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I - ABSTRACT

'he devalopment énd fabrication of high pressure helium
bottles for space vehicle applications was undertaken through the
utilization of "ARDEFORM" cryogenic stretch forming technigues.
The-configurational features of the helium bottles immersed in
the LOX tanks of the Saturn V, SIC vehicle were duplicated in sub-
scale pressure vessels. Two designs were initiated, and later
fabricated., One design utilized standarad manufacturing processes
- for the production of a welded vessel made from plate stock. The
othe£ design provided for an integral head, non welded bottle,
fabricateé from seamless tubing.

Materials evaluation, metallurgical studies, weld develop-
ment, and materials testing prog?ams were cérried out in sﬁpport
of this work to show the feésibility of producing full scale o
Saturn tankage. It was shown that the fabrication technoclogy
~developed could be readily utilized in the production of vessels.
Welded vessels tested in the proéram achieved 337 KSI nominal hoop
stress at cryogenic (~320°F) burst, while integral head vessels
burst at 316 KSI nominal cryégenic hoop stress. Mechanical testing
. indicated average uniaxial yield strengths of 300 KSI and average
ch Fplane strain'fracture-tqughness) values of 85 KSI\/EH at =320°F.

100% weld efficiency was also demonstrated.



IT INTRODUCTION

The ARDEFORM process was conceived by Arde~Portland as a
means of fabricating high strength pressure vessels from AISI-
301 Stainless Steel. This process utilizes the property of
austgnitic stainless steels to work harden to very high strength
levels when stretched at cryogenic temperatures. The process
consists of fabricating an undersize pressure vessel from work
hardenable material while the material is still in an annealed
condition. The undersize vessel is then stretched, at cryogenic
temperatures, to the full size required. The cryogenic stretching
operation imparts high strength to the entire vessel including’

end closures and all welds.

The ARDEFORM process for fabricating high strength stain-
less steel tankage has achieved significant acceptance for
missile and space application. The ?nique capability of providing
extremely light weight pressure vessels in eonjunction with
attractive material physical properties and compatibility with a
wide range of fluids has made it an obvious candidate for flight
hardware. &among the more notable applications which are completed

or are currently under way are:

Gemini Life Raft CO2 Inflation Bottle

This is a cylinder two inches in diameter and approximately
10 inches long designed for a burst pressure of 5600 psi for
NASA Manned Spacecraft Center. These vessels have been fully
qualified for manned flight and have been used on the last five
Gemini flights. This has been a production type program with over

100 units having been delivered to date.



Roadrunner I -~ N Pressurant Tank
N &

A 100 inch long by 4 3/8" diaméter Nz'pressure vessel
which is immersed in the propellant tank on the NAA target missile.
Burst pressure is 600 psi and the design_ultimate strength is
280,000 psi. A guantity of 47 units have been delivered to NAA
iﬁ addition to qualification test units used‘t6‘deménstratemdesign

requirements. These units have been flying on recoverable target

drones.

Roadrunner IT - N2 Pressurant Tank

An unusual tank configuration which makes use of a toroidél
head to provide a maximum volumetric éfficiency vs total .length.
A total of 12 units of this 12" diameter, .150 wall cylinder have
been delivered for use in an‘advanéed version of the NaA Rbad—
runner. The design ultimate stress is 300,000 psi. An interesting
demonstration of the resistance of ARDEFORM material to impact
damage occurred when a drone creashed early in- the flight and the

tank was found to be still intact..

Biosatellite N;_FTank

A 14 1/2" diameter, .080 wall spherical pressure vessel
developed for General Elecffic Company for this application has
passed gqualification tests and six vessels have been delivered.
In th}s spherical vessel the design ultimate stress is 270,000

psi.

Agena O2 Vessel

Several 7 1/2" diameter, 10,000 psi burst strength spheres
were provided to Lockheed for a special mission., Full qualification

was completed using only two vessels, The flight was accomplished
in 1965,



Crvogenic 02_Storaqe

A development program to produce 25" diameter .040 wall
spheres for cryogenic dewar inner vessels has been completed for
Bendix. These vessels were fabricated using a unique composite
preform consisting of a cylinder, two cones and two flat plates
eliminating the need for costly forging and forming operations.
Further, the finished weight is one-half that of an identical
configuration vessel made from inconel, in use on the Apollo

program.

Crvogenic H__Storage
&

A parallel program for Bendix to the one above is a develop-
ment of composite sphere for a 28" diameter vessel with .020"
wall thicknesqz This project approaches the problems of welding
;arge size components in very thin thickness. This is a current
program and although welding techniques have now been established,
finished vessels have not yet been ﬁroduced. The design ultimate
strength in these vessels is 240,000 psi at room temperature and

330,000 psi at cryogenic temperature.

Manned Maneuverability Unit OZ_Bottle

.A 16,900 psi burst strength 16.75 diameter X .200 wall vessel
designed for 300,000 psi ultimate has been developed for Hamilton
Standard. Two contracts on this program have been completed in-
cluding two hydroburst tests which demonstrated 17,200 psi and
17,080 psi. & follow-on contract for eight more units bringing

the total contracted to 24 has been completed.

Bu Weps Materials Investigation

A continuing program is in progress to evaluate the effect
of chemistry variations on strength level and notch toughness, The
materials under consideration include the 300 series stainless
family. Results to date have identified chemical compositions which

will offer biaxial strength levels in excess of 350,000 psi. Further

—
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effort on this program will lead to demonstration in welded

pressure vessels,

Apecllo 02 Back Pack Bottle

A cylindrical bottle 3 3/4" diameter, 17" long and .030
wall, intended for the back pack life support unit has been
developed, delivered and qualified for Hamilton Standard. These
vessels have met all program objectives. As of the present time,
a current program is under way for a new design to meet revised

envelope and operational reguirements.

Hydrogen Dewar Vessel

-39 inch cylinders are currently being produced for Bendix
for use as an inner vessel in a hydrogen dewar. & special heat
of low silicon 301 material was utilized because of the improved

notch propeities of low silicon mateiials at liguid hydrogen

temperatures (-423°F).

Post Boost Control System

Work has commenced for Aerojet General on a conospheroid

featuring compatibility with N and Hydrazine, high strength,

2%
and integration with the Arde multi-cycle metallic expulsion bladder.

The ARDEFORM process for manufacturing pressure vessels
makes use of the capacity of austenitic stainless steel to gain
strength when worked cold, a strength resulting from the trans-—
formation of metastable austenite to martensite during straining at
low temperature. In the ARDEFORM process, this phenomenon occurs
when the vessels are expanded into shape in a bath of liguid nitrogen

{temperature -320°F) .,



Each ARDEFORM vessel first takes shape as a preform, an
undersized vessel fabricated of an austenitic stainléss steel.
Fabrication of the preform before the steel is work-hardened permits
the maéhining, shaping and welding .of the components of the preform
by conventional methods. The preform is éubmerged in the ecryogenic
nit;ogeﬁ bath and stretched by internal pressurization to yield the

desired final size, strength and configuration.

In the cryogenic stretch forming process, the vessel
preform may be constructed from flat sheets, simple cones, and
rolled and welded cylinders, eliminating the need for ekpensive
forgings, tooling and extensive machining usually associated with

existing manufacturing techniques.

The preform is frequently a composite of several geometric
shapes. Because of the tendency of different sections of a vessel.
preform to stretch to‘varying magnitudes, the preform is designed
to achieve the desired final vessel shape. For exampie3'different‘
stretch rates of heads and cylindrical sections of a preform
sometime requires that the.preforﬁ'have a cylindrical secfion smaller

in diameter than the ends.

Since in cryogenic stretch—forming, the final size and shape,
.as weli as strength level, are achieved simultaneously, the preform
must stretch directly to the final shape.- To accomplish this
stretching, certain design cfiteria must be met, For example, in
tﬁe fabrication of spheres, if one desires to incorporate a boss or
a thickened ring, the béss or ring is designed to stretch uniformly

with the:sphere body.

Arde, Inc. has developed plasticity design techniques that
have been programmed for computer use. These computer programs
enable ARDE designers to define integral preform shapes that will

stretch to the desired final configuration.


http:welding.of

In addition to integrally stretching the configurational
componenté of a pressure vessel, the technique of adding attachmenés
and other features by welding after stretching is available.

This procedure is used to meet requirements for a local heavy
section of such design as to be compatible with the stretch-forming
technigue. Such requirements would include a solid boss in a
spherical vessel or a local thickened circumferential ring in a
cylindrical vessel. With this modified technique, portions of a
stretched vessel may be cut away and the reguired sections added.
Welding after stretching, however, anneals the weld material and
the material adjacent to the weld to very low strength levels.

This sitgaﬁion is porrecteé by restretching these areas to bring
them up to. the strength leéel of the main body of the pressure
vessel. The restretch is generally carried out at a pressure level
equal to the original stretch pressure. Hence, no yielding will

occur except in the local annealed regions of the attachments.

The effort on this program Qas directed along two parallel
paths in the fabrication of pressure vessels.

1) Application of the aforesaid current Ardeform fabrication
techniques to demonstrate the feasibility of utilizing
cryogenically stretch formed vessels for the helium
bottles of the lox tanks of the Saturn V, $-1C vehicle.

2) Determination of the feasibility of, and development
of the metﬁods for producing integral head bottles
with spun-over ends, preferably utilizing seamless

tubing, in conjunction with the Ardeform process.

In both cases, it was desirable to provide the process param-
eters required for obtaining maximum consistent properties
commensurate with a low rejection rate during manufacture.

Hence, the program was divided into phases as described

below:



Phase I -~ Process development for cryogenically stretching heavy

gage 301 stainless steel,.

This phase consisted of the selection of material of such
a chemical composition and cleanliness that optimum mechanical
properties under cryogenic {-320°F) strain would result. Further-
more, weld parameters would be established for obtaining joints
which could be stretched to a maximum stress level at cryogenic
temperature. An‘investigation toward the improvement of the
composition of weld beads to make them more nearly eguivalent to
the composition of the base metal would be undertaken. To this
eﬁq, it was necessary to establish an optimum stress level to which

components could consistently be exposed without failure.

Additionally, eighty-two (82) uniaxial specimens were to
be cryogenically stretched and tested in order to predict Fensile
and yield strengths, elongation, and notch strength for both welded

and unwelded material at room temperature as well as at -320°F,

The stress corrosion resistance of cryogenically prestrained
Ardeform material was also to be determined during this phase of the
program. Specimens would be prepared, prestrained cryogenically,

and stressed in a bent beam fixture for placement in a salt solution.

The feasibility of spinning over the ends of seamless or
welded tubing was to be determined, for the purpose of fabricating
an integral preform for a vessel. The vessel would then be cryogenicall
strained to the optimum stress level established through the mechanical

testing program.

Limited design effort was planned to permit the fabrication
of subscale helium bottles. & 1/D ratio in the range of 3 to 5
.and a2 minimum diameter of 10 inches were specified, in addition éo
operational and test pressures corresponding to those of the full

scale vessels.



Phase II - Manufacture of subscale 301.stainless steel bottles.

The fabrication and cryogenic stretching of 3 each
of the following subscale bottles was to be accompiished in this

‘phase of the program.

a) Roll and welded bottle, fabricated from rolled
flat sheet stock andihydroformed heads,

b) - Integral head bottle, fabricated from seamless

tubing with spun-over ends.

One each of these type vessels was committed to cryogenic

burst testing by -ArdezPortland. Two each would be delivered to
NASA,



IIT .SUMMARY

The high pressure ‘bottle configuration used in the LOX
tanks of the Saturn V, S1C vehicle, were duplicated in a sub-
scale version usiné the Ardeform proceés. ‘The objectives of the
program were to demonstrate the_feasibility'of using cryogenically
stretch formed 301 stainless steel tanks for such space vehicle
applications, -and to pFovide the process parameters required for
obtaining maximum consistent properties commensurate with a low

rejection rate during manufacture.

In order to achieve these objectives, the effort on the
program was directed along several parallel paths.
1) Demons&rate the feasibilitﬁ of fabrieation‘@f Ardeform
pressure vessels for high pressure helium gas storage.
a)‘ Welded configuration-- Develop 100% weld efficiency
in 1/4" thick material in a subscélé_zggsel.
b) Integral Head Confiéuration-— Develop floturning
and head spinning processes fof use with standard

grade Ardeform material in a subscale vessel,

2) Provide material properties data thfough a materials
testing program for parent material as well as welded
material. _

a) Yield strength
b} Notch toughness

c) Resistance to stress corrosion

This report coﬁtains the results.of the development work
outlined above. The fabrication technology=emplo§ed is discussed{
as well as the metallurgical investigations in support of this
work., The results of tests on both specimens and vessels are

‘reported and discussed in detail in the body of the report,

10
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ARDEFORM PRESSURE VESSELS

s5/N 2 Roll & Weld Vessel

Fabricated with Rolled Sheet,
Hydroformed Heads, Machined Bosses

S/N uUs-2 Integral Head Vessel

Seamless Vessel with Integral Hot Spun Heads
Machined Bosses, Welded in Place




Design parameters were established to represent conditions

in a full scale vessel. Pressures were established to correspond

with the following full scale vessel pressures at -320°F.

Working 3300 psi
Proof 4500 psi
Burst 6600 psi

Size requirements for the subscale vessels were set as

follows:

/D of 3 to 5
10" min. diameter

Thickness Ratio: EFull Scale = 1

Subscale
A double vacuum melted Arde sfandard composition of 301
stainless steel was selected to provide increased notch toughness,
high strength cleanliness, and minimum flaw sizes. The material

was metallurgically evaluated prior fo commitment for iabrication.

The weld development piogram was uncdertaken with flat 1/4"
piate material to develop the following weld parameters: heat
settings, feed speeds, weid preparations, filler rod size, and
welid bead control. Two approaches were investigated; double
pass welding and single pass welding. Single pass was selected
over the conventional double pass technigue because c¢f less
chance of lack of fusion between passes and reduced carbide growth.
Probliems encountered were under cutting, sagging, and drop-through.
*3 o'clock" welding, where the torch is held herizontal, was
investigated as a means of solving these problems. After testing
of a verification vessel (S/N 2), this form of welding was dis-
carded in favor of single pass Tig, pressurized gas back-up

welding.



, Métallurgical investigation was performed on tensile

specimens fabricated from the heat of material used for the
welded vessel fabrication. These specimens were in tensile

test bar form, consisting both of parent metal and weldments of
301 composition. Eighty-seven (87) specimens were cryogenically
prestressed in liguid nitrogen at a selected stress level of
235,000 psi. After prestressing, the entire group was divided
into smaller groups for testing at room temperature and -320°F
for both welded and welded specimens. Half of the specimens
were used for plane strain fracture toughness testing. The
effect of material rolling direction on the specimens was also
observed. Fracture toughness values were determined on center
notch partial thickness specimens of the prescribed dimensions
established by the ASTM Fracture Toughness Subcommittee. These
values were further substantiated by testing identical material
using the single edge notch tensile specimen and determining
"pop in" load by the electrical potential method. A brief summary

of results follows:

1. Room Temperature Results

Parent Material
220.2 KSI Average Yield
12.2% Average Elongation - Parallel Specimens
11.5% Average Elongation - Transverse Specimens
102.6 KSI JEE Average KIC (Center Notch)
106.8 KSI JIN Average K o (Single Edge Notch)

Weld Bead

218.6 KSI Average Yield

103.6 KSI J/IN Average KIC (Center Notch)




2. =320°F Results
"° parent Material
° 302.3 KSI Average Yield
® 10.6% Average Elongation - Parallel Specimens

10.0% Average Elongation - Transverse Specimens
¢ 83.9 KSI /IN Average KIC

° Weld Bead
° 298.8 KSI Average Yield
° 86.7 KsI JIN Average KIC
Eight (8) tensile specimens were cryogenically prestressed to
232,000 psi and then loaded in a bent beam specimen holder at
184,009 psi at room temperature. The specimens were placed in a
-75 normal salt solution for five months, with the following results:

°® No indications of stress corrosion

? One specimen pulled to Room Temperature
failure at 228 KSI

® One specimen pulled to -320°F
failure at 300 KsI

Fabrication of the welded vessels was accomplished using
standard rolling, hydroforming, and machining techniques. All
processes were controlled through Arde specifications. These vessels
simulated full scale vessel welding through the incorporation of
three girth welds, two diametrally opposed longitudinal welds, and
two boss to head welds. Three vessels were cryogenically stretch
I formed. Two were delivered to NASA - MSFC for evaluation and one
was cryogenically burst tested at Arde-Portland at 10,850 psi.

This represented 337,000 psi nominal hoop stress.

14




In the integral head vessel fabrication, billets were con--

verted to forgings. The forgings were then floturned to seamless
cylinders. In the course of this development phase, the first

unit failed in process at 50% cold reduction after five successive
floturning passes without annealing. Therefore, interpass annealing
was instituted on the remaining parts after each third pass.

(approximately 30% cold reduction)

Each cylinder, therefore, received three interpass anneals
during processing. The next four cylinders were successfully

floturned using this method.

Hot spinning of integral heads on the seamless cylinders
was accomplished with both one and two pass operations at a single
temperature. Four cylinders were completed with 46% - 56% usable
closures using this method. However, tracer machining was
regquired on both the inside and outside of the heads to remove
heavy surface cracks. Through-cracks at the edge of the boss
opening were removed by machining larger boss openings. After
welding the bosses in place, the parts were annealed, cleaned,
and cryogenically stretch formed. Two vessels were forwarded to
NASA-MSFC and one was cryogenically burst tested at Arde-Portland.
316,000 psi nominal hoop stress was developed at the burst pressure
of 10,175 psi.
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ROLL AND WELD VESSEL -D3433

s/N
1

Forming
Prassure

10,000 psig

4,000 psig
10,000 psig

10,000 psig

Forming
Stress

254,.1 ksi

307.4 ksi
101.5 ksi

263.9 ksi
306.6 ksi

263.6 ksi
306.7 ksi

TABLE I -VESSEL SUMMARY

nom.

true
nom.

nom,
true

nom.
true

INTEGRAL HEAD VESSEL - D3435 -

S/N
Us=-2

US=5

CF-10

Nominal Hoop Stress =

Forming

Pressure .
9,300 psig
9,350 psig

10,175 psig

True Hoop Stress =

* Forming stresses calculated using a reduced wall thickness.

Forming
Stress®*

272.6 ksi
316.1 ksi

252.3 ksi
306.9 ksi

272.3 ksi
332.1 ksi

Pressure X Or
Original Thickness

nom.
true

nom.
true

nom.
true

Weight
92.4 lbs

92.1 1lbs

91.7 1bs

Weight

112 1bs.

108 1lbs.

Volume

2.24
3868

2.27
3931

cu,.ft,
cu.in,

cu,.ft,.
cu.in.

Volume

3.28 cu.ft.
5667 cu.in,

3.1 cui.ft,
5366 cu.in.

nal Radius

Pressure X Final Radius

Final Thickness

Disposition

Cryogenic burst tested to 10,850 psi
337.0 ksi nominal hoop stress
345.9 ksi true hoop stress

Bad weld - hold in stores
Shipped to MSFC

Shipped to MSFC

Dispos
Shipped to MSFC

Shipped to MSFC

Cryogenic burst tested to 10,300 psig
316.3 ksi nominal hoop stress
375.9 ksi true hoop stress

Repair grinding by Parsons

Corp. on tube I.D.'s resulted in locally reduced wall thicknesses by .01l5 on US-5 and CF-10

and by .033 on US=2,

Using the wall thickness without consideration of reduced sections,

reduces the forming stress by approximately 20 ksi on US~5 and CF-10, and 40 ksi on US-2.




SECTION IV PROCESS DEVELOPMENT FOR CRYOGENICALLY STRETCHING
HEAVY GAGE 301 STAINLESS STEEL (PHASE I)

- A, Material Selection and Evaluation

1. Material Selection

The metallurgical design of a type 301 stainless steel
was undertaken as a primary step in the program. Optimum mechanical
properties for crycgenic prestraining was of utmost importance.
In order to insure the highest possible quality, the basic material
was specified as induction vacuum melted from high purity raw
material, followed by a consumable electrode vacuum remelt. Double
vacuum melting of a material refines it in successive steps. This ‘
process provides increased notch toughness thru the reduction of
oxygen and hydrogen content. Flaw sizes are minimized first through
use of high purity raw material during the initial induction melt
and during the consumable remelting. A far cleaner steel with very
high strength and excellent notch properties is produced in this

manner.

One heat of steel was ordered for conversion to billets, sheet
bar, and sheet stock in accordance with Arde specifications, con-
trolling chemistry as well as cleanliness. Billets were intended
for conversion to forgings for the production of seamless cylinders.
These would then be utilized in the fabrication of the integral head
vessel. Sheet stock was for use in the mechanical testing program
as well as for welded vessel fabrication. Sheet bar was for boss

material.

It became evident just prior to delivery of the raw material,
that the supplier (Allegheny-Ludlum Steel Corp.) was in fact

delivering three separate heats of material rather than a single

17
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heat. fhe specified chemistry, as well as the actual received is
shown in Table II. It should be noted that the hydrogen content

of Heat 7-2067 exceeded the specified 2 parts per million by

0.7 ppm. Through MRB action, the heat was accepted for use,
inasmuch as 2 ppm is an ideal value for sheet stock; whereas, a
value of 5 ppm is a realistic value for billets prior to conversion.
This value of 5 ppm would normally be reduced to the level of 2 ppm
through reduction of the material thickness in the speet stock

rolling process.

| 2. Material Evaluation

Upon arrival of the steel from the vendor, Arde
evaluation commenced prior to committing the material to use.
Chemical analysis was checked against the specification (See
Table II), Inclusion content was determined metallographically,
and compared against specified allowables as defined by ASTM
E-45-51, and set forth in Arde Specification 0015. It is worthy
of note that the three heats delivered had a lower inclusion con-
tent than the specification allowable in all cases. (See Table III)

Cleanliness and grain structure may be seen in Figures 2, 3 and 4.

Tensile specimens were prepared (see Figure 5), and a number
of tests performed under varying conditions. A review of the data
shown in Table IV - VI will indicate the effect of different
pretreatments as well as intermediate treatments. All specimens,
save one, were annealed, pickled, and passivated, in order to
duplicate the processing to be actually accomplished during

vessel fabrication. Stress-strain curves are shown in Figures 6 - 11.

18



Table IV shows the results of material evaluation

uniaxial tensile tests on heat 8606B. This heat provided

all of the sheet stock used for welded vessels in this

program,

Table V shows uniaxial tensile test results for evaluation
of heat 7-2067. This material was used in the production of
seamless vessels US-1 through US-5. Specimen 1A was taken from
a processed tube in order to verify the strain response of the

material in the form that it would be stretched.

Table VI shows the same test data for heat 7-2099 used
to fabricate seamless vessels CF-6 through CF-10.

Carbide present in large quantities in the material
made it necessary to plan on annealing the vessels prior

to cryogenic stretch forming.

19



0z

TABLE II

CHEMICAL ANALYSIS

Specification Heat 8606B Heat 7-2067 Heat 7-2099 Heat 8606A

Arde 00 017) (Sheet) (Billets) (Billets) (Sheet Bar)
Carbon .055 - .075 .065 .060 .060 .065
Manganese 1.00 = 1.70 1.30 1522 1.3 1.30
Silicon 30 e LLTO .41 41 «57 A4l
Chromium 17.00 - 17.50 17.02 17..20 17.20 17.02
Nickel 7.30 - 7.60 Ry 7.63 7.43 757
Nitrogen .02 = .04 037 .04 .027 .037
Phosphorous .015 max. < =0 < .01 < .01 Eeor
Sulfur .015 max. .006 .004 .003 .006
Oxygen 60 ppm max. 30 ppm 30 ppm 44 ppm 30 ppm
Hydrogen 2 ppm max. 1 ppm {2 ppm 2.7 ppm 1 ppm
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TABLE TTII

INCLUSION CONTENT

Inclusion Allowable Actual

Types Inclusions Sheet Billet

(ASTM E-45-51) (Welded Vessel) {(Integral Vessel)
Heat B606B Heat 7-2067 Heat 7-2099

Sulfide 2 Thin 0 0 0
Alumina 1 Thin 0 0
Silicate 3 Thin 0 0
Globular 2 Thin/1 Heavy 0/0 1.5/0 1.5/0

Oxide
Titanium 2 Thin/l Heavy 0/0 2/0 0/0

Carbonitrate




MATERIALS EVALUATION

NOT REPRO DUCIBLE

Heat 8606-B Cleanliness
100 X

Heat 8606-B Grain Structure
100 X

-22- FlGg. 2



MATERIALS EVALUATION
NOT REPRODUCIBLE

-

Heat 7-2099 Cleanliness |
100 X

Heat 7-2099 Grain Structure
100 X




MATERIALS EVALUATION

Heat B8606-A Cleanliness
100 X

Heat 8606-A Grain Structure
100 X

-24-

Fia. 4
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TABLE IV

| TEST RESULTS - HEAT B606B

‘ MATERIAL EVALUATION

-320°F Prestrain Condition Fina st Failure
% Nominal Intermediate % Nominal Test
Elongation Stress Heat Elongation Ultimate Temper-  Remarks
Specimen in KSI Treatment in Tensile ature
Number Conditio Inches 2 Inches Strenqgth (KSI)
1 As Rec'd. 21 246 - - 246 -320°F
e Annealed 23 253 - - 253 =320°F
'g = Anneal & 21 250 - - 250 =320°F BOGL
Heat Treat
ac Annealed le 235 - - 235 -320°F
4 Annealed 13.7 232 - 1.6 286 -320°F BOGL
Annealed 13 225 - 7.2 281 -320°F BOGL- Yielded
in Prestrain
6 Annealed 16 244 - p B8 I 274 -320°F BOGL- Yielded
in Prestrain
a e Annealed 14 232 - " B 218 Room BOGL
ac Annealed 16 235 790°F/20hrs 2 o237 Room
4D Annealed 12 214 790°F/20hrs 1.05 228 Room
5A Annealed 14 240 790°F/20hrs T2 244 Room
1CN2 As Rec'd. - 233 - - 301 =320°F 4 mos. in
: salt bath @
2CN1 As Rec'd. - 233 - - 228 Room 196 )EEL

stress prior
to failure
pull




£E

Specimen
Number

;’I’-‘

w nN

TABLE V

TEST RESULTS - HEAT 7-2067

MATERIAL EVALUATION

=320°F Prestrain Condition

Condition

As Rec'd.

Annealed

As Rec'd.
As Rec'd.

As Rec'd.

Final Test to Failure

% Nominal % Nominal Test
Elongation Stress Intermediate Elongation Ultimate Temper=
in KSI Heat in Tensile ature
2 Inches Treatment 2 Inches  Strenqth (KSI) Remarks
25 260 - - 260 =320°F
20 270 - - 270 -320°F Taken from
floturned
tube S/N
Us-=-1
28 258 - - 258 -320°F
12.5 210 790°F/20 hrs Do 240 Room
20 252 790°F/20 hrs : P 266 Room
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TABLE VI

TEST RESULTS - HEAT 7-2099

MATERIAL EVALUATION

=320°F Prestrain Condition

Final Test to Failure

% Nominal % Nominal Test
Elongation Stress Intermediate Elongation Ultimate Temper-
Specimen in KSI Heat in Tensile ature
Number Condition 2 Inches Treatment 2 Inches Strenagth (KSI) Remarks
As Rec'd. 20.5 276 - - 276 -320°F
As Rec'd. 12.7 223 790°F/20 hrs 2 256 Room
3 As Rec'd. 20. 264 790°F/20 hrs 1.8 286 Room




B, Establishment of Welding Parameters

Investigation was directed toward the improvement of weld
bead composition, in order to make the weld joint strength more
nearly equivalent to the parent material strength. It was, there-
fore, necessary to establish weld parameters for obtaining joints
which were capable of being stretched to a maximum stress level at
cryogenic temperature (-320°F).

Welds produced in a single pass were deemed advantageous for
several reasons rather than the conventional double-pass approach.
The single pass technigue reduces carbide precipitation immediately
adjacent to the weld bead. This reduction was known to greatly
enhance the cryogenic stretch properties of the material. It also
would eliminate lack of fusion between passes frequently experienced
in multi-pass welds. Also, a single pass weld would reduce the
amount of filler matérial intréduced into the joint. In this
particular program, carbide growth was not important since all vessels
would be annealed because of the previously mentioned high carbide
content in the material.

The development program consisted of three phases: conventional
horizontal welding with a vertical torch, "three o'clock" welding with
a horizontal torch, and horizontal welding with a closely controlled
pressurized gas back-up and vertical torch. In all cases, the semi-
automatic tungsten inert gas (TIG) welding process was used, with
helium torch gas and argon back-up gas. Specific objectives were:

Develop settings and speeds

Establish weld joint preparation

Determine filler rod size

Determine carbide distribution

Develop control of underbead as well as overbead

Produce strong, stretchable welds
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I
Phase 1 - Conventional Horizontal Welding i
Effort in this phase was initiated with single pass
welding on available 1/4" 301 stainless steel (See Figure 12). ’
When heat B606B became available, welds were made in the .220 inch
thick material. Both single and double pass welds were checked in |
order to verify the choice of single pass welding (See Figures 13
and 14) . Various joint designs and welding parameters were utilized
with this conventional vertical torch horizontal welding (See
Figure 15). After producing thirty (30) samples, arid reviewing them
metallographically, it was determined that no combinations of the

variables produced acceptable joints. Weldments either exhibited
lack of penetration or drastic overbead concavity. Concavity
resulted from gravity effects on the mass of molten metal. See
Figures 16 and 17 for an example of this type of weld. Note the

concavity and drop-through that is exhibited.

Phase 2 - ‘!Three O'Cock" Welding

This method, where the torch is held in the horizontal
position, (See Figure 16) was investigated as a means of reducing
the effect of gravity on the weld. Joints shown in Figure 17 were
produced with this method. Welds were generally more satisfactory
than those made in Phase 1, except for occasional shallow undercuts
on the upper edge of the fusion zone. Porosity was frequently present
in the fusion zone as well.

Phase 3 - Vertical Welding with Pressurized Inert Gas Back-Up

Pressurized argon gas back-up was utilized to support the
weight of the molten weld puddle. It was found that the reguired
pressure could conveniently be controlled through the use of a
manometer. This procedure produced excellent welds in both "V" joint
weld and butt weld specimens (See Figures 16 and 17). Consequently,
this method of welding was selected for the deliverable hardware in

this program, with a 100% land weld preparation.
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WELD DEVELOPMENT a0t REPR

Mount 100X

DOUBLE PASS WELD - BASE MATERIAL

ANNEALED PRIOR TO WELDING. .220
THICK PLATE HEAT 8606B



NOT REPRODUCIBLE

WELD DEVELOFMENT

Mount 100X
SINGLE PASS WELD - BASE MATERIAL
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WELD DEVELOPMENT
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. Mechanical Testing

1. Structural and Notch Testing

Tensile specimens were fabricated for mechanical tésting
using rolled plate stock produced from heat 8606B. Specimens l
were cut both parallel (marked N1) and transverse (marked N2)
to the rolling direction of the material. One~half of the
speéiméns were welded .across the gage section for evaluation of
welded Ardeform material.. These‘tensile specimen configurations

are -shown .in Figures 18. and 19.

The welded speéimens were fabricated with a centrally
located 100% penetration single pass weld using 308 weld wire.
The "3 o'clock" weld operation was pérformed to effect a straight
butt joint weld. As noted in Section IV B-spme we'ld repéirs were
requiréd to correct shallow undercuttiqg.- At this point in .the
piograﬁy° pressurized gas back-up welﬂipg-preQiously described had

not been completely developed.

&A1l specimens were anneéled, pickled and passivated per
'Erde,Speéifiéations; and then shipped to Huntsville Division,

Thiokol Chemical Corporation for cryogenic prestraining and testing.

Efghty-seven fSJ) sampies were cryogenically prestressed
in liguid nitrogen at a nominal stress level of 235,000 psi.‘ fter
prestress, the entire group of specimens were equally subdiﬁided
into émall groups for further testing in accordance with the sghedulé

shoewn in Table VIT,
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SMOOTH TENSILE TESTING

Quaqtiﬁv

LGttt O,

'qut Numﬁgg

SKC 10002N-1
SKC 10002N-2
SKC 10002N-1
S8KC 10002N~2
SKC 10003N-1
SKC 10003N-2
SKC 10003N~1
SKC 10003N~2

NOTCHED TENSILE TESTING

Quantity

Part Number

(€ AR R RS T« R o I+ R+ )

SKC 10004N-1
SKC 10004N=-2
BERC 10004N-1
SKC 10004N--2
SKC 10005N~1
SKC 10005Nw2
SKC 10005N-1

SKC 10005HN=-2,

TABLE VIX

MECHANICAL TESTING PROGRAM

Temp., Of Tast

-~320
-320
Room Temp.
Room Temp.
~320
~320
Room Temp.
Room Temp.

Temp. of Tést

-320
. =320
. Room Temp .
Room Temp.
-320
w320
Room Temp.
Room Temp.

QOrientation

Longitudinal
Transverse
Longitudinal
Transverse
Longitudinal
Transverse
Longitudinal
Transverse

Orientation

Longitudinal

Transverse
Longitudinal
Transverse
Longitudinal
Transverse
Longitudinal

"Transverse

Material

angldaa
Unwe Lded
Unwe lded
Unhwelded
Welded
Welded
Welded
W@lded

Material

Unwelded
Unwe Lded
Unwe lded
Unwelded
Welded
Welded
HWelded
Welded



The load value, elongation, and stress level data determined
during the prestressing operations of these specimens are shown on
Tables VIII through XV, It is evident from these data that the
desired level of stress, 235,000 psi, was established in each
specimen resulting in reasonably uniform elongation (10 to 12 percent)
of the gauge length.

‘ The loads to be employed'with these specimens were predetermined
by first establishing the area of the gauge length and multiplying
this value by the desired prestress level (235,000 psi).

A stress strain record was made for each specimén during the
prestressing operatioﬁé, carefully recording both the.load~and
strain which resulted. The elongation-and stress were determined
for each specimen from these data. Elongation was further sub-
‘stantiated by metallurgically measuring the extension of the
gauge'length after each sample was prestressed.

Pigure 20 is a typical streés—strain curve, as recorded for
Specimen No. 7 showing the load and strain resultant from this
prestressing operation.

The physical properties for each specimen tested are shown in
Tables XVI through XIX. It may be noted that half of the specimens
from each panel were tested at ambient, while the other half were
tested at ~320°F, A careful analysis of these data indicates that
the yield strength varied between 214,000 and 224,000 psi, with an
elongation of 10 to 13 percent when tested at ambient. At -320°F
the material demonstrated a yield strength of 296,000 to 308,000 psi
yield strength, with 10 to 12 percent elongation.

Figure 21 is a typical stress~-strain curve for Specimen No. 4,
which was tested at ambient, indicating both load and strain. From

this record, a yield strength of 0.2 percent offset was determined.
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TABLE VIIX

PRE-STRESSED 301 STAINLESS

Dwg. No. N Before : ) . ‘ After
Spec, No. Thickness _Width Area  Load Elong., %2" Stress psi Thickness . Width Area
, 1 1 | - | ] { ” | ] | | . 1
SK 10002 N-1 ! i 'L ! ! . 1 Lo :
1 t,2230 v 1.48301,331 1 77800 1 12 ¢ 235,000 ' L2120 v 1.421 1 ,3013
1 1 i 1 ' 1 1 : ' t 1
I¥% ' 2160 1+ 1.45304.3138 ¢« 73800 4,5 1 235,200 [ L2110 1,425 v .3007.
t t | | H t . . 1 i - .
3 ! 2200 + 1.4840.,3265, 76700 12.0 234,900 ' L2090 4 1.420 ¢ 2968
i i ‘ 1 | . 1 B | , 1 1 ! 1
4 ' 2200 ,- 1.4860,.3269, 76800 13.0 , 234,900 . L2080 |, 1.421 . 2956
- i | . 1 1 - . . T )
5 . %2210 , 1.4900,.3293 77400 ,  13.0 . 235,000 . .2100 | 1.423 . .2988

*This bar pre-stressed to 47,700 load lbs, and returned to O prior ta pre~stressing to 235,000 psi.
1 K Coa 1

6 C L2211 1,479 13269+ 76800 13,07 1 234,900 . 210 . 1,413 . .2967
7 | 222 | 1.466 1.3255, 76900 .,  13.5 . 236,300, .21 . 1.400 | 2954
8 | .222, L.471 1.3266, 76750, ,  12.0 . 235,000 . .21l | 1.406 | ' .2967
g 4 , .2140 , 1.436 ,.3073, 72200 ,  10.0 . 234,900 . .2130 | 1.435 ' 3057
10 'T2190 ' 1.480 ‘3241 76200 © - 235,100 Broké while _pre;-stressing.

#% This bar prestressed to 50,000 load 1bs, and returned to 6,prior to prestressing to 235,000 psi,
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TABLE TX

PRE-STRESSED 301 STATRLESS

Dwg. Mo, Before ‘ After .
Spec. No. Thickness Width Area Load Elong., %2 Stress, psi  Thickness . Width Area
. s I | . i . 1 —| ] 1 1
SK 10002 ' ' I : ! ' J '
N-2 i 1 ] I ! ! i ] . 1 .
1 ' 2220 + 1,482 , .329%0 , 77300 ‘' 13.0 ' 235,000 v L2115 t 1.412 1 .2986
' 1 1 \ - ! . ! ! ! 1
2 ' 2225 , 1.48L , .3295 , Void :Spec. failed during, presttessing. ! . '
i i . ! . J } . t
3 | .223 , 1.481 : .3303 : 77600 13.0 t 234,900 e L 212 ¢ L4111 ;2991
. 1 1 t i
4 : L2225 : 1.484 : 3302 : 77600 12.5 ¢ 235,000 P 3212 . l.412 : . 2993
i 1 ] 1 !
5 : 222 : 1,490 : 3308 : 77706 ,  12.5 . 234,900 212 : 1.422. : .3015
. . .
6 : .222 : 1.486 ' .3299 ' 77500 12.0 : 234,900 : 212 : 1.417 : . 3004
! | st
7 ' 222 ' L.481- ' 3288 ' 77300 : 12,0 : 235,100 . .212 : 1,416 ' .3002
! ! 1 1 . !
8 ! ,222 ' 1,483 0 ,3292 77400 : 12.0 : . 235,100 : 2110 '1,416 ' ,2988
' ] ' i i ' .
g: ! .222 1 1,482 1+ 3290 « 77300 : 12,0 : 235,000 ' 2115 ' 1,414 v ,2991 ¢
1 1 ] 1 f ! t . |
10 ! L2220 1,484 4 3294 774%0 ' 12.0 : 235,000 ' .212 v1,417 1 .3004
1 ' ' I ! ‘ 1 - ' ' ‘ .
11 ) ,2220 , 1.481 , ,3288 , 77300 ' 11.5 ! 235,100 t L2115 1 1,414 ¢ 1.2991
; ’. : . “ ' ] ‘ 1 ) ' 1 1
12 ' L2220 |, 1.472 , .3268 , 76800 ! 12,0 ' 235,000 [ 2110 -, 1.405 1 . 2965
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TABLE X

PRE-STRESSED 301 STAINLESS

After

Dwg. No. Before . ) .

Spec. No.  Thickness Width Area Load Elong., %2 Str,, Psi Thickness Width Area

. . ] ’ ) ] 1 1 ' | - ' ‘ I

SK 10003 . a - . a | . .

A S 215 . L.484. 3191 175000 . 11.0 235,000 : f.203 L 1.423 . .2889
2 | .2165 . 1.492 , .3230 ;76000 | 11.0 . 235,300 .  .207 L 1431 2962
3 [ .2140 , 1.474 , 3154 ,74100 ) 11.0 |, 234,900 | .203 ' 1.411 | .2864
4 \ L2130 | 1.482 | .3157 ,74200 | ,11.0 -, 235,000 203 | 1419 ! .oss1
5 L. +217 . 1.483°) .3218 75600 | 11.0 ' 234,900 | o .205 ' 1,409 © ! 2888
6 ; 215 1 1,483 : 3188 :75000 : 11.0 : 235,300, ' .205 | 1.420 L2911
7 1215 u: L.477 ' .3176 124200 ' === ' 76,200 ' Spec. failed in weld!
¥: ' L2151 1,487 ' L3197 175700 ' 110 ¢ 235,200 204 STV ,2905
9 | 2160 1 1,480 1 .3197 175100 + 11.0 234,900+ .205 1 L2l . . L2913
10 : L 1.480 1 .3212 175700] | 11,0, 235,700 .- 1206 L 1.419 ) L2923

.2170



TS

TABLE XT

PRE-STRESSED 301 STATNLESS

Dwg. No. Béfore : ) After
Spec. No. Thickness Width  Area Load Elong., %2 Stress, psi  Thickness Width _Area
T [ ] 1 1 ] ' ] — l Y -
sK 10003 ! ' ' ' = . ' ! '
>N~2 Weld { ' ! ' ' ' ' '
*#1 ! .203 v 1,490 v ,3025 58200 1+ 9.0 v 192,400 | Spec., failed 1
| 1 1 | i ‘ | 1 1 '
#2 1,213 v 1,486 1+ ,3165 1 74400 .« 10.5 235,100 1 .202 o L.421 1 2870
i } ’ 1 ) 1 ¢ - t 1 )
%3 ¢ L2103 ¢ 1,488 1 .3169 , 74500 , 11.5 235,100 | .203 v L.422 , .2887
1 | : ] h i 1 I L] I | ‘
*h v .215 1.486 , i3195 |, 66700 , 10.5 . 208,800 , Spec, failed .
' ]
1 .
*Weld Reads ground flush befork pre-sgresging.: : : ! :
H | I . ] " |
6 L2120 1,490 1 .3159 1 74200 | 10.0 . 234,900 | 2040+ 1.430 ' .2917
1 1 ) 1 ’ ' )
7 v .215 171,480 1 ,3182 1 74800 | 10.0 235,100 | .2035 1 L.416 ' .2882
1 [ i 1 '
8 v .221 v 1.485 , .3282 ., 77100 : 10.5 ' 234,900 ! 2100 r L.419 '.2980
B 1 1 1
' ' L b : 1 .
9 i .222 . l.478 |, .3281 |, 77100 ' 10.5 ' 235,000 ! 211 . L.414 t,2984
] t ] |
. ' L ) 1 I
io . .24 | 1,467 , ,3139 |, 73800 ' 11.0 ' 235,100 ' ,204 | 1.399 1 ,2854
. t 1 t t
A ] 1 I ) ]
11 e .214 o L.484 , L3176 , 74600 ' 11.0 ' 234,900 : +204 y 421 ' ,2899
] ¥ 1, I
° | 1 i i -
12 v W24, L.482 L3171 ! 234,900 ! . 204 l 1,417 11,2891

74500 11.0
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TARIE XTT

i .

Dgg. No,
pec. :
No. Thickness Do
| l — Width Area
SKN10Q04 l — _ Load El
-1 ] | t I — %2” S
l I ‘ l ' i ‘ tress psi
2 \ 217 v 1.48 ! : 1 ' - — g{fter
lz I — l ' I | idth Arx
3 . .218 W 1.489 ! : 75500 ' 13 ! : l ea
I . i 324 1 | "
4 : 215 1.478 | 6 : 76300 . 13, : o 5 : I
‘ l : . .20
216 1487 3178, 74700 ' ' B gt
5 ' S ! . 13. t - 1 .203 ! \ 905
6 , +2 14 ! 1.4 ) , 75500 ! . 235,100 : ‘ SN
‘L2 . 1.481 | .3169 , o ' EE : :
7 , +212 '1.483 1374500 v , 235,100 l s
tLo1 . 1.483 | .3144 . . i l 60-
5 216 1a7o a0t s N o
121 ' ,-3195" 7 l , - > : I 9
9 ! 5 ' 1.488 ! ' 5100 ' i~ ' 35,100 ' S o
t,213 ! ,.3199 ' fS l , o ' o - I 2
1]_ b L 1.480 1 1 200* | . ]_2 ' 5:100 ! 1' | 23 : 2874
1,216 ', 1 ,3152 ' 74 I . 23 1 205 1 4 |
12 i v 1,480 : 31‘_ ) 4100 ! 13 I 5,100 : 2;33 » 15 i
t ] . 319 ’ - l | I l
-214 11.479 - 7 :_75].00 1 1 1 2353100 : | 1'425 ' .289
: 1 .3165 ' . . I . : ( ' |
74400 | 23900 | v L
N 1,204 I o
1 235,100 ’ S
r 202 ' . .
t L.421
. .2870
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TABLE XTITT

PRE-STRESSED 301 STAINLESS

After

Dwg: No. ' Before . . )
Spec. No. Thickness Width Area Load Elong., %2" Stress psi  Thickness __Width Area
1 i ! 1 I — ! ‘ ! ! !

SK 10004 . : C ! : S : |

v 1 L 222, 1.466 ' 3255 : 76500 ' 13.5- ' 235,000 0,209 1 1.402 1 .2930
2 . L2200 | 1.483 1 ,3263 | 76700 : 13.0 : 235,100 _: 207 1 1417 1 .2933
3 .21 | 1.477 3264 | 76700 135 235,000 2Ll 4 1407, L2969
4 1,221 1 1,463 3233 ' 76000 . 13.0 , .235,100 , .210 , 1,396 , .2932
5 L2200 1 1,497 3293 :F77400 . 12.5 , 235,000 :' 210 | 1.430 , .3003
6 . 219 | 1.489 | .3261 ! 76600 . 13,0 . 234,900 | ©.207 | 1.420 ")7.2939
7220 0 L 3225 75800 | 13.5 ' 235,000 ' .206 ' 1.395 '-.2874
8. 1,219 1 1,514 | 3316 78000 ' 13,0 1 235,200 ' ,208 | 1.443 !..3001
9 E .219 5 1.467 ' ,3212 5 75500° 135 7' 235,100 ' L2071 1.39% 2886
10 2220 1.489 ! .3276 77000 ' 13.0 | 235,000 ' 207 1.419 ' 2937
11 . .219 . 1,277 ' .2797 | 65700 *  13.0 ' 234,900 +  .206 o 1.237 1 2548
12 L .219 1,259 : 2757 | 64800'-: 13.5 234,700 0206 4 1.200 . L2472
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TABLE XIV

PRE-STRESS 301 STAINLESS

Dwg. No. Before ‘ : After

Spec. No. Thickness, Width _Arvea. Load Elong., %2 Stress psi Thickqess Width Area

7K 10005 (Welded) |
ol 3is C1.477 3176 74600 12.0 234,900 204 1.411 2878
p) 214 1.443  .3088 72600  12.0 235,100 . 202 . 1,380 .2788
3 .217 1.474  .3199 61800  --- 193,200 Spec. failed.
4 214 1.481 .3169 74500  12.5 235,100 .199 1.418 2822
5 .216 1.479 L3195 75100  12.5 235,100 205 1414 2899
6 212 1.443  .3059 71900 13,0 235,000 200 ° 1,379 .2758
7 2213 1.482  .3157 74200 12,5 235,000 196 1.417 2777
8 214 1.484  .3176 74600 12.5 234,900 .201 1.417 2848
9 216 1.476  .3188 74900 12,5 234,900 . 202 1,409 2846
10 .214 2818

1.473 .3152 74100 12.5 235,100 200 1.409
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TABLE XY _~
PRE-STRESSED 301 STAINLESS

Dwg. No. Before After
Spec, No,’ ’Thickness Wi@th Area Load ' Elong.,‘%Z Stress psi ?hickness Width Area
sk 10005 -2 (Welded) ‘
1 .2220 1,490  ,3308 33000 --- 99800 Spec. failed,
2 .225 1.478  .3326 78200 13.0° 235100 . .216 ' 1.410 . 3046
3 © 215 - 1,473 .3167 69900 ~-- 220700 Spec. failed,
4 . .295 1.476  .3321 78000 13,0 234900 .213 1.415 ,3014
5 .225 1,471 .3310 77800 13.0 235000 211 1,406 ,2967
6 ,220 1.467  .3227 75800 13.0 234:900 . 207 1,404 .2906
7 2140 1.475  .3157 74200 12,5 235000 203 1.408 .2858
8 2130 1.475 .3142 73800 12.5 234900, .201 1.411 .2836
9 2200  1.482  .3260 65800 - 201‘5‘306 Spec. failed.
10 .222 1.488 3303 77600 12.5 234900 .210 1.423 .2988
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TABLE_XVT

EVALUATIbN OF CRYOGENICALLY STRETCH FORMED 301 AUSTENITIC STAINLESS STEEL

'd ‘
) R [T . )

Spec. Dimension in Area Ult. Id. 0.2% Offset- § §  Elong, Ultimate 0.29% Offset
No, Thl, wdth. Sq.In. 1bs, Y. Ld. lbs.- "+ - % Stress psi Y. Stress psi
SK 10002 w-1 Tested at ambient.

1 212 1.421 .3013 682094 67700 2 12.5 226,400 224,700

2% .2110 :1.425 . .3007 66200 61700 2 13.5 220,200 205,200

3 L2090 1.420 .2968 67700 66200 2 11,0 _ 228,100 223,000

4 .2080 1.421 . 2956 67700 66000 2 12.0 229,000 223,300

5 L2100 1.423 L2980 68500 67000 2 12.0 229,900 224,800

.Tested at ~320°F.

6  ,210 1,413 .2967 91200 91000 2 9.0 307,400 .306,.700

7 211 1.400 . 2954 ,91000 91000 2 10,5 308,100 308,100

8 211 1.406 .2967 * 91200 90800 2 10.5 307,400 306,000

9 2 12,5 292,100 265,000

o .213 . 1.435 .3057 89300 81000

*These specimens were pre-stressed twice, see pré-stressing data for further information.:
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TABLE XVII

EVALUATION\OF.CRYOGENICALLY STRETCH FORMED 301 AUSTENITIC STAINLESS STEEL
=

] .

Spec. Dimension in Area Ule, 1d., 0.2% Offset 5?2? Elong. Ultimate .0.2% Offset
No. Thik,  Wdth. 8q.In. lbs. _ Y. Id. 1bs, 3 % Stress psi Y. Stress psi
SK 10002 N2 Tested at ambient.

1 .2115 1.412 .2986 67600 65500 2 12,0 < 226,400 219,400

3 212 1.411 .2991 68500 66900 2 ,12.0 229,000 223,700

4 L2112 1.412 .2993 68000 66400 2 12.0 227,200 +221,900

5 ,212 1.422 .3015 67800 65300 2 10.0 224,900 216,600

6 212 1.417 . 3004 68700 65900 2 11.5 228,700‘ 219,400

o
Tested at -320F,

7 .212 1.416 L3002 90200 90000 2 11.5 300,500 299,300

8 211 1.416 .2988 . 90400 90200 2 10,0 302,500 301,900

9 L2115 1.414 L2991 89900 89900 2 12,0 300,600 300,600

10 212 1,417 3004 90300 89600 2 * 300,600 298,300

11 L2115 1.414 L2991 90000 89500 2 7.5 300,900 299,200

12 L2110 1.405 . 2965 89400 . 89000 2 9.0 301,500 300,200

#Piece missing, cannot measure elongation,
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TABLE XVIII

EVALUATION OF CRYOGENICALLY STRETCH FORMED 301 AUSTENITTC STAINLESS STEEL

P
TS

Spec.  Dimension in  Area Ult. Id.  0.2% Offset § & Flong. Ultimate 0.2% Offset
No. Thk. wdth, 5q.In. 1bs. Y., Ld., Ibs., ~ R % Stress psi Y, Stress psi
SK 10003 N-1 Weld Tested at ambient.

1 .203 1,423 .2889 66000 63000 2 13.0 228,500 218,100

2 L207 1.431 .2962 66300 63500 2 11.5 223,800 214,400

3 .203 1.411  ,2864 65200 62700 2 13.0 227,700 218,900

& .203 7 1.419 .2881 64900 62700 2 11,0 225,300 217,600

5 .205 1.409 ,2888 66000 - 63600 2 8.0% 228,500 220,200

4 (o]
Tested at =320 F,

6 .205 1,420  ,2911 87500 86300 2 11.0 300,600 296,500

8 204 1.424 .2905 87800 87200 2 11.0 302,200 300,200

9 .205 1.421 ,2913 87800 87000 2 10.0 301,400 - 298,700

10 .206 1.419  ,2923 88800 87500 2 BOGL 303,800 299,300

*Spec, Broke near gage mark,



0%

TABLE XTX

. EVALUATION OF CRYOGENICALLY STRETCH FORMED 301 AUSTENITIC STAINLESS STEEL

L
[{HR ]
. b0 b0 i
.Spec, Dimension in Aréa Ult. Ld.. 0.2% Offset S G Elong. Ultimate 0.2% Offset
No. .° Thk. Wdth, Sg.In. lbs. Y, Id. lbs. = WA Stress psi Y., Stress psi
SKIOOOi N-2 Weld Tested at ambient.
2 ,202 10421  ©.2870 66200 63900 2 11.0 230,700 222,600
3 . 302 1.422  ,2887. ° 65200 64000 2 11.5 225,800 221,700 -
6 L204 1.430 L2917 65400 62600 2 11.0 224,200 , 214,600
7 .2035 1.416 .2882 65900 63300 2 BOGL 228,700 219,600
8 L2100 1.419 L2980 68500 65300 2 12.5 229,900 219,100
o
Tested at -320 F,
9 ;2110 L.414  ,2984 90700 89400 2 BOGL 364,000 299,600
10 L204 1,399 L2854 86700 85900 2 9.5 . 303,800 301,000
11 .204 1,421 . 2899 87500 86000 2 12.0 . 301,800 296,700
1.417 .2891 87400 86300 2 11.0 302,300 298,SQO

12 . 204
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Figure 22 illustrates the test set-up and tensile specimens
before and after test that were employed to establish the physical
properties-of the material. The cryostat shown is used to contain
liguid nitrogén during the testing operation. The specimen is
mounted between the jaws of the tensile testing machine and is
enclosed by the insulated cryostat. A cryogenic extensometer with
a mechanical take-off may also be seen in the picture.

Tables XX through XXTII define the plain strain fracture tough-
ness values, KIC’ for the specimens coming from each panel when
tested at both ambient and -320°F. All of these values were
determined by using a center notch specimen containing a fatigue
crack part ﬁay through the specimen. Careful attentiop,wés given
to the establishment of a fatigue crack of sufficient size such
that G'nom-was always less than Oﬂys" Thus, a valid KIC value was
obtained on each specimen tested.

It may be noted that the lowest K., value for this material,

ic
when tested at ambient temperature, was 92.8 Ksi /in., while the

highest value was 105 Ksi Jin. Attention is directed to the

uniformity of these test data.

ic
erratic than those obtained at ambient temperature. These values

The K values for the material tested at -320°F are much more

range from a low of 69.3 Ksi /EH. to a high of 104.8 Ksi /in.;
however, most of the values derived from these tests indicate that
the Qaterial has a KIC value of approximately 85 Ksi /E;. when
tested at ~320°F. See Figure 23 for notch specimen photographs.

In order to further substantiate the validity of KIC values
described above, eight additional tests were carried out at ambient
temperature to determine the KIC value by the single edge notch -tensile
test. This test employs the electrical potential nethod of determin-

ing.“pop—in" load. A review of the data contained in Table XXIV
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will show excellent agreement cbtained between values determined
by the SEN method and that obtained from the PTC test method.
It may be noted that these test values average approximately

105 Ksi./in. for the material at ambient temperature.

It should be noted that the weld bead was ground flush with
the parent material after prestréssing the specimens. This, of

course, insured determination of the weld bead properties.
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TABLE XX

g b e ¥

PARTIAYL. THICKNESS (KIC) TEST SPECIMENS

CRYOGENIC PRE-STRESSED 301 STAINTESS

SKC 10004N-1 (Non Welded)

SPec, CRRCK CRACK ﬁ?/ ~ T rom| 7 % o= 5 b
g M_hom 0212 218 6012 ~ 2
Na, LGTHCQ) DPTH, (b) & nom T vs 4 ﬁ /d 52:":’"’“5--5»;"4 3T b Jd"'a.zn?‘ ¥ s KI <.
SK-10004  N-1 | ) : ' : ' 8 g
1 10.152 0.100 | 0.658 | 213,100 | 0,951 : 0.905 : 0.192 r 1.73 {1 538: 171.2x10 }111.3x10 ; 105.5
|
2 0.143: 0.085 : 0.594: 214,500 :0.958 : 0,917 : 0.194 : 1. 625'1 431: 147, 4x10° :103 0x108: 101.5
| | \
3 0.148: 0.091 : 0.615: 217,100 | 0,969 : 0.939 : 0,199 i 1.66 11 461: 161, 7x10% | 110, 7x10% | 105.1
| | |
4 0.130: 0.078 : 0.600; 217,000 ! 0,969 I 0.938 | 0,199 ! 1.63 |l.431| 138.5x108 i 96.8x108E 98.4
| | | ! 1 | | | |
5, 0.1291 0,076 10.589! 207,200 10,925 | 0.856 | 0.181 | 1,61 11,429 123.0x10° | 86.1x10° 1 92.8
I | { 1 | | | I | i I
Te s‘; ed ai ambient,l 1 | | ] 1 1 { | |
| | I | | | | 1 | | | |
: | r I I | 1 ! X | | |
1 a | 1 | | ) ! i | l
& ! pad zrack. ;191,700 0.625 | 0.390 | 0,083
] | : | | | | | ! |
: ! | r | | | | '
7 i Bad crack. | | 194,809 0.635 | 0.403 , 0,085, | : : :
8 | 0.1411 0,003 : 0.660, 185,300 0.607 | 0.368 : 0.078 | 1.735,1.667 121,69x10° 73,0x108: 85.4
| { ' |
9.1 0.1411 0.091 : 0.645: 193,30@ 0.630 : 0.397 : 0.084 : 1. 715|1 .631 : 128.2x108: 78.6x108: 88.7
| | ' :
11 | 0.148] 0.091 : 0.615: 180,4oq 0.588 : 0.346 :.0.033 : 1. 660'1 587' 111.6x108: 70.4x108: 83.9
i | ! .
| 0,142, 0,083 | ¢,5851 211,500 0,689 | 0,475 | o0.101! 1.600'1.499' 140,0x10% 1 93.4x10%1 96.6

12

Tested at -320°F.
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SKC 10004 N-2 (Non-Welded)

TABLE XXI

PARTTAL THICKNESS (KIC) TEST SPECIMENS

CRYOGENIC PRE-STRESSED 301VSTAINLESS
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Tested at -3200F.
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SKC 10005 N-1 (Welded)

TABLE XXIY

PARTTAL THICKNESS (Ky.) TEST SPECIMENS

CRYOGENIC PRE-STRESSED 301 STAINLESS

Tested, @ -320°%F

t
§
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|
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1
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TABLE XXIIT
PARTIAL THICKNESS (KIc) TEST SPECIMENS

CRYOGENIC PRE-STRESSED 301 STAINLESS
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MATERIALS EVALUATION

Notch Specimens
(Upper-welded; Lower-parent metal)

Welded Notch Specimen
Grain Structure - 100X
(fracture edae up)

Parent Metal Notch Specimen
Grain Structure - 100X
(fracture edge up)
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FABLE XXIV

SIVMGI.EZ EDGE NOTCH Ky, TENSION TEST

301
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2. Stress Corrosion Testing

Eight tensile specimens were prepared from heat 8606B rolled
rlate stock for stress corrosion testing. They were of the bent beam
type, and were cut from the plate material in the direction of
rolling. For convenience, the material thickness was reduced by
machining from one side only. This permitted the examination of
any surface effects on the stress corrosion resistance of the
material. One-~half of the specimens were machined from one side
of the plate, and the other four from the other side so that both
surfaces could be evaluated. A series of tests evaluating the
stress corrosion resistance of cryogenically stressed 301 has been
rerformed by the Mellon Institute and is reported in their report,
"C. J. Owen, STRESS CORROSION OF HIGH STRENGTH STEELS AND ALLOY¥S",
dated December of 1962.

Inasmuch as the work performed by the Mellon Institute indicates
that the only anion to which stress corrosion susceptibility is shown
is chloride, the corrosion medium employed was sodium chloride

solution,

A .75 normal salt solution was employed to approximate sea
water conditions. Since the molecular weight of sodium chloride
is 58, the .75 normal solution may be converted as follows:

W75 % 58 gms NaCl = 43.5 =
1000 gms soluticn 1000

4.35% salt solution

After machining operxtions were completed the specimens were
cleaned in accordance with Arde Engineering Specification AES 253,
pickled per AES. 251 and passivated per AES 254 to simulate the

treatments to which vessels would be subjected in actual fabrication.
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All specimens were cryogenically prestrained to a true

stress of 255 KSI (nominal stress of 233 KSI).

Each épecimen then was loaded in a fixture to a strain of
7600 micro—inches/inqh, or a stress. of 184 XSI {Nominal). See
Figure 24. On March 25, 1966 each specimen was loaded in the
fixture, and placed in the salt solution. These specimens were
removed on August 3, 1966. Air was bﬁbbled through the solution
during the entire duration of the test. Solution normality was

checked and maintained weekly. See Figqure 25.

Upon removal from the salt solution, all specimens were dye
penetrant inspected. No dye check indications were found. One
of these specimens was microsectioﬁed. No indication of stress
corrosion was found.

One specimen was pulled to a cryogenic failure at a nominal
stress of 300 KSI. Another specimen was pulled to a nominal room
temperature failure stress of 228 KSI. Previous data taken for
this heat of material indicates that specimens which had been
subjected to a true cryogenic stress of 255 KSI should exhibit a
nominal cryogenic failure stress of 287 KSI, and a nominal ro&m
temperature failure stress of 218 KSI. The increased strength
exhibited by the corrosion test specimens is undoubtedly due to
normal room temperature aging effects exhibited on other heats

of material previously tested.

"The Ardeform tensile specimens used for this corrosion test
program were not affected, in any way, by the salt water solution.
No evidence of stress corrosion cracking in .75 normal Na. Cl1.
solution was evident in Ardeform 301 material stressed to a level

of 85% of yield over a period of 127 days.
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MATERIALS EVALUATION

Stress Corrosion Specimen
in Stressed Condition

Stress Corrosion Test Setup

Preceding page blank ey . £G .25



D, Investigation of Spin-Over Process

It was the intent that this phase of the program demonstrate the
feasibility of partially closing, or spinning-over the ends of a
seamless cylinder to permit the eventual incorporation of machined
bosses by welding. It was anticipated that a follow-on of this
development effort, at a later date, would result in the successful
demonstration of a completely integral, seamless pressure bottle.

It was recognized that this later feature is highly desirable;

however, was not a part of the scope of the subject program.

Several processing technigues were investigated as a means of
spinning-over the ends of seamless cylinders. The majofity of the
technigques reguired a seamless cylinder with a wall thickness many
times greater than that contemplated in this program. After careful
evaluation it appeared that a hot-spinning technigue provided the
most promising approach. This process is presently applied to the
high production fabrication of gaseous and liguid cylindrical

storage vessels meeting the very rigid ICC and ASME standards.

"he process of hot-spinning consists of preheating a cylindrical
section or tube. The cylinder is then clamped in a “"collet-type"
chuck on a hydraulically operated spinning machine. A hydraulic
actuated tool is forced against the end of the spinning cylinder.
Cas heaters are used during the spinning process to maintain part
temperature.

This phase of the program utilized SA 53 Gracde B carbon steel
tubing 10.75 inch 0.D. by .250 inch wall for development. This
represented the closest available size to the reguirement of 11.40
inches O D, by .220 inch wall for the final stainless steel version.
This investigation showed feasibility of the process and demonstrated

repeatability in this heretofore untried diameter,
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The hot spinning investigation was carried on at the Marison

Company, Elgin, Illinois, with both Arde-Portland and NASA - MSFC

personnel present.

Marison was able to easily produce a spun over head with a five(5)
inch opening per the detail drawing supplied to them. It was then
arranged to have them spin over the ends to a point where material
thickness would begin to increase appreciably. This occurred at
about a two and one half (2 1/2) inch opening. The next version
produced was a fully closed round end. All heads were removed from

the cylinders, sectioned, and shipped to Arde for evaluation.

Marison also supplied a section from a fully closed end with an
integral external boss for evaluation. This shape had been produced
with .250 inch wall SAE 4130 tubing.

In the course of this work, it became apparent that some tooling
costs might be eliminated if the length of the integral bottle
could be increased in the range of six to ten inches. The spinning
machine to be used for this program would have reguired holding
devices between the chuck and the forming tool. However, increasing
the cyliﬁder length would enable Marison to use existing tooling.
Inasmuch as there was no reguirement to hold both the roll and weld
version, and the integral head version to the same length, Marison
was asked to supply an exact length dimension for tubing to be supplied
to them. The Parsons Corp., Traverse City, Michigan, suppliers of
the floturned cylinders, were then asked to furnish an anticipated

maximum length dimension in order to resolve this change.

Micro and macro evaluations were made on the closures spun by
Marison. As may be seen in Figure 26, there is virtually no
structural difference between closures spun to different extents.
As expected, the carbon steel is not too clean, but no flaws are

in evidence. Figure 27 is an indication of 4130 steel taken adjacent




to the boss area on the head that had an integral boss spun in
place. On the basis of the samples submitted by Marison,
an optimum boss to head juncture diameter of 5 1/2 inches was

selected. This represents a 50% closure by hot spinning.



END SPINNING INVESTIGATION

Carbon Steel Carbon Steel '
50% Closure 75% Closure
50X 50X
cpRODUCIBLE

not R




NOT REPRODUCIBLE

END SPINNING INVESTIGATION

SAE 4130 STEEL
CLOSURE WITH INTEGRAL BOSS
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E. Vessel Design

1. General

~.Vessel design for this program was predicated on demeonstrating

the feasibility of proeducing full scale helium bottles for use in the
lox tanks of Saturn S~1C. Therefore, the subscale pottles produced
must reflect the operational and test.pressﬁres consistent with full
scale conditions and in accordance with NASA Drawing 20MO2008.

The de51gn considerations to be met weres: -

i) 10" minimum inside dlameter

2} Thickness ratio full scale to subscale of 1 (.220

nominal thickness). ‘
3} A iength to diameter ratio in‘the range of 3 to 5.
4) Oéerational and test ptessuies to correspond with the

f0110W1ng full scale pressures:

Worklng pressure 3000 951 at =320°F
Proof pressure 4500 psi at -320°F
Burst pressure 6660 psi at -320°F

Ih_addition, two distinet designs were to be produced to
fulfill gdesign considerstions. The ﬁabriéation methods were: )
1, Welded'vessel, with a2 minimum of 3 girth welds, joining rolled

and lengitudinally welded cylinders and-hydroformed heaés.
See -Figure 28. _
#. .Integral seamless floturned cylinder with spun-over heads.
See Figure 29.

“The design -of the op timum Arde;ormed full scale vessel,
descrlbed in Flgure 30 was established by utilizing the strength
1evel supported by past data, combining same with consideration of
fabricability, and providing for minimum weight 'and envelope re- .
quirements. The outside diameter was reduced while maintaining a
minimum volume of 31.0 cu.ft,

A unlaX1al strength level of 285,000 psi. at ~320°F was utilized

as a basis for determining wall thicknesses. It was felt that this
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stress level was a conservative figure supported by considerable

test datqi The application..of the uniaxial ;treﬁgth to a biaxial

condition, as exists in the cylindrical shell of the pressure chamber,

permits us to apply a factor of 1.15 or 330,000 psi hoop strength.
Considering the cylinder as a simple pressure vessel, the

following stress determination formula was utilized:

where: ]
= ultima£e biaxial strength level {330,000 .psi)
P = burst pressure (6,660 psi)

inside radius of cylinder (9.45 inches)

It was then determined that the final wall thickness must be
a minimum of .191 inches.

The end extremities were designed to take advantage of lower
stress loads in the hemispherical head section. The loading of

hemispherical sections is established by the following equation:
; PR
2t

- Theoretically, in a constant wall thickness vessel the stresses

in thg_head section are one-half that of the cylindrical section.

It is, therefore, theoretically possible to reduce the head thickness
to one-half that of the cylindrical section. A conservative approach,
considering the incorporation of thé boss, results in a head wall
thickness of two~thirds the cylindrical wall thickness.

Therefore, assuming a cylindrical wall thickness of .191"
minimum, a preform wall of .220" would be reguired when considering
wall thickness tolerances and the reduction through cryogenic straining.

The final subscale design, in addition to reflecting full scale
operational pressures, had to be sized considering other factors.

They were:
1. Use of available tooling where possible.
2. Actual material thickness.
3. Actual material strength.

4. Actual material strain response.
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2.. Preliminarv Subscale Design

Preliminary subscale design layouts were produced and detail
drawings released. These were based on data from the testing of
similar .material and the utilization of existing hydroform

tooling.

Preform dimensions:

.220" wall (based on full scale vessel)
10.8 I.D. (based on available tooling)

Final or Postform dimensions:

191" minimum Qali

12.50 I.D...
{both based on a 13% strain at -320°F)
Assuming the subscale vessel would have the same wall

thickness and same design stress level, the operating pressure

" would then.changé by the ratio

full scale I.D. - 18.9

or = k.5
subscale I.D. 12.5
Subscale pressures would then be:
operating . 4500 psi
pfoof 6750 psi (1.5 x operating)
burst 2,900 psi (2.2 x operating)
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3. . Final Subscale Design - General

.On the basis of the matérials evaluation test results, outlined
in IV A,’it was determined that heat 8606B was a "stiffer" heat than
anticipated, and a 13% strain would be excessive. & nominal 10%
strain was found to be optimum for this particular heat. Furthermore,
incoming inspection showed that the average sheet thickness was .216
inches. “Uniaxisl failure values at -320°F indicated a probable
ultimate strength in the cylinder of 310-330,000 psi.

' The use of existing tooling for hydroformed heads that was
available in New Jersey represented enough -of a cost saving to
justify a change in preform inside diameter to 10,96 inches. These
changes would then result in the following postform dimensions:

.195" wall
12.124" inside diameter

The scaling factor between full scalQ and subscale pressufe
18.9 (full scale I.D.) _ 1 56
12,12 {subscale I.D. ) = 7

would then change to

Hence, the opérating and test pressures would be as follows

for the subscale ‘units:

operating pressure: 4680 psi at -320°F
proof pressure: 7020 psi at -320°F
_5urst'pre55ure: 10,296 psi at -~320°F

a) Welded Vessel Design

As may be seen in Figure 28 this version of the preséuré
vessel was designed to exhibit the weld strength characteristics
of an Ardeform vessel, in a configuration similar to a full sbale
helium bottle. In particular, full scale vessel welding was
simulated. Inasmuch as the length of a full scale vessel precludes
the use of a single sheet of stock, the subscale vessel was designed
to use two short (18") cylinders, rolled and longitudinally weilded,

and then joined-with a girth weld to form a single cylinder. The
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longitudinal welds were offset 180° apart. The vessel, when
finished with hydroformed heads, would then contain three (3)
full diameter .girth welds. In addition, boss to head welds and
welds within the boss would be utilized.l The design required
standard operations,. éuch,as]rolling, hydroforming, welding and
machining, that are common to Arde form pressure vessels produced

previously.

b. Integral Vessel Design

The iﬁtegral head vessel was designed with the same
paraﬁeters as the roll and weld %éssel. However, in this
version, as shown in Figure 29, a forging was floturned into a
seamless cylinder, which then had its ends hot spuﬁ-over to
achieve a 50% closure. After machining the heads to a consistent

wall thickness (.145") bosses were to be welded in place.
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V PHASE I - MANUFACTURE OF SUBSCALE VESSELS

. Welded Vessel

Plate stock was sheared to blank size and sent to the hydro-
form‘venQOr {C.B. Kaupp) for head end fabrication. Considerable
éxperience has been,accumulateé in the fabrication of details of
this nature for cryogenically prestrained vessels. The hydro-
forming proceéé is a relatively inexpensive and reliable means of
converting sheet or plate stock to simple curved surfaces. The'
process requires a male mandrel over which the material is formed.
-The forming is accompliéhed by applying-a hydrauiic force behind a
thick rubber pad, thus forcing the material over the male éie,

Close dimensional control is achieved. ‘Some tenipercent thickness
variation can be anticipateé.as a result of the process application..
The .216 thick material was hydroformed into hemispherical

heads, and machined on the outside surface to .145 inch thickness

all over. Holes were machined td receive the bosses. After machining

the heads were cleaned, annealed, pickled and passivated at Arde.,
One and one-quarter inch thick sheet bar Stainless steél was

cut into five inch squares and sent to Tracer Tool Co. for boss

fabrication. Aﬁtér manufacture, the bosses were -cleaned and radio-

graphically inspected. 7 .

-Meanwhile, additional anélysis was performed on the bess désign,
since some problems had been encountered on similar vessels. “The
analysis showed that the part threads themselves might stretch.
Therefore, a "stretchable” neck was placed between the part and the
boss proper. (See Figure 31) This controlled the location of any

possible distortien.
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Short cylindrical sections for the vessel body were rolled .
to shape -and size; and longitudinally butt welded, using a single
pass, tungsten inert gas weld with 308 weld wire. In the heli-arc
weld process a tungsten electrode is used to provide the heat input.
Weld wire is fed into the area heated by the arc.‘ Inert gas back~up anc
gas shielding is provided to prevent forming of oxides.

The next operation was to trim the length of the cylindérs,
and prepare them for girth welding. One end of each cylinder was
machined to reduce the thickness from .216 inch to .145 inch to
match the head thickness., (See Figure 32) The opposite end was
trimmed f£lush.

‘Two cylinders were then girth welded together, with the
longitudinal welds spaced 180° apart. Again,-a "3 o'clock” weld
waé used for the first two assemblies. The parts were dye checked,
X-ray inspected, and cleaned. ‘

Bosses were welded into the heads, and the heads welded to the
cylinder assembly. The assembly was dye checked, radiographically
inspected, cleaned, annealed and cold pickled, in accordance with the
appropriate Arde Specifications. .

Serial numbers one and two were processed firs%, with a "3 o'clock!
weld, as described in Section IV B. After welding, the parts were
dye checked and radiographically inspected. It was necessary to
make several weld repairs due to undercutting and porosity on the
parts at this time. Serial number two parts had what was considered
excessive weld repairs, .but the decision was made to continue
fabrication of the vessel as a weld development vessel. The weld
investigation outlined in Section IV B was now progressing to the
stage where pressgrized gas back-up welding was being studied as a

likely candidate for assembly of the two deliverable vessels.
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The first two vessels were then scheduled for the cryogenic
stretching operation. The cylindrical.stretch die was placed
in. stretch pit in order to confine the cylindrical portion of the
vessel and centrol the diameter. (See Figure 33) A"free-form"
stretch, where ﬁb die is employed, can result*in a barrel-~shaped
vessel, )

The forming tank in the pit was filled with liguid nitrogen
to a level covering the die, and allowed to cool down. The
vessel was next inserted into the die, and cooled down by
flowingh;iqhid nitrogen through it. Blast protection was placed
over the pit as a precaution.

The vent valve was clésed when cool down was achieved, and
the pressure was brought.te 10,000 psi. The|vent valve was
opened, ana the-system bled down to atmospheric pressure. The
vessel was easily removed from the die because of "sprlng back"
when the pressure is relleved See Figure 58,

Serial number one vgssel:wgs successfully'stretched at a
fressure of 10,000 psi and removed from the pit for dimensional
check. The dimensions before and after stretch are shown on Figure 34.

Vessel serial number two was then stretched using the foregoing
procedure. At 4000 psi, a small crack opened in a repalrea section
of the 1onqltud1nal weldt (See Figure 35) The vessel. is repairable
in that there is ho evidence of tearing or distortion. However,
since it has been partially étretched) design strenéth cannot be
reache& in the stretech die on a restretch. If diametral control were
disregarded, the unit could be annealed after repair, and cryogenically

restretched to the desired strength level.’
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ROLL AND WELD VESSEL

Failure in Repair Weld
at 400 psi
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Roll and weld vessels, serial number three and four, were

fabricated in the same manner as the previous two vessels, except
for the welding techniques employed. After completion of the
weld development program, and the unsuccessful stretching of
cerial number two, the pressurized inert gas back-up technique,

as described in Section IV B, was used throughout the reméinder
<f the program. Figure 36 shows a pressurized gas back-up head to
c¢ylinder weld.

After welding, the vessels were processed in the manner
described previously, and cryogenically stretcned at 10,000 psi.
The dimensions before and after stretch are shown in Figures 37
and 38, and the vessels in Figure 39. These rcll and weld helium
bottles were shipped to NASA for evaluation.

Serial number one was placed in the forming tank without the
stretch die, in order to accomplish the requirement for cryogenic
burst test., After cool down, the unit was taken to a pressure
of 10,850 psi before burst occurred. This represented a nominal
hoop stress of 337,000 psi.

A veview of Figures 40 and 41 will indicate that failure
‘nitiated in the parent material (just above the identification
csrd in Fignre 41) and did not follow any weld zones. In most
welded vessels, failure lines will "ring" girth welds rather than

cross them as ia this case.
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ROLL AND WELD VESSEL
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B, IXIntegral Vessel

Allegheny-Ludlum Steel Corpqration shipped ten 11 1/2" round
cornéred squares {(billets) dirgct}y to,the'Ladish Company upon
material approved by Arde-Portland. Two heats Qfématerigl were in~
volved as noted in Section IV A, :Billets from ﬁeat‘7~2067 wére
designated US~1 through US-5, and billéts frbm heaﬁ 7n2029,és
CF-6 through CF-10. These serial numbers were then maintained
throughéut the‘programm Ladish ﬁroceedéd to forge spin blanks
and rough machine them 10 3/4 inch I.D.,by-lS/lGuinch wall by
24 1/4 inch loﬁg. Theﬁ“were solution annealed at 1950°F for one
hour, and ﬁéter quénched. Hardness was checked and found tg be '
90 on the Rockwell "B" Scaile. Mlcro cleanliness and chemlstry
were checked by Ladish and reported. See Tables XXV and XXVI.
A compar%son\of these figures with those presented in Tables

II and ‘III will show comparable results.

Ultrasonic inspection was also performed on the forglngs
_by .Ladish per the methods outllned 1n MIL-STD-271C for longitudinal

and shear wave inspection. Thelr report is shown in Table XVII.

The férgings were shipped to the Parsons Cérporation for the

fabrication of seamless cylinders.
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Inclusion
Type
Sulfide
Alumina
Silicate

Globular Oxide

TABLE XXV

FORGING MICROCLEANLINESS

UsS-1 thru US-5
(heat 7-2067)

e

1 thin, O heavy
none
none

2 thin, 1/2 heavy

103

CF-5 thru CF-~10
(heat 7-2099)

1/2 thin, O heavy
none
none

1 1/2 thin, 1 heavy



TABLE XXVI

CHEMICAL ANALYSTS OF FORGINGS

Specification US-1 thru US-5 CF-6 thru CF-10

j{%rde 0017) (Heat 7-2067) (Heat 7-2029)

Carxbon .055 - .075 .060 .060
Manganese 1.00 - 1.70“ 1.22 1.31

Silicon 30 = .70 - .41 .57
Chromium 17.00 < 17.50 17.20 17.20

Nickel 7.30. - 7.60 7.63 7.43
Nitrogen 02 - 04 .04 . .03
Phosphorous .615 max . { .01 { .01
Sulfur 015 max. .004 003

'Oxyge'n 60 ppm max. 30 ppm 44 Ppm

Hydrogen 2 ppm max. < 2 ppm 3 ppm



TABLE XXVIT

. ULTRASONIC INSPECTION REPORT

Equipment: - Immerscope model

Method: Immersion

Wave Form: Longitudinal and Shear
Couplant: Water 2" water path .distance
Crystal: 3/4"™ @dia. Lithium Sulfate

Test Frequency: 5.0 mc,instrumégt calibrated toé

produce a longitudinal wave: 50%
peak vs 3/64" dié.‘flat bottom hole
Test Freguency: ;2;25-mb. Shéar waveQTSO% peak-
vs 3% notch on cylinder 0.D.
Procedure: Longitudinal wave inspeétion on 100%-
of part volume. Testing done from 0.D.
‘Shear wave inspection from O0.D, in
two opposite directions
Results: Disé:ete indications - none
Penetrability - lOO%_penetraEion obtained
on all pieces witﬂ maximum of
two harmonics
Metal noise - US-3 and US-5 show 30% max.

all others show 15% max.

105



The shear forming machine used to floturn the cyllnaers
utlllaes three cam~positioned pressure rolls to work the
forging agalnst a hardened and ground @andr@l:. As the
forging diameter,is'cgld reduced, the metal is forced out
along the rotatiﬁg mandrel by the rolls on the %raversing

carriage {See Figure 42).

The forgings were inspected, and machined on the 0.D. and
I.D. to fit the mandrell and achieve the desirved wall thickness
(See Tables XXVIII. and XXIX). Pigure 43 shows the forging

being placed on the mandrel of the floturning machine.

Tube Number U.S. 1 was' floturned from 0.704" to 0.294"
without annealing. During the 5th pass the tube cracked in
the longitudinal direction. This crack occurred at about 50%
~cold reduction. ‘The Brinell hardness conversion of the
scleroscope readings indicate ‘@ full hard condition at the end_
of pass number 2. Passes 3 an& 4 involved an addltlonal 19% -
colé,work in the full hard range All data may bgﬁﬁoundrln
Table XXX, ‘

Tube Number U.S. 2 was machined to approximately the
same dimensions priqr"t5=the first cold working pass as
U.S. 1, however, the first annealing aperatién occcurred
after 24% cold-working and a BHN value of approximately 337 or
168,000 psi which is 4n the half hard condition {apnroachlng
threeuquaxtar (3/4) hard condition). The first anneal reduced
the part to the full annealed condition (BEN 140). The balance
of celd work induced for the balance of‘this tube never exceeded
the one-half (1/2) hard condition prior to annealing. All data
may be found in Table XXXI.
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Tube Number U.S. 5 was completed after nine (9) passes
with three intermediate anneals without difficulty, except
that one small crack on the ©.D. was discoveréd after Pass
number 7. 'This crack was approximatelj 0.610" deep and was
removed by sanding. This crack appeared after approximately

32% cold work. Data may be found in Table XXXII.

Tube Number CF-9 was completed in ten (10) passes with
three intermediate anneais with total reductions between each
anneal of similar values as U.S. 5. Light cracking again
occurred on Pass Number 7 at approximately .30% cold work
reduction. Cracks were removed by sanding.- All data is
available in Table XXXIIX. Figure 44 shows bylinaers after

intermediate interpass annealing,

Tube Number CF-10 was carried through the first anneal
in a similar manner as the previous tube which resulted in
annealed hardnesses of the half {1/2) hard rather than full
‘annealed values. Pass Number 3 at 17% reduction resulted
in hardness approaching the full hard condition. Pass Numbers
4 and 5 following the second anneal were cold worked
Iapproximately 16% and 14% and light cracking was in evidence
after each pass. After the third anneal no difficulty was
experienced in the cold workiné operations {which at no time
exceeded 12% reduction in a single pass). BAll data may be

found in Table XXXIV.

This report does not cover in detail Tube Numbers
v.s. 3, U.8. 4, C,F., 6, C,F, 7, and C,F. 8, inasmuch as data
was either limited or total reductions were not achieved.

Briefly, the following are the results for those cylinders.

113



FORM 605-1003 11.89

TITLE:

10

i 3-]

20

25

. -30

as |

40

Ao

50

PREPARED BY

APPROVED BY

DATE

vb[“

TABLE XREIE ( Conro)

JBe T Se r BorenlFeen [Ame| A R o Toctss | Avevpas QD. | Aussace D Atnage elare  JHaRDNess B B COWMMENTS.
g ! A Ews Kewrer 18 Eng A END CenTEEIR Eup 1D Bnp CENTERID ENn 1A ENO ::'igmq BEAaD EA END B Eng
7 ' . 215 {.2717 273 1158011632 11593 |11.628 [11.078 Ni.045 .274" 277 [.274 | Bo9e. | 309 Rc JAvernge BHN-AENd 297
* 278 1.2718 1.273 } ' 321K, | 35 : BEnd 297
276 1.2 .27 . 31,58 1 321 Lo [Drie Craex {10) Remeved Feom 0D,
A 274 |.2718,.2q3 } 315F § 31.5Rc] |
THIRD, ANNEAL 271 |.z72 1,269 {1543 11594 D550 (l.ooz |11L.050[11.010 }27108 |.272 §.270 | 829 Ep| 82,9 Bg jAverage BHN-AEnd (60
110 & 4 40|mind, AR (dew |, 273 {,272 |.267 . L 82.98a | 82.9 Rg BEnd i58
2o .2 .29 B850 Rg 8508y rOvaiﬂ-ﬂ ~-AEnd 180
268 |.272 |.268 85,0Rg| 829Rg } ~~ BEnd .187 :
g1 254 |.257 | 252 |1.515 [11:549 |\1.497{11.007 |11.637 {10.994] .254 |.256 | .254 | 309K | 30.4 fc,]Avct'aje BHN -A End 280
256 |.257 | 250 ) 30,4 R § 304K, BEnd 277
284 { .254 .255 ' _ 216K *Z?AGEC‘
.52 1.256 | .254 216K | 266R. ¢
la: ! ‘ 222 2z6 | .223 |11454 1120 N1498 |\LOIS | 1070 (11,0521 223 |228 |-223 1 2TbFe 254 %ejAveraye B aN-A End 262
| 224 | ,z26 | .224 } Z5AR, | 54 % - B End 255
| 2Z2al 223 .225 [ Ze6 B I 254 % £ Dtress Weliewed 3 vivs, @ 500°
‘ g211.2251.822 e Z54K,
I ’ . i !
i ! ! ° 1 i
, FNA\T \u‘o'P::achnJ 973 | .22z | .233 bnA490 hisie 11463 3 05D |\Lo74 MN1b2B L. 220 (222 | .220 Penebcant Checked
; ‘ .220 §.223 1 219 e * 1 s Firushe ~OD. 10 R MS
| 2le | .22z ] .28 . ; 1.D. 23RMS
o 22l .219 | .29 : ' :
{
.0 ! i
, ;
: Lo 1 S
b a
’ I I
_ S | . i
+ 5 » }
. | |
| i 5
| Cob . :
i g ; ' ‘ } é . v
: | . 3
i , K E
; f -
! ! R :
= | | TABLE XEX (2) |
) 1
. . - — 4 -
' 3]|LH)§ . * : ]Ht ) 4 _Lé
s i g
! | g i «L ! 6-20-6L T T
. 10 15 % 20 25 30 T 20 45 50 55 60 &5 70 7%



10

15

20

25

30,

as

40

45

80

APPROVED BY

- e SEM

DATE

. Senial Ne. ' '
sa“ TABLE XXXIT . ‘
2720 9p? Fi pwed Tﬁnnel > Seqdmgs At 3605 90,1 80, 270° Respecively
B> avdness Readings Converted From Sclerescope
U S 5 > feduction Taken From Preceding A hneal
o.
‘ 15T Sprpn! o sl rrd Want T kvesa B2 |Average QP AVER : Avee, Lap orss (237 | COMME NTS
; | %mﬁxﬁm&h& cesmeal BE v | AE 1t Losralp £ Evp JAEND LevrlpEno 14 Evp | B Enp ] '
[, : D 634 5627 WNe.2811 2280412278} 1,014 }1L022] .6 32 628 | 39.6 R| 36oOR. | Average BHN-AERd 26/
, P 639 628 ) 1379 o] 360k, B End 337
L L. |.628 631 39.6 R | 36.4 Kc
K } ; ; ' 628 L e27 * 37.9R.| 36 DR
A } _
z : ‘ 1 (.53¢ 112090|12.090}12 088lil.oze 11028} 534 530 {366 Re | 36.0R | Averaoe BHN-AEnd 344
' A T T ] 366 R | 379Re B £nd 330
= . l 53] 379 R | 393K
s ; ‘ i 633 2 ) 266 R.| 331K
1 N . f 3 -
FiRaT Arabehl. | 528 ?23 12064 112.060112.0456 } 1.0t D H.9491 {827 . 1527571 829 EB 829 [ée, Averyge BHN - A End 156
" {i210%E, / 2 Lo AR Co 531} B3 1 829Ra | 82.9 Kg BEbnd (58
o 1o m : ;m'3 524 532 L 8s.0 RB' 85:0 Rp, [Penetrant Check O K.
| ; ! ‘ 524 524 r 80.8Rg | 229 Ry
: ? . ‘ ‘ :
'3 ' ¢ 465 E57 11964 [ 11986 | (L9 [1Lo30 Lioge { 464 460] 21.9R:| 3585R, | Average RHN~A End 349
: ; Aér 465 ' 3e6R. | 36.0Rc BEnd 335 -
; ' 460 459 31.9R. | 36.6 R [Light Markings On €. D, £-20]) Rermoved Weihs
‘ i % 965 459 . ‘ r 87.9R-| 360Rc Sanding Disc. .
4 41U 405 {80111 888118581050 Hodq | .410 A4o7 i 366 2| Bob E(,'Aderqge, BHN-A End 352
; ; q1e 412 J 379 Ref 3798 B End 255
; : a 408 | 467 319Rz| 391 R |Some Matking 0.0.
' I . ;407 ¢407 i 36' Rg 394 Re
SEoad Annede! | 408 410 | ,397 {|l840 185911804 L1l.029 |04 [ 11,008 | 408 |.40% | .398 | T64Ry 7.89'05“‘ Average BHN - AEwd 128  Peretrant O.K
(o0 . ! 414 {410 | 402 r T2 oRg 8 K : BErd 124 '
; '® /‘%DM v R QGGLi) 1404 |.408 1 .398 698 Rg é?.&fe Ovality ~AEnRd 30"
! S .405 }.408 | .39 ‘ 720Rg| 72.0Rg B End 207"
; , P :
5. , b 390 {.389 1.382 {1[.7951)1.800}1 | 761111.02] }11.022¢)).0021.387 |.389 [.381 | 343k | 33./Re Avtraae BUN- A End 299
b oo 1391|393 383 - 321 R | 321 R, B End 292
D ! P 1.383 | 380 |.989 b 305R| 29.9 B
i i 1 | 385 {.38% .31 : 299Rc! 214 Ee
1 g \ : ‘ '
6 334 |.534 | 332 {11684 |INT19 {11697 {11,018 {11053 114037 1.333 | .333 |.330 | S1.5F | 32iFe [Averaqe BHN- A End 300
, ,, 337 | 335 |.331 | e : 309R1 288K B End 285
I B 1333 | .30 | .a30 | - 33.1R: | 304K 3
LT B 329 | .333 | 27 1100 315 R| 276 R TRBLE TIT (1)
10 R l . L3 ‘ A4 L
L] - jo 15 20 25 30 35 a0 45 0 55 en 1.3.] 70 + 75




T

10

-l

40

45

WM oW I L WVFa § L

PREP;RED BY - PAGE NO.
REPONT NO. f»‘l»é!ﬁy"d
APPROVED BY DATE
Seripl No L '
f%o' TABLE XXX
2 90" Flowed Tannel > Readings At 360%, 90%1 80)270° Respectively
Haniness Readings Converted From Sclertscope
. CF. 9 Reduchon Taken From Preceding Anntal
¥ Yo )
(oss [ e TlsorenlFecn st Haovess D> B> CoOMMENTS
' Ean 1B END
] 404 B | 397 %, Average BHN-A End 375
40.4 R, | 39.7T K¢ B End 263
404 R | 39.1 Re
46,94 R | 31.9-R¢ |
534 £33 12043 {12094 [(2087]11 026 h.ozi §.5335 533 1366 R | 37.9R.| Average BRi- AEnd 339
536 538 366 R, | 34.0Rc B End 344
532 530 36.0 Bc | 36.0 R
.532 533 ’ 360 Re | 319 Re
FigaTipvwaE AL 530 52 12069 [IL059 tzoae' 1ot (6989 .5285 525 | 829 Ryl 80.8Rg Auerége BHN-AEnd 154
viroPE [Ho Ml - farelcosl. | -532 529 ‘ Bo.8 Ryi 829Rg BEnd 154
526 523 ‘| 829 Ry B29Rp | Penetrant Checked O.K.
.826 526 829 Rg| 82.9Rs
A8 463 111,985 liz,001 P 9455} 053 V.03t }.466 462 | 36.0R | 35.5Rc |Average BIHN-AEnd 343
468 464 - 37.9R | 36.0R BEnd 330
463 460 36.6F| 355
.464 .46l “ 36.6 Re| 343R,
414 410 11.880 {11.895 11.869 111.05¢ 110631 .413 40813918 |2.6Re [Average BHN ~AEnd 360
AlG 409 379R: | 39.1R. BEnd 347
41 407 391 Pc | 36.6R,
41 406 39,/ Re | 366 Re
Sttt ANl .41z | .416 |.408 |1.840 |11 860111819 |iLozo (11034 {1 009} 410 | 413 | 405} 69,8 Ry 9.8y Avecage B H N- AEnd 122 Pentirant 0K.
\qi0%E /40 Mquo. ARl cob L .412 | 414 404 69;3f3 6‘3'5R3 BDENd 121
408 | 408 | 40| 72,0 Rg| €9.8Rg | Ovality -NEnd .478
408 | 414 | .407 . 69.8Rg| 92 Rp BENM .553
5 .390 | .290},385 111,794 111.806 |\1.171 {11014 |1.030 [ito15 | .390 | .388.318 | 288 Bc| 2 .9 B |Average BHN ~ REnd 276
; 388 | .368].384 \ . 24.9R: | 288K BEnd 27)
. 386 386 | .382 ' 2998 | 2b.6 2( 0.0.Machined Twnce Alter S*Pass To Remove
’ .384 388 | 982 25.4 B. | 26.6 Re Slull‘pacd Indications (ﬂﬁ?l““‘ 00 Remowei)
b 288K .} 206 Re
338 | 336 |.332 {j.oiz (1722|1683 il.012 |1.054 {1029 13335 |.234 |.327 {309 R | 3/.5 R, | Averaae BHN-A End 298
232 | .330 }.330 % , 32t Re |35k B End 297
334 | 333 {.325 ' 31.5Re | 309 Re [Heavy Pariesn OF Lighd Cracks, Mach ined
2 ‘1,330 | ,3381,32) .y 3.5 Re| 315 R, 1,018 O£L 0.D. To Kewmove |
o b 5
| A-l-ee  TRIN. 3
= s = 20 1 an an AN AK 7o) %5 80 TARLE ¥wviil £\ 70 e m_n?B )



FORM B805.1003 11.59

Trne "

10

13- ]

20

25

30

33

40

a5

50

PREPARED BY

PAGE NG.- L i

’F' %“aaijlw :‘(
- =5 APFPROVED BY L TATE . 0T
| TABLE XXXTT (Contd)
AT e ] YIRS 7 KN/ mE._AﬁmLO.& TAve %':esﬁ.x.ﬂm__ ARDNESS T B COMMENTS.
: Eun Fenrer B Emp {A Eup ICeurer BEND JAT wp ICauR]E Enp) ExpjAEND EiEno | ‘
. { ! . *
—{ : i 286 |.285 | ,282 {lle27 1618|1166 {I1.059 N."Qﬁ 1.099 1,284 §.283 |.z885 Light Surlace Cracking
{ [.280 |.278 | 280 ? .
! |.284 |.284¢ | 284 4
N 285 |,285 1,276 ;
THIRD f\ﬁdue}'m-..; f .28c | 238 | 1280 {I1.589 {11,632 |1.579 [M.019 [iL.oe2 Yll.py7 |.2.85 {285 | 281 [T187 Ry ‘IE.QR;Averasi BHAN - AEnd 137
\ae°e /doimnd Are c_%o(_ .282 1.279 | .,88%s5 - , TC.oRgz} 16.4Rg) - ' “BEnd 135
r .28¢ |.287 | 282 T6.4 Bp | 12.0 83 {Twe Crazk |ndicabrons Removed Heavy Ovahity s
{ } i V287 |, 226 | .78 187 Ry ﬁﬁ‘asﬁ'a Tha Center 0F Tune .
8 b Pob b 218 1,277,278 111546 |11583 [1L.532 {10992 111027 (10986 |.277 {,278 | 216 | 26LE. | 54k, [Average BHN- A End 2¢6
| s i |.275 | 271 |.278 ~ 266 Ee| 276 R : B End 262
l L Lz |.278 {.215 276 B} Z66R
I ; v 1217 | h280],275 2C6Re | 266K,
! $ : H - ’
2 i R ‘ 259 |20 |.258 [11S3s [1.590 {11516 |IL019 |00 {004 |.268 260 | .256 | ZCL B [ 714Re | Average BHN- A End 259
. § E ! 286 |.258 }|.25G . 254 R | 2146 R, BEnLZet
b 258 |62 |.255 254R4§ 4548
: ! i 259 el {,254 ’ 2w B [Zhé Ke
% . i , ]
\0 S : .228 | 2281224 (48 NIS6o ||489 (1027 Y102 hil.ost |.227 |.229 {1,224 {242 T | CT R | Averase BHN-A Ena 246
L * 225 | .226 |.22¢ ' . { « . 22| Z2.BR B End 295
; .227 | 23801 ,225 1 2427, | 242 R,
o \ |-229 | (232 222 | eqege,lzdee.
| ! . s
Fihad H{)‘::Pg(:rioﬂ-’: 225 |.228 | 222 {11477 |11.559 |I1.488 (w029 {u.i0r w028} 222 |.229 |.225 Foretrand O h.~Skeess Relioved & Hes{a Sop®
] | 224 | 226 | 224 1 : Finish -ob, 48°R#Ms
P | |.224 | .23t ].22¢ To. 36 B
I .22z 232 | .227
B
. {
P .
i ; ‘
; ; |
! , ~
# ‘ F - % !
{ i : ] '
fede EEETIT (2)
LY PEY. -us g
1 . . -
: i ; l . vt g:‘l" .
s 10 18 20 F1] 30 as 40 45 80 '8 © . 45 yo .7 :



NOT REPRODUCIBLE




FOMM 60%.1003 11.59

10

15§

20

25

30

as

40

45

50

TITLE.

. PRIPARED BY

AFPROVED BY

Q'—

PAGE HD.

Sevipl Ne. " — "
m TABLE XXXV -
224°. . %* Flowed Tl_m ni’—l Readinas At 3607 QO 1a0i220° Ee,s ehv@!_';;
I—hrdnzs: F(’eadmgs Converted F'rﬁud Sclerescaps.
C.F 10 B=> Reductian Taken From Preceding Avneal
| §o° ‘ ,
lg;? SET IS0 Noarmp g \A/A L L THICKNE S Avera D lAverase LD AVERDGE WAL o é‘nmmgn-rs IR
! | AEwp Levrer IBEND 1A EnoKenres IB Enp [A EnpiCrigess w0 Cenne 1B Enp i A Enp 1B Enp 1
bl ' ' 536 630 |12.274 [iz.27 |izZ42 | .00 10.9841.634 1629 (41 & |q4F.a v Auerage BHN A End 38) s
§ 635 627 | 4zse€c | 34.1R¢ | BEnd 377
; , 633 &2 P8k |4 o]
co [ 1.6434 %29 > 404 € | 3088
' I : . E ¥
2 . R ’ i t .535 536 IZ,O‘% I&IDO levGQd ”.03«8 ) “.026 -534 4534 1 3-19 ?c 3(9.0 Ec AVQ(Q_‘SCBHN' AEh& 34-6
S - |.533 538 \ 39 |.K, 3601&, BEnd 350
P 1533 531 - ) 3R B . '.
S | 536. 533 = 2.0 K. |'39 m See Note (D
} " 4
FIRST AMMEAL;. : .53 528 1201t h2013 ic.ots ot 11,017 | .530 .527 j90.0 Ry 8892‘ Aueraje‘aﬂu AEnd \T6
V410 /4@; RATRY -~ wgmg Qgemﬂ ’ 529 1526 890?5 8298 3 B&ld 158
‘SevERe DibTowmrion 529 525 89.0Rg| 808K,
A .530 528 &;otzg, % 8 Ry o
3 .44 437 (1957 [Vi9e7 [11.G20 [{1.013 o521 442 43451 391 B, 855 R Averaae suN D End 362 : f
. 144 434 | » 39.1Re |55 - BEnd 32¢ 3
; 441 433 336Re [ 343 B, '
- ].443 434 w 3798 |343% | f
. i : ] ' ) . ! '
SEcomn ANNEAL | 443 1,418 | 420 [11.907 11944 [11-865 |11.039 .30 | 11.025].439 | 419 [.420 }82.9%, |§2.9 Ry Avr'ray BAN- A Ead 154
1910° /40 miw. ~AR coge |127 |42 |.9¥ : : : | , 829 Ko 1808 kg B End 15 L
- 1435 | 8 | .97 82.9 Rg|82.9 Ry [Heavy Ovaliby- AEnd zco Sazhﬁmw @
; 430 | 419 | .49 8032’3 32.9Rg BEWd 345
4 364 1,354 |.358 {11172 1863 .o |[L.oS) (WaSTHiL 008|361 1,353 1.35) |DLOE. | 343 R [Averase BEN-REnd %27
.369 | .356 | .352 355%:.|343¢, T End 824
; . 362 | .350 | 397 34,3 35.5 Re J0.0. g Kol Moon Seale With Fine C\‘ackrm C.h&:hf,
g 856 | .352 | (349 34 3K, | 34.3 Ke [Depih 015,
5 ! ' 1.300 |.305 |,300 |N.66o{N.e92 |\1ses 11,058 n0s0 [11.03)].301 [.306 |.297 [3ism. |318% Averanc BUN-AEnd 301 }’I; |
| i Jos | 310 .Z% ! y TR |381 R DEndk 298 ~ ,
i ' 200 1,302 |.294 3CIR 1209%. Eﬁl& Cracking, 00, Local S;rins*m{'ﬁtﬁmsuﬁ
, ' _-300 307 |.296 ! SZARe RIS K acs. 00iKineved Q!ﬂ’.ﬂ{) ﬂhmﬂj ¥
- L ‘ :
TR D Ao 298 | 303 |.298 11625 [1.659 5% {1029 jro85(i008].298 |.302 |.299 | Bsbk, | 850, vemg‘ﬁi&:{wﬁﬁn& fof
q1of /40 raps - T o b D . | bsory|829%, Beod B
e A 75 |29 | .00 | .29 ! 85.0 rbrank swi k;sauﬂmszmw,m
| | i {‘ 298 | .3021] .293 et | . { B2an, M 4 1 i P
| P L 1 Y ‘ IR . e .} wﬂ,&%&i’»m .
5 10 s 20 T 28 30 FT) Y S S T~ A " timr ;e VVVI(IH N




-

o~

$O%.1008 11.50

'

.

P

10

is

20

25

30.

1.3

1 40
b .

45

FREPARED BY

AFPROVED BY

PA?E RO,

oo -8t

DATE

TABLE Zxxir (Conta)
IO el T VN O YV O - PR Y, [ Averpcs O [Average 15 TAveeag: v a W GoMMENTS
- AEND ENTEQ@E.ND Enp CenrerlB END INE pKeneplB Fyo b sun iCanrenB Enp A Enp B Eng |
H - ) : ' J
i . ’ - ' ¢ - i
o . ; E |.284 8284 H,ses.;l[.s% 11852 }u-!-oov 'll.aaé‘tl,ooa 279 1283 §.275 Ee-z,eec_ 276 Re| Average BHN-AEnd 267
.286 |.289 §.2v2 f g , {1276 R | 28.8R¢ BEnd 269
X 2121.218 ..'270 | - H X : 126.6%¢ 'f‘béﬂ& I Has 3 Sharp Pits 4 Rou:gh Scvatches
: i c82 272 274 E . 276 R 1266 RL
7 , : 255 | .260 §.2¢4 [[15449 Nissy sz hnoes hor finou 1258 | 258 258 1216 B {2540/, Average BHN- AEnd  2¢4
! ! ; 264 |, 258 §.257 . ' = | = 26,6 Be {254 Re BEnd 2¢0
P : 250 | 258 | 257 > ; : 27.6 & j2eb R
’ 262 | .258 | 255 ' ; : 1284 e 12746 Re
8 . ! .20 }.275 }.z28 1489 ;1:,555 H490 11023 (U103 fil.042 i 223 [.22¢ 1.9 {2s5.4 B 1z22.82, Averige BMN - A End 245
- e2s | .z2¢ | z23 ; I } ; 122.8 g | 2a2e, BEnd 245
i | 1 2l8 { e rdl.) 1. : 22.8 2;.‘ 2‘},2 E. L 1ne ‘3\;';‘:{ up Or\ I,D QP Tube From Greove in
o | 226 |.22¢ { 229 , | ; i ; 22.8 R 228 R [Mandre| - Stress Relieved 8t @ So0°
i i <} ! { - X
ITINAL \asPEcTIoN 222 |.225 }.22Z {11493 111.55) {11.498 111047 [1LON rI.OS"S?,?,zs‘ 220} 219 | tI’e,nehm’: Checl OK,
! 1 218 |26 §.214 . ’ 3 | L Finish -~ 00 16
f i i 223 | .22y | .24 i ] ~ID. 20
L 228 | 218 | .24 !
» - ]
BN B
- i ": ;
; s ! - i
P . il 3 |
f- o . 3 {
@ One, Lenﬁhwse Hawbine. Grack Rermovedital il S ander Pos::blg 002 Removed| One Ypavy Peherrantl ndicathon (Lag d § :
| . : ‘ ' . y Pehekrawdjl ndicathon (Lag) Removed By Sanding. Duer 60% OR 00 Covered ik Barosit
.Reudmgsl idT 35 Pickup 04 Rells, Rermoudd B.:) Phlish wg . | i J f ’ I
| . -~ ) . ]
(® Pwlily Gorrdcted. Pevdetrant Shojed Yavy ﬁmd\cahohs,%mweél By $andsup,
4 i
ol ' b .
w ¥ ; *
£ } ' ) ‘1 ’ b
TS i P ! {
. 5 !
} !
" ; . f TRABLE AR ("2.3
, pre | : e & . AL
- l ‘ I f N7\
N . 10 15 20 28 30 as 40 o3 P %0 T 7y Py - gy




Work was stopped on US-3 and 4 and CF-8 just prior to the
second anneal. No significant problems were encountered, angd
in fact, the dimensional control from tube to tube was far
superior than that achieved pfeviously. However, the cylinders
were not continued to final size inasmuch as the reguired parté
were fabricated in the first five tries. Table XXXV shows the
dimensions after each pass on these cylinders. Note that a
‘1ight machining was required.on US-3 after the sixth pass to
remove very slight crack indications. The tube to tube variation
on these three parts is + .015" on the I.D. dimension and* .008"

on wall thickness.

Similarily, work was discontinued on tubes CF-6 and CPF-7,
Both showed cracks after the first anneal. There was no
evidence of cracking on CF-6 prior to annealing. Light cracking

was visible after the second pass on CF-7 prior to annealing.

Metallurgical examination of the forged material prior
to floturning revealed a substantial variation in the amount of
transformed ausﬁenitic structure which could inﬁluence cold working.
There was also evideﬁce of substantial variation in the amount of
carbide precipitates (chrome carbide) from tube to tube. A com—
bination of the ahove could account for some of the cracking
problems encountered at relatively low reduction percentages,
1nr the case of US-1, however,the cold work was at a level which

would promote the resultant failure.

Photo micrographs of typical forged material may be seen in
Figures 45 through 47. These photos were taken at 100x and are only
representative rather than analytical examples, Analysis of the
structure was accomplished at 1125x; however, facility photographic
limitations preclude presentation of photo micrographs at this

magnification.
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Forged A.I.S.I. 301 S.S. (Annealed)
Cylinder No. U.S. 1 (Heat 7-2067)

Magnification 100x

(Annealed)
(Heat 7-2067)

Forged A.I.5.I. 301 S.S.
Cylinder Number U.S. 2
Magnification 100x

-~ |2 -

NoT REPRODUCIBLE

Fig. 9



(Annealed)

Forged A.I.S.I. 301 S.S.
Cylinder Number U.S,5 Heat 7-2067)
Magnification 100x

NOT RepRopy,, 5

Forged A.I.S.I. 301 S.S. (Annealed)
(Heat 7-2099)

Cylinder No. CF 9
Magnification 100x




Forged A.I.S.I. 301 S.S. (Annealed)
Cylinder Number CF 10 (Heat 7-2099)
Magnification 100x
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One macro photograph (5 separate photos) at 3.8x was

taken showing the entire transition of material on cylinder US-5.
This is shown in Figuré 48 along with the estimated locations of

each pass and anneal through the process.

After trimming the cylinders to length, the salvage was
sectioned by Arde to note the effect of flcturning passes on non-
annealed grain structure. This information is presented in

Figure 49. Tensile specimens wese also fabricated from this

material, annealed, pickled, and passivated per Arde Specifications,

and pulled to cryogenic failure. This was accomplished in order
to study the effect of floturning on the cryogenic response of

the material. It was determined that the stretch die as sized

for the roll and weld vessels would be adeguate for this material.
The successive cold working appeared to stiffen the material
somewhat over the as-forged state, but not sufficiently to warrant
a die rework. An illustration of the specimens is presented in
Figure 50. The resulting cryogenic true stress vs true strain

curve is presented in Fiqure 51.

Head spinning operations at the Marison Company were
commenced under Arde direction. A segmented sleeve was placed
on each tube prior to processing, to insure no cylinder damage
by the spinning machine rollers. The tubes were then heated in
&n open furnace. Furnace temperature was recorded at 2050°F in

each case.

Unit CF-10 was placed in the furnace, and held for five
minutes after the temperature regained its level of 2000°F.
It was guickly crane-transferred to the machine, chucked in place,
and 2 closure spun with a 3" diameter opening. (See Figures 52,
53 and 54 for spinning illustrations). The opposite end was heated

in a similar manner and transferred for spinning.
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MACROSECTION OF TOTAL WORK TRANSITION
Magnification 3, 8x
FLOTURNED CYLINDER U5-32

Approx. 0.700" Approx. Approx. Approx. Approx.
0.535" 0. 405" 0. 33" 0. 220"
.

|
I Fasa #7 Plll.l
8 &k 9
Anneal #1 Anneal #2
3rd Anneal

Pass ;1 Pasu §2 Pass #3  Pass #4 Pass #5 Pas:
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MATERIALS EVALUATION

Section

Grain Structure at B Grain Structure at ¢
100 X 100 X
6 Passes

Grain Structure at A
100 X
No Passes 4 Passes
~125- Fla. 49




MATERIALS EVALUATION

Heat 7-2067

As Flo-Turned Material with Specimens
Fabricated from Flo-Turned Material
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When the tube was closed to about a seven inch opening,

it had cooled rapidly, and was returned to the furnace for
reheating. It was held at temperature for five minutes again,
and respun to a four inch opening. A large crack through the
material and emanating from the opening appeared at the close
of the spinning process. Thereafter, tubes were held at
temperature for fifteen (15) minutes, and reheated after
spinning process. Thereafter, tubes were held at tehperature
for fifteen (15) minutes, and reheated after spinning for

stress relief.

In the spinning of cylinder US-5, it became obvious that
there were serious problems with the chucking and alignment
devices on the machine. The tube was expelled early in spinning
and the head damaged. Adjustments were made, and the opposite
end processed. The same situation developed, and the tube was

set aside to have the damaged heads removed.

Two passes were attempted with an interpass heating
cycle, to perform the head working prior to the tube slipping
and eliminate cracking. However, slipping and the tendency
for expulsion of the tube became more excessive, and US-2 was
stopped after one head was formed. All internal parts in the
chuck were replaced, and the machine realigned. US-2 was

completed with two passes on the opposite end.

Cylinder CF-9 was processed with the head formed in two

passes on one end, and a single pass on the opposite end.

Cylinder US-5 was spun after the removal of the damaged
heads. Slipping again became apparent, but the part was carried

through processing without serious problems.
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The cylinders with spun heads were returned to Arde-Portland,

dimensioﬁally inspected, and a machining program set up. Tracer
templates were fabricated, and machining commended. The first
operation was to bore a hole at the approximate boss size
determined through X-ray and dye check techniques. Penetrant
inspection revealed internal and external crack indications

(see Figure 55). It soon became apparent that a stress
relieving operation was reguired to keep the material from
"walking" away from the tool. Inasmuch as insufficiént material
remain to take an internal machine cut on CF-9 due to-distortion,
the unit was placed on hold.

On the basis of experience with CPF-9, units CF-10,
US-2, and US-5 were tracer machined inside and outside on the
heads to a .150 inch wall, removing all cracks. In order to
remove all cracks, it was necessary to design and fabricate
6 1/2 inch diameter bosses for units US-5 and CF-10, and 5 1/2
inch diameter on US-2.

Unit US-5 was annealed and water guenched prior to
welding the bosses in place. Distortion of the heads in the
area of the boss opening occurred as a result of the quench,
as may be seen in Figure 56. Therefore, units CF-10 and US-2
were air cooled after annealing. Although excessive scale
occurred with air cooling, there was no distortion. The vessels
were then grit blasted with silicon carbide to remove the scale
from external and internal surfaces. A cold pickling operation

followed, and the bosses were single pass welded in place.
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INTEGRAL HEAD VESSEL

Photomacrograph Photomicrograph

4 X 100 X

CRACKS ON INSIDE SURFACE
OF SPUN HEAD
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INTEGRAL HEAD VESSEL

Distortion After Machining
and Annealing
(Typical of Both Ends)

L ~1 34~ FIG.BG



After X-ray and dye check inspection, the vessels were annealed

with an argon purge and water guenched. See Figure 57. The

Lesces held the head in shape as desired, and no distortion cccurred.

Vessel US-5 was salvaged by hand re-shaping of the distorted
head in the boss attachment area. Bosses were welded in place,
and processing completed as outlined above. All vessels were
pickled and cryogenically stretched. Refer to Section V A, page
91, for a discussion of this cperation, 2nd Figure 58 for an

illustration of a vessel beiny removed from the stretch pit.

Serial number CF-10 was cryogenically stretched at a pressure
~f 10.175 psi, which is equivalent to a forming stress of 272,300 psi

{nominal}. Dimensions before and after stretch are shown in Figure 59.

tmits US-2 and US=5 were cryogenically stretched at somewhat
i:wer pressures (9300 psi and $350 psi respectively) because it became
evident in processing that some repair grinding on the tube I.D.'s
had reduced the wali thickness locally by as much as .033 inch.
Bs a result, the vessels are siightly "cigar” shaped on the
wxitrsmities beczuse of insufficient pressure to force the material
ayainst the die all along the vessel length. Dimensions for these
vassels may be found in Figures 60 and 61, and an illustration in

Figure 62 of the vessels shippgd ‘o MSFC for evaluation.

Tntegral head vessel CF-10 was placed in the forming tank
without the stretch die, and cryogenically burst at 10,300 psi.
This represents a nominal hoop stress of 316,300 psi. The burst

unit is shown in Figure 63.

The vessel was secticned to provide a view of the integral

head with the boss welded in place. Tnis may be seen in Figure 64.
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INTEGRAL HEAD VESSEL

| NOT REPRODUCIBLE

S/N's US-2 and US-5

After Cryogenic Stretching
at 9300 and 9350 psi Respectively
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INTEGRAL HEAD VESSEL

S/N CF-10

Cryogenic Burst at 10,300 psi
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INTEGRAL HEAD VESSEL

Section Cut from S/N CF-10

Hydroburst Unit
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VI CONCLUSIONS

The feasibility of fabrication of high pressure gas storage
bottles for cryogenic service, by either of two approaches, was
demonstrated in this program. Vessels were produced with 100%
efficient welds, using standafd Ardeform technigques, in one set
of vessels. Through the development program, a second set of
vessels was produced to esseptially'the same design. These
vessels were seamless and had integral heads. "The cryogenic

burst level was within predictions for both designs.

Material properties data was provided for parent material
as well as welded material, and process parameters were

developed to provide for production with low reject rates.

A review of the results achieved in vessel fabrication and
testing is provided in Tables XXXVI and XXXVII. In reviewing
this data, it should be noted that although dimensional re-
producibkbility was achieéea_in the welded vessels, it was not
necessarily an .objective of this ﬁrpgram. The integral head
vessels did not shew this reproducibility for several reasons.
For one thing, the seamless cylinders used weré of slightiy
varying diameters, since the tubes produced in developing the
process were used in final ve;sél fabrication. Additionally,
lengths were not consistent because of the reforming of heads on
tubes damaged- in the head spinning operation. The spinning
process did not lend itself to dimensional control with the

existing tooling utilized in the forming of heads.
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TABLE XXXVI

ROLL: & WELD-VESSEL — SUMMARY OF RESULTS

S/N 1 S/N 3 s/N 4
& Diameter at Center 11.390 11.403 11.376
l% Average Wall Thickness .216 .216 .216 ‘
é’f Forming Pressure 10,000 psi] 10,000 psi| 10,000 psi
Nominal Forming étress 254.1 KSI 263.9 Ks1 263.6 KSI
Percent Stretch 9.94 9.7 9.96
& Diameter at Center 12.522 12.510 12,510
. é Average Wall Thickness (Est.) .195 .195 .195
%g’ Weight in Pounds 92.4 92.1 91.7
A 1vVolume in Cubic Feet - 2.24 2.27
Length/ Diameter 3.8 3.8 3.9
Burst Pressure 10,850 psi - -
| & { Nominal Hoop Strength at Burst| 337 KSI - -
§ Total Percent Stretch 1 11.43 - -
B .Diameter at Center 12,692 - -
ng) Average Wall Thickness .195 - -
''| Minimum Wall Thickness .193 - -
Disposition . Stores To MSFC To MSFC
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TABLE XXXVIT

INTEGRAL HEAD VESSEL - SUMMARY OF RESULTS

s/N CF-10 | S/N US-2 |S/N US-5
- ‘Diameter at-Center 11.495 (11.506  {11.510
5 |average Wall Thickness - 222 225 221
Zﬁ Forming Pressure 10,175 psi | 9300 psi | 9350 psi
Nominal Forming Stress - 252.3 KsT 232.3 KSI|232 KsI
Percent Stretch 10.5 9.9 9.6
g |Piameter at Center _ ©12.650 12.644 12.630
§ Average Wall Thickness (Est.) .207 .205 - | .204
% |[Weight in Pounds ’ - 112 108
' S' Vo-lumg—i in Cubic: Feet - . 3.28 3.1
o |Length/Diameter - 4.4 L4.6 4.2
|Burst Pressure 10,300 psi - -
_ Nominal Hoop Strength at Burst | 316.3 KSI - -
'lé Total Percent S;cretch_ 13.5 ' - -
|8 IDiameter at Center . 13.05 . - -
E‘* Average Wall Thickness .198 - -
§ Minimum Wall Thickness .193 - -
l bisposition Stores To MSFC To MSFC
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As shown in the previous sections, ultimate strength of
Ardeformed material is dependent upon the prestress level.
At the time of grit blasting the seamless cylinders, it was
dété;mined fhat some repair grindiﬁg, appafently to remove
mindr cracks or scratcheé, had been performed on the inside
Sqrfacés. As a result, the forming pressure was reduced in
accordance with the reduced wall thickness. Because of the large
variation in thé:effective wall thickness due to grinding (as
ﬁucﬁ_as .225 to .225 minus .033) it was a possibility that full
calculated strength would not be developed throughout the
cylindxrical portion of tﬁé.vessel. However, rather than revise
the tolling or rebore the cylinders, fabrication was continued

as indicated in "the tables.-

" The materials evaluation program. gave clear indication to
the value of double'vacuum melt heats in terms of cleanliness
and minimum flaw-size. All objectives of the weld development
program were met, as indicated by the results of bothathe vessel
testing and mechanical testing programs. It was shown the full
strength ground welds were produced with notch toughness and yield

strength values comparable to those of the parent material.
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VII - RECOMMENDATIONS

Problem areas encountered in thé current program were with

integrai vessel fabrication, and can largely be segregated into

two groups; those associated with floturning, and those associated

with hot spinning.

Flo-turning:

Hot Spinning:

(1)

(2)

(1)

(3)

(4)

Inside Qiaﬁater dimensional control, in the
farm of growth away from the mandrel,
particularly in the center section. This
growth resulted. in non-uniform tubes,‘that

did not achieve the design I.D., dimension.

Cracking of parts during processing. Three
out of ten tubes were lost in process due
to cracking. Interpass annealing sub-

stantially.ieduced'cracking.

Non-uniform head shapes and wall thicknesses

from part to part.

Non-uniform shape and wall thickness within

a single part.
Excessive inside and outside surface cracking.

Distortion of basic tube.

Although some mindr problems are still evident in the flo-

turning process as applied to Ardeform materials, limited effort

would undoubtedly alleviate most of these problems. Additional

effort would certainly optimize the fabrication techniques. A&s
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menticned .in Section V B, the 1aéﬁ tubes processed {US-3, US-4,
CF~-8) show excellent dimensional control and would be available
for future development work. The recommendations of both Parsons
and Arde engineers are that future floturning of Ardeform material
should be resﬁricte& 0 ne more than 28% cold work in multiple
pass without annealing, and single pass reductions should not
exceed 14%. The annealing cycle.must be more clearly controlled
to preclude excessive carbide formations, which could result ip
minor or major cracking problems. With the exception of the above,
practices on future floturning of Ardeform material should follow

closely to the parameters established on Tube No. US-5,

More important advances, however, are required for the hot
spinning process as used to form the integral head. The process
itself would bhe Qifficult to optimize without first making
eguipment and toeling improvements. The machine used for spinning
at the Marison Company had a chuck that allowed parts to escape
during processing, the machine did not run true, causing whipping
of the tube, and there were virtuélly no dimensional controls
provided., Spinning was accomplished with one~point contact and
no back-up, causing some bending and distortion of the basic tube.
"Fuxthermore, the entire operation is based on operator contrel,
with no fi%e&‘pasiticning of the tool to insure reproducibility.
Additionally, the nature of holding devices and material handling
is such that there is virtuslly no tempersture control: Improvement
in tooling and temperature control would insure a low rejection
rate. {It should be noted that Marison does provide better
dimensional control on smaller diameter cylinders formed on other

machines.)
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Spherical vessels, seamless save for boss attachment,
show poteﬁtialrwithxthe processing developed in this program.
It would also be édvantageous to consider cold work with
interpass annealiyg as an alternate to hot spinﬁing fﬁr this
épplication, in'oréer_té reduce the amount and extent of machining

operations.
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6.5'

6.6

'D. The samz2 ares mav oot bs weld repaizrzd morg than onc:

AES BOL

Pagk Helding Puscadurs = Tagk area

protected Ly oover and bacoliup gas

after welding te sszurk winimun onlidaticn., Tacks should he

v

1
fusion apparatus ghall b éual to assuve adsquate gas ceverage
cf the tack weld, Tz
claan dzv‘condi'zaﬁ and stozed an o p
clsaning ozx ether pouesssivy shall ke performad @-

walded pazts prior Lo Firal weldiny, excand iz Pava. §.2.

enpirg ~ Wald r@pa;&% te 2lisinmate wsld defecis ars

=N W@ld Pafaet angd Binnosit

€. Repair waldad parts shell be ansealad and quenchad ia
accerdancs wikh ABS 3351,

3 - — - o= . = - e .y =, -
d. Weld TIPRITE ahall ma2ef accephanes skandards set Fforth

in AES 590.

¥eld Rexaiz Pracodursa

6.6.1.1 Steck. Removal - Weld defecis such as voids, cracks and.

lack of fuq .on' shall bhs COJDl»t» ly removed pyior ko re-

welding. HMaterial r‘moval should be by elghar c*rven Jﬂhnl


http:vleani.ig

6.6.1.2

6.6.1.3

-areas of incorslets penetraticn

AES 501

wachining methads or by lecal grinding with fungsien
carkids burzrs,
repair shall a

wheal b2 used unlans prozanticng aze fahsn ko mechanimelly

clean wald surfage prioy to welding.

- 1 oy : W 3 ey T gyt .. 3 v T x 3 w4
sufficisnt te insure complets penetraticn of the joint
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TADLE I

Radiocgraphio . Dy C‘ a2l

Porosity and voids

Max, size "D¥ ‘ U CoM/4 {up to L04D max.) U

'ffia,..g T::"'al‘ leug“h U "1 1 of Mauw, size or equiwv, U
pex- 3,3‘ ¥ inch 1 length, 3 Max, of any sike

Hin, distanca boe U - &D U
3 ~ 3 .
AngicacLong

twezn i

Max, size "D" N/A /4 {up to 040 max.) — N/a
Max, total length 1 of m3z., size or eguiv,
pex linear inch length. 3 Max,of any size

Min, distance
twean in d ti ns






