75 psig to maintain

positive internal pressure during filling of the cryostat with liquid nitrogen
Upon completion of the eryostat f£ill, specimens were filled with liquid
nitrogen and permitied to stabllize at -320°F An instrumentation zero vas
taken end, with recording equipment operating, helium gas pressure {internal

and axaal load) was applied continuously until failure.

The procedure for -h23°F tests was similar Specimens were purged with
helium gas and pressurized at 75 psig during & pre-chilling operation

in whieh the cryostat was filled with liquid nitrogen The cryostat was



purged with helium gas after draining of the liquid nitrogen Specimens
were pressurized with helium at 75 psig during filling of the cryostat with
liquid hydrogen. The specimens were then filled with liquid hydrogen and

allowed to stabilize at -h23°F An instrumentstion zero was taken and

helium gas pressure (internal and axial load) applied continuously until

failure occurred

Failure Analysis

A metallurgical examination was performed on each biaxial specimen after
bursting Parent and weld metal tensile tests were performed on uniaxial
tensile specimens machined from the cylinder trim as shown in Figure 8

Specimen dimensions are given in Figure ¢

The fracture path of each falled biaxisl specimen was mapped An attempt,
using visual or electron fractography, was made To locate the origln of each
failure The map of the fracture and the location of the origin, if determined,
were compared with dimensional and gquality data obtained on each specimen prior
to testing Metallographic specimens of selected areas were made and examined
The unfailed vortions of some welds were subjected to radiographic and dye

penetrant inspection in an attempt to discover cracks caused by the testing

Methods of Analysis

Biaxial Strength

For essentially homogeneous structures, most combinations of biaxial tension
stresses result in dbserved blaxirl yield and ultimate strengths higher than

corresponding uniexial strengths, for the l-to-1l stress state, in which the



LONGITUDINAL
ALL-WELD-METAL
SPECIMENS

LONGITUDINAL
PARENT METAL

SPECIMENS ;I i !1 I T
SR T
e ‘ | ?
L - TN I .
TP =1 |
A { S §
,/ [ 1 i
- 1 |
Q e el S |
{
JIN N | l
A1 |7 |
, / S 5
! SO
} |i \ NS jﬁ/
L/ \szﬁ
b @ \.\ £

\I[|.~~ ~d!
@ -7 N b i
i P -~
// ~
ZTRJQNS\J’ER“IE WELD

SPECIMENS

Figwe 8 Tensile Specimens Machined from Cylinder Trim




[
<o

13/4

PARENT METAL TENSILE

21/4

500D

nmmu‘.mnmm)mn'n B

b I3

g N
150 500D

LONGITUDINAL ALL-WELD-METAL TENSILE

DIMENSIONS ARE IN INCHES

Figure 9 Tensile Specimen Dimensions




two prineipal stresses sre equml, blaxlal strengths are equal to uniaxisal

strengths

Various theoretical treatments (References 2, 3) are available which give
the biaxial yield strength as & function of stress state  Others,
(References 4, 5) have shown that blaxial ultimate strength (plastic
instability stress) can also be treated theoretically The biaxial
plastic-instability-stress envelope for titanium alloys was shown
(Reference 6) to conform with Hill's description of the biaxial yleld
strength envelope for anisotropic materials (Reference 7) Using Hill's

model, the biaxial strength can be described by the expression

2

- R + 2 - 2
a, 2 e 0, T + Oy o, (1)
where
UA = axial stress at failure

UH = hoop stress at fallure

¢ = uniaxial ultimate strength

R = a parsmeter equal to the ratio of lateral-to-thickness

straln in a pure uniasxial stress state
The perameter, R, is equal to 1 O for isotrople materials, such as 201L-T6

For isotropic materials Eq 1 therefore reduces to

2 2 2
0, " - O Gyt o = o (2)

Figure 10 illustrates the bilaxial strength envelope for all tensile stress

states for a homogeneous, isotropic structure, as predicted from Eq 2

21
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In a non-homogeneous structure, in which the strength may vary from place

to place in the structbure due to the presence of welds, geometrical dis-
continuities and the like, the strength envelope for blaxial tension stress
states is less stralghtforward The welded 2014 eylinder tested in this
program is such a non-homogeneous structure since it contains two longitudinal

weldments having strengths considerebly less than the adjacent parent metal

Development of Blaxial Strength Envelope

fOnly two blaxlial stress astates were evaluated in this program  Never-

theless, for most test conditions the shape of the biaxial ultimate strength
envelope can be developed First of all, tThe intersection of the envelope
curve with the vertical (axial stress) coordinate represents a 1l-to-0
stress state in which a cylinder is axially loaded only and the hoop stress
therefore is zero The location of this point on the stress coordinate can be
inferred from the resulis of uniaxlal tests of flat panels containing a
longitudinal (parallel with the loading direction) weld. As long as the
entire system remains elastic, the axial stress in the parent metal equals

the axial stress in the longitudinal weld regardless of minor differences in
thickness (assuming that the strain and modulus are equal in parent metal and
weld) as shown in Figure 11, Point A At higher axial loads where the strains
are such that the stress in the weld exceeds the proportional 1limt of the weld,
the stress in the parent metal exceeds the stress in the weld (Point B 1n
Figure 11) If the ductility of the weld metal is such that the weld can
continue straining until the stress in the parent metal reaches parent metal

ultimate tensile strength, then the sitrength of the panel is

23
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o (panel) = o (PM ) - W (weld) F(Pm)-u(weldﬂ (3)

W (panel)

where o (panel) = Strength of panel

o {PM ) = Strength of parent metal

o {weld) = Strength of weld (longitudinal all
weld metal)

W (weld) = Width of weld

W (panel) = Width of panel

Table 4 illustrates the ability of Bq 3 to describe panel strength for
various width panels of 2014-T6 containing longitudinal MIG welds subjected
to & double cure cycle after welding (Reference 8) Tests were performed

at room temperature and each strength value represents an average of three

tests

The analogous equation. for the uniaxial strength of a longitudinally welded

¢ylinder is-

o(eyl) = o (PM )~ ¥ (vweld) E‘(PM)-U(weldﬂ ()
D

vhere o (cyl)

]

Axial strength of eylinder (l-to-0)

D

[

Diameter of cylinder

The intersection of the strength envelope curve with the horizontal
(hoop stress) axis represents a O-to-1 stress state in which a ¢ylinder
is loaded in the hoop direction only and the axial stress therefore is

zero Fallure of a cylinder loaded in this menner will occur when the
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TABLE b

COMPARISON OF CALCULATED AND MEASURED COMPOSITE

STRENGTHS OF LONGITUDINALLY WELDED PANELS

Width Strength | Calculated | Measured
Width [Width of Strength of Composite Composite
of of Parent of Parent | Strength Strength
Panel {Weld | Metal Weld Metal of cof
Panel (1) Panel
in in in ksi ksi ksi ksi
200 | 200 0 L6 7 70 0 L6 7 W 7
15 300 125 g 7 T0 O 65 3 65 5
25 300 2 25 W6 T T0.0 67 1 66 9
4.0 . 300 375 W6 T 70 0 68 0 67 5

(1) caleulated using Eq. 3.




hoop stress reaches the uniaxial transverse weld strength, if there is no
difference in parent metal and weld thickness ‘The location of this point
on the hoop stress coordinate can therefore bhe inferred from unlaxial tests

of flat panels containing a weld perpendicular to the loading direction

Flgure 12 illustrates the developed biaxial strength envelope for a
cylinder containing two longitudinal welds  For this example the
longitudinal and transverse weld strengths were taken both as 66% of

parent metal strength

Fallure Control

The strength envelope indicates that in a blaxial burst test, failure will be
controlied by either the transverse weld strength or the longitudinal cylinder
(essentially parent metal) strength depending on the stress state If the
stress state 1s i1n the region 1l-to-0 to about 1 5-to-1, failure is controlled
by the longitudinal cylinder strength If the stress state is in the region
of sbout 1 5-to-1 to O-to-1l, fallure iz controlled by the transverse weld

strength

The relatlionship between stress state and failure control can be generalized

if stress state 1ls expressed as a fraction as

Stress State = B&xial stress —_ ¢ (5)
hoop stress
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Then stress states of 1-to-0, 2-t0-1, l-to-l and O-to-1 are expressed

as &, 2, 1, and O The longitudinal cylinder strength controls failure

in the range of stress states & to K¥, where

(K*)E “K¥+ 1 = {long cylinder strength)2 (6)
(trans weld strength)e

vwhere the strengths are uniaxial values Transverse weld strength controls

fallure in the range of stress states K¥ to O

Strain Limitations

The shape of the blaxial strength envelope depends to some degree upon the
ability of the weld to strain without rupturing If the longitudinal weld

in a cylinder stressed 2-to-1 (axial-to-~hoop) reaches the limnt of its
ability to strain in the axial direction before the parent metal axial

stress reaches ultimate {biaxial) strength, then the weld will crack first
The erack will form across the longitudinal weld normal to the maximum (axial)
strain direction It is likely that the weld crack will extend at least from
one fusion line to the other (and possibly into the heat-affected zones on
either side of the weld) It is also likely that the erack will exist

completely through the thickness of the weld fusion zone from the I D of

the ¢ylinder to the 0D

If the resistance of the varent metal to the presence of such a through
erack is such that the crack is arrested, a small leak can cecur but the
cylinder will not fail by fracturing until the stress is increased %o

some higher level In the case of an axially loaded cylinder, the leak

does not prevent further axial loading and the axial stress could be
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increased to the point of fracture In a pressure vessel, the leak may be
of sufficient magnitude that a further pressure increase is not possible

and fracture couldé not occur

If the resistance of the parent metal to the presence of the through crack
is such that the crack is not arrested, fracture of the ecylinder will occur
immediately with no further increase in stress The biaxiasl strength of

the cylinder under these conditions would be less than predicted

Flgure 13 illustrates conditione under which leak-before-~fracture and
fracture-before-leak could occur The curve represents the axial strength

of & cylinder as a function of the length of a through ecrack normal to the
axlial stress If the weld crack due to the limiting strain capability of

the weld is short enough, the cylinder can be stressed axially %o its
ultimate strength regardless of when the weld crack forms. If the weld
ecrack ls somewhat longer, however, the axlial strength of the e¢ylindexr can be
reduced. The actual reduction depends on when the crack forms  If the crack
forms at a Llow axial stress, the cylinder can be loaded until the axial stress
18 equal to the fracture strength characteristic of the length of the crack
I the crack does not form until the axisl stress has reached a level above
the characterlstic fracture strength, then fracture will cceur immediately

and the reduction in cylinder strength will be somewhat less

The elagstic axial fracture stress of a cylinder can be determined (Reference 9)

from?
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2 Ke?

ﬂ[%§-+ §l§ (%&%)%j

where UA = axial fracture stress
Ke = plane-stress stress intensity of parent metal

£ = length of through crack

Oy = yield strength (bilaxial) of parent metal

Equation 7 1s not valid at axial stresses above yield strength IFor the
case of weld strain Llimitation, the length of crack,,f, can be taken as

that width of the weld and heat-affected zone which rupture (effective

width of weld)

The biaxial strength envelope for & cylinder with longitudinal weld strain
limitation leading to low stress fracture is truncated in the region of
high axial stresses If a weld crack occurs abt some value of axial stiress
less than the biaxial ultimate, the strength envelope is truncated at the
failure stress for the cylinder characteristic of a through crack equal in
length to the effective width of weld The truncated blaxial strength

envelope for a case of longitudinal weld strain limitation is shown in

Figure 14 The figure is based on the data in Figure 12

RESULTS

Detailed measurements made in all bilaxial tests, including strain gage,

deflection gage and itransducer readouts are gilven in Reference 1
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Stress State and Distribution

Specimen Bl with photostress applied to one of the longitudinal welds
gshowed a uniform stress distribution along the weld and indicated that
end effects due to the loading heads were negligible Furthermore, the

biaxial strain gages installed on specimen BY showed nearly the same biaxial

stress ratio as the gages located at the center of the specimen

Biaxial Test Results

Nominal axial and hoop stresges in the parent metal at the time of first
weld crack indication and at burst for all biaxial tests are gilven in
Tables 5 through 9 In the tables both the test code number and the
production code number of each specimen are listed for reference  The
gtresses were calculated using the average parent metal thickness in the
circumferential section near the fracture (2-to-1, axial-to-hoop, tests)
or the average parent metal thickness adjacent and parallel to the weld
(1~to-1, axial~to-hoop, tests) Thicknesses as measured prior to testing

were employed in these caleculations

For some speclmens there was no indication of weld cracking prior to bursting
In tests at 700 and -320°F, 15 out of 36 specimens tested gave indications of

cracking prior to burst In the six tests at -h23°F, no cracking prior to

burst wes indicated
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TABIE 5

RESULTS OF 2-T0-1 BIAXTAL TESTS AT TO°F

Flrst Crack Burst Burst Stress Failure
Type Specimen Indication, Stress Axial Internal (1) Analysis
Weld Code Axial Hoop Load Pressure | Axial | Hoop | Report
Pest | Prod ksi ksi 1bs psig ksi ksi Yo

NO CURE .

MIG Al Al 76 6 38 3 303, 500 505 77 O 38 5 | MP 20,425
Bl Bl TT b 39 2 302,000 510 77.8 39 4 | MP 20,426
ch clt (2) (2} 350, 000 420 75 1L 37 8 | MP 20,435

TIG Jl J3 (2) (2) 308, 000 510 77 8 38 8 | MP 20,477
J2 E3 76 2 37 1 308, 000 510 78 3 39 2 | MP 20,k77
J3 Dl 7T 6 38 6 315,000 521 77.0 38 5 | MP 20,kTT

CURED

MIG B3 B3 (2) (2) 332,000 70 73 3 36 7 | MP 20,473
B4 B4 (2) (2} 288, 500 485 Th 3 37 3 | MP 20,44
cl (1 72 5 36 2 302, 500 503 %6 3 38 2 | MP 20,455

TIG D2 oL (2) (2) 319,000 527 816 Lo 7 | MP 20,452
D3 02 (2) (2) 316,000 523 817 | 4o T | MP 20,453
Dk PL (2) (2) 323,000 535 80 6 40 5 | MP 20,449

(1) Stxess based on average parent metal thickness in the circumferential section at
the failure location

(2) Ko indication of crack prior to burst




TABLE 6

RESULTS OF 2-TO-1 BIAXTAL TESTS AT -320°F

Specimen First Crack Burst Burst Stress Fallure
Type Code Indication, Stress Axial Internal (1) Analysis
Weld Axial Hoo Load Pressure | Axial | H Report
Test | Prod P oop No
ks1 ks1 1bs psig ksi kst
NO CURE “ o, ‘
MIG F2 13 (2) (2) 363,000 603 91 5 ks 7 1 MP 20,451
F3 H1 (2) (2) 331,000 ShT 85 0 42 5 | MP 20,451
Gl K3 85 0 b2 5 345,000 570 87 2 43 6 | MP 20,496
TIG 12 ML (2) (2) 345,000 570 8 9 | 43 2 | MP 20,459
K4S M2 BT 7 43 8 375,000 620 88 2 Ly 1 (3)
L1S H3 gk 5 b2 2 353,000 583 89 0 45 0 } MP 20,485
CURED
MIG ce c2 77 2 38 6 353,000 585 90 9 45 1 § MP 20,k5k
E2 N1 ) (2) 270, 000 Ll 70 3 35 0 ()
H2 Q3 (2) (2) 326, 500 540 856 | k2 8 | MP 20,49k
TIG E3 F2 (2} (2) 349, 000 578 88 9 | 4 3 | MP 20,470
El Tl (2) (2) 336,000 555 83 7 41 8 { MP 20,470
Fl Ql (2) (2) 318, 000 525 8o 2 Lo 1§ MP 20,451

(1) Stress based on average parent metal thickness in the circumferential section at
the farlure location

(2) No indication of crack prior to vurst
(3) Eo failure report written

() Report number not yet assigned




TABIE T
RESULTS OF 2-TO-1 BIAXIAL TESTS AT -423°F

Specimen First Crack Burst Burst Stress Failure
32{3 Cede Indication, Stress Axial Internal (1) Analysis
mest | Prod Axial Hoop Load Pressure | Axial | Hoop Report
ksi ksi 1bs psig ksi ksi Number
NO CURE
MIG H3 B3 (2) (2) 326,000 539 815 o 7 (3)
H4 Q2 (2) (2) 324,000 535 816 4o T (3)
1l 22 (2) (2) 309,000 511 70 | 385 (3)
TIG 12 Jz2 (2) (2) 330, 0C0 545 83 7 41 8 | MP 50,020
I3 El (2) (2) 350, 000 578 88 2 4y 1 | MP 50,020
1L il (2) (2) 354,000 585 91 2 45 7 | MP 50,020

LE

(1) stress based on average parent metal thickness in the circumferential section at
the fallure location

(2) No indication of crack prior to burst

(3) Report number not yet assigned




TABLE 8

RESULTS OF 1~T0-1 BIAXTAL TESTS AT 7COF

Specimen First Crack ) Burst Burst Stress Failure
gggg Code Indicatlon, Stress ™ A7 | rnternal (1) Analysis

Test | Prod Axisl Hoop Ioad Pregsure | Axial | Hoop Report

: ksi ksi 1bs psig ksi ksi Number

NO CURE

MIG C3 c3 18 3 48.3 128,000 630 b9 3 Lo 2 |MP 20,443
B2 B2 (2) (2) 125,000 617 y7 4 | k71 jMP 20,43%
D1 12 (2) (2) 132,000 6L2 g9 | 48 4 (MP 20,47k
TIG Jh H2 b8 1 48 1 126,500 625 h8 9 | 48.9 |MP 20,469
K1 KL 45 7 bs,7 123,000 608 k5 | b6 5 [MP 20,L69
K2 K2 (2) (2) 123,500 612 Y71 |} 471 |MP 20,869

(1) Stress based on average parent metal thickrness adjacent end parasllel to the weld

(2) No indication of crack prior to burst.



6¢

TABLE 9

RESULTS OF 1-TO-1 BIAXTAL TESTS AT -320°F

Specimen First Crack Burst Burst Stress
T Code Indication, Stress (1) Failure
wg{g Axdal Internal Analysis
Test | Prod Axial Hoop Losd Pressure | Axial | Hoop Report
s © Kksi ksi 1bs. psig ksi | kst Number
NO CURE
MIG G2 Ge (2) (2) 127,500 630 48.3 | 48 3 |MP 20,495
G3 JL (2) (2) 129,600 638 ho1 | ko1 |MP 20,495
H1 F3 49,6 ho 6 137,000 679 53 8 53 8 | MP 20,405
TIG K35] M3 (2) (2) 136,500 675 56 0 | 5k 0 |MP 20,486
L3 U3 53 & 53 & 148,000 735 57 1 57 1 | MP 20,486
Lk 81 55 8 55 8 147,500 730 58.4 58 4 | MP 20,486

(l) Stress based on average parent metal thickness adjacent and parallel to the weld

(2) Yo indication of crack prior to burst.




Fajilure Analysis

Two fracture orientations were evident in the failed specimens As shown
in Figure 15, cylinders subjected to a 2-to-1 (axial-to-hoop) stress state
exhibited a eircumferential fraciure lying essentially in a plane normal

to the maximum {axisl) stress Cylinders tested in a l-to-1 (axial-to-hoop)
stress state exhibited an axial fracture lying in or adjacent to the weld

as shown in Figure 16 Secondary fracturing occurred in several cylinders

In the circumferential (2-to-1 stress state) fractures sufficlent fracto-
graphic evidence was usually available to permit locaving the fracture

origin in one of the two longitudinal welds 1In the axial fractures,
however, location of & fracture origin was usually not possible due to the
lack of distinguishing fractographic evidence in the failed weld metal

In all cases in which the location of the fracture origin could be determined
no evidence of prior defects in the vicinity of the origin could be found
Some welds contalngg radiographically acceptable porosity but this type of
prior defect was never located at established fracture origins In two
cylinders surface defects in the parent metal {vibrotool marks and a scratch )
influenced the direction of the fracture but were not associated with the

fracture origin

No unusual microstructural feabures were cohserved in metallographic samples

taken from frachbure origins or along fracture paths
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Figure 15 Specimen G4 after 2—to~1 (Axial-to—Hoop) Biaxial Test at 70°F illustrating
Circumferential Fracture
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Radiogrephiec and dye peneirant inspeetion of unfailed portions of two
cylinders (test Code Al and Bl) tested at TO°F in a 2-to-1 (axial-to-hoop)
stress state revealed the presence of shallow surface cracks oriented
normal to the maximum (axial) stress Both cylinders gave indications

of cracks prior to burst during the braxial test In specimen Bl, the
cracking was located in the heat-affected zone on the 0 D surface

(Figure 17) and in the fusion zone on the I D surface of both longitudinal
welds JFigure 18 is a metallographic section of typical surface cracks in
Bl In specimen Al, the cracking was confined %o the heat-affected zone
on the 0 D surface The original inspection records of both eylinders
contained no evidence that the surface cracks existed prior to biaxial

testing

The results of uniexial tests performed on coupons removed from the cylinder
trim of each blaxlal specimen are presented in Tables 10 - 13  Under all
comparable uniaexlal test conditions, TIG welds exhibited higher yield
strength, ultimate strength and elongation than MIG welds The following

effects due to curing vere cbserved

& Yield and ultimate strengths of parent metal were not
affected, but a trend toward slightly reduced elongation

due to curing was noted,

b. In all-weld-metal tensile ccupons tested &t TOOF and -3200?,
curing resulted in an increase of approximately 50% in yield
strength and 10% in ultimate strength while elongation was

reduced approximately 50%,
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TABLE 10

AVERAGE UNIAXTAL TENSIIE PROPERTIES CBTAINED FRCM CONTROL COUPOKRS
TAKEN FROM UNCURED MIG-WELDED CYLINDER TRIM

UNIAXIAL PROFERTIES
(1) TRANSVERSE

Biaxial PARENT METAL LONGITUDTNAL ALL-WELD METAL (2) WEID (3)
Speclmen

Code Test 0 24 Yield | Ultimate | Elongation | 0 2% Yield | Ultimate | Elongation | Ultimate

Temp Strength Strength | in 2 1in Strength Strength in 2 in Strength

mest | Prod °F ksi ksi 4 ksl ksi g ksi
Al Al T0 65 0 73 2 7.0 22 3 38 5 55 ———
Bl Bl 65 0 73.2 8 3 22 2 39 8 T O ——
ch ch 64.8 2.4 98 23 § 42,2 80 k7 0

c3 c3 6h.1 T2 8 10 3 23 4 k2 7 80 48 b
B2 B2 65.2 73 1 9 3 22,7 41 9 75 L6.5
Dl 12 63 1 72 3 10 5 23 5 Lo 2 - k5.5
F2 L3 -320 1.9 85 6 100 34 8 Wt 3 35 k3 O
73 H1 75.9 85 8 12 0 33 5 kt 0 4o 43 5
G K3 T2 1 8 1 4 5 29 2 Ls 7 4o i 7
G2 G2 T 0 83 9 11 5 ma— Lk 3 25 ki 3
G3 J1 75 b 84 T 20 33 5 k6 5 Lo 39.2
H1 F3 % 0 8h T 13 3 28.9 45 © 35 k1.3

H3 R3 ~h23 83 7 97 6 93 k7 6 53 & 00 53 2

B4 Q2 83 9 95 6 10 5 48 3 55 2 10 skl

Il P2 84 7 9% 5 88 b2 hg T 00 46 1

(1) Averages of 4 tests
(2) Averages of 2 tests
(3) Averages of k tests, all transverse weld coupons tested at 70°F
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TABLE 11

AVERAGE UNIAXTAL TENSILE PROPERTIES OBTAINED FROM CONTROL COUPONS
PAKEN FROM CURED MIG-WELIED CYLINDER TRIM

UNTAXTAY, PROPERTIES
TRANSVERSE
Riarial paRENT METAL (1) LONGITUDINAL ALL-WELD METAL (2) VELD (3)
ng;:men Test | 0.24 Yield | Ultimate | Elongation | O 2% Yield | Ultimate | Elongation | Ultimate
Temp Strength Strength in 2 in Strength Strength in 2 in Strength

Test | Prod O ksi ksi % ksi ksi % ksi

E3 B3 70 65 9 7L 9 9.3 3% 6 46 7 30 29 1

Bl Bl 6k 8 70 7T 90 37 1 LT 6 3.0 L6 6

c1 c1 66 5 72 3 8 8 36 6 b7 1 35 55 7
ce c2 -320 62 6 8E 6 90 26 y (&) | 48 8(k) boo(k) 50 5

E2 Nl Th 2 84 8 g0 9k 52 2 05 50 8

H2 Q3 75 3 85 1 11 0 29 8 46 9 4 5 43 6
(1) Averages of L tests

(2) Averages of 2 tests

(3) averages

of I tests, all transverse weld coupons tested at T0°F

(4) Tested at TO°F




TABLE 12

AVERAGE UNIAXTAL TENSILE PROPERTIES OBTAINED FROM CONTROL COUPONS ~

TAKEN FROM UNCURED TIG-WELDED CYLINDER TRIM

UNTAXTAL PROPERTIES

TRANSVERSE
Biraxial PARENT METAL (1) LONGITUDINAL ALL-WELD METAL (2) wELD (3)
Speciien

Code Test 0 2% Yield | Ultimate | Elongetion | O 24, Yield | Ultimate | Elongation | Ultimate
Temp Strength Strength n 2 in Strength Strength in 2 in Strength

Test | Prod oF ksi ksi % ksi ksi 4 ksi
J1 J3 70 6L b 71.8 10 © 23 5 46 0 10 5 kg 6
Je E3 6L 3 73 1 10 5 2h.1 k5 8 105 50 9
33 DL 6l & 72 9 9.0 25 0 ks 8 g5 k9 3
Ik H2 61 6 72 3 105 25 L k6 6 10 5 bh.6
K1 Kl 60 6 71 3 11 0 29 7 T 11 5 46.8
K2 K2 618 TL L 10.5 23 7 k5 1 11 5 45,k
12 Ml -320 7L b 85 5 13 5 35 6 55 b 8.0 51 1
Xhks M2 71 8 87 1 10 8 33 4 54 9 70 50 L (k)
L1s H3 71 3 8k 9 9 8 33 9 52 4 60 60.9 (1)
K351 M3 70 1 86.1 12 0 31 1 48 6 50 55.1 {4}
13 V3 2T 85.8 11 8 318 52 b 65 50 3
Ik 81 Th & 8 T 11 5 30 & Lo 8 L 5 50 1
I2 J2 -423 81 5 96 1 10 3 50 9 62 7 10 50 2
I3 El 797 9l b 9 8 51 6 62 & 10 g 8
I T1 8k 8 99 0 10 0 b7 9 57 7 10 hs 5

(1) Averages of I tests
(2) Averages of 2 tests

(3)

(4) Tested st -320°F

Averages of 4 tests, all transverse weld coupons tested at TOOF unless noted




AVERAGE UNIAXTAL TENSILE PROPERTIES OBTAINED FROM CONTROL COUPONS
TAKEN FROM CURED TIG-WELDED CYLINDER TRIM

TABLE 13

UNIAXIAL PROFERTIES
1 o TRANS B
Biaxial PARENT METAL (1) LONGITUDINAL ALL-WELD METAL (2) WELD“{%?
Specimen
Code Test 0 2% Yield | Ultimate | Elongation | O 2% Yield | Ultimate | Elongation j Ultimate
Tamp Strength Strength in 2 in Strength Strength in 2 in. Strength
Test | Prod ksi ksi % ksi ksi % ksi
D2 ol TO 6h 7 71 1 80 39 2 51.7 - 55 3
D3 02 6h & 70 8 78 39 0 51 5 60 55.7
D4 Pl 6h 5 7L 1 80 40 3 51 1 50 52 1
E3 F2 -320 75 0 87 2 1¢c 0 L7 7 59 9 20 hg 6
Ek KL h 1 85 2 10 5 48 o 60 2 20 51 8
F1 QL 737 83 9 10 8 46 6 59.2 20 52 0
(1) Averages of Ut tests

(2) Averages of 2 tests

(3) Averages of 4 tests, all transverse weld coupons tested at 70%F
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Figure 17 HAZ Cracking on 0 D Surface of Specimen Bl Observed after 2—to—1
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¢. In transverse weld coupons, ultimate sirength at TOOF was

increased 5 to 10% by curing.

Blaxial Strength Envelopes

Figures 19 through 23 are biaxial strength envelopes for MIG end TIG
welded eylinders of 2014~T6 under the conditions tested in this program
The biaxial envelopes were constructed as deseribed above  Theoretical
biaxial envelopes are shown based upon Eq 2. The curves are solld when
the experimental data agree reasonably well with the theoretical prediction
The curves are dashed when the experimental data does not agree with the
prediction or when sufficient experimental date do not exist to verify

the predietion

In the bilaxisl strength envelopes truncated axlal strengths occurred under
certain test conditions indicating the possibility of longatudinal sirain
Iimitation in the welds At TOOF truncated axial strength was observed
for cured MIG welds only The truncated axial strength for these welds
vas greater than the uniaxial parent metal tensile strength At -320°F,
all welds, both cured and uncured, exhibited truncated axial strength
generally greater than uniaxial parent metal tensile strength At -h23°F,
truncated axial strength was less than uniaxial parent metal tensile

strength for both cured MIG and cured TIG welds
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Transverse weld cracking at TOOF due to strain limitation in cured MIG
welds has been observed in tests of specimens extracted from a scrapped
common bulkhead aft (LOX) dome, as shown in Figure 24 Two specimens,

3-in wide in the reduced section and 16-in long, contained & portion

of a meridion weld centered and psrallel with the specimen loading axis
(longitudinal) Each specimen was loaded in a tensile machine until a
through erack initiated in the weld, at which time the specimen was unloaded
The stress levels at which cracks were cobserved were 37 b and 46 2 ks1 in
the two specimens As indicated in Table 4, the ultimate strength at T0°F

of such panels is approximately 66 ksi

Since all cylinders subjected to 2-fo-1 stress state tests at -h23°F
failed at stresses less than the parent metal blexial O 2% yield strength
(1 15 X uniaxial 0 2% yield strength) Eq 7 can be epplied to assess the
correlation between failure stress of the cylinders and length of through
crack at the time of burst  Assuming that a through crack initiated in
the weld due to longitudinal strain limitation and therefore extended
from the fusion line on one side of the weld to the fusion line on the

opposite side, then a value of K. can be determined  Rearranging Eg 7,

0A2 x ffe —}%

Ke = 3 3 (8)
[ 1- 0y /cy_d
vhere OA = axial stress at failure of cylinder

biaxiel yield strength at -423°F = 94 3 ksi

Q
od
il

passt
[

width of weld = length of through crack
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Figure 24  Transverse Crack Produced in Weld by Tensile Loading at 70° F of Coupon Cut from
Common Butkhead Insulation Adhesive Visible on Specimen Surface on Either Side of Weld




¥easurenments of weld width from metallographic cross-sections of MIG
and TIG welds in O 100 in thick sheet (Reference 10) suggested values
for £ of 0.300 in and 0.220 in., for MIG and TIG welds, respectively.
Table 1k presents the calculated K, values for the -h23°F biaxial tests.
The values represent the critlical plane stress stress-intensity for
parent metal since fallure of the eylinder is caused by propagation of
the initiel erack into and through parent metal, hence the average Kq
values from the two sets of c¢ylinders are equal regardless of weld
process and variations in weld properties. These data indicate that
where longitudinal weld strain limitation is a possibility, the weld

process producing the narrowest weld is the more desirabile
!

CONCLUSIONS
1. In a biaxial stress state of l-to-1 (axial-to-hoop), the limiting

strength of welded 2014-T6 is the transverse weld strength

2 In a biexial stress state of P-to-l (axial-to-hoop), the limiting
strength of welded 2014-T6 is the axial composite strength elevated
10 to 15% above uniaxial {1-to-0) strength unless longitudinal weld

ultimate strain limits the axial strength

a  For uncured MIG and TIG welds in 201k-T6, longitudinal weld
ultimate strain does not limt axial strength at TOOF, but

reduces axial strength at -320°F to about 105% of uniaxial

strength



TABLE 1k

VALUES OF Ko CAICULATED FOR 2-TO~1 BIAXIAL TESTS AT -1}23°F

Biaxial Width Axial
Specimen Weld of Stress Ke Average
Code Process We}.d o) (Eq 8) Ke

Test Prod in ksi ksivin ksiJin
H3 R3 MIG 300 815 70 6

HA Q2 81 6 70 8 68 7
Il P2 TT © 6 T

12 Jz2 TiG 220 83 7 63 2

i3 El 88 2 68 2 68 i
I T1 91 2 37




-

b For cured MIG welds in 2014-T6, longitudinal weld ultimate
strain limits axial strength to about 105% of uniaxial

strength at TOOF, 1004 of uniaxial strength at -320°F, and

85% of uniaxial strength st -423°F

¢ For cured TIG welds in 2014-T6, longitudinal weld ultimate
strain does not limit axial strength at 70°F, but reduces
axial strength to 1004 of uniaxial strength at -320°F and

to 93% of uniaxial strength at -h23°F

When longitudinal weld strain limitation occurs in welded 2014-T6, it
results in reduced biaxial strength probably caused by the formation

of through cracks across the weld

Longltudinal weld strain limitation effects are less in TIG-welded
2014-T6 than in MIG-welded 2014-T6 probably because of the narrower

weld produced by TIG welding

On the basis of TOOF and -320°F tests of uniaxial coupcns taken from

the cylinder trim, the curing cycle has the following effects

a Curing has essentially no effect on parent metal properties

determined at TO° and -320°F

b From longitudinal all-weld metal tests curing produces increases
of approximately 50% and 10% in yield and ultimate strengths,
respectively, regardless of weld process, at TOO and -320°F.
These increases are accompanied by a reduction of about 50% in

elongation



¢. From transverse weld tests at TOOF, curing increases ultimate

strength approximately 5 - 10%, regardless of weld process.

6. On the basis of tests of uniaxial coupons teken from the cylinder trim,
TIG welds exhibit higher yield strength, ultimete strength and
elongation than MIG welds compared at the same test temperature, in
the same cure siate and in the same specimen orientation
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