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ABSTRACT

A reliable design for high performence, light weight tenkage tor
cryogenic liquid propellants, including liquid hydrogen, is @
criticel requirement in future spacecreaft. Accordingly, 8 project
wes initisated to develop titenium pressure vesse! fabricetion and
welding methods. Using Ti-6A1-4V and Ti-5A1-2.55n alloys ond in-
corporsting three weld designs, 8 totel of eight 16~inch diameter
pressure vessels were menufactured and burst tested at temperatures
between ambient and -423ir (-253%C). In sddition, three 30-inch
cylinders of sandwich construction were fabricated and tested
under selected thermei gradients. The results showed that
resistence or fusion weldec¢ Ti-6Al-4V tankage can be menufactured
ond used 8t temperatures between ambient temperature and -329PF
(-l96fb). Further work is necessary to develop titenium tankage
tor liquid hydrogen spplicetions. The compressive strengths of
sandwich cylinders veried very little within the renge of the
therme| gradients investigeted. Informetion on the tabrication
end testing methods as applied to titanium tankage is presented

in this report. The possible causes of premeture failure at
-AZ}bF (-253?0) and the subject ofﬁ”toxfuro strengthening" ere

briefly discussed.



INTRODUCT JON

In the development of spacecraft, the demand for suitable enqineering
materials for cryogenic applications is becoming increasingly critical.
In particular, the use of propellants such as liquid oxygen and liquid
hydrogen poses & serious tankage material selection problem. For
economic reasons, the tankage material must be formable and weldable

by conventional manufacturing methods. The tankdge must possess & high
strength-to-weight ratio and uphoid its structural integrity under high
stresses at near absolute zero temperatures. In addition, the tankage
material must be corrosion resistant and chemically compatible with the

liqui-¢ fuel.

Ot the commercially available metallic materials, the titanium alloys
con best satisfy these requirements., Within this alloy system, the

best candidate material is the Ti-6AlI-4V alloy. Another alloy,
Ti=5A1-2.55n, was considered to be the aiternate material. Accordingly,
8 program was initiated to determine the pertormence of Ti-6Al-4V by
manufacturing subsize pressure vessels and cylinders and subjecting them
to structural test. Specitically, this progrem was designed to achieve
the tollowing objectives.

A. Generate manufacturing and process data ledding to fabrication of

full scale tankage.

B. Establish weld design and design allowables for eech of the three
weld designs (Figure |) on the basis of pressure vessel performence

ot cryogenic temperatures.
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C. Determine the possible use of sandwich construction for cryogenic

tankege.

D. Determine the effect of thermsl gradients on the buckling character-

istics of sandwich cylinders.

At the request of the AST Structures Branch, this work was originelly
conducted in conjunction with the proposel input effort for the RIFT

Program, Reference |.

MATERIALS

The meterial requirements for the fabrication of 30-inch diameter
cylinders, 16-inch dismeter pressure vessels, and fixtures are specified
in Douglas Orawing Nos. IAOO089, 1AOI246, and IA36574, and ere appended
in Appendices |A, |1B and IC, respectively. Informetion on the procure-
ment source, material history, chemical compositions, vendor certified
mechanice! properties, and other pertinent meterials dete are given in

Appendix 10.

3.1 PErssaure Yessel Fabrication

All pressure vessels were fabricated in accordence with the design
requirements specified in Dougles Drewing No. 1A01246 and IA36574. The
six Ti-6Al-4V test domes used in this study were aveilable from 2
previous titanium dome-forming progrem, Reference 2. Two additional

domes, mede from annedied Ti-5A1-2.55n sheets, were formed on the
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Cincinnati Hydroform Mechine located at the Torrence Facility. In prepara-
tion tor forming, the dome blanks were circle-shesred and the edges de-
burred by hand polishing. A mild steel back-up sheet, 0.125 inches thick,

was circle-sheared and placed between the die cavity and the dome blank.

This arrangement increased the rigidity in the dome fliange area and re-
duced the buckling tendencies. By 8 single draw operation, the domes
were successfully formed. No stress relieving or interstage annealing was
necessary. Similarly, the heavy domes, Part No. |A1246-5, were fabricated
from commercially pure titanium sheets, O0.150 inches thick. The pressure
vessel design called for a heavy dome on the opposite end of the test
section so that failure from hydrostatic burst test would be confined

to the proper location.

The cylinders were made from Ti-6Al-4V sheets, 0.050 inches thick, by
rcll forming. Subsequently, the longitudinal edges were trimmed to the
desired diameter of 16 inches and joined by a fusion weld. Because of
the difference in wall thickness between the heavy dome (0.150 in.) and
the cylinder (0.050 in.), a tapered transition ring was required. This
pert was made, following the same procedure for fabricating cylinders,
Verious fabricated components of the three pressure vessel designs are

shown in Figures 2, 3, and 4,

To meet the stringent weld mismetch tolerance requirements, each pressure
vessel component required sizing prior to assembly welding. The mech-
anical sizer, Figure 5, was used to size the cylinders through applica-

tion of external force by a hydraulic press. The hemispherical domes
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were sized by & pneumstic sizer, Figure 6.

3.2 §hislding

Because of the high stfinity of titenium for gases at elevated temper-
stures, the weld 20one was shielded with 8 blanket of inert ges. The
shielding equipment consisted of welding torch nozzle through which an
inert ges was passed, ® trailing shield, and ® back-up bar which provided

shielding for the back side of the weld.

5.3 1iG Fusion Butt Melding of Q30 Gage Sheat

Test penels medsuring 6 inches x 12 inches were prepared for welding by
wire brushing the meting edges with a stainiess steel brush. The edges
were then draw-filed and cleened with scetone. The Sciaky Autometic
Arc Voltage Control Power Supply, wes used to accomplish the welding.
The weld settings were evalvated by inspecting for burn-through,
porosity, penetration, and by tensile testing at cryogenic temper-
stures ond metallographic exeminetions. The current and torch travel
spead were 8djusted to obtain satistactory results. The selected weld
settings are shown in Table | end 8 photomecrogreph of 8 typical fusion

butt weldment is shown in Figure 7.

3.4 TG Fusion Butt Melding of .150 Gage Sheet

The 0.150-inch fusion weld test panals were prepared in the same menner
as the 0.050-inch panels. The O.150-inch fusion butt joint consisted of
@ 60° included angle with & 1/32-inch land. The configuration was later

modified to include the "J'"-groove"” as illustrated in Figure 8. Both
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joints required 8 root pass and two filler passes. No filler was used
on the root pass. A special trailing shield was constructed to provide
inert gas protection during welding, Figure 9. The inert gas, passed
through the weiding torch, was argon. In two insta8nces, 8s shown in
Tabie |, the inert gas was & mixture of 758 helium and 25§ argon. The
gas ftlow rote was increased until 8 desirable weld penetration was
obtained. Argon was used in the back-up bar ond trailing shield. The

selected weld settings are shown in Table |.

3.5 Resistonce Welding of ,050 Gage Sheget

The resistance lap weld test panels, measuring 7 inches x |2 inches,
were cledned by wire brushing and swabbing with a.. ‘one. The panels
were then welded, using the 200-KVA Sciaky Dekatron Counter-Control
Resistance Roll Sesm Welder. Weld settings, shielding, &nd cleaning
methods were evaludted, based on the tensile test criteria. The tensile
coupon design is shown in Figure 10. Based upon the minimum nugget dia-
meter of 0.180-inches 8s specified in Orawing No. |AO1246, the heat
input was adjusted until the tensile test coupons demonstrated that the
weld strength was equivalent or higher than the parent metel strength.
The selected weld settings are shown in Table |l, and typicel macro-

sections are shown in Figure I1I.

Strap weld test panels, mc@suring 6 inches x 12 inches with 2-1/4-inch x
12-inch strap, were evaluated in the same manner. Selected weld para-
meters tor strap welds are shown in Table ||, and & typical mecro-

section is shown in Figure 12,



3.6 walding of Pressure Yessels

Welding of bosses to the heavy closure domes wes accomplished in an argon
purge chember (Figure 13) using the menual TIG method. Commercially pure

Ti-55A wire wos used @s o tiller metal.

The cleaning methods and weld settings used in welding the pressure

vessels were identical to those used for prepering tensile test coupons.

The circumferential fusion welds were mede in Fixture No. B6-585968-50I
shown in Figure |14, Shielding for the weld was provided by the trailing
shield attached to the welding torch and ® back-up bar. The shielding
gos dew point wes monitored on all tusion welds. Medsurements were

teken 8t the storage bottie, trailing shield end back-up ber.

Resistonce welding was accomplished using the 200-KVA Sciaky Resistance
Welder. The weld sections were spot welded at 90° intervals before
welding. The shielding method used in resistance welding is illustrated

in Figure 15,

The closure weld consisted o' joining the tapered ring to the heavy dome.
Snielding was accomplished with an envelope of 8 fiberglas and vinyl
essembly which was taped inside the vessel, Figure 16. The taped edges
were located fer enough from the weld joint in order to avoid out-gassing.
Two input and two output lines were connected to the envelope. Dew point
checks were made 3t the exhaust lines until satisfactory purging wes
accomplished. Purging is considered satisfactory when dew point is
-100% . After the closure weld wes completed, the envelope was removed

from the cylinder through the bosses.
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3.7 lnspection

The fusion welds were inspected by radiographic and dye-penetrant methods.
Scattered porosity was occasionally detected in the 0.050-inch longi=-
tudinal and 0.150-inch circumterential fusion weids. The major defect in
the circumferential fusion weld was at the weld start point where lack of
tusion was observed to extend for about /4 inch along the root of the

weld. A repair technique was developed to cope with this probilem.

3.8 Repair Techpique

When inspection revealed detects such 8s lack of tusion, tungsten in-
clusions, or burn-through, weld repairs were required. The detfect area
was repdired by grinding with a8 pneumdtic rotary file, cledning with
acetone, and manually TIG welding, using commercially purc titanium wire
8s 8 filler metal. Both the face and the root of the weld were carefully
shielded. The repaired areds were subsequentiy inspected to insure that
the defects were removed. No repdir work wds required on the closure

veid.

3.9 Room Temperdture Burst Test

The burst testing of the titanium pressure vessels was conducted at
room temperature, using Corvus Oil as the pressurizing medium. Prior
to testing, thickness meadsurements were made over 8 3-inch grid pattern
on the cylinder with & Model 21 Vidigege, manufactured by Branson
Instruments. The thickness values were within commercial tolerance of

2 |0f. The pressure vessels were initially pressurized to 200 psig to
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to check for oil ledks and instrument standardization. Upon stenderdi -
28tion, the pressure was reduced to zero, then incredsed at a uniform

rate of 16 psig/sec until failure occurred.

Two pressure vessels (Ti-i, Ti-2) were tested at room temperature,
Refarence 3. The design ot these two pressure vessels wes modified,
8s shown in Figure |7, to accoomodate & plate which served as 8 bulkhead

instedd of 3 heavy dome.

A rubber sedl was initially used at the intertace of the flange and the
bulkhedd on Pressure Vessel Ti-l; however, the rubber seal proved to be
inadequate and failed during the first test. Consequently, the rubber
sed| was replaced by an EC 1300 adhesive and 8 rubber-cork composition

seal. The pressure vessel was then tested to destruction.

In medsuring the internal pressure, & visual pressure gage, Norden
Keytey No. 868-3164, with a renge of 0-3000 psig 8nd an accuracy of

2 5%, wes redd by suvera! observers. |In addition, for graphic record-
ing of internal pressure the Stratham pressure transducer, Model No.
P-10f-2m-350, with & range of 0-2000 psig and an accurecy of & 1§, was
connncted to & Type S Mosley X-Y recorder with an accuracy of  0.2%.
The circumferential deflection of the pressure vessel, 8s &8 function of
internal pressure, was measured by a8 girth potentiometer and & deflec-
tion transducer connected to the X-Y recorder. An illustration of the

room temperdture instrumentation and test setup is given in Figure 18,
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3.10 Cryogenic Burst Test

The cryogenic temperature tests werc conducted at the Douglas, Santa
Monica liquid hydrogen facility, Reference 4. The temperaturc at which
each pressure vessel was tested was controlled by the <ryogenic iiquid

used for cooling.

The initial test plan was to burst test @&ll pressure vessels at liquid
hydrogen temperadture. However, since the tirst test (Ti-5) at -423°F
(-253°C) resuited in an unexpectedly low burst stress level, it was con-
sidered advisable to determine the effect of other higher temperatures

on the performance of Ti-6Al-4V pressure vessels. The initial objectives
were 8ltered to include tests at ambient, dry ice, and liquid nitrogen
temperatures. With the experimental setup used for dry ice temperature
test, it was extremely time-consuming to achieve temperatures below
-100%F (-73°C). Therefore, burst test was conducted when the test
temperature reached -80°F (-62°C). Temperature was measured by thermo-
couples which were attached to fhe outside surface of pressure vessel.
Although the test temperatures were varied, all test setups were identical.

A schematic drawing of the cryogenic test setup is shown in Figure |9.

Prior to installation in the cryostat, each pressure vessel was filled
with small polyethylene pellets in order to reduce the internal volume.

Al| pressure vessels were immersed in the cryogenic liquid for 30 minutes
to insure temperature stabilization. During the 30 minute chill-down, an
internal pressure of 100 psig was applied in order to maintain positive

internal pressure.
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The helium gas uded for pressurizing wes cooled to test temperature by

8 network ot coils submerged in the cryogenic liquid. Upon stabiliza-
tion ot the test temperature, the pressure was incredsed until failure
occurred. The pressure was recorded by an electrical transducer,
manufactured by Stathem, with & range from 0-2000 psig and an accurdCy

ot £ !5. The Stetham pressure transducer was connected to 3 Leeds and
Northrup strip chart recorder, Dual Point Mudel Speedomex, Type G,

Serial Number B862-751509-3-2, with & range of O to 10 millivolts and

an accuracy of & If. A visudl pressure gage, Heisse Model No. H-15432,
with 8 range from 0-100,000 psig and an accuracy of ¢ |f, was 8lso instru-

mented for pressure recording.

Pressure Vesscl Ti-lA was instrumented to record pressure versus time,
ond circumferentidl deflection versus time. The detlection gage, Model
DOIAUS, Seridal Number 033, with a range of 0-2 inches and an accuracy
of £ 0.001 inches was menufactured by Micro-Systems. The pressure
deflection history tor Ti=IA is recorded in Appendixes 2A, 28, 2C and

20.

3.11 Sendwich Cylinder Febrication and Testing

An investigetion was conducted to determine the effect of thermal gradient
on the buckling chaeracteristics of séndwich cylinders. Three cylinders
30 inches in diameter and 30 inches in iength, were constructed, using
the welding techniques described previously. The inner face was 0.050-
inch Ti-6A| -4V sheet and the outer face, .020 tiberglas laminate. The

core was a honeycomb resin phonolic (HRP), |/4=inch thick, 3/16=inch
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cell diameter, with 8 density of 4 Ib/cu ¢t. Two layers of 181 fiber-
glas cloth were added to the outside of the core. The cylinders were

prepared in the following menner:

A. .050 Ti-6A1-4V sheet was used to fabricate the cylinders according

to Drawing No. IA0O0089-503. (Appendix IA).
B. The titanium cylinders were cleaned by vapor -honing.

C. The outside surface of the titanium cylinders was primed with
HT-4248B primer by brushing on 8 coet approximately 0.003 inches
thick. The primed skins were air dried at 78°F (25.6°C) for 30

minutes aftter curing at 150°F (65.6°C) tor one hour.

D. The HRP core wds cut as specitied in Drawing No. IAQ0089 and

degrcased according to MIL-T-7003.

E. HT-472 adhesive, with shear strength of 17 I1b/tt2, was applied on
one surface of the cledned core, and the core was 1aid on the out-

side (primed) surface of the titanium cylinder.

F. The assembly was vacuum-baqoed and cured in an oven at 330°F (166°C)
and under 28-inches of 15 for one hour, and cooled to room temper -

dture before the vacuum wds reieased.

G. Type 181 tiberglas cloth was wrapped around the cylinder and the
assembly was 8gain vacuum-bagged and oven cured at 330°F (166°C)
tor one hour under 28 inches of mercury. Then cooled to room temper=-

ature before the vacuum wds reledsed.
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H. The top and bottom of the cylinder walls were filied to 8 depth of

I=1/2 inches with Letkoweid 109 and cured st |50°F (65.6°C) for

one hour.

I. A Ti-6AI-4V doublier was then laid up along the top and bottom inner
periphery of the cylinder. Letkoweld |09 adhesive was used between

the doublers and the outer faco;

J. The top and bottom edges of the cylinder were then milled paraliel

t0 edch other.

The eftect on the cylinder compression properties of three different
therma| gradients was investigdoted. The moximum therma| gradient was
achieved by tilling the cylinders with liquid nitrogen &nd heating the
outside surface with heat lamps. The temperature of the outside surface
wds meadsured by thermocouples, and the temperdture of the inside was
determined by the liquid nitrogen used for cooling. Hydraulic jacks

were used to apply the compressive load to the cylinders, Fiqgure 20.

4. BESWIS

The weld settings used for tabricating pressure vessels are given in
Tables | and Il. Listed in Toble 1il are the weld tensile strengths at

-423%F (-253°C) of the resistance welded Ti-6Al1-4V panels as affected

by chemical and mechanical cledning 8nd inert g8s shielding.

Tables 1V, V, & VI give the uniaxial tensile test results for edch of the

three joint contigurdtions, excluding the 0.i50 fusion butt joint, at
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various test temperatures. The resistance welded coupons testea at -320°F
(-196°C) or above always failed in the parent metal. However, at -423°F
(-253°C), failure was often in the weld or heat-affected zone. |f the
failure was in the parent metal, the strength values were lower than the
known parent metal strength of 260 KSI. |t was suggested that sodking
time was the cause of this low strength. (The soaking time is the time &

test specimen is held in the test environment before load application).

In order to determine the effect ot sosking time on the strength of
Ti-6A1-4V, fusion welded tensile coupons, which were readily available,
were tested at -423°F (-253°C), for times between 5 to 30 minutes. As the
data show in Tabie VI, 8 sodking time of 5 minutes developed the expected

strength lievel.

A summary of the burst tests on the titanium pressure vessels is in
Tables Vill and IX and & series of illustrations, including the photographs

of all eight burst tested pressure vessels, are presented in Figures 21-34,

The titanium sandwich compression test results with thermal gradient deta
are summarized in Table X. Figure 35 shows 8 typical 30-inch diameter

cylinder which was compression tested at room temperature.

5. RUSCUSSION

5.1 A comprehensive discussion on the formability of Ti-6Al-4V sheet as
applied to hydrotorming 16~-inch diameter hemispheres is given in

Reference 2. Whereas Ti-6A1-4V requires two drawing operations with an
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interstage annesliing ot 1300°F (704°C), Ti-5A1-2.5Sn is capable of being
deep drawn to hemispheres in ® single draw. The only ditficulty associat-
ed with 8 single draw operstion is in the separation of forming dome from
the backup material. Since ® high pressure is required to seperate the
mating parts, adequate precsutions must be taken. Light tapping or

lubrication of the interface tacilitates the separation.

No ditticulty was encountered in cylinder forming and sizing. A
dimensional control of & 0.005-inches in the dome or the cylinder
diameter con be meintained with the sizing equipment aveilable ot

DOouglas.

5.2 wmmmuﬁ

As the dota in Table |11 indicate, superior and more consistent weld
strengths were developed by shielding, regardiess of the cledning method
used. Of the shielded and welided test specimens, there wds no significant
difference between pickling and wire brushing with respect to weld
strength at -423°F (-253°C). Because of simplicity wire brushing was

selected as & method of cledning parts to be welded.

At temperatures between room temperature and -320°F (-196°C), a joint

efficiency of 1008 was developed by all three joint designs. This is
evident from the fect that all welded coupons failed in the perent metal

at strength levels comparable to known meterial strengths at correspond-
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ing temperatures (References 5 and 6).

5.4 Hgld SICEQQID Qt “ -ﬁl-&! Shﬂgi nI -gz:oﬁ ‘-ZQ:OQ)

As can be seen from the data in Tables IV, V, and VI, the weld strengths
were lower than the expected level of 260 KS| at -423% (-253°C).
Subsequently, an experiment wads conducted to determine the effect of
sogking time. The results presented in Table Vil show that a sodking
time of 5 minutes was adequate. The only plausibie explianation tor the
low strength values reported for certain specimens is that the specimens
were not sosked tor at least 5 minutes at -423°F (-253°C). Therefore,
the tensiie test data for this temperature 8re inconsistent and

unreliable.

The pertformance of Ti-6A1-4V pressure vessels at room temperdture was
exceptionally good. A hoop stress of 195 KS| was developed which rep-
resents 133f of the tensile strength. The hoop to tensile stress ratio of
I133%, Table IX, is significantly higher than the theoretical ratio of 115%.
This is probably a result of the texture hardening phenomenon. As the
photograph in Figure 22 shcws, considerable deformation had occurred.

At -BO°F (-62°C), the burst strength was 208 KSI which represents at

jeast 1258 of the tensile strength of Ti-6Al1-4V sheet (Tablie IX).

At -320°F (-196°C) Pressure Vesse! Ti-IA failed at a hoop stress of 252

KSi. Visual examination of this pressurc vessel, Figure 26, after the
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test reveailed that an undersize resistence weld nugget resuited from a
resistance weld being superimposed directly upon 8 longitudinal fusion
weld. This condition decredased the electrical resistance of the welding

system ond resulted in an sbnormelly smel| nugget size, Figure 27.

As can be seen in Ficure 28, the premeture failure of Pressure Vessel
Ti-IA at -320°F (-196°C) is reflected in the stress-strain curve, which
shows that the failure occurred at a plastic strain of approximately
0.18. For Ti-IA the ratio ot hoop stress to uniaxial tensile strength
is 1188 (Table IX), which is somewhat higher than the theoreticel value
ot 1158. In comparison, Pressure Vessel Ti-2A, Figure 29, which was
aiso tested at -320°F (-196°C), deveioped 8 hoop stress of 28! KS| and a
hoop-to-tensi le stress ratio of 1328. The data suffice to demonstrate
thet (1) Pressure Vessel Ti-lIA failed premeturely in spite of its high
hoop-to-tensile strength ratio, (2) the high ratio is attributed to
texture hardening and (3) texture hardening was operative even a8t 2 low

plestic hoop strain of less then 0.2%.

Figure 28 also shows the effect of temperature on the shape of hoop
stress-strain curve. A typicdl moduius in uniaxial tension at room
temperature is 16.5 X 1@ psi, indicated by a dotted line. In 2 2:l
stress ficld, the elsstic moduli are 23 x 10° psi and 30 x 108 psi at

room temperature and -320°F (-|96°b), respectively.

5.6 Pactormance ot Ti-6A1-4V Pressure Vessels at -423°F (-253°C)

Pressure Vessels Ti-4 and Ti-5, which were tested at -423% (-253°C), did

16
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not develop the expected burst strength, Table Vill. |In Pressure Vessel
Ti-4, the origin of failure appeared to be 8t the weld start-stop point,
At this site (indicated by an arrow in Figure 32), an overlap of 3/4
inches in the circumferential resistance weld was found, Figure 23,
Visual examination of Pressure Vessel Ti=5 revedled no indications as to

the origin and cause of premature failure.

A photoelastic analysis wads made to determine if the boss ared in the
heavy dome were responsible for the low burst strength. However, the
results showed that the magnitude of stresses due to design discontinuities

was relatively low and insignificant, Reference 7,

In an attempt to redistribute the inherent residual stresses in the
pressure vessel, Ti-6 was instrumented and proof stressed at room temper-
ature to 0.05% circumferential deformation when failure occurred, Figure
34. Had the proof test been successful, this pressure vessel would have
been burst tested at -423°F (-253°C) as a duplicate of Ti=5. The un-
expected failure of Ti-6 was caused by 3 local thin section (0.041 inches)
in the cylinder wall of 0.047 inches in nominal thickness. Apperently
this spot escaped detection by 8 3-inch grid system over which Vidigo-e
thickness measurements were made before proof testing. Because of this
incident, the subsequent pressure vessels scheduled tor test were

remeasured over 8 |=-1/2=inch grid system scribed on the cylinder.

17
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5.7 Preterred Orientation

In order to determine the degree of preferred orientation in the material
used, samples from Pressure Vesse! Ti-2, atter burst testing, were sub-
mitted to TMCA (Titanium Metals Corporation of America), Reference 8.
Using the direction of the weld as reference, (0001) pole figures were
determined for the base metal and the weld. For the base metal, the data
showed that the basal plane (000!) rotated approximately 28~30 degrees out
of the plene oi the sheet. It is of interest to note that in the weldment,
the (000!) plane lay in the plane of the sheet. In the heat-affected zone
the texture became mixed, i.e., ® mixed pattern of parent metal and weld

textures wos shown,

5.6 Iaexture Strengthening

The R value for Ti-2 was celculated by Titenium Metals Corporetion of
Americe (Reference 8), and was found to be epproximetely 1.5. The R
value is the retio of width strain to thickness strain, and is & measure
of the thinning resistance of sheet metal. Even if the tensile yield
stress of & meterial is low, the thinning resistance can develop & high
vield strength under biaxial tension stresses. |f @& sheet is to yield
under balanced biaxial tension stress, it must do so by thinning. The
merked strengthening in the through-thickness direction under these con-
ditions is termed "texture hardening”. After Titanium Metal Corporation
of Americe had calculated the R velue of Ti-2, they independently conduct-
ed on evaluation of texture hardening (Reference 9). As 2 result, the

average value of R for Ti-6A|-4V was determined to be 0.83. In



5. QISCUSSION (Cont'd.)

Reference 9, the pole fiqures for the Ti-6Al-4V alloy were determined from
three ditferent heats. |In each case, the basal poles were split into two
orientations which were rotated approximately 30 degrees from the normal to
the sheet plane. The texture of the three heats was similar to that of
Pressure Vessel Ti-2, but their respective R values measured were consider=
ably different; therefore, it appears that the R ratio is not correlated

to the preferred orientation in 6A=4V titanium sheet,

5.9 2ondwich Cvlinders

Some exploratory work was done to determine the eftect of thermal gradients
on the buckling characteristics of sandwich cylinders, Reference 10, It
may be seen in Table X and Figure 35 that the therme! gradients had no
significoant eftect on the ultimate load intensities of the sandwich

cylinders.
6. NC N

I. Ti=6Al=4V and Ti-5A1-2.55n alloys are formable at room temperature in
the mill-8nnealed condition. Deep drawing of the Ti=5A1-2,55n domes
may be accomplished by hydroforming in one stage and no interstage

annedling cycle is required.

2. SizZing is readily accomplished., The circumference mdy be increased as

much as 0.010 inch/inch during the sizing operation,

3. The Ti-6A1-4V and Ti=5A1-2,55n alloys are weldable and require no post

weld thermal treatment. Close tolerances must be maintained on mating




6. CONCLUSIONS (Cont'd.)

componants for 8 satistactory weld.

4, A weld efticiency of 1008 can be developed in & resistance or TIG
tusion welded Ti=~-6Al-4V sheet material at cryogenic temperatures down
to -320%F (-196°C).

5. At cryogenic temperatures down to -320°F (-196°C), Ti-6A!-4V pressure
vessels developed a8 hoop stress level of 1258 to 1358 of the uniaxial

tensile strength. This high percentage is attributed to the benefits

derived from texture hardening.

6. At -423°F (-253°C) premature tailure occurred in the pressure vessels
prior to any plastic detormation. Uniaxial tensile results, at the
same tomperature, on the resistence-welded coupons also exhibited

atypical low values., The exact mechanisms or metallurgical changes

responsible for this behavior are not fully understood.

7. The compressive or buckling strength of the sandwich cylinders was

not attected by the thermsl gradients investigated.
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TABLE |

FUSION WELD SETTINGS FOR 16" DIA
TITANIUM PRESSURE VESSELS

\_os0 \/ 050 3 {.lso@uilsog {T.s@.ﬁ?

FUSION - BUTT FUSION - BUTT, 60° V-GROOVE FUSION - BUTT J-GROOVE
TYPE | TYPE 2A TYPE 2B

JOINT| EXAMPLE IPM TORCH TRAIL | BACK-UP | FILLER
TYPE WELD AMPS | VOLTS iORCH CFH CFH CFH WIRE
1) TRAVEL SPEED

== 126 8.5 14 35A 35A 5A

=3 % 9 97 s 21 40A 120A 40A

| 4| to =49 97 7.5 21 40A 200A 1 60A

-49 to -45 110 1.5 21 40A 200A 1 60A
=47 to -49 65 8.5 10 40A 60A | 60A 30 IPM

425 to =5 1. 170] 9.0 9.0 [I00O H,A| 160A | 60A
2A -9 to -425 | 2. 110] 8.0 1.5 40A 160A | 60A 60 IPM
3. 110} 8.0 7.5 40A 160A | 60A 60 IPM

=425 to -9 (. 120] 9.0 7.25 | 40 H,A 120A | 60A
28 2. 110] 8.0 7.5 40A 120A | 60A 60 IPM
3. 110] 8.0 7.5 40A 120A 160A 60 IPM

A = Argon Gas; Dew Point= -100%F or Better *
H, A = 75% Helium, 258 Argon; Dew Point= =100°F or Better®

(1) See Appendix IB for detaii~d description

* - 100°F =-73.3°%




TABLE |1

RESISTANCE WELD SETTINGS FOR 16™ DIA.
TITANIUM PRESSURE VESSELS

(_'L""'l_)

BESISTANCE -- LAP BESISTANCE - QUTT STRAF

24

Heat Setting 28 3
Weld PH Shitt § 20 20
Weld Vernier § 6.0 8.0
Top Pres. Geuge 2,500 2,500
Back Pres. Gsuge 1,000 1,000
Constant Pressure Yes Yes
Heat (Cycles) 6 6
Weld Interval (Impulses) 2 2
Cool(Cycles) .3 .5
Squeeze (Cycles) 30 30

Forge Initiation

Beginning of Weld
30

Beginning of Weld

Hold Cycles 30

Distance Between Arms

At Welding Position (In.) 3 3/4 3 3/4
Throat Depth (In.) 51 51

Orive Intermittent Intermittent
Forge (Cycles) Seam Weld 50 50

Motor Speed R.P.M, 54 54
Inches/Min. 31/2 3 1/2

Motor Run Time (Cycles) 22 22

Spots Per Inch 7 8

£ Overlep 508 50%
Electrode Alloy (Top) M3 M3

Dia. of Electrode(Top), (Bottom) 13", 9 1/4" 13", 9 i/4"
Radius of Electrode (Top) 12 12
Electrode Alloy (8ottom) M3 M3

Radius of Electrode (Bottom) 6" 6"
Thickness of Wheels 3/4" 3/4"

Phase Operation 30 30

Argon Shie'ding (CFH) 12 12



TABLE 111

ROLL SEAM RESISTANCE WELD STRENGTH OF .05C GAGE Ti-6Al-4V SHEET AT
-423°%F (-253°0)

WELD DESIGN CLEANING METHOOS WELD STRENGTH (PS|)*

-

Lap Wire Brush, Shielded 204, 100
199, 800
201,400
200, 800
192, 800

Lap Wire Brush, No Shielding 198,400
191,900
167,000

Butt-=Strap Wire BGrush, No Shielding 197, 800
220,500
234,700
185, 300
194, 700

Butt-Strap Wire Brush, Shielded 233, 800
241,700
226,500

Lap Pickled, Shielded 192, 500
203, 100

Lap Pickled, No Shielding 189, 100
189, 100

Butt-Strap Pickled, Shielded 225, 100
243,500
243, 300
238, 500
244,500

Butt Strap Pickled, No Shielding 258, 000
236, 100
226, 800

* Tested in the transverse direction with respect to weld direction,

All specimens tai led adjscent to the weld nugget.



TABLE 1V

FUSION BUTT-WELD STRENGTH OF ,050 GAGE Ti=~6Al-4V SHEET AT
CRYOGENIC TEMPERATLRES

(NO FILLER)

TEST TEMPERATURE WELD STRENGTH FAILURE LOCAT | ONH

(PS1)®
R.T, 147,900 PM

IS1, 100 PM
150, 400 PM
145,400 PM
145, 600 PM
147,700 (Average)

-100%F (-73.3°C) 165, 300 M
168, 200 PM
168, 200 PM
164, 300 PM
162,700 PM
166,700 (Averoge)

-320°F (-196°C) 214,200 M
214,700 PM
192,200 PM
212, 600 PM
212,200 PM
209,200 (Average)

-423% (-253°C) 249, 000 PM/HAZ
247,900 M
223, 100 PM/HAZ
248, 500 PM
248,900 PM
242,200 M
251,900 PM/HAZ
254,900 PM/HAZ
253, 200 PM
243, 800 PM
251,600 PM
238, 100 PM/HAZ
236, 360 PM/HAZ
222,360 PM/HAZ

244,800 (Average)

® Tested in the transverse direction with respect to weld direction
** PM « Parent Metal, HAZ = Heat Affected Zone
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TABLE V

ROLL-SEAM RESISTANCE LAP-WELD STRENGTH OF .050 GAGE Ti-6Al|-4V SHEET
AT CRYOGENIC TEMPERATURES

TEST TEMPERATURE WELD STRENGTH FAILURE LOCAT | ON##
(PS1) #

R.T. 146, 800
148, 000

147,400 (Average)

232

-100°F (-73.3°C) 167,700
165,400

166, 600 (Average)

22

-320°F (~196°C) 214, 300
212,200

213,200 (Average:

23

-423°F (-253°C) 206, 800 M
198, 000 M
209,900 (= 7]
211,100 PM

228, 600 PM, Weld

225,200 PM, Weld

213,300 (Average)

* Tested in the transverse direction with respect to weld
direction,

* pPM - Parcont Metal




TABLE VI

ROLL -SEAM RESISTANCE BUTT-STRAP WELD STRENGTH .050 GAGE Ti-6Al-4V
SHEET AT CRYOGENIC TEMPERATURES

WELD STRENGTH
TEST TEMPERATURE (PS|)® FAILURE LOCATION

R.T. 144, 800
144, 200
140, 100
144,400

143,400(Average)

2!!%

-100°F (-73.3°) 166, 400
160, 700
158,900
16%,500
164, 300

163, 500(Averace)

23z}

-320°F (-196°C) 214,500
213, 200

213,800(Average

23

-423°F (-253°F) 233, 800 HAZ e
241,700 HAZ
226, 500 HAZ

234,400(Average )

® Tosted in the transverse direction with respect to veld direction
*% Parent Metal
8 Heat Aftfected Zone



UNIAXIAL TEST RESULTS GAI1-4V TITANIUM ALLOY

TABLE Vi

(FILLER-FUSION) ®

TEST FAILURE FAILURE %a SOAK

TEMPERATURE STRESS(PS| )*#  LOCATION TIME

-423°%F (-253°C) 269, 705 M 30 Min.
261,620 PM S5 Min.
263,400 M 10 Min.
262, 160 PM/HAZ 10 Min.

262,800 (AVERAGE)

* TIG weld using commercially pure tiller wire
#** Tested in the transverse direction with

respect to weld direction
% pM - Parent Meta!l

HAZ = Heat Affected Zone
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TABLE IX

RATIO OF HOOP STRESS TO UNIAXIAL TENSILE STRESS

UNIAXIAL
TENSILE HOOP TO
STRESS HOOP STRESS TENSILE STRESS
TEST VESSEL (KS1) AT FAILURE RATIO,
EMPERATURE NO. M (KS1) 4
)gr (21°) Tisl 147 195 133
°F (21°C) Ti-2 147 195 133
)°g (21°C) Ti-6 147 198 135
3o°r (-62°C) Ti-3 166 208 125
'0 F (-196°C) Ti-IA 213 252 118
0°F (-196°C) Ti-2A 213 28| 132
30F (-253°C) Ti-4 263 136 51.6
'30F ( -253°C) Ti-5 263 221 84.0
TABLE X
TITANIUM SANDWICH CYLINDERS
THERMAL  GRADIENT AND COMPRESS IVE LOAD
COMPRESS | VE ULTIMATE LOAD
TURE (F) ULT IMATE INTENSITY
CYL INDER
NO. INSIDE |OUTSIDE LOAD (LB) (LB/IN.)
| 70(21°¢) |70€21°) 256, 000 2720
2 -320(-196°C)|70(21°C) 221,250 2350
3 -320(-196°C)|250( 121°C) 270, 000 2860
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FIGURE |

TYPICAL TEST SECTIONS
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MECHANICAL SIZER FOR CYLINDERS



MECHANICAL SIZER FOR DOMES (SM 358726)
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EIGURE 12
PHOTOMACROGRAPH OF RESISTANCE STRAP WELD

Mag. 10X Kroll's Etch

(M 14449)

Note: This view corresponds to Section B~B of Figure |1,



(0€LBSE WS) HIBWVHO 39uNd NOOHY
€T 39WT13




QI3M NOISNS IVIINIBINOYID HO4 3WNUXI4 I

44



14

/— ELECTRODE WHEELS

ARGON _
IN

/—wom( PIECE

COPPER
TUBES

ARGON

ARGON SHIELDING FOR RESISTANCE WELDS
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FIGURE 16

CUT-AWAY VIEWOF A TITANIUM CYLINDER

(SHOWING ARRANGEMENT AND LOCATION OF SHIELDING
ENVELOPE USED FOR CLOSURE WELD)

PERMACEL TAPE ARGON EXHAUST
ARGON PURGE LINE

VINYL LINE
(DPM 725)

GLASS —
FABRIC (DPM 782-81)
{
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FIGURE 7

TITANIUM TANK FOR AMBIENT TEMPERATURE

DETAIL PER DWG 1AX%574 (APPENDIX IC)

i — — — —

——“—— 050 INCHES

16 INCHES -

_ ) DETAIL PER
“““““““““““ DWG 1A01246
/

\ 4{“»&\‘)( I8)
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FIGURE I8

AMBIENT TEMPERATURE TEST SETUP

PRESSURE GAGE

PRESSURE
INLET / PRESSURE
TRANSDUCER

le DEFLECTION

L

PRESSURE
VESSEL




FIGRE 19

TYPICAL CRYOGENIC TEST SETUP

VISUAL GAGE

LEVEL
SENSOR

F—.nguu GAS
PRESSURE

TRANSDYCER /— REMOVABLE COVER

A COILS FOR
COOLING
| | HELIUM GAS
INSULATED
/ / CRYOSTAT
|

A { \ PRESSURE

\ 7 VESSEL

“_.fWLLlJNE
LN, OR LH,

11 |

NOTE: For burst test at -80°F (-629C ), the outside of pressure

vessel| was packed with dry ice. No liquid=dry ice mixture
was used.




COMPRESSION TEST SETUP FOR 30~INCH CYLINDER (SM 354175)



PRESSURE VESSEL Ti-| (OR Ti=-2) BEFORE BURST TEST
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PRESSURE VESSEL Ti=2 AFTER BURST TEST AT ROOM TEMPERATURE



EAGIRE 23
PRESSURE VESSEL Ti-3 (c. Ti-4) BEFORE BURST TEST
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UNDERSIZE NUGGET IN PRESSURE VESSEL Ti-IA WHICH FAILED PREMATURELY AT
-320% (-196° ¢)

Mag. 2X (M 16867)
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DOUGLAS AIRCRAFT COMPANY, INC.

PAGE:

DIVISION  ywoorL:

REPORT NO:

HOOP STRESS, KSI

ELGRE 28
HOOP STRESS-STRAIN CURVES FOR Ti=l AND Ti-IA

Ti-IA
~320°%

6
E Biaxial = 30 x 10° PSI

Ti=I
Room Temperature

6 .
- E Biaxia! * o= % 10 psi

E Uniaxiel™ 16.5 x I06 psi

= L

10 15

HOOP STRAIN, .00! IN/IN
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EIGRE 55

PHOTOGRAPH OF THE PROBABLE ORIGIN OF FAILURE (INDICATED BY AN ARROW).
NOTE THE OVERLAP OF START-STOP POINT.

Mag 2-1/2 X
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EIGURE 02

SANDWICH CYLINDER AFTER COMPRESSION TEST AT ROOM TEMPERATURE
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APPENDIX ID

CHEMICAL COMPOSITIONS AND REPORTED MILL ANNEAL CONDITIONS OF EXPERIMENTAL SHEET MATERIALS

MAT 'L vYiewo | wTimre| $
DESCRIP STRENGTH| STRE ELONG.] MAT'L NO. EJD_E_.%.F
xo. lmon | mEST Ppsi PSI_ ] (2 INYDIMENSIONS | C [fe | M o] "2
6A1 -4V L 139,400 | 146,300 | 12.5 |.050x30x60 | | | .026] .11 ].014] 6.0] «.0] .
T 130,000 | 138.400 | 13.5
6A 1 -4V L 137,200 | 144,700 | 13.5 |.050x30x60 | + | .021]| .12 | .019] 5.9{ 4.0} .
T 100,900 | 147.000 | 13.5
6A1 -4V L 159,800 | 145,000 |13.0 |.o5ax30x60 | 2 | .028| .09 | .016] 5.9] 4.1} .
T 134,100 | 141,000 |12.5
6Al-4v | Typicel| 142,200 | 150,200 | 13.0 |.os50x36x96 | 1 | .02¢] .12 | .020]| 6.0} 4.0] .
6A1 -4V L 130,400 | 142,600 |12.0 |.050x30x60 | 2 | .018] .09 | .010] 5.8] 4.1| .00
T 134,400 | 143.500 | 12.0
6A -4V L 130,000 | 141,300 |12.5 |.osx30x30 | 2 | .023| .11 |.014] 5.7 4.0| .00q
T 135,600 | 141,200 | 10.5
A4V |Typicel| 134,400 | 143,000 [12.5 |.os0x36x120] & | .020] .13] .019] 6.1] 4.0 %u
Ti -55A L 31,300 | 52,700 |35.0 |.150x30x30 | 3 | .025| .06 | .0ta| - | -- | .
T 33.900 | 50,000 |34.0
Ti -55A L 49,900 71,000 | 27.0 . I5OK30X30 | 2 .025)] .09 | .016] -- - . 0054
T 55,000 | 69,700 |28.0
6AI-4V | Typicel| 140,000 | 146,400 |13.5 |.050x30x30 f10 | .025] .12} .015] 6.0] 3.9 %u
Ti-SSA L 47,000 | 68,000 {29.0 |.150x30x60 | 3 | .027]| .08].015| - | == | |
T 50,000 | 67,400 |27.5
Ti -65A L 64,200 | 83,900 |27.0 |.15ox30x30 | 1 | .026 .oi o3l -1 --1.
T 68,500 | &3,100 |27.0
5A1-2.5n) .o5ox3ax30 | 2 | .o26| .34 | .023]5.1] -- |. "

L - Denotes Longitudinal Direction

T - Denotes Transverse Direction

Material procured from Titanium Metals Corporation of Americe
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APPENDIX 2A

DEFLECTION GAUGE CALIBRATION DATA

*ACTUAL **RECORDER
POINT | DEFLECTION | DEFLECTION
NO INCHES INCHES
—_— —
| 0 0
2 160 99
3 30 22
4 554 3%
3 134 459
6 898 567
) 130 454
8 538 13
9 382 222
10 165 109
1 0 02
12 0 0
13 187 113
I 3 2.28
15 558 1%
16 1% 458
T 906 5.58

* THESE MEASUREMENTS WERE MADE AT THE GAUGE
USING A DIAL INDICATOR WITH .001 INCH INCREMENTS

** THESE MEASUREMENTS WERE MADE WITH AN L&N
STRIP CHART RECORDER, S/N B62-75150-3-¢
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APFENDIX 2D

TANK PRESSURE AND DEFLECTION DATA AT VARIOUS BURST TEST gOINI'S (gLAPSED
TIME) FOR PRESSURE VESSEL Ti-IA - TESTED AT -320°F (-196-C)

ELAPSED
w JANK DEFLECTION JITIME SEC. **
TEST TRACE CORRECTED TRACE TANK
POINT | DEFLECTION PRESS PRESS . DEFLECTION | STRAIN
NO. I|NCHES PSIG PSIG INCHES IN/IN
l 1.63 345 350 -7 .060 31.0
2 2.19 464 469 .57 .092 38.3
3 2.51 531 536 .73 118 43.1
4 2.78 568 593 .84 . 135 47.9
S 3.1 658 668 .96 . 155 55.1
6 3.41 7122 132 1.08 174 62.3
7 3.67 777 787 .18 . 190 6.5
8 3.91 828 838 1.27 .205 76.7
9 4.10 868 878 .35 218 a3.9
10 4.27 904 9.4 |.40 .22¢ 91.1
I 4.42 936 951 .46 .235 98.3
12 4.54 96! 976 .51 243 105.5
13 4.64 982 997 1.55 .250 2.7
14 4.79 1014 1029 1.58 .255 7.5
3 5.16 1092 1107 1.70 274 122.3
16 5.9 as 1203 .84 .296 129.5
17 6.18 1308 1328 2.03 327 136.7
18 6.53 1387 1407 2.21 .356 141.5
9 6.72 1423 1443 2.32 374 143.9
20 6.86 1432 1472 2.60 419 146.3
1 6.8 1459 1479 2.357 .430 147.3

® Point st which tenk burst

#® Chart Speed on L & N Recorder was 2.5 inches/min.



