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FOREWORD 

This int«ri* report vas prepared by Worth American Aviation, Inc., 
Loa Angeles Division under Air Force Contract Wo. AF 04(611)-11203. The 
contract is sponoored by the Air Force Rocket Propulsion Laboratory, 
Edvards Air Force Base, Edvards, California. It is established under 
Air Force Progran Structure Wo. 7500, AFSC Project Wo. 6753, AFSC Task 
Wo. 675304, vith Captain John L. Feldman of the Air Force Rocket Propulsion 
Laboratory as the U8AF Project togineer. 

This report constitutes the first report prepared under the oubject 
contract, describing results of research conducted during the period 
1 December I965 through 30 June 1966. 

The subject program is being conducted by the Materials and Produc- 
tibllity Department of the Los Angeles Division of Worth American Aviation 
Ihc., Los Angeles, California. Work described in this report vas performed 
under the direction of Mr. W. D. Padian, Program Manager. Personnel par¬ 
ticipating in the research described and assisting in preparation of the 
report include R. Rohrberg, Design Specialist; P. Sidbeck and J. Lambase, 
Senior Research Engineers-Welding; D. Weinstein, Senior Research Engineer- 
Electrical ftigineering; and J. Riordan, Research Specialist. The perfor¬ 
mance of the program is under the general direction of Mr. W. KLimmek, 
Manager, Materials and Producibility Department, and Mr. R. Robelotto, 
Supervisor, Welding. 

Some Items coaipared in this report vere commercial items vhich were 
not specifically developed or manufactured to meet Government specification, 
to vlthstand the tests to vhich they vere subjected, or to operate as 
applied during research studies. Any failure to meet the objectives of 
this study is no reflection on the commercial items or the manufacturer 
discussed herein. 

This report is filed in the contractor’s file as WAA Report WA-66-836. 

The subject report vas prepared for information purposes only, and 
is subject to change or revision. Publication does not constitute Air 
Force approval of reported results or conclusions. 

John L. Feldman 
Captain, U8AF 
Project taglneer 
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ABSTRACT 

A dealga evaluation study was conducted to establish requisites 
for tube-veld tool and electrical equipment design. Design criteria 
vere formulated and operating parameters vere delineated, based on 
tests performed to determine power and performance requirements. Clamp¬ 
ing, and driving forces, milling cutter loads, tracking, and driving 
power requirements vere established. A veld current servo-control 
unit to be incorporated in the veld programmer vas designed and evaluated. 
Three commercial electrical power supplies, and related equipment were 
used in conducting tests to determine equipment adaptibllity and perfor- 

« manee under different operating conditions. Welding studies vere con¬ 
ducted to determine the effect of arc voltage, gap, electrode configura¬ 
tion, and shield gas on the veld bead, and to establish Joint design 
requirements and velding techniques for thick vail tubing. Material 
studies vere conducted to select candidate materials typical of advanced 
liquid rocket systems, for use in teats vhich vill be conducted vith 
present and developed tool designs. The candidate materiels selected 
Include aluminum, titanium, nickel- and iron-base alloys. 
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Section I 

INTRODUCTION 

A bMic require Bent for eny operational ayate« la the contlnuii* 
evaluation of lt§ operating characterlatlca In order to obtain the ooat 
effective utilisation of ite capabllitlea. Thla end nay be acconpllahed 
by Increaelng ayate« operational reliability and/or perforaance capability 
along with a coaaenaurate ed.iuatoent In total ayate« coat. Conventional 
aircraft-type fittlnga currently being uaed for tubing counectlone in 
liquid rocket propulalon fluid ayatena hive proven Inadequate on the baaea 
of leakage, weight, fatigue life and corroaIon realatence. Tbeae factora 
reault in decreeaed reliability end overall perforMnce of the ayate««, 
coatly «aintalnance, erteneive hold perloda during launch, and délaya in 
acco«pll*hlng «laalona. These problema have led to Air Force-sponsored 
InvestIgetIona aimed at providing new technology for making reliable, 
permanent and eealpermanent tubing connectiona for liquid rocket ayate»«. 
The permanent connector atudlea are being conducted by NAA/IAD while the 
semipermanent connsctor work la being conducted by Battelle Memorial 
Institute, Columbus, Ohio. 

The objective of the work conducted by HAA/LAD to date has been the 
development of a permanent tube Joint connection system baasd on the 
automatic tungaten-inert-gaa welding proceaa (TIC). Previous to thla 
progran It has been demonstrated, by qualification testing, that welded 
tube connections will meet rocket fluid ayate« design requirements for 
a wide range of tubing «ateríala and environment«. Additional atudlea 
have resulted in the development of prototype tooling and electrical 
control equipment and procedures for In-place parting, machining, and 
welding of tubing. The tooling, equipment, and procedure« have been sub¬ 
jected to simulated field use and have been documented In a proposed 
Technical Order. 

The primary purpose of the present program la to complete the technology 
development required to accomplish all-welded permanent connections In 
liquid rocket systems. The program objective« are as follow: 

1. Finalize the design of all tooling and associated electrical 
control equipment. 

2. Demonstrate by fabrication and performance teatlng that the design 
objective« have been accomplished. 

3. Finalize the development of tube parting, machining, end welding 
procedure« for AI8I 3l»T stainless ateel and 606I-T6 aluminum tubing 
In the l/8-to l6-lncb diameter range. 

I». Extend the development of welding and machining procedures to 
Include additional stainless steel and aluminum alloys, and titanium 
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■ad Ble)wl-b«M «ufBiBlloy tubing ln th* l/H-to 3-Inch dl«wt*r 
mag*. 

Thla import U concsnwd with flv* Mjor •r**«! (1) t««ting «ad «MlytU 
of praviou« Prototyp* «qulpwnt, (2) dntornlnitlon of final d**lgn raqulr*- 
Mota, (3) d**crlstloD of final daalgn oonfiguratIona and taatlng of braad- 
board aya Um , (t) valdlng atudlea, and (5) advancod tubing alloy «valuation 
and a*l*ctloa. 
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Section II 

SUMMARY 

ThU report describes the work accomplished to date on a research 
program being conducted to finalize development of a system of equipment 
end procedures designed to accomplish Installation of permanent connectors 
In rocket fluid tubing system*. The operating characteristics of prototype 
tools developed under a previous contract, AFQl*(611)-9092, have been reviewed 
and required design changes have been identified. Tool slxing end finalized 
concepts for parting tools. In the tube size range from l/8-to 16-lnches In 
diemeter and 0.010-to 0.500-inch In wall thickness have been prepared. It 
was determined that the tooling requirements could be divided Into two basic 
aress: 1/0-to 3-lnch OD range tubing with wall thickness up to 0.093-inches, 
and 1-to 16-lnch OD range tubing with wall thickness in the 0,050-to 0.500- 
inch range. 

The finalized tooling concept for the l/8-to 3-inch OD range thin wall 
tubing is predicated on the orbit arc enclosed tool approach, and as such, 
will provide facility for machining and welding tube sizes which utilize 
in-place filler material. The finalized tooling concept for the 1-to 16-lnch 
OD range tool Is predicated on the use of a series of carriages, based on 
diameter range, utilizing separate end interchangeable welding and machining 
heads which can be adapted to any of the carriages. 

Methods of improving system performance from the electrical standpoint 
have been investigated and included review of the existing weld variable 
programmer performance, evaluation and testing of commercially available 
welding power supplies, and evaluation and selection of motors for the final¬ 
ized tools. Initial evaluation of a breadboard weld current-servo control 
has proven successful, and following further testing,will be incorporated 
in the final weld variable programmer design. This unit will simplify 
operation of the weld current programmer and will make the unit lelf-regulst- 
„ng. Automatic arc voltage control was determined to be unsatisfactory for 
this particular application and will not be pursued further. 

A system for slaving the wire feed to the arc voltage has been devised 
which permits filler pass buildup within 0.020-inch. A welding power 
supply considered to be acceptable for this program has been selected and 
purchased. 

Welding studies conducted on aluminum and stainless steel tubing have 
indicated the effect of welding variables including current, inert gas 
shielding type, and electrode configuration on weld bead contour and penetra¬ 
tion. Development of final joint designa for multipass welds in thick wall 
aluminum tubing was initiated, and Included evaluation of Vee, U , and 
modified u grooves. Techniques were developed which permit satisfactory 
root and filler passes. 
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Section in 

DESIGN EVALUATION STUDY 

OBJECTIVE 

¡sää; sn-itrsTÄsr: ä“w 
esign iaprovenentß and/or redeaign to fulfill program requirent». 

UTV_ T¡¡® ^aaentnl mechanical design requirements employed were based 

rocket Apropias ion 'ey s t ema^ °f Uelded ^ î^îd 
„ î, “i8*™ • rh« tea lea application Informât Ion «u basad 

upen dtóa received freo the AfRPL, «id freo a atudy of the e^erL» 

»iSd* iit?“” ?rth Avl«lon ^tristona to ?h. a^ÍH«« *f welded fittings in aerospace vehicles. »ppiicaiion of 

DESIGN EVALUATION SYSrrra 

'i'«f.iTîî! */StT °f ev&luatlon employed on the program is known as the 

äSH“Ts“V 
functions frnn, fK- 1* viewln6 the requirements of the four 
natu^iTteS^ ÍÍ3 *** of total deal«n Provides a natural tendency to achieve proper balance in the I—i I * 
a procesa eupporttog mech«ilam auch as the aubjíct veldtag“™£ 

the t0t&1 concept , the requirements from each of the four 

(l)Can°analy8irSythe T' “?difíed by * tw°fold evaluation involving: u; an analysis of the function itself, and (2) an analysis of e^h 

proper^rapectivíTia ^inld^L^Íe^ment^tí^ ZZ' ^ 

T^CUZTnty of “ >■- uo^rsii^e 

Each of the four functions entails a set of reouisit-« 
J* the àe8l«n application. These requisites may be defined as 

“«Th« ^ruiSTuTiL* to eiïï ^ -ÆLÆ “ 
eat. Îhe suT^toT vT ^or ZlTterT'iiâ ZtZZl'Z 
Which the requisite must be m£ ' determine the extent to 

four fWtTííi1118!? U!id0f the re<lud8tte8 and modifiers for each of the 
ceS f,lctor8 relating to the total design con- 

pt are displayed. Delineation of all factora in this manner pevides 
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ENGINEERING 
DESIGN 

PROCESS 

ENGINEERING 

TOTAL 
DESIGN 

PRODUCTION 
MANUFACTUR/NG 

MECHANICAL 

DESIGN 

flfur* 1. Sketch of the Total Deaigp Sjrata of Evaluation Concept 



th« visibility necsBssry to schitvt an intsrnal belsnc# in «sch function. 
By presenting the true requirements of each, co^atibility of all design 
functions is achieved without redundancy or inherent weakness in the 
final design. 

The Total Design Concept was utlilted in evaluating the subject 
program requirements. The requisites and related modifiers were estab¬ 
lished for eecii function (Table I) to permit unbiased system evaluation, 

■niese factors ’«re subsequently used in evaluating existing and con¬ 
ceptual designs to determine the total design concept. 

«BI0W BVALUATIOM 

The welding capability necessary to support the program must 
be based upon the engineering design application requlrementa. The 
design configuration of the weld Joint is based upon the design 
loads, the materials, snd the design function. The Joints must 
be welded to a prescribed quality. Cleanness, line restriction, 
strength, snd appearance factors must be considered under design 
quality. The welding must be performed within structural con¬ 
figurations which impose envelope restrictions upon the welding 
package, and also under certain logistical conditions such as field 
installations which pose various physical and environmental con¬ 
sideration. 

The tubular materials, diameters, and wall thicknesses required for 
the program are tabulated in Table II. The Joint designs calculated for 
application with these tubes sre shown in figure 2. 

The , oint designs will require no filler mottrlel for some condl* 
tions, prepieced filler materiel for others, and the thicker wall thick¬ 
nesses will require the addition of filler material. The Joint designs, 
therefore, logically breakdown into thick versus thin wall configurations 
tempered by diametrical considérât ions. The weld Joint will require 
some physical means for preparing the edges for welding, therefore a 
machining capability will be required. 

The design evaluation auggests that the types of mechanisms required 
tor the program may be broken down na ahown in Table III. The required 
capability for welding, with the accompanying ability to prepare the 
Joint for welding, may be graphically deacribed as shown in figure 3. 

The tubular welding equipment should permit the Design Engineer to 
employ any of the Joint designs shown in figure 2. The Design Engineer 
will choose the proper design based upon the structural loada, the mate¬ 
rial, the quality and the design function for the particular Joint under 
conaideration. Joint daalgn, therefore will be considered a production 
design functionj the ability to produce these Joint designa under field 
conditions la the basic requirement for this program. 
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T»bl« I 

RBQUlsms FOR TOTAL lESIÖR COfCtPT FUNCTX0R3 

Rtqulsitc* 

SogIneerlog Stalgo Joint Dealgo 

Modifiera 

Design Loada 
Materlala 
Design Function 

Design Quality 

Fabrication Envelope 

Cleanness 
Line Restriction 
Strength 
Appearance 

Design Configuration 
Structure 

Production 
Fabrication 

Total Design 

Fabrication Logistics 

Performance 

Application 

Maintenance 

Syaten Integration 

Value 

Ftxturlng Requirements 
Safety 
Assembly Procedure 
Field Application 

Operating Tine 
Handling Ease 
Set Up Time 
Quality 

Height 
Flexibility 
Envelope 
Safety 

Service Life 
Repair 
Procurement 
Supporting Tools 

Engineering Design 
Process Engineering 
Mechanical Design 
Production Fabrication 

Standardisât Ion 
Coat 
ProducIblllty 
Esthetics 



Table I (Continued) 

function 

Procees Engineering 
Requirements 

Requisites 

Welding 
Specification 

Electrical Power 

Inert Gas 

Arc Control 
(Mechenlcal) 

Drive System 

Filler Metal 

Modifers 

Amperege 
Voltage 
Cooling 
Insulation 

EnvelopeControl 
Flow Rate 
Adjustments 

Oscillation 
Arc Voltage 
Tracking 
Electrode Reqmts 
Adjustments 

Speed 
Control 
Adjustments 

Wire Diameter 
Feed Rate 
Controls 

Mechanical Design 

Machining 
Specification 

Drive System 

Cutter Control 

Feed 
Controls 
Adjustments 

Speed 
Tracking 
Cut Depth 
Joint Design 
Dismeter 
Tooth Design 

Structural Geometry Fabrication Methods 
Materials 
Loads 
Configuration Comparison 
Commercial Hardware 
Envelope 
Stability ‘ 
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Tabic I (Continued) 

Requisite« Modifier« 

Servo Syeteee 

SSuîî 

Heldin« Poner 
Bystee 

LoeA« 
Torque 
Hor«e Poner 
Speed 
Drive Method« 

Aeperage 
Volt««« 
loert 0«« 
ln«ul«tlon 
Safety 



Table II 

ALUMINUM AND STAINIZS3 STEEL TUBE SIZES 

Outtide Diameter 6o6l-Té Aluminum 
(In. Wall Thk.) 

Type 3I17 88 
(In. Wall Thk.) 

1/8 NA* 
.010 
.020 

iA 

C
O

 
#H
 CM

 m
 

O
 O

 O
 

• 
• 

.012 

.020 

.035 

1/2 

.020 

.035 
NA 

.010 

.020 

.083 

1 

.025 

.065 

.083 

.125 

.250 

.010 

.035 

.065 

.188 

.250 

3 

.0l»9 

.083 

.125 

.188 

.250 

.035 

.065 

.250 
NA 
NA 

1» 
.125 
.375 

.375 

6 .250 .500 

8 .060 NA 

8 NA .250 

12 NA .060 

16 
.125 
.250 

.125 

.250 

* Not Applicable 
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T»bit III 

ruaetloo 

Wtldlng 

Thin Vtll 

Thick Hüll 

Kdf* Prnporntlon 

Slitting 

Forning 

Siting 

Milling Plus 

Slitting Adaptor 

TÏIB8 OP MKCHAnSMB 

Tub« DltKter 
(In. Ofl>) 

1/8 through 3 

1 through 16 

*(Ovtr 3 in.) 

1/8 through 3 

1 through 16 

Vail Thicknaaa 
(In.) 

.010 through ,093 

.100 through Up 

#(.050 through .093) 

.OfcO (Stl.) 

.065 (Al.) 

•<> 
.035 (stl.) 

.050 (Al.) 

• For tube dlaaeters greater than 3*inch, the nuaber of tube Bites vlth 
vail thicknesses less than .093 inch Is not sufficient to warrant a 
separate enclosed tool. For the speoifiotube sites to be studied under 
the contract it is believed that the thick vail welding tool will prove * 
adequate. 



jjg-miT Material 

3(1. Butt >.020 Bi. 
<.093 la. 

Pre Placad Plll>r Material 

Sleeve 

Flange 

Insert 

<.093 In. 
(SPL only) 

< .040 In. 9H 
.065 la. AL 

>.065 In. 
^.156 In. 

Added Filler Material 

9q. Butt 

'T' Oroow 

"U" a*oove 

\.100 In. 
^.156 In. 

> H . 
^.250 In. 

>.250 

Figure 2. Tube Weld Joint Desleí 
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The fabrication envelopvblch appears to be noat conducive to 
fulfill tbs design requlrenents for thick vail applications la shown 
in figure 4. This envelope vlll be eaployed fron 1-inch through l6-lnch 

-Fabrication Envelops 

Fig re 1». Envelope Requlreecnt« 
Thick Wall Tubing 

1-inch Through 16-inch Diameters 

in diameter tubing. The commercially available orbit arc welding head 
envelopwill be ueed for the thin wall anal! diameter configurâtIona. 
Logistics will require that the mechanical design of the equipment have 
the following capability. 

1. Perform in all welding positions on the bench or in the field. 

2. Facility to perform at distances up to 100 feet from the power 
supply. 

3. Operate in the field when exposed to various weather conditions. 

1». Safety features for both operator end fellow workmen. 

5. Portable. 

Aalde from design engineering, the requirements for Process, Mech¬ 
anical Design, and Production Fabrication are all handled according to 
the total design concept. Each function being weighed against the other, 
to achieve an overall balance. 
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»101 KVALUATIOM TB3TIIC 
i 

Ctrtaln pbyaical Uata vara necaaaary to aatabllah baalc Mchanlcal 
raqulraaeota auch •• loada, temperaturea, and appeda. Thea« teata hare 
conducted on a limited beata to eatabllah working valuea. Theae teata 
and related reaulta arc deacrlbed in the following paragrapha. 

TBACJCIIC COBCBWRICm 

The ability of the rotating tool to position the welding electrode 
and the milling cutter accurately to the tube surface la critical. The 
platform with can rollers used in the test la illustrated in figure 
5-A. Its performance waa compared with that of the chain mounted tool 
dealgned earlier in the tube welding program. The dial indicator was 
mounted on each of the tools and rotated around the tube. Readings 
were taken of maximum deflection. The chain mounted tool allowed 
variations in the Indicator reading of as much as 0.023-inch while the 
platform with cam rollers held the variations to a maximum of 0.003-inch. 

LONGITUD!UAL DRIFT 

In preparing the beveled ends of thick wall tubing and pipe for 
welding, a single angle milling cutter will be used. The cutter 
configuration will Impose s longitudinal load on the milling head 
tending to move the heed toward the end of the tube. This load has 
been estimated to be approximately 30 lb. To teat for this effect, 
the setup shown In figure 5-B was used. A longitudinal load of 30 lb 
waa applied to the platform with cam rollers as illustrated while it 
was rotated around the tube. Mesaurements, taken before and after the 
rotation, showed no appreciable longitudinal drift of the platform. 

FRICTION TEST 

The drive rollers must overcome a load of 300 lb to rotate the 
orbital carriage around a tube. To obtain adequate traction between 
the rollera end the tube surface, an Intermediate material offering a 
high coefficient of friction la required. Viton, a flourinated elas¬ 
tomer, was chosen as a candidate material because of Ita high heat 
resistance. To determine Ita static coefficient of friction, the baalc 
teat shown in figure 5-C waa used. A load of sufficient magnitude waa 
applied to the spring scale, to cause the preloaded Viton patch to break 
static contact with the steel plate. The teat reaulta established a 
coefficient of friction of 0.75. 

TUBE IKFLECTION TESTS 

The orbital carriage design concept shows four rollers contacting 
the tube circumference at points approximately equally spaced. To pre¬ 
vent slippage, circumferentially and/or longitudinally, the rollers have 
to be forced against the tube surface with a 200 lb maximum load, as 
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Flfur* 5. T»st Setup« Used to ötablish Mechmical Raquircnents (cont.) 
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D. TUSE DEFLECTION TEST 
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DEFLECTION- INCHES 
(DIAL INDICATOR) 

Figur« 5 (cent.) T««t Setup« Used to Establish Mechará cal Requirements 



determined In preview* teats. The teat setup illustrated In figure 5-D 
vas used to determine If such a force would deflect the tube appreciably 
since the milling cutter and arc length settings may be affected by dis¬ 
tortion of the tubing. The following three tube sizes were tested: 

1. 1/8-Inch wall by 16-lnch diameter 606I-T6 Aluminum 
2. 1/16-inch wall by 12-lnch diameter Type 321 CRES 
3» l/16-lnch wall by 8-lnch diameter 606I-T6 Aluminum 

The plotted test results indicate that a force of 200 lb will not deflect 
the tubes more than 0.003-lnch. This is not considered to be of sufficient 
magnitude to affect operation of the tool. 

MILLING CUTTER TORQUE TEST 

The milling cutter loads required for stainless steel material will 
be the governing factor in determining the power requirements for the 
orbital drive and cutter drive system«- The power requirements were de¬ 
termined using the teat setup shown in figure 5-E. The milling head vaa 
mounted on a cam roller platform to simulate actual operating conditions. 
A 3-inch diameter, 3,^2-inch wide, 32 tooth slitting saw with side tooth 
chip clearance was operated at approximately 4o rpm, producing a cutter 
tooth speed of 32 fpm. The rotating cutter was set to a l/8-incb depth 
of cut, and the tube rotated with the torque wrench at a speed conmensúrate 
with a chip load of 0.002-inch per tooth. An average value of 20 ft-lb 
was recorded on the torque wrench when performing cutting tests on a 4-Inch 
tubular diameter. The 20 ft-lb torque results in a tangential load of 120 
pounds at the tube surface. The required cutter motor horsepower is calcu¬ 
lated as follows: 

Horsepower • x Cutter Radius (ft) x No. Revolutions per min 
5252 

Horsepower * .x ft x 4q__ ^ ^ 
5252 

Assuming a safety factor of two, this resulted In the establlsteent of a 
lA horsepower requirement. 

ELECTRIC MOTOR HORSEPOWER TESTS 

The milling ciitter drive motor with its relatively high power require¬ 
ments, coupled with its small packaging requirements, posed a major problem. 
It was decided to evaluate electric motors because of certain inherent prob¬ 
lems in air motor systems, ouch as lack of adequate speed control, envelop 
dimensitns, comparative inflexibility of air lines, lines, and lack of com¬ 
pressed air at some field sites. By measuring the time required to raise a 
given weight a giv^n distance (figure 5-F), the output borsepover of the 
1/2 inch electric drill motor selected was verified. A tangential load of 
173 pounds applied on a 3-inch diameter pulley at 47.5 rpm produced a calcu. 
lated horsepower of .l# and drew the full 5.4 ampere motor rating. Assuming 
75 percent efficiency for the gearbox used to reduce the pulley rpm, a calcu¬ 
lated horsepower of .26 would be obtained. 
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WELDING TEMPERATURE DETERMINATION 

The carriage reliera are to be coated with Viton, an organic 
elaatoeer material. Vlton will wlthatand 400*F temperaturta for 
extended time periods and higher températures (600*P+) for short periods. 
For platform stability, the design requirementa place the foreword ends 
of the four rollers approximately 1-lnch from the tube Joint centerline. 
The time/temperature gradient during the welding cycle on a 3-loch 
diameter by lA-lnch wall aluminum tube Joint was established using 
thermocouples. The results are shown In figure 6-A. Aluminum will 
present the maximum temperature conditions due to Its high coefficient 
of thermal conductivity. The results Indicate that the Vlton material 
will be satisfactory for multipass welding. 

POWER REQUIREMENTS DETERMINATION 

The teat data obtained from the milling cutter torque test and the 
Vlton drive roller coating friction test were utilized to determine the 
orbital drive power and clamping forces required. The calculated loads 
are as follows: 

1. Milling c tter torque: 20 ft-lb on a •i-inch diameter tube 

Tangential load produced by cutter teeth: 

20 * .1^ - 120 lb 

Tangential load with a safety factor of 2-1/2: 30° 

2. Coefficient of friction, drive roller to tube: 0.75 

Tractive effort requires a clamping force of 
300/0..5 » 400 lb, or 200 lb per drive roller 
to react the milling cutter load. 

Forces Involved during tube slitting operations are Illustrated In 
figure 6-3, 

PROPOSED DESIGN CONCEPT 

Specific welding testa ha'e been conducted In this program, to 
establish the »fleet of arc gap on weld bead puddle control and pene¬ 
tration. Arc gap is defined as the distance between the tip of the _ 
electrode and the surface of the material being welded. 

The results of these tests Indicate that the variations In arc 
length should be held within a tolerance of i0.010-lnch. The magnitude 
of the amperage, the type of Inert shielding gas, the shape of the 
tungsten electrode, and the type of material being welded have « definite 
effect upon arc length requirements. 
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The ■tiling cutter depth control la also an laportant conalderation 
but of a leaser magnitude than the arc length requirenente. Milling 
cotter stability, vibration, end the force required to hold the cutter 
In place are factors to be considered. 

As a result of the teats, It vea established that, mechanically, 
the voiding electrode and the milling cutter oust be supported by a 
stable platform. The platforo vould also provide a fixed datuo plane 
from vhlch the electrode and the cutter may be properly indexed to the 
work plec i. 

Precise tracking, la a basic requirement In both milling and welding 
operations. Therefore, the platform support mechanism must provide an 
adequate tracking capability, preventing undesirable drift with respect 
to a plane perpendicular to the longitudinal axis of the tube, while 
the platform la orbiting the tube. The maximum drift considered per¬ 
missible la approximately i0.005-lnch. 

The method of attaching the platform to the tube must exhibit 
adequate structural capability to withstand the forces imposed upon it 
from clamping loads, orbiting forces, and milling cutter loads. The 
milling cutter loads are by far of greeter magnitude than those imposed 
during the welding operation. Structural deflection of the platform 
with respect to the point of index on the tube must not exceed the 
t0.010-lnch tolerance established earlier. 

Another consideration la the ability of the operator to work with 
the tool. Handling ease la of paramount Importance to good worksmenshlp 
thus site, weight and configuration of the tool are elements relating to 
operator use. 

Envelope requirements must be consltlered in the light of both tool 
application and the working mechanisms to be housed within It. The » 
production design application potential of the tool la dependant upon 
the space required for tool ppermtlon. 

The foregoing basic requirements provide a basis for analyzing the 
present tooling, and for projecting design changes directed toward 

U# achieving program objectives. 

CONFIGURATION COMPARISON 

A configure!Ion comparison was made between the conceptuel design 
and existing designs, using design évaluation data to ensure equitable 
comparison. The purpose of the comparison was to determine the feasi¬ 
bility of improving existing designs as opposed to the conceptual design. 

As platform stability Is a basic requisite to efficient operation 
of both machining and welding operations, rmlated factors such as clamp¬ 
ing, driving and mechanism mounting weir compared. Through comparison 
of the respective approaches to clamping the tool on the work piece, 
It was determined that the chain tool could be clamped In place by a 
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The cea end drive rollere are approxlaatety seven inches long. They 
are held parallel to each other in a direction perpendicular to the forward 
and aft faces of the carriage. This roller system, coupled with the clamp¬ 
ing mechanlw, should afford good tracking capability. 

The structural mechanics of the carriage are designed to withutand the 
mining cutter loads established during the design evaluation. The clwptng 
forces are subsequently employed to provide the t;active effort required for 
orbital drive of the carriage. The orbital drive loads are those established 
by test which are required to feed the milling cutter around the tubular 
work piece. 

Proposed Mechanisms; Thick Wall Tubing Systems 

As a result of the design evaluation, the adjustable clamping arm 
pisiform carriage concept with an Integrated mechanical system was selected 
for further study. This system advances the welding and machining capability 
for thick wall tubular shapes ranging in thickness frcei 0.050- to 0.500 inches, 
and dlweters from 1 through 16 Inches. The system concept provides both 
welding and edge preparation capability within the same basic unit. 

The proposed concept includes a common platform (orbital carriage) 
designed to support both the welding head and milling head assemblies. The 
carriage will be structurally designed and uowered to provide either the 
machining or welding capability by mounting either the machining or welding 
head assembly on the platform, at the discretion of the operator. 

The system application requirement to include a 1- through 16-inch 
tubing diameter capability -rcessitates, for practical mechanical consider¬ 
ations a series of carriages in graduated sizes. A total of five carriages 
are planned, ranging In size to provide a 1- to 3-inch, 3- to 6-inch, 6- to 
9-inch, 9- to 12-inch, and 12- to 16-inch diameter tubing alze capability. 

The welding and machining heads will be common to all five carriages 
as shown in figures 7 and 8. Figure 9 illustrates the overall proposed 
system, including the power supply, progranmer, and remote control pendant 
in relationship with the proposed welding devices. The orbital carriage 
and Interchaw table heads are shown in figures 10 and 11. A comparison of 
present versus proposed systems is shown in figure 12. 

Proposed Mechanisms; Thin Wall Tubing Systems 

The design evaluation established the need for welding a group of 
thin wall tubular shapes. This group ranges in wall thickness from 0.010- 
through 0.093-inch, and in diameter from 1/8 to 3 inches. 

The orbit arc tuoular welding heads have been chosen as the mechanism 
for welding the tubing in the thin wall category. These welding 
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PROPOSED MECHANISMS 

THICK WALL 

HEAD CARRIAGE 

/ V 
« »• 

Figur« 7. Proposed Hechanis»s for l-Ioch to 16-Inch Diester Tubing 
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Figur« 8. Basic Components of Proposed Mechanisms 
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Figure 15. Proposed Mechenlsm for Snell Dlemeter Thin Well Tubing Systems 



ïlgup# 16. Proposed Drive Handle 
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Section IV 

ILKTRICÀL SQUimSNT STUDIES 

The studies conducted in this eres were aimed st obteinlng the most 
efficient functions! and operating characteristics for the tungsten-inert 
gas (TIG) tube Joining system being designed,from the electrical standpoint. 
The studies were divided into three areas: (1) the weld programming and con¬ 
trol equipment, (2) evaluation cf welding power supplies, and (3) deteririnetion 
of the various drive motors and electrical connections required for the 
machining and welding tools. Of primary interest was the determination of 
electrical control and programming requirements for tube welding with the 
object of obtaining maximum simplicity of operation and reproducibility of 
results. 

The control and thereby the reproducibility of the welding operation 
can be broken down into three major areas excluaive of the particular tool 
employed. These are as follows: (1) weld programming end control equipment, 
(2) welding power supply, and (3) the selection of welding variables which in¬ 
fluence arc plasma shape and temperature. The purpose of the weld programmer 
ia to provide a simple means of in-process control and sequencing of the 
veld variable:*. The most critical variables from the standpoint of reproduci¬ 
bility are those which influence energy input to the veld, i.t., current, 
voltage, and travel speed. The control of travel speed is reU.ively straight¬ 
forward whereas the control of welding current and arc voltage are dependent 
both on the welding power supply utilized and on the selection of arc gap, 
shield gas, and electrode type and configuration, all of which significantly 
affect the shape and temperature of the arc plasma, studies conducted to 
obtain improvements in the programmer operation and available functiona, and 
to evaluate welding power supplies, are subsequently described, while the 
effects of weld variables on weld bead shape are described in Section V. 

WELDING PROG KAMMEh MODIFICATIONS AND IKPR0VEMENT3 

The Model 629^ tube welding programmer and remote control pendant (figures 
l8and 19) have been uatd over 0 6-month period. During this time, this 
equipment has been used with the 1-to U-lncb OD range chain weld tool, the 
4«to 8-inch OD range chain weld tool, and the 1/8-to 1-inch range orbit arc 
weld loola. The current controls have been operated with Lincoln. Miller, 
P&H, NAVAN, Birdaell, Western Arctronics, and Vickers Welding Power Supplies. 
Welds have been made on a wide variety of tube and pipe materials and sizes, 
both with and without filler wire and/or oeciilatlon, using both sc and dc 
power. During this operating period, problems requiring modifications and 
improvements were identified. 

WELDING CURRENT CONTROL SERVQ6YSTEK 

The weld current pn«rsmming system (vernistat control) in the existing 
weld programmers is not self-compensating with respect to in-process varia¬ 
tions in the external circuit, such as line voltage or arc length. This can 
result In weld current iluctuations sufficient to probuce undesirable weld 
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quality. A second deficiency In the existing current progranaer la the non¬ 
linear relationship betveen slider position and welding current. Further, 
this reistlonshlp can change fron power supply to power supply, and froa 
range to range on a particular supply thereby giving rlae to a requlreænt for 
multiple illbretloo curves and complicated setup of the programmer. 

An Investigation has been conducted to determine whether a veld current 
aervosyatea could be devised which would: (1) minimize veld current verls- 
tlons due to variations In the external circuit, and (2) linearize and stand¬ 
ardize the relationship between the programmer sliders end the welding current, 
•inee the Lincoln Electric Company welding power supply vaa determined to 
offer the best combination of characteristics for this program It was used, 
together with a breadboard servo-current control and the Model 629^A-1 pro¬ 
grammer, to conduct Initial tests. The nctual welding current vaa used as a 
feedback algnal by comparing It with the programmer current command (vernietet) 
signal and feeding an amplified correction algnal to the welding power supply 
current control circuits. The power aupply was operated on the 2-to 37- 
anpere dc range, both with and without servo-control. Welding current und src 
voltage were monitored with a recording oscillograph. The arc length was 
deliberately varied to produce arc voltages from 8-to llf-volts. Without the 
servo control, the welding current changed approximately ±5 percent. With 
the servo control, the current change was reduced to less than ±1 percent. 
The preliminary testing demonstrated the feasibility of this method of servo¬ 
controlling welding current. 

After purchase of the Lincoln welding power supply, a transistorized 
reactor control current amplifier was installed within the welder (figure 2CÍ. 
The prototype servo current control (figurero) Is .presently being operated 
and evaluated with the welding power supply In order to refine end modify 
Its Ci.cultry and features as dictated by actual operation. This system nas 
been opertted with the Lincoln welder on all dc output ranges and has per¬ 
formed In a satisfactory manner to linearly control welding current during 
actual welding under varying arc length conditions. These tests will be 
continued on the sc ranges. The following controls ere presently being 
utilized on this system: a switch for selecting either a 50-or 150-empere 
opersting range, a servo gain control to adjust for maximum performance 
without oscillation, and a feedback gain control to set maximum welder output 
current. The current servo control system Is being designed to be compatible 
with a variety of welding power supplies and, as such, will be packaged In 
the weld programmer. 

AHC VOLTACE CONTROLLED WIRE fEEDJYSTEh. 

It has been extremely difficult to ensure uniform weld buildup during 
multiple filler weld passes. A system for controlling filler wire feed rate 
as a function of arc voltage has been devised to ensure uniform weld buildup 
during filler passea. With this system, If, due to gravity effects, the 
weld puddle moves toward the 
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«Icctrod«, aro lc*tb »ad er« colt««c tecrcccc. A clgnal U then gcnercted 
to dccrtcM vir« feed apead. It the veld puddle aove« evey froa the electrode 
the situation la reverted. A aore coaplete deacrlptloo of the opération of 
thla unit is Included in Section V . 

The electronic circuitry for controlling the vire feed la relatively 
•lapla and wry little aodlflcatlon of the existing vire feed circuita Is 
necessary. Thla syatea vlll be further operated and evaluated vith various 
operational codifications and laproveaenta. The present syatea Includes a 
transistorised converter/co^srator vhich converts the arc voltage signal 
to a standard polarity and coaxares It with a preset voltage reference. The 
resultant signal controls the Input to the vire feed amplifier to produce the 
desired wire feed rate. A variable arc voltage control and on/off svltch 
are provided. A gain control la Internally accessible for adjuataents. 

MISCILIAiaOUB OK RATI ORAL DtfROVEMENTS 

Setting up the required veld tine base has been a difficult and time 
consuming process for tvo ressona: the fixture speed meter la not directly 
calibrated In Inchea/alnute, end the veld time can only be set In even multi¬ 
ples of the tine base. To simplify this setup, the fixture and vire speed 
aators vlll be directly calibrated In inches par minute,* and the veld time 
vlll be controlled by a aultiturn potentiometer to provide any Increment of 
time desired. 

The ammeter and servo control ranges vlll be 0 to amperes end 0 to 
200 amperes. The arc voltage aeter vlll have a 0 to 3^"volt range. All 
lulti-ti.rn potentloaetera vlll have illuminated digital dials to permit easier 
setup. 

It is planned to have a single, multifunction cable running from the 
programmer (and veldlng pover supply) to the various weldlng/machlning tools 
and remote control pendant. 

The remote control pendant vlil incorporate a number of changes. The 
controls vlll be repackaged In n smaller, lighter, more rugged case vith 
better protection for the controls against handling damage. The pendent 
cable vlll be smaller, of more flexloie conetruction, and vlll plug Into end 
become a part of tht main cable running to the programmer. The controls vlll 
be rearranged for easier operation and to preclude the possibility of actuat¬ 
ing the vrong button. The vire decay function vlll be deleted. The necessery 
controls on the small veld lag/machining tool and the large velding/machlning 
tool are somevhat different. Therefore, consideration Is being given to the 
possibility of either having tvo separate pendants or Incorporating »11 pen¬ 
dant functions into the handle of the small tool, and providing a separate 
pendant for the larger tool. 
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wgjLMnr IVAWTiOj 

BMaus« of th* via« variety of tuba alsaa aod aatarlal typea bain« 

cooáiaarablJBdtr tM* P^0Ä^•■, th* P0*«1* «upply raqulranenta vary 

Íhía ^11 tublQ« Particularly alualoua alloya In the 
ran«a of 1/8-to 1-lnch dlaaater, 0.010-to 0.030-lnch wall, require: (1) 
iüw Initial end final cúrrente, (2) vary accurate control of veld current, 
and (3) rapid reeponae to chancing currant requlreaenta. In the wall 
thlcknaaaaa of 0.030-lnch and above, laaa atrlngent requlreaenta apply. 

A aarlaa of Inveetlgatlona vaa conducted to deternlne: (1) apee If1c 
T/l*1.1*,?*!**''?*1* r'^uir~*nta for ferroua and nonferroua tubliig m the 
1/0-to 16-Inch dlanatera, 0.010-to 0.500-lnch wall thlcknaa. range! and 
(2) to evaluate and, If poeaible, aelect a cowaercially available unit for 
uae on thla progran. Alternatively It waa planned to deelgn and build a 
apecial welding power eupply if no connerclelly available supply proved 

BM*/2 0ß 8 §UrVey 0f v*1,iln« powr ^PPiy »oufacturer'a literature, three ec/dc unite were selected for final evaluation end 
follow: the Lincoln Electric Co. Model 

TIG-300/300-K-1175; the Miller Electric Mfglîo. Model 300-A/BP (with 
special low renge); sod the PIH, Hernlechfeger Model ÛAR-200-MFGW (with 
apecial low range). These units were procured on loan and each was 
evaluated on the following baaea: current control range, current upslope 
and downaiope response tine; arc Initiation capability; output current 
stability particularly on the low rangea; ability to be integrated with 

.Pr°îf8"îri 5l??: Velgh" CO*t! Bnd °P«rrting, service, 
and constructional detalle. In addition, It vaa required thaï the selected 
power supply (or supplice) should be suitable for Incorporation of a 
servoeyaten to permit monitoring and control of the current during welding 
to automatically compensate for fluctuations in weld current due to changed 

«rtemal ayatern. The selected unite were operated with the Model 
Ò294A1 programmer In laboratory evaluation (figures 21, 22). All electrica 
testa were monitored with a direct writing oscillograph which displayed 
welding current, arc voltage, fixture and wire feed speed, and programmer 
command signala, as a function of time. 

The Miller power supply control circuitry la directly compatible with 
the programmer circuitry. The FSrH welder remote current control circuits 
operate on ac internal power; because of this It waa necessary to modify 
the welder circuitry to permit operation on dc internal power in order to 
uae the programmer. The Lincoln welder current control ayatern usea a 
magnetic amplifier to drive the main control reactor. It was neceaaary to 
bypeas the magnetic amplifier and drive the main control reactor directly 
m order to use the programmer. This was required since the control dc 
power supply in the welder was insufficient to supply the current programmer 
and s*ao because the magnetic amplifier response speed vaa slower than 



Figur« 21. Model 629l*Al P’-ogranntier Ab 9et 
Up for Laborstory Evaluation Tests 



Figure 22. Selected Unit* Used for Laboratory Evaluation T^eta 



â y i Am •Mu of nxlui to olnlauii output cuiront for ••eh outP“^ raQÄ* 
U hliily d.iÏÏh>. Additionally, «W* o^rlâp Ä 
ÎUirS MC«.BÏ 1» ord.r f b. Al. to 0»°°« tM oftg» 
given Mid. Uch voiding pouor oupply vm thoroforo operated toproduc i 
full output range (fron mix 1m to mini*«) on each oc end de poner .upply 
rage. Thao tooto were porforMd with the power eupply alone- 1" ^ 
tteTtho Lincoln power aupply exhibit, the beet chorocterlstlc. (figure 23). 

iblne the vrogrOMr to caitrol the power supply, each .apply vm 

com^Mto .^So. ^»1— 
bock to the nlnlnuB output on each output range to obtain data on capons« 
.need to changing r r—nl. Theae teats indicated that both the PtH end 
thTHlU« to.»«, from .Ini«, to outlet ^“9^° 

„a 4»Tt*ndimi on output range. These unit, reduce from maxlnuni 
to^mlnlnua’output In fr<* Q.f^o 1 .ecend, depending « ^put range. The 
T «»¿.»in ■nrtumr RUTmiv ha. a rise time of 0*5 to 0.8 second, «id a fall time 
^ÎTtSTs .Ä. «>11. th. Lincoln 1. 
to changing coanands, the difference was not considered significant. 

Uhmn welding small diameter, thin wall tubing with ec or dc. It Is 
mandatory that^iry low welding currents be used. Because °f power 
■uiidIy arc starting characteristics, minimum usable output turrent, and 
low^current'output stability are extremely Important. Arc Initiation 
cMbUity and Srtput current stability were demonstrated by programing 
Äir'.^To .trU. th. at Tl»on ' 
to mlnlnua output on each output range. During this test wrlM, t 
maximum output conaanded was reduced In steps down to »PPrwlaately t 

th# minimum output available. ^he MlUrr 
rif-monstrated on all ranges by the Lincoln and P1H supplies. Tue 
^ hí adSuîte ^initiation except on the 1 to 10 ampere ac/dc 
rsSes where storting end output current stability are erratic. The Lincoln 

gr£.n output =urr«t stabtllty. Th. 
factory stebillty, also. Generally, better output current stshiHty 1 
obtll^d when the power supply open circuit voltage ^ ^ 
u*irt#r hen significantly higher open circuit voltage than the other units. 
AddltlcMl t«t. V.» conduct«! to deten»loe output current stability vith 
cSig«“ arc length. In this are., the three units « roughly e,uWa- 
Ipnt, with the Lincoln and PAH welders slightly better. 

The Lincoln and the Miller units have overload protection for both 
the main transformer and the rectifier; the P&H unit has »ooj^iosd pro¬ 
tection. Thf Lincoln Incorporates a main line contactor, with jushbut on 
/.-ntrniR -- Men âs an output contactor. The Lincoln and the PAH units 

ide*auxiliary îîs^eTpSwer for operating accessory unlxo (such as the 
^LrS«ldJ.l»r«hlntng tools). Ul-chlnesAerAodat 00 

dutv cvcle (6 minutes on, 4 minutes off). The Lincoln Is rated at 
U» Miller'sOO «.p, at ho volts, «d th. P« at 

200 amps at 28 volts. General convenience features and workmanship are 





con»ld*re<J ••tUfictory od ill ncbloe«. The Lincoln unit li ellghtly 
awlltr then the other unite. The epproxltete weight« ere: P8tH - 640 lb, 
Lincoln - 670 lb, and Miller - ?60 lb. The prices of the three unite are 
coeqpareble. 

Of the three supplie» evaluated, the Lincoln Electric Company Model 
TIG-300/300 K-1175®^ ac/dc unit wee found to be the moat suitable for uae 
oa thla program, particularly from the atendpointa of range selection and 
low current arc stability. It le believed that the other two unit» 
evaluated are also suitable for thla application but that the Lincoln 
power eupply offer» the widest latitude and, as auch, will be utilized for 
thla program. Baaed on the results of these studies, it has been concluded 
that no requirement exists for design and development of a special low 
awperage power supply. 

DRIVE MOTOR INVESTIGATION AND EVALUATION 

Aa part of the Design Evaluation Study, variou» types of electric 
motors, gear motors, end solenoids were investigated to determine the 
optimum types for operating the various mechanical functions of the welding 
and machining tools. Some of the factors considered were size, weight, 
power, electrical compatibility with the programmer; mechanical compati¬ 
bility with the tool and its function; speed control end range, life, and 
relative coat. The types of motors and solenoids investigated were as 
follow: 

1. Series motors (ac, dc, and universal) 

2. Shunt motors (ec and dc) 

3. Permanent magnet field motors 

4. DC torque motors 

5. Two-phase ac motors 

6. Slow speed synchronous motors 

7. Digital atepping motors (permanent magnet and variable reluctance) 

8. Solenoids (rotary and linear) 

Electric motora have been determined to be aatisfactory for use on 
the machining tool to replace the air motors presently being employed. 
Electric motor advantages are quieter operation, elimination of the require¬ 
ment for controlled air pressure supply, lower motor cost, simpler adapta¬ 
tion to the physical design, and more accurate speed control. After deter¬ 
mination of actual cutter motor and fixture drive motor loads, through 
torque testing, standard fractional horsepower motors were evaluated for 
these tasks. 
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% 
A DoaloaX l/2 bp «lactrlc drill aotor vat aalactad, obtaload, aod 

coupled, through a driva train to the 1-to U-lnch OD range allllng 
toot, to datanilna operating characterletlce under acdfcal working condl*> 
tlooa. The electric aotor handled the cutting loada In an acceptable 
Banner. A allllng'tool drive aotor apead control vaa dealgned, breed- 
boarded, and tented. The control can vary apeed froa one-half to full 
apead under noraal cutting loada. It la planned to package the apeed 
control within the allllrg cutter drive package. 

Since fixture drive aotor requlreaenta were In exceaa of the capebli- 
Itlea of the prenant permanent aagnet field drive aotor, It waa decided to 
uae two aotora, (alallar to the preaent unlta) In tandem, to aupply the 
required drive power. One of theae motora will Incorporate a tachometer 
to provide a algnal for the apeed control aervoayatem. The exlating 
motor apeed control ayatea vill be modified, aa required, to control both 
motora. 

The wire feed and the croaa seam torch oaclllator will uae eaaentlally 
the aame motora aa are preaently being uaed for theae functlona. 
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••et ion V 

MIIDIIC TilJDIM 

Iteldlng étudiés were conducted In three uejor erees, the heeic objective 
of eech beiog increeeed und«rstendlng of the effect* of the verieblee In¬ 
volved in tungsten inert gss (TIC) welding of tubing, ss they effect the 
sbillty to Mintsln reproducible beed shspe. The dsts obtsined vss used to 
support flnel design of the tooling end electricsl equipment, end to simplify 
develops>ent of finel veld Joint designs and veld schedules. Dsts were 
obtsined in the following erees: (1) the effects of la?rt shield gss type, 
arc gap. energy input, electrode configurâtion, snd weld position on weld 
bead shspe in stainless steel snd sluminum, (2) the usefulness of sutomstic 
arc voltsge control for this application, snd (3) development of finalized 
Joint designs for thick will aluminum tubing. 

3HJELDIIC G A3 STUDIES 

In welding tubing wherein the position is contlnously varying, it becomes 
extremely Important to more fully evaluate the effects of shielding gnses snd 
veld position on control of weld contour and penetration. Inert shielding 
gss selection affects the veld shape snd penetration. The use of argon shield¬ 
ing gas results in welds having less width end penetration than welds made 
using helium gss; mixtures of the two gnses yield results ranging between the 
two. 

Beed-on-plate fusion passes were made on 3-lnèh OD by 0.250-Inch wall 
Typ* 3*»7 stainless steel to establish the effects of shielding gas on heed 
contour and penetration as a function of weld position. The shielding geees 
investigated were Aircomstic Î5 (25 percent ergon/?5 percent helium), ergon, 
and nelium. All welds were made with the tube in the horizontal position using a 
weld trevel speed of k inches per minute. Two amperages (175 end 125 emp) 
were used end maintained constant thr^uehout each run for each gas. Three 
arc voltages were used for eech gss, however, the particular sre voltages 
selected for the individual gases were not Identical due to differences in 
Ionization potential. One weld was also made with eech gss using cross-seam 
torch oscillation. An overell view of the velds is shown In figure 24A. 
Closeup views at the 9 o'clock position of the welds for each shielding gas 
sre shown in figures 24b » 2kC » 8nd 24D* These photographs indicate that 
(1) with Increased amperage and voltage, excessive puddle fluidity results, 
causing peaking of the wmld bead which results in lack of. fill at sides of 
the Joint, and (2) fbr similar weld currents the puddle fluidity Is greatest 
for helium end least for srgon. The mein point to be observed from the date 
Is that ss the weld torch rotates sround the tube, the veld puddle shape varies 
considerably due to gravity, pretest, end puddle fluidity effects. This 
vsrietion Indicates the need for close control of the variables ss the veldin« 
heed rotates through the 36O degree weld path. 
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A-75* HELIUM* 

* Shisld gas used 

175 ânpsrss 125 4npores 

Figur« 24 Effect of Shield Gas and Position on Weld Bead Control 



f 

175 top 

(Enlarged Photo - Argon Shield Gaa) 

D 

Figure 24 E'i'ect of Shield Gaa and Position on Weld Bead Control,(cont. ) 
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-w IpMp 111 M |l!H 1 ■ ni ti« «mili i h « 

8tu41«i wrt tlM conducted to ••tabllah tàtmlatlOMblps between arc 
«•P (the dlatence betweee the end of the electrode end the weld), ere 
voltage, and penetration for each gee. Figure 25 Uluetratee variation In 
'F. Îî?*111 ** • ******* ere voltage for helluo, argon, and Alrcoeatlc 75 
shielding gaaea. One eat of date for each gas was obtained by getting the arc 
gap prior to Initiation of the ere (fixed arc gap) while the aecond set of 
date for each gaa was obtained by adjusting the arc length öfter arc Inltlatlcn 
to obtain a particular voltage, then turning off the power end measuring the 
arc gap. The two seta of data for each gaa correlate very well. In the case 
of argon shielding gas, •■all changea in arc voltage caused relatively large 
changes In arc gap while the reverse was the case for helium; Alrcotr.etic 75 
fell between the two. Besad upon thla data, it could be concluded that argon 
la opt jua for use in fixed arc length welding where sensitivity of voltage 
with arc length la not desirable since some variation In arc length will 
probably elwaya occur. However, the effect of arc gap on penetration for the 
various shield gaaea, a; shown in figure 26 , must also be considered. These 
curvea Indicate that '.he use of argon gas aleo reeulta in a greater variation 
of penetration with variation In ere voltage, whereas helium shielding gas 
results in more uniform control of penetration. 
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Figure 26. Weld Penetration vs. Voltage at 150 Amperes, 0.250-lnch Thick 
Type 347 Stainless Steel ‘ 
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»iffQTMffi mm 
Tcctt wir« coDductwi to lAoatlfy tho «ff«ct of oloctrode configurâtloc 

OD wold bold coBtoul* and offootfv« orc Xingth. Iloctrodo properst loo voi 
vorlod fron • polotod oloetrodo with ■ )0 dogroo locludod ingle through o blunt 
(And) tip. Down hand bood-on-pliti woldi win nodo uolog both fixed ire 
longth iod outOMtic arc voltage control (AVC) while nalntalolog constant 
wold curnnt and travel apood. Tho resulto lodlcatod that arc length or 
arc voltage for a particular conblnatlon of Inert gas, veld curnnt, and 
electrode configuration Is defined by the nquind enlttlng ana on the tung* 
■too electrode. Aseunlng the eene dlaneter electrode, using a pointed 
electrode as opposed to a blunt electrode, nault» In less available enlttlng 
ana at the tip of the electrode. Under AVC, or constant arc voltage condi¬ 
tions (floating head), the pointed electrode will leek a shorter arc gap 
than the blunt electrode enl will nove towards the weld puddle until the re- 
qulnd enlttlng ana la obtained. This can occur to the extent that the 
electrode actually dips Into the wild puddle. In a fixed arc length situation 
(AVC disabled), since the electrode cannot nove to provide the requlnd 
enlttlng ana for the particular weld curnnt, the arc voltage ineneaea. A 
blunt or beveled electrode designed to provide th»> majority of the emitting 
area st the tip of the electrode appears to be sont deal nable fron a veld 
bead control standpoint, particularly when welding In a prepend groove. 

The effect of varying the electrode Included angle on arc voltage in a 
fixed arc length situation la ahown In Table V for a variety of electrode 
dleneters end veld curnnts la argon and hellun Inert shielding gases. In 
each case the pointed electrode nquind greater arc voltage with the effect 
being noat pronounced under hellun shielding gas. As shown ln figun 27A, 
variations In arc voltage as a nault of electrode preparation can result in 
considerable difference« In wild bead contour. The magnitude of this effect 
was further demonstrated by a second series of testa conducted under constant 
arc voltage control conditions (Table VI ). Ai ihovn ln figun 27B, 
although the energy Input was maintained constant, the shape and penetration 
of the weld obtained varied considerably with the angle of electrode taper. 
As the angle of taper was decnsied, the AVC system dnw the electrode towards 
the weld puddle until It actually dipped below the surface. Penetration 
increased from 50 percent through the thickness with a blunt electrode, to 
full penetration with a £) degree Included angle due to thf closer proximity 
of the arc plasms to tbs workpiece. 

The data Indicate that variation In penetration, weld bead width, and the 
weld puddle control sa a fuation of electrode preparation can occur under 
either constant arc voltage or constant arc length conditions. Automatic 
welding of tubing therefore, will require precise control of electrode contour 
to make the application of previously qualified welding parameters feasible. 
Any shaping of the tungsten tip will require a precision grinding operation to 
Insure reproducible results. 

AUTOMATIC ABC VOUAGI COIfTROL STUDIES 

Automatic arc voltage control (AVC) wee evaluated to determine whether it 
might be used to compasaste for the root pasa bead contour and penetration 
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Table y 

CONSTAR ABC GAP CORBOL 

O.290 Thick 6061>t6 Alualmia, Travel Speed 6 IFM 

Shielding 
Gaa 

Arc 
Gap 

(In.) 

Tungsten 
Diameter 

(In.) 

Held 
Current 

(Anp) 

Electrode 
Tn«1 lírica An0fl 

(Degrees) 

Arc 
Voltage 
(Volta) 

Argon 

Helium 

.090 .040 

.060 
• 

.090 

.01*0 

.060 

.090 

70 

135 

229 

‘ 60 

90 

210 

Blunt 
$0 

Blunt 
30 

Blunt 

BlíSt 
30 

Blunt 
30 

Blunt 
>0 

11.5 - 12 
12 - 15 
11.5 
12 - 13 
11 
13.5 
18 
21 - 25 
15 
19.5 
13.5 

--go . 
Shown In Figure 2?A . 

Table VI 

CONSTA»! ARC VOLTAGE (AVC) CORROL 

O.290 Inch Thick 606I-T6 Aluminum, Travel Speed 6 IW 

Shown In Figure 271. 



Blunt 
Electrode Included Angle 30 ^FUt) 

WELD BEADS USING CONSTANT 
ARC GAP (Note variations 
in penetration and bea** 
contour aa a result of 
variation in arc voltage 
due to electrode contour 
change.) 

(See Table VU for welding 
parameters) 

B. 

WELD BEADS USING CONSTANT 
ENERGY INPUT AND AVC WELD¬ 
ING HEAD (Note variation 
in penetration as a funct¬ 
ion of electrode taper.) 

figure 27 Bead-On-Plate Welds, 0.250-in.-thick 6O6I-T6 Aluminum, Showing 
Variations in Penetration and Bead Contour With Varying Conditions 
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problem encounter* ln tube «eldlnft ee e reeult of gravity effeote. A 
eeldln* heed Including en AVC unit vee ettecbed to e rotetlng poeltloner in 
such a nanner ee to create a welding ccaoditlon alellar to that of a welding 
head treverelng a pipe elth AVC capabilities. Studies were conducted on both 
atslnlesa end elualnua tubing. The raectlone of tte various shielding gasee 
were ainller to those obtained with a fixed arc length. The veltage with 
argon shielding gas was not sensitive enough to changea In arc length to 
peralt the necessary corrections as the weld bead traversed the pipe. The 
reactions on both naterlals were slMlar, with the alualmia arc voltage being 
of a lesser magnitude. 

The net result with argon was that the weld head would traverse the pipe 
undervarying arc gaps without being reflected as a significant voltage change 
and, therefore, go uncorrected with the AVC control unit. Since penetration 
la acre sensitive to arc length under argon shielding gaa, lack of penetra¬ 
tion resulted as the weld progressed. ^ 

With helium, a change of arc length wss quickly reflected as a voltage 
change which consequently caused the AVC controls to compensate for the change 
in arc length. The net result, using heliua shielding ges, wss to cause the 
welding heed to hunt for the proper arc length in the vertical positions ss 
the weld puddle ran sway from the center of the electrode, end to move away 
from the pipe in the overhead position ss the puddle sagged toward the elect¬ 
rode. The resulting welds were wide, conceve, and had excessive penetration 
in the verticel positions and crowning of the puddle in the overhead posi¬ 
tions. 

The use of AVC to facilítete machine welding pf tubing in itself is not 
considered to be worthwhile. The standard operating mode of AVC actually 
aggravates the problems caused by gravity effects on the weld puddle, rather 
than alleviating them. It Is concluded to be more important to maintain a 
controlled arc length and progrum the weld current for root passes end wire 
feed rete for filler passes, to compénsate for changes in welding postion 
and heat buildup in the tube. 

JOINT DESIGN 3TUDIBS 

JOINT DESIGN 

Development of optimum design parameters and welding procedures for 
single Vse and U - groove type 'oints is currently being pursued using 
3-inch diameter slumlnum and stainless steel tubing having a 0.250-inch well 
thickness, prepared using both types of .joints with s variety of lend thick¬ 
nesses and joint openings. The three major areas of concern are minimizing 
Joint opening, developing techniques for obtaining root passes with smooth 
unlfc-m penetration, and developing techniques for depositing filler peases 
with smooth bead contour. Weld development Is being concentrated on develop¬ 
ing currant programeiing procedures end filler metal addition techniques for 
the penetration end filler posses. The solutions obtained In these areas 

applicable to all of the tube sizes requiring sutomstic 
addition of filler material. The results obtained on the évaluation of weld 
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Joint d«signs for tb« 3-lach OD bv 0.250-lnch w«U thickness 606I-T6 tuhlna 
»re «uanrised In Ükble VU. 1b« test Joint designs are shown in figure 28. 

Th« fessle problem In welding tubing ln~plece is puddle control. Excessive 
penetration occurs In the down hand position, and suckback occurs In the over¬ 
head position. This problem is more severe In aluminum but occurs to e lesser 
degree In ell materials. The phenomene Is apparently crested by the inability 
of the molten weld puddle to sustain its own weight snd is sggraveted in 
thicker materlsl due to the requirement for a higher energy input to overcome 
the heat sink created by the adjacent material. Because the problem is more 
severe in elumlnun, the initial investigations were confined tc this slloy. 
with the solutions considered to he directly applicable to the other alloys. 

ROOT PASS MELDING 

The root pass welding current requirements, for each series of /oints, 
was established by manually controlling the current to maintain setisfectory 
visual penetration for the inltlrl /oint. The parameters were recorded on r 
light sensitive tracing peper and used to set the welding control programmer 
ior all subsequent welds. Minor changes were made in the manual program in 
order to correct any weld bei.d contour discrepancies occurring during the 
operation. v 

Economy of preparation made oints A and B. (figure 2Ö ), the most 
desirable; initial evaluations were made on these Vee-groove configurât lorn,. 
In no case was it possible to maintain consistent weld penetration without 
suckback in the 6 o'clock position. Variatlona in-weld speed, starting 
location, and current programming resulted in varying amounts of suckback but 
in no case vat the probleo. completely eliminated, in general, lower energy 
input, short art lengths, and faster wire feeds produced the best results. 

Evaluations on U-groove Joint types C and D produced results similar to 
those for types A and B. Aa w.th the Vee-,oints, it was still not possible to 
consistently mase a weld root pas* completely free of suckoacK. Visual 
observation of the drop through In conjunction with manual adjustments of 
current and arc length resulted in acceptable penetration, however, this is 
not a practical epprorth since in ir.rst installations the Inside of the tubing 
could not rie seen, and the ► .c> as- of this technique détends upon operator 
skill. In summary, it was not pueril le to i :>t»ln root passes in either the 
standard U or Vee type grooves which were consistently free of suckback in 
the overhead position. The range of weld parameters used was as follows: 

1. Travel speed. 3-t-. 1.- .n» i.es per minute 

2. Filler wire speed, ** • u >0-Inches per minute 

3. Wire diameter. ¡.ki3-inch 

1*. Arc voltage, 1 >-15 volts (arc length 0.0^0 to O.OiO-inch) 
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Ttblt VII 

8UMARY OP WILD JOIIfT »SIGN STUDIES 

3-Inch OD by 0.250-Inch Mil 606I-T6 Alualnua Tubing 

Joint 
Type 
•* 

Joint 
Opening 
(In.) 

Land 
Width 
(In.) 

Root 
Radius 
(In.) 

Slope 
Degrees 

Land Tfclckoeae fln.T" 

Roo 
.oi*o 

Fill 
e 

Root 
O60 
Fill 

.( 
Root 

d8o 
Fill 

• 

Root 
100 
Fill 

• 
Root 

125 
Fill 

A .1*00 DMA* OKA 50* 

1*6* 

3 1 

3 1 

B .300 OKA DMA 50* 

1*5* 

Itl* 

38' 

35' 

3 1 

3 1 

3 1 

3 1 

3 2 

C .1*00 DMA .156 55* 

1*9* 

1*5* 

1*1* 

3 1 

3 1 

2 1 

2 1 

D .300 DMA .125 37* 

33* 

31* 

3 1 

3 1 

2 1 

27* 2 1 

E 

F 

.375 .125 

.250 

DMA 

DMA 

31** 2 1 

37* 1 1 

21* 1 3 

•DMA - Does Mot Apply 
••See Figure 28. 

Joint Visual Quality Rating 

1. Good 
2. Acceptable 
3. Poor 
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h- w 

Typ*« A 4t B 

I—w H 

Joint Typ* A: W ■ O.AOO-inch 

Joint Typ« Bï W ■ 0.300-inch 

Und Thickneac.(T) - Bee Ihble VII 

Joint Typ* C* W ■ 0.400-inch 

Joint Typ* D* W « 0.300-inch 

Und TlCLcknesti (T) See Tbble VII 

Root Radius (R) - See liable VII 

Joint Typ* Et W » 0.375-inch 
W* ■ 0.125-inch 

Joint Typ* F: W " 0.375-inch 
W* - 0.250-inch 

Und ’i!hldm*ss (T) - See Thble VII 

Figur* 26. Wslding Joint Configurations for Evaluation Studies 



nialiutlca of auokbaek on tht root p«M waa finally attained ualng a 
■odlfled (/.groove type Joint dealgn, (typea I and f)t with oacUlatK» of the 
welding torch at about 1-1/2 cycle« per second. Filler wire 1/15-inch In 
dlmater vaa added at the rate of 28-lnchea per alnute at a travel speed of 
7 inches per alnute. A land thickness waa selected with sufficient width 
to peralt transverse oscillation of the weld torch, slallar mo a manual welder 
welding In an "out-of-posltlon" location. The land thickness selected was 
1/35-lnch and the land widths were 1/8-lneh and 1A-Inch. In both cases 
transverse oscillation at about 1-1/¾ cycles/second was used. The width of 
oscillation was equivalent to the width of the land. For both land configu¬ 
rations It was possible to obtain satisfactory root pass penetration. Die 
narrower land resulted In better side wall fusion of the root pass. Apparently 
the torch oscillation Is sufficient to allow the weld puddle to freeze and 
hold the position. A constant taper of 10 to 15 amperes In the welding 
current was made from the start to the completion of the weld pass. It Is 
believed that the cross seam oscillation technique will also produce satis¬ 
factory root pass quality on certain of the standard U-groove weld Joint 
desitis. Welding parameters for these Joints are shown In Table VIII. 

FILLER PASS WELDING 
% 

All of the Joint designs, with the exception of the 0.250-inch wide 
land modified U-groove, resulted In satisfactory sidewall and underbead 
fusion without undercut. Satisfactory filler passes were made with and 
without cross seam oecIllation depending on the width of the groove. 

A problem encountered In Vee type Joints Is the accurate tracking 
required to remain precisely centered In the Joint. As the side walls of 
the Joint become steeper, additional current Is required to maintain a 
molten weld puddle thereby requiring precise tracking. Side wall slope, 
with the exception of Joint type B with the ,0k0 Inch land, was adequate 
tu permit good side wall fusion for the fill passes. The 0.k)0-lnch 
wide Joint, however, was Impossible to fill, without torch oscillation or 
parallel weld fill passes. Tracking on the standard and modified U-grooves 
was considerably simpler. 

The primary problem encountered during the filler passes was nonuniform 
weld buildup at different positions. The groove filled faster In the overhead 
positions, the problem being additive with each subsequent weld pass. The net 
result was that when the overhead portion of the weld was completed, l/l5-to 
3/32-inch concavity remained In the downhand position. This problem was re¬ 
solved by making the wire feed speed sensitive to changes In arc voltage. If 
the puddle moves towards the electrode, the arc length and arc voltage are 
decreased and a signa: Is generated to decrease wire feed speed. If the weld 
puddle moves away from the electrode, the situation Is reversed. Using this 
system for making filler passes It has been possible to maintain uniformity 
Of buildup within 0.015 to 0.020-inch. As can be seen In Table VIII, the 
remaining fin, l.e., amount of Joint left to be welded after each pass, Is 
evened out considerably by using this device for filler pass welding. A 
difference of 0.040-to 0.050-lnch In buildup after the root pass was, In each 
case, brought to within 0.015-Inch prior to the last filler pass. 
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Id addition, it can be seen that Joint type F was filled up in a total 
of three passes versus a total of five passes for Joint type E, in spite of 
the larger opening. This was accomplished by decreasing the control arc 
voltage while utilizing the same initial arc gap, thereby Increasing the 
rate of wire feed. 





Section VI 

AlWUCSD lUmiAL 3DJCTXDB 

The um of advMced ■«Uriel, for tnekitfi la future liquid rocket qreUM 
poM the requlroMBt th«t elaller Mterlule be ueed lu the eauectlag tubluc 
cjreteM lu order to obUlu the requlelte cou»«tlbUlty of MUerlul propertlee. 
The anuljrtleul etudjr deecrlbed lu this report vue conducted to eelnet tubluf 
uuterlula vbloh ulfht be ueed for advanced liquid rochet eye tone. 

The «tudy vae directed toward four baelc euUgorles of tub la* allere, 
l.e.f alunlnun, tltenliui, nickel-base and Iron-base allere, with the objec¬ 
tive of Identify lac the noet prcnlelnc aller lu each catefory for um in 
welded fitting appllceticas. 

Available date on the conpetlblllty of liquid rocket propeUuU and 
onldltere with verloue naturlule were reviewed. Conpetlblllty laf«nation 
for the nore edvmced estaríais, such ae the aller« «elected for evaluation, 
vee found to bo oliber laconplete or nonexletont. Consequently; valid cou¬ 
per Isons of the candldote aliara within e notarial category could not be nade 
on the besla of chanlcal coupâtAbilityj therefore, this criterion woe not 
ueed In the detailed evaluation. 

Structural propertlee date for the candidate aliare «ere ccnplled and 
evaluated. Tensile propertlee were couplied within the anticipated applicable 
eervlce tenpereoure rangea, and atructural efflc lene lea were detemlned and 
exanlned. lotch-strength properties were evaluated to detenía« the euecep- 
tlblllty to enbrlttlenent of the candidate aller« ai cryogenic tenperaturea. 

The indicated welding and nachlnlng characterlatlce of the candidate 
allers were «»mined. Weldability was evaluated and cenpered on the bee le 
of the Indicated capability of the notarial to be satisfactorily Joined by 
the TIO fusion veld procese. Relative aechlnablllty was evaluated on the 
basis of conperleon with « free-nachlning iteel. 

Ol the basis of the «valuations perfumed, the aller ealected as being 
the aoet attractive caadldste In each of the four aaterlal categoria« was as 
follows : 

Alunlnun: 
Tltanlun: 
Hlckel-Basa: 
Iron-Base : 

Alloy 2219 
T1-6A1-UV 
Inconel 718 
21Cr-6li-9Ma 

An Industry survey of tubing suppliers was conducted to detenía« the 
availability and coat of the candidate alleys. Thera la a natarlal availabil¬ 
ity problan, however, with the pr «ureneat of Tl-6Al-bV. As the present 
availability of T1-6A1-4V tubing la Halted, It was reccnaaaded that conar- 
dally pure tltanlua tubing be procured for use In the develupaeot of welding 
techniques, and that Ti-6Al-kV tubing be used only for verification of the 
techniques developed. A auamery of the tubing all«« and sizes to be pro¬ 
cured for this progrès la shown In Table IX. 
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Tab i* S 

tub wi mamuiÂ noanwnr lzvf 

Mat«rial tiS«) (XOChM) 

Lonrtb 
(fwt) 

a Aliar 
2219 

iA 
iA 

i 
2-lA 

.035 

.05® 

.055 

.120 

50 
50 
50 
50 

TltMlUB 6A1-4V i .055 50 

T1 HO or T1 95 iA 
xA 

i 
2-lA 

.035 

.058 

.055 

.120 

50 
50 
50 
50 

Zoecnol TlB i ^ l/S 
1 
î-5/i 

.035 

.058 

.055 

.125- 

50 
50 
50 
50 

Iroo-BaM Aliar 
21Cr-6il-9^ 

iA 
iA 

Î 

j_?- 

.035 

.058 

.055 

.125 

¡ 50 50 

50 50 



agiu fOi MCTlâll WfÂUUSIOÊ 

Alualaua, tltaalna, tilekal-bMe and irm b— «.’¿cp« n«pt acra—d with 
rapavd to thalr potaatlaJ. aypllcablllty for tha tubing ayataaa diaplayad la 
Tabla X , and eaadldata allogra vara aalactad for rralaatloa atadlaa« Tha 
prlaeiyal crltarla vhlah vara eonaldarad la tha aalaetloa and avaluatlon of 
tha eaa41daita aliara ara daaerlbad la tha follow 1^ paragraph*. 

GIBI IC AL CCNMTOlUTr 

A prlaaiy raqttlr—et for a tubing notarial vhlcb la to ba uaad la liquid 
roekat ayatana la that It ba chan le ally conpatlble with the fluida which will 
ba contained and transportad during anticipated aarrlca. The fluid oust not 
attack tha tubing or otherwise degrade Ite aachaalcal naterlai properties! 
nor tha tubing notarial causa any changa la tha conpoaltlon of the fluid« 
either by direct or catalytic reaction. During prarioua studies (Reference 
l4 tha fluids listed la Table XX were established aa being representative 

of future liquid ayatans; consequently, these fluida were used for the 
chenlcal eonpatlbUlty erneIderatIons. 

3TRUCTORAL PROPBRTIK 

The structural properties of a liquid rocket eystentubing naterlai are 
extrenely Inportant because of the requirenent la these systene for alaisun 
weight consistent with structural Integrity. The strength-to-velght and 
■tlffheos.to-weight rstloa within tha antlclpatad ayate* operating tenper- 
ature range are the jropertiea generally used for emlustion of these nets, 
rials. The susceptibility of a material to nsbrlttleaent within the temper¬ 
ature range of antic ipetad service Is also evaluated. Other structural prop- 
art las of a tubing vsatarlal which may be evaluated include the fatigue char¬ 
acter let Ice, for applications where repeated straae cycling or vibration will 
be encountered; an! the creep strength, for applications Involving slpilflcsnt 
periods of tins at elevated temperatures. 

VELDH0 CHARACTIF iaTICS 

It Is axlonatlc that a tubing material for use In welded fitting appli¬ 
cations should ’as capable of being satisfactorily Joined by tha TU fusion 
welding procesa. The designation "satisfactory welding characteristics" 
signifies that good quality weldments can be consistently produced In the 
naterlai, and that tha strength properties of the veldnent will, as a minimum, 

approximate those of tha material In the ennealed condition. 

MACHUIB CHiRACTKBETICS 

The requlreneait for "In-place" Joint preparation In tha fabrication of 
welded fittings nahes the nachlulng characteristics of the tubing naterlai 
m Important cone Iderat Ion. Mach Inability la« In general, a function of the 
strength, strain hardening, mid abrasive characteristics of a naterlai. An 
indication of tha naehlnlag characteristics of a naterlai can ba obtained 
frea* an overall naehttabUHy rating. This rating la derived experimentally 
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febl* XI 

Liqpxx» Roçar sxsim fubds 

1 lilll! M !Í|| j ümII Hoid 
ClMilflcttion 

Uaaeription of 
--Itocbit Sra ta» Fluid 

P'roptUant 

9tarabia 
Propallanta 

(• 

jb 
(o 
(d 
[• 
f 
C 
i 

) UIME-Hydraslna 
(0 to 100 percent IoHl) 

) Hydrogen Peroxide 
) Utragan Ibtrcocida 
) Chlorine THfluailde 
) Pentaborane 
) Ihd Pcadng Vltrlc Acid 
) White Fining HI trie Acid 
) HP-1 
) MO 
) V4 

Cryoganlc 
Propallanta 

|k 
¡i 

,n| 
0, 

1 liquid Cbcygen 
1 Mquld Hydrogen 
i Liquid Plua Ine 

13^ 

PMiaatle 

Criblant 
DHoparatura 

Qaaaa 

p) 4 
r 
a j 

feaeoua (heygeo 
(hetoua Hydrogen 
Qaaeoua nitrogen 
(haeoua Beilin 

KLrvatad 
taqparature 

Qaaaa 

(t) Ugh 'ib^Mratura Hydrogen 
Qaa 

(u) High Tbaçarature Belliaa (ha 
(▼) Ugb Tbaparature Oohbuatlon 

Producta Aaaoelatad with 
■olid and liquid Propallanta 
Reactlooa (Plow mtaa of tha 
order of 2 pounda per 
aacoM) 
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If th* föw* Md 90v*r rcqulrtd %• jpmow* m MtlfMd anoiait of Mttrltl 
»ithl» an latwral «f «Im by mtIom MehlBla« Mthod*. Th* retinta 
ar« h*MÍ m a oaavarlsaa «Ith t fTM-Mchlaia« grada of ataal «hieb la 
—tlMd aa arbitrary «alna of 100. 

AVAlLtt&JPr A» con 

Ä* eoMidoratlflB of a Mtarlal for application In a tubing ay at en 1»- 
pllaa that tha Mtarlal cm ba fahrleotad Into tubing «d nada available 
f°r althla raaaoMhla dallvary and coot •chodula*. The aajority 
of taaular ahapaa ara produced ly cither drawing or sean-veldlng fabrication 
proeaaaea. Tina, tha availability and the coat of a notarial In the foro of 
tubing are depend*« principally upon three factor« f (l) the workability of 

****'/??* ^■tlva aaae with which the naterlal can be fabri¬ 
cated Into tubingj (2) the availability and coat of tha naterlal, itself, in 

^ «dulrod rm stock; and (3) the dlnenslonal size and quantity 
of tubing ordered, lonetaadard sizes are difficult to obtain, and the cost 
of special dies is prohibitive for anything less than large quantity orders. 

ALLOTS BBJCnP FOR IVAIPJgIDM 

Currently available alloys In aach of the dee luxated material categories 
were screened for their conpatlblllty with the requirements of future liquid 
rocket systems. Twenty-three alloys displaying potential applicability were 
•elected for more detallad atudy, the liât being as follows: 

Aluminum Titanium Nickel-Baas Iron-Base 
Alloys Alloys Allqya 

2219 
5083 
6061 
7039 

5Al-2.5Sn 
6A1-4V 
SAl-lMo-lV 
13V-llCr-3Al 

Ihconel 623 
Ihconel X 
Ihconel 718 
Rend kl 
Waspaloy 
Hastelloy R-235 
Hastelloy X 

21Cr-6Ni-9»fa 
19-9DL 
A-286 
N-155 
Carpenter "Custom 455" 
AM-350 
S3 Typt 3o4L 
33 ÏVpe 3U7 

Several of the alloys selected for study had been evaluated during a previous, 
related program (Reference 1 ) but were included In the current study for 
comparison pirposes. A brief description of the allr/s and their character- 
let ice Is presented In the following paragraphs. 

ALUMINUM ALLOYS 

The four aluminun alloys selected for evaluation were 2219, 5083, 7039, 
and 6061, the latter being an alloy which was evaluated during a previous 
programs (Reference 1, Ik}* The nominal composition of each of these allnya ti 
listed In Table XII; pertinent characteristics are sumnarlzed In Table XIII. 
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I 

fell« ut 
ooMinan or cakdx&as aximzhm allots 

Allop 

Covaoltlca, tore «at 

OH Ns NS ZO SI Or A1 

2219 6.3 0.3 - «»•» — Ml 

5083 - 0.6 k.5 “ 0.15 Ml 

7039 - 0.3 2.8 k.o — 0.20 Ml 

6061 0.3 mm 1.0 — 0.6 .0.25 Ml 

T«bl« xni. 

CHARACTERISTICS OP CANDIDATE ALUMIHUM ALLOYS 

Alloy Typ* Ch«ract*rUtlc* MlâabUSty Strength 

2219 Al-Cu Eltvated tamp, appllc- 
•tlooa 

(tond Superior 

5003 Al-Mg Good corro*ion r*stit¬ 
ane* 

Good Moderate 

7039 Al-Za-Mf High atrength-touftm*** 
prop*rtl*a 

Good Good 

S >!¡1 Al-Mt-81 Good forning/corro*lon 
r**latine* 

Good Moderate 
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«19 «Mbits (OM fu.loo chj^t^î, ?Í c,,,0«“lc ‘«perstures. 
I«l»rtlst « eoop«M to oth« uitlís^íí^r^10* “* “^“1^ 

Allo(r 5083 ts th. ^ ^“lDï“ of Bl*llsr 
“ ¡* •tr.o^bsoM bgr ÆÎ ‘oíuj 11 ** Mrt trest 

0ffW* th* lMlr»W« corttaot^f^v^!/ a«™iope. 
“••• fPoptrtU», good wold Ability uh „Zj* of hl«h »trength and tough- 
«kl« tt «11 suited for ÍwíleííC SítífT* corro*1°" 
«loor Í0É1 ... Included In the '^og'nlc teopereture.. 
•Hour found lo li,uld propellent «yu™. currently the nost eoenon 

titanium alloys 

.elected for evMuet.on 

for eppllcet lenket t^.f“* el:4 L 
this slloy ere not Inereesed by thertal t^ttoenT*' Str*ngt1’ ProI*ctles 

density*of^noy^cornwrci^i^^nveileble^tlt**! ,Uîtlc “d lo«st 
•ct.rl.tlc. ere .xc.Uent ln ^. ^.!W>Ue ..idi„g 
ln “‘f ■111 enneelM condition. This elW*^"* Coodltlo‘1' they ere nerglnnl 
■nnemed condition to provide toughness ^pert“™*^ ^ th* i',rl,x 

food «rength^prQui-tles In“?« ^felM^^^rs?! » Provides 
thened by solution end .gin* theroel tr.e?£?t, C“ ^ furth'r .tren6- 

BetA-tjrpe alloy 13V-HCr-3Al mss#«*»« +W u 
of Ml the tltsnlum loys. ft h„^M î?^' ?Mt f“™ebUlty properties 
treeted condition. herdenlng^urlrM.l?8?? ^rtles In the solution 
result, in . Myhed , ctlcn In toughneL ^ 

NICKKL-BASE ALLOYS 

SSmÂÆ“* Dl'kel-b“' 

nlckol.chronluB allqy which Is solution «f Qonheat-treatsble 
of molybdenun ud coïunb^. “tSL Íí“y bi*ubSU”tU1 «ÎL 

“ '”*"«»»• « ‘o IfcO-f, end good denerM*”?“^«““.“1^o”*1" 

properties VhlCb offera goM 
III 18 due t0 «W1««« of^itJiL îat treatftbiiity of 
the welding char»cterlstlcs are satisfactory ^ While 
strain age cracking. 17* the ^110^ 1» susceptible to 
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toi» m 

■QKDUL QOÊÊmmm or caikidass max» allots 

Alloy 

CaapoaltlOB, rtreaat 

Al la No ▼ Cr c* I» ■* Ti 

5A1-2.5SB 2-3 - - - o.oö 0.05 0.175 Bai 

ÖAl-lMo-lV 7.5-Ö.5 0.75-1.25 0.75-1.25 - 0.06 0.05 0.015 Bai. 

6A1-AV 5.75-6.75 - ~ 3.5-6.5 
• 

0.08 0.05 0.015 Bai 

13V-11CT-3A1 2.5-3.5 - - 12.5-16.5 10.0-11.0 0.05 o.oe 0.025 Bai. 

* Naxlaua 
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T»bU.lV 

ClAHACHEKlflTXCS Of TITAIIIK ALLOTS 

Alloy Typ* Characttrlatlca Ualdabillty Strength 

9A1-2.9 8n Alpht Good atreogtb Satiafactory Good 

flAl-IHo-lV Alpha-Bttt High alaatlc todulua, 
low danalty 

Good * Good 

6ai*i»v Alpha-Bata Broad baa« application; Good Good 

13V-llCr-3Ai Bata Excellent fornabllity Satiafactory Good 

• Id duplex eoDteled condition 

78 



MI« XVI 

■qMUAI, I—Il[C «V QUnOOAR KOTL-IWII ALLOTS 

Coapotltlon, Puxtmt 

AU»» 
C Cr Ho V Al Tl Cb Co B r» 1 II 

iDCOMi X 0.09 15.5 - - 0.7 2.9 0.9 - — 7.0 70 

laefiaal 625 0.09 2t.O 9.0 - - - 1.0 - — 3.0 61 

IncoMi 7lB 0.09 16.0 3.0 - 0> 0.8 5.0 - - 20.01 52 

Rticê kl 0.06 19.0 10.0 - 1.5 3.2 
• 

11.0 0.006 3.0 51 

V«Hp»Xoy 0.05 19.0 k.o — 1.2 3.0 - 13.0 0.005 1.0 57 

But»Uoy R-235 O.ÜÔ 16.0 5.5 — 2.0 2.5 - — — 10.0 62 

Kastallo» X 0.10 22.0 9.0 0.6 — - - 1.5 — 1Ö.5 Uï 



CV Twr-Iftift ALLOYS 

fc5 

Ineottl X 

7lB 

R*d4 41 

UMpaloy 

Ihattlloy X 

Typ« Chañe tarlaUo 

U-Cr 

II-Cr 

»-Cr-fa 

n-Cr-tt) 

in-Cr-Co 

Il-Cr-N 

HaldaUUty 

■oahaat-tnatahla, 
•ood fombllity 

haat- 
tnatabl« 

fmlpltaUon bardan- 
lat «Itb alov Alffu- 
•loa rata 

Praolpltattoo bardan- 
ahla 

Praelpitattoo Bardan- 
ahla 

lonhaat-traatable 
aolutton itranfthaned 

Sattafaotory • 

Poor « 

Poor • 

ftcevllent 

Stranftb 

Good 

Good up to 
1200*F 

mg4 
•trancth 
and foma- 
btltty 

Superior 
to 1600*F 

Good up to 
l600*F 

Good 

• Suacaptlbl'» to «trata age cracking 



.tr«$rsîÂ ^Âlt^îrîrtaîÂ,ïiîLeri“‘ ^ 
«u^ Im .Itter tte rnumM or ^«iTcSdín« ^ âU, U 

tel. ^‘rtíSith/^iaLí”/!?1*0 pr,cl»It«““ terd«. 
ti», at t«rp*ratur«# ap to Jíoóvf* How-vor10«^™!?0* r”ljt“c' P™!«- 
to rträla-M» crtetla. »hieb 2kM ..ÎÏÎ2 «ÎST .f110“™ *” •“«Ptiblo 
-. of tte IO*. S ^ ^ 

aoiutioo ■ti-ength«n«d nictol-boe aîloîs^HaîtïïîL'Y tL2200 T' Like o«1« 
cbaraettriatlc«. loy8# l“*t®na8r X offer« good w«ldlag 

ÏH0K~BA3Ë ALLOTS 

•«iMt«i iOT,«iî2ti24jr*îîiedhto*Tibîêrivînf^ïiïS“*b“* 'lloJ,* 

th«. alloy. „„ InclÄX emú^rr* comparison. present evaluation for purpose of 

.«h 0íld*tICO - «.ft««, 
«».ral, good foi m “n.ï“®!- —‘t—“X ta, lo 
ceptlble to Intergranular cracking in lUoï“ “* *“•- 
«eldnent 1. h.« tr.«M JüîdL 'mlM, »ha 
dint differences are shown in Table XDC. rtlnent f*ctor> the etten- 

s» d.^»2^'«.1^ ÎSÏ2ît*î2.‘,;2a1iliSt“ltlC>.:tUnle" — ïhl<:h 
strength «tó corro.Ion i^UtÜc^ ? «»hltetlo. of high 
annealed condition are considérât!v »nikî^ ïî^1 *í yperites in the 
lime 300 .erl*. of .talnl.«^"«^ îh0‘',0f th* '“«»tlonal 
toughn... « .„teem SS^^ LteÍ hU*,,trtngth *“ 
for cryogenic applications. *llqy an excellent cendidate 

to terHi^TalSÄr ïî“ !» “ inferior 
3t7 st.lnl.sa ,t..l i. „c!u„t !! —^mty of Type 30hL nod 
to Intergranular corro.ion In the void *” ,u»«t>tlbl. 

Si 



Table XVni 

caroiiTiOK or caididati nto^-iAn allots 

Alloy 
Co^oaltlon, F»rc«*t 

C m Cr 11 No Cb TI V Cu Co V 1 F« 

21-6-9 0.03 S.o 20.0 ^.5 - — — ~ — — — 0.3 64 

19-VDL 0.30 1.0 19.5 10.0 1.5 0.5 0.2 1.5 — — -- — 65 

■"155 0.15 1.5 21.0 20.0 3.0 1.0 — 2.5 — 20.0 — — 30 

/-266 0.05 1.5 15.0 26.0 1.3 — 2.2 — • •«* 

1 • 

— 0.2 — 52 

Cu«toa 455 0.02 0.25 12.0 Ö.5 — 0.4 1.1 — 2.0 — — — 75 

AM-350 u.lo 1.0 16.5 i».5 2.6 — — -- — — — 0.1 75 

347 0.u5 1.0 lö.o 10.5 - o.ö — — — — — — 69 

304L 0.02 1.0 19.0 1.0,5 ~ — — ~ — — — — 69 
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CCNVATXBILITT WITH HQCXKT STB-MN fLülOB 

TW ccM|>atlblllty of Mtarlals irtth rockat propallanta and oxldlsara ha a 
bata tba aubjaet of aany lovaatlfatlonaf for axaqpla, Hafarence 2 , which 
auMarliaa tha awallabia loforaatlon on tha coapatibiüty of liquid rockat 
propallanta with warloua aatarlala of conatructlon, liata 302 reference 
eourcea. A ravlav of thaaa «ata and the inforaetion obtained and reported by 
IAA during a preeloua prograa (Reference 1 ) diacloaed: 

1. Tha najority of the data reported are baaed on compatibility with 
tha '«ll-eatebliahed aateriala of conatruction. 

2. The coapetibility date are concerned principally with compariaona 
between material categórica rather than with alloya within a part¬ 
icular Material category. 

3. Coapetibility data for «ore advanced materiale, auch aa the alloya 
aalected for the aubject evaluation atudiea, are United, incomplete, 
and, in many inatancea, nonexietent. 

The objective of the aubject program waa tc identify the moat pronieing 
alloy tlthln each of the four material categorieu rather than to perform com¬ 
pariaona between the material categórica. However, due to the prenant una¬ 
vailability of data, a detailed, évaluation could not be made cm the alloya 
within each category (although cone general concluaiona regarding chemical 
compatibility could be made, e.g., aluminum alloya 5083 and 606I will diaplay 
overall auperlority to the high copper-bearing alloy 2219 with regard tc 
compatibility with rocket ayatem fluida). Conaequently, chemical compat¬ 
ibility criteria were not a prominent factor in the aelection of the moat 
attractive candidate alloy in each of the four material categórica. 

STRUCTURAL PROPERTIES 

Propertiea data coneidered aigniflcant for the evaluation of potential 
tubing alloya were complied for the candidate aluminum, titanium, nickel- 
bane, and iron-bane alloya. The propertiea data compiled include the follow¬ 
ing: tena lie ultimate etrength (Ptu), tenalle yield atrength (Fty), modulua 
of elaaticity (B), mean coefficient of thermal expanalon (Alpha), and 
uenaity. The tenalle propertiea were compiled within the anticipated aervice 
temperature range conaldered applicable for each of the material cetegorlea 
aa followa: 

1. -V23*F to 300*F for the aluminum alloya 

2. -1»23*F to 1000*? for the titanium alloy« 

3. -J*23"F to IfcOO^F for the iron-ba^e alloya 

k. -b23*F to 16OOV for the nickel-baae alloya 
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TAbies XX, XXX, XXn, «ad XXIII List the typical properties for the 
aluBlauB, tlteciue, and nickel-bese, and iron-baee alloys, respectireljr. 
Proai these data, the structural efficiencies 6f the candidate alleys were 
calculated mA are listed ia Tables XXIV throu«h XXVI. Additional compila¬ 
tions «ere nade of those data aeallable ragardiiig the notch-strength ratios 
(fetch strength/unnotch strength) of the candidate alloys: these data are 
listed la Table XVH and plotted in figures 24-32. The various sources 
which were used in the ecnpllation of the properties data are listed in 
References 3 through 14, 

Ae Indicated in Tables XX through XXm, the properties listed for 
each of the allays is representative of either an annealed (solution 
treated) or a heat treated (solution treated and aged) condition. The 
properties of those alloys that can be strengthened only by cold working, 
or which display their optima properties in this condition, are listed 
in the annealed condition; the properties of those alloys that can be 
strengthened by heat treatment, and which are normally used in this con¬ 
dition, are listed in the heat treated condition. This is a factor which 
has to be considered in the evaluation of alloys for welded fitting appli¬ 
cations since the strengthening resulting from best treatment will be 
eliminated In the fusion and beat-affected tones during the welding process. 

Aluminum Alloys 

Prom the structural efficiency data dlsplsyed ln Tstoles XXIV and XXV, 
It Is apparent that 2219-TÔ1 and 7039-¾ display strength efficiencies 
which are superior to tboee of the other two alloys. Figure 29 shows the 
low-temperature notch strength ratios for three of the alloys. The 6o6l-®6 
and 2219-T81 appear to be slightly superior to 7039-:¾ at cryogenic temp¬ 
eratures . 

Tltsnlum Alloys 

The structural efficiencies data In Tables XXIV and XXV show that 
from a strength standpoint, the 6A1-4V, BAl-Mo-Iv, and 13V-llCr-3Al alloys 
are comparable at temperatures up to 800*F; the 8Al-Dto-IV, however. Is 
superior on the stiffness criterion. The notch tensile ratios for three 
of the candidate alloys arc plotted In figure 30. It is apparent from the 
ñata that Ti 13V-llCr-3Al Is embrittled by exposure to cryogenic temperatures. 
Also, the beneficial effect upon the low temperature notch-strength charac¬ 
teristics of titanium alloys resulting from a reduction In the Interstitial 
content should be noted by reference to the 5Al-2.5Sn(ELI) plots in compart- 
son to the plots for conventional 5Al-25Sn. 

Klckel-Base Alloys 

Based on the structural efficiencies of the candidate nlckel-btse 
alleys dleplv®<l in Tables XXIV and XXV, Ihconel 718, René 4l, Waapsloy, 
and Hastelloy R235 we comparable at temperatures up to lOOO'F, above 1000’F, 
René 4l displays the superior efficiencies. The notch tensile rat loe for 
four of the nickel-base alloys at low temperatures are shown in figure 31# 
it is apparent that each of these alloys has good notch strength character¬ 
istics at cryogenic temperatures. 
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T»bU xxvn 

ramn unos of caisiiuk alloib aï sukbo ïbfbuiuiub 
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Figure 29. Notch Strength Retios of Candidate Aliminum áLXoys 
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Figur« 31. Uotch Strength ÍUtioo of Candidata Nick«I-5aae ÄUoya 
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Iro«uB—g AUcor« 

Tb« structural efflcleneles of the Iron-base alloys, displayed In 
Tables XXIV and XXV show a superiority for the heat-treated alloys 
(AM-350, "Gusten U55," and A-206' In conparlson to the annealed alloys. 
Ih figure 32, notch-strength ratios are plotted for three of the alloys 
at subaero temperatures. No notch-tensile properties data were found for 
the 21-6-9 alloy, however, this alloy apparently possess excellent notch- 
toughness properties at cryogenic temperatures as evidenced by Charpy 
V-Notch Impact values of 53 foot-pounds at -1*23*F which have been obtained 
on specimen^ tested In the transverse direction from thick sections of 
21-6-9. 

WILDING CHARACTERISTICS 

Aluminum Alloys 

Four outstanding factors concerning the weldability of aluminum 
are: (l) a low melting point (2) the presence of an oxide film, 
(3) low strength at high temperatures, and (4) the fact that aluminum 
displays no color even at temperatures up to the melting point. Each 
of the candidate aluminum alloys has good TIG, fusion welding character 
1stles and good quality weldments can be consistently produced In these 
alloys. 

Titanium Alloys 

Each of the four candidate titanium alloys can be satisfactorily 
Joined by the TIG fusion welding process. Good quellt;- weldments can be 
consistently produced if the special weld shielding precautions necessary 
in the fusion welding of titanium alloys are observed. Titanium alloy 
fusion weldments are subject to embrittlement unless carefully shielded 
from contamination ly the gaseous elements of the atmosphere during the 
welding process. 

Nickel-Base Alloys 

The weldability characteristics of the seven candidate nickel-base 
alloys vary considerably, although each can be welded by the TIG process. 
The two solution strengthened alloys. Inconel 625 and Hastelloy X, possess 
excellent weldability. Inconel 718 displays good weldability, despite 
being a précipitât ion-hard«.'ing alloy. The slow aging response of Inconel 
718, as compared to many of the precipitation-hardening nickel-base alloys, 
minimizes the cracking problems generally associated with' the fusion welding 
of these alloys. The remaining four alloys-Inconel X, Waspaloy, Hastelloy 
R-235, and René 1*1- have diminishing weldability characteristics in the 
order listed. Each of these alloys is subject to "strain-age cracking 
when being welded under physical restraint. 

Iron-Base Alloys 

All of the candidate iron-base alloys can be welded satisfactorily by 
the TIG fusion welding process. Types 3^7 and 3Ql* stainless tteel, 21-6-9, 
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CCMŒBCIAL AVAIIABILITY 

Äse ï s-n„ 
dl.cu;.,d U «h. Au^ ^.rr^Troirl^^^ui’cat.*" 
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tubl^ln.0Îoiïîh,,!n^*tîn™“lDU* "* anlXabU .. 

tl». Alloy» 6061 tDd M83 •« ü““lïî ívMlíbl.'r t“b,°8 î* the pr***nt ■ wilt* _ * wo i»o«rBiiy available fro« vsrebouae atock in 

«hila «ora axpeoalve tk»« fof 2000 pouo<î*; ^«vn tubing, 
procurtBaiPt» #Ät dtd tublng, la not aubject to a «Inlaua 

TltiPlu« Allova 

üi". ^ ^,n* ^ Current ^^Vachadule for TiéAl-W tubing 

IlcMl-Baae Allov 

.^.Â1 lYIZZ'T. V*1' 

naand on prevloua HAA experience and the conaenaua of renlia* frnm tK. 

.t50ru,r,"ula not pr'Mnt^ 

Iron-Baee Alloy 

All of the Iron-baee alloye are available conoierclally aa tubing. 

SgUSCTIG* OF CAIDIDATE AUDY* 

ALUMHUM ALLOY 

Alu« 1 dub Alloy 22^9 la recooœended for detailed veldlna dewier,™.«* 

w™ "¿wíduttíV219 l?,?r'i!r*“C* t0 <h* otl,•,' .ll?y. Vhlch 
Í! b d °nî th* cool®erci»l availability of 2219 tublnc 

aa covpared to the preaent nonavailability of 7039 tubing (2) the aimer*ÜÍ 
a^ructural proper!lea dleplayed by 2219 In cn«n.ri-L 2i th <up*rlor 
•Hoya 5083 and 6061. P ^ y 19 1 con,P8ri«OD td thoae poaaeaaed by 

TITAHIIK ALLOY 

n. i*™0****** for additional welding develop«ent atadle. 

onl hUhÜt^nÎh^îî "J107 ÎÎ b8Md n0t 0Dly 00 th* f,ct th8t lt la the °n^ Jlgh-etrength tltanlu« alloy which la coawrclaMy avail.hi. .. 

«ÎoI^c.UÎSu.tïîybr°*'1 b"* °f ^^4100 »»vrl««. «Uh «6*1-1,» 10 thT' 



&•« to the Halted irelleblllty jf TI6AI-I1V tubln*, however, It 1* 
recowedded thet en uoelloyed grede of tltenlua (e.g., T155) tubing be 
•elected for use In the detailed welding development studies, and that 
T16A]-JiV tubing be used for confinât Ion of the welding and machlndag 
techniques developed. 

HICKEL-3ASE ALLOY 

The nlckel-baae alloy reconmended la Inconel 718. Selection of Inconel 
718 la baaed on the following considérâtIona: 

1. Inconel 718 has superior welding characteristics In comparison to 
the other high-strength, precipitation-hardening nickel-base alloys 
(René 1»1, Waapaloy, Haatelloy R-235, and Inconel X). The superior 
weldability of Inconel 718 would seen to »ore than compensate for 
any atructural advantage that any of these other alloys display at 
temperatures In exceaa of 1200*P. 

2. The atructural properties of Inconel 718 are excellent at cryogenic 
temperatures and at elevated temperatures up to 1200#F. 

3. Inconel 718 displays a atructural properties advantage over the 
lower strength, nonheat-treatable alloys such aa Inconel 625 and 
Hastelloy X. 

IRON-BASE ALLOY 

It la recommended that 21-6-9 be selected aa .the Iron-base alloy for 
welding development atudlea. The advantages of this alloy are as follows: 

1. Alloy 21-6-9 displays excellent structural characteristics at 
cryogenic temperatures, and has good strength properties at elevated 
temperatures to 120i*F. 

2. The general corrosion resistance of 21-6-9 is «uch superior to the 
corrosion resistance dloplayed by the lower chromium-content, precip¬ 
itation hardening alloys AH-350 end Custom 455. 

3. Alloy 21-6-9 has excellent welding characteristics which are consid¬ 
erably superior to those displayed by A-286. In addition, weldments 
of 21-6-9 are not susceptible to intergranular corrosion in the heat- 
affected zone; this Is an advantage for 21-6-9 compered to 19-9DL 
and AM-350 which are susceptible to this type of attack after 
welding. 
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Section VII 

COMClUBIon ARD RE COME HUAT I OHS 

flMllzed veld Joint preperetlon end veld tool requlreaente heve been 
eetebllehed end ere dielded into two ereee: Plret, e eerlee of encloeed 
tool*» î>***d on the orbit ere concept, will bt ueed In the 1/8-to 3-lnch 
OD rene* cotólnlng elltting, flenging, eecblnlns, end welding cepeblllty. 
Second, e eerlee of pertlelly encloeed toole will be ueed In the 1-to 
16-lnch OD renge ut 111 ting eeperete weld end nchlnlng heeds which 
nount on cowon orbltel cerrleges sited ee follows: 1 to 3, 3 to 6, 
6 to 9» 9 to 12, end 12 to 16-inch ranges of outside dleeetere. 

The beelc weld prograwer configuration hee been determined to be 
estlsfectory. 

Operation of the veld progrewer hee Indice ted that e serve current 
control unit and en ere voltage sensitive wire feed control should be 
added to the unit. Testing has indicated feasiblle approaches to both 
of these requirements. 

Standard automatic ere volUge control (AVC) has been determined to be 
unsuitable for this application. 

Standard welding power supplies were found to be satisfactory for this 
application. 

For fired ere length tube welding, particularly in thick well tubing, 
the best weld penetration control was obtained using helium Inert 
shielding gas. 

Under fixed arc length conditions arc voltage was determined to very 
considerably with electrode configuration. The most satisfactory 
configuration for controlling the ere voltage - arc gap relationship 
was a blunt or flat tip. 

The most satisfactory weld Joint design for thick well aluminum tubing 
was found to be a modified U-groove. It was necessary to program slop¬ 
ing weld current and utilise cross-sesm oscillation to nbta<n se^ls- 
fectorv root pass penetration. 

A significant problem encountered in fixed arc length automatic welding 
of tubing «s uneven buildup which occurs as a function of weld position. 
A satisfactory method of compensating for this problem has been devised 
which entalla the use of an arc voltage sensitive wire feed unit with 
which the weld bulld-up can be maintained within 0.020 Inch. Also, 
although very limited studies have been conducted on the use of this 
system for controlling drop-through of root pasaea, It is believed that 
the new wire feed control 
control with or without torch 

system may facilitate root paaa perstratloo 
0rc h ose 11 loti a 



10. Th* Mat proaislag caadldataa for uaa la a¿v«acad liquid rockat 
tublat ayaUaa la Mcb of tha aotod cataforlaa ara aa follow: 
aai9 aluolawo alloy, 6dl-*T tltaalua alloy, IdcoowI 718 alckal- 
boaa alloy aad 21Cr-dNo-9Ma Iroo-baaa alloy. 



FUTURS WORK 

TtM das Igo of th* tvlB-arwd orbital carrlagaa through l6-Incha* in 
dlaaatar, th* thick «all ■achlnli* *nd «aiding heada, and th* thin mil 
allttlng and flaring tool* allí b* coaplatad. Th* tool* will be fabricated 
and perforaance t«ated to daaonatrata that the daalgn objective« have been 
attained. The daalgn of the weld prograwer, Including the finalized aervo 
currant control unit, will be completed, fabricated, and perforaance teated. 

Development of Joint dealgn criteria and root and filler paaa technique« 
for thick vail tubing will be continued ualng exlatlng tooling. Uaing the 
finalised tooling and programing equipment, optimum Joint preparation and 
welding procedures will be eatabllahed for in-place Joining of 606I-T6 alu¬ 
minum and Type 3*»7 atalnleaa ateel tubing In the l/8-to l6-inch OD range. 
Ualng theae technique«, developed under condition* of optimum tube end fit- 
up, the maximum allowable tolerance« on end-to-end fltup and tube end mis¬ 
alignment will be eatabllahed. Tube weld Joint preparation and welding 
procedure* will aleo be developed for 2219 aluminum alloy, 6Al-bV titanium 
alloy, commercially pure titanium, Inconel 710 nlckel-baae alloy, and 
21Cr-6Mo-9Mn Iroo-baae alloy In the l/k-to 3"loch OD range. 

The data obtained pertaining to equipment and procedure* will be 
prepared in techn'cal order, military specification, and equipment manual 
format. 

IO? 
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