UNCLASSIFIED

AD NUMBER

AD855520

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; APR 1969.
Other requests shall be referred to the
Air Force Materials Laboratory, Attn: MATF
[Manufacturing Technology Division],
Wright-Patterson AFB, OH 45433.

AUTHORITY

USAFSC, per ltr dtd 26 May 1972

THIS PAGE IS UNCLASSIFIED



~——

ADS855520

A e N AW R M 0 T SO R L A WY O by A F e A LS

-
A
AFML-TR-68-379
Volume 1 Copy 3™ 7
PLASMA ARC WELDING PROCESS DEVELOPMENT PROGRAM
(Volumes I, II, and III)
W. D. Gaw
and
G. L. Starr
Aerojet-General Corporation
Technical Report AFML-TR-68-379, Voll
April 1969
This document is subject to special export control and each
transmittal to foreign governments or foreign nationals may L
be made only with the prior approval of the Manufacturing
Technology Division, Air Force Materials Laboratory (MATF),
Wright-Patterson Air Force Base, Ohio 45433,
Air Force Materials Laboratory i
Air Force Systems Command - oent SR et
Wright-Patterson Air Force Base, Ohio 45433 L
A
i JUL 29 1959
:- poy by T o .
Udi.'.;L S
e, J'..:.

N

4 bm ke sl

IFSpE ]

.3

b et e s

o

I e i AR



|
|
|
|
|
|

] 7
‘ 3
- :
v
|B NOTICES - % )

w
1

|
|
|

_ When Government drawings, specifications, or other data are used
for any purpose other than in connection with a definitely related Govern-
ment procurement operation, the United States Government thereby incurs
no responsibility nor any obligation whatsoever; and the fact that the Gov=
ernment may have formulated, furnished, or in any way supplied, the said

- drawings,-specifications, -or other-data, is not to be regarded by implication
or otheérwise as in any manner licensing the holder or any other person ,
or corporation, or conveying any rights or permission to manufacture, T

. use, or sell any patented investion that may in any way be related thereto. e

Cop:es of this report should not be returned unless return is required
by security consxderations, contractual obhgatmns, or notice on a specific
dqcument

The distribution of this report is limited because it contains technology
__identifiable with items on the strategic. _embargo. lists-excluded from export—-—— - -~ =
or re-export under U,S. Export Contrcl Act of 1948 (63 STAT, 7), as
amended (50 U, S, C. Appn. 2020-2031), as implemented by AFR 400-10,

AFR 310-2,-and-AFSCR-80+20: -

[ AP




BN b5 s s b ] B

PLASMA ARC WELDING PROCESS DEVELOPMENT PROGRAM

W. D, Gaw -
and . .
G, L. Starr
This document is subject to special export control and each c
transmittal to foreign governments or foreign nationals may E
be made only with the prior approval of the Manufacturing
Technology Division.




FOREWORD

This Final Technical Report covers all work performed under Contract
AF33(615)-5353 from July 1966 to March 1969, The manuscript was
released by the authors in March 1969 for publication,

This contract with Aerojet-General Corporation, Fullerton, California was
initiated under Manufacturing Methods Project 9-800, Plasma Arc Welding
Development. The work was administered under the technical direction of
Mr. Frederick R, Miller, Fabrication Branch (MATF), Manufacturing Tech-

nology Division, Air Force Materials Laboratory, Wright-Patterson Air
Force Base, Ohio.

Mr, 3. L, Baird was Program Manager for Aerojet-General Corporation and
Mr. W. D. Gaw was the Project Engineer, assisted by Mr, G. L. Starr,

This project has been accomplished as a part of the Air Force Manufactur-
ing Methods Program, the primary objective of which is to develop, on a
timely basis, manufacturing proceases, techniques and equipment for use
in economical production of USAF materials and components.

Your comments are solfcited on the potential utilization of the information
contained herein as applied to your present and/or future production pro-
grams, Suggestions concerning additional manufacturing methoda development
required on this or other subjects will be appreciated,

This technical report has been reviewed and is approved.

Ul 1t b
JACK R, MARSH, Chief
Fabrication Branch
Manufacturing Technology Division

All equipment items compared in this report or on this contract are
commerical hardware that were not necessarily developed or manu-
factured to meet Government specifications, to withstand the tests to
which they were subjected, or to operate as they were applied during
this study, Any failure, either objective relative or implied, to meet
the objectives of this study is no reflection on any of the equipment
items discusscd herein or on any manufacturer,
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ABSTRACT

The objective of work reported in this volume was to evaluate the Linde
PT-8 and Thermal Dynamics U-5T plasma are welding torches for fabri-
eating rocket motor cases and weight-critical unfired pressure vessels,
_ Welding studiés were accomplished utilizing- 0, 25~in,-thick 6Al- ﬂhtxnw—f“
and Inconel 718, and 0.063-in,-thick Rene 41,

The PT-8 and U-5T torches were found to require different pilot arc circuits
and orifice gas flow ranges. To achieve contract ocbjectives it was necessary
‘to install pilot arc cutout circuitry and a multifunction plasma gas control to :
provzde satisfactory controls a.nd range for both torches. I

Single pass flat position square butt welds were made in 0. 25~in. -thick
6A1-4V titanium with both torches at welding speeds of 6, 12, and 18 ipm.
No single-pass welds were completely irée of top bead underfill; a second
{or cover) pass was needed to eliminate this. Circumferential keyhole weld-
ing procedures were developed at 12 ipm weld speed with the PT-8 torch
for both flat and horizontal position square butt welds. Orifice gas down-~
slope rate appeared to exert greatest influence on quality in the kevhole
withdrawal area, The U-5T torch exhibited inconsistancy in penetrating
force of the plasma arc and was not used extensively for circumferential

o ..weld procedure development. —Combined mismatch snd gaps up t6 0. 080

' and 0.070-in., respectively, were keyhole welded in the flat position with-
out melting holes in the weld., Plasma arc welds were essentially free of

ey roFity within the ¥ange 61 weld joint cleanliness levels evaluated.

Transweld tensile and precrack Charpy properties of plasma arc welds in
titanivun were satisfactory for the most critical applications. Weld metal
oxygen content of plasma arc welds was 25% to 40% less than in parent
metal, Miscrostructures were normal in all respects for fusion welds.
Hardness in weld fusion and heat-affected zones ranged between R, 3l-and — —

"7 37 in all welds, after stress-rehevmg at about 10009F for 4 hr, Low-~cycle
fatigue life of these welds may be less than 10% of parent metal at equivalent
stress levels.

Keyhole welds in Inconel 718 were produced at é-ipm weld speed and exhi~
bited transweld strength of 99% of parent metal. A simulated circumferen-
tial weld exhibited root bead cracks at the keyhole withdrawal point.

Applications of these plasma torches for sheet metal welding may have

limited value because requirements for torch orifice-end access prevent
narrow chill bar spacing, which causes excessive weld distortion.

iii




The standard shield gas area coverage of both torches was unsatisfactory ;
b for materials covered in this volume. A trailing shield provided suitable —
shielding and was eagily adaptable to both torches, When assembled with

care, both torches were free of water leakage, and factory-recommended

procedures ylelded apparently satisfactory electrode setback and centering I
adjustments, ‘

The plasma arc welding process produced welds exceptwnany free of defects,
Weld physical properties were at least equivalent with those reported for

L i GTAW, GMAW, and electron bearm procssses.in 0, 25+in.~thick 6A1-4V
titanium and Inconel 718, Overall plasma arc weld time is less than one
— third that required by GTAW or GMAW for equivalent applications on these

- materials, Plasma arc and electron beam overall weld times were nominally
d . identical, but the quality and properties of plasmna arc welds were superior
: in 0, 25-in.-thick 6 Al-4V titanium,

Although plasma arc welding requires more equipment components than
- ~ 7 GTAW or GMAW, it is little more difficult to train operators for this
Pl process than for other automatic welding prccgsses.

Gonventional GTAW weld tooling can be employed for plasma arc welding ; :
if relief is provided on the root bead side to dissipate the plasma flame ‘
that protrudes through the keyhole,

" The dxstributmn of th1s report is hmxted becauae it rontains technology
identifiable with items on the strategic embargo lists excluded from export

- or-re~expori-under—U. S—Export-Control-Act-of 1948-(63-STAT: 7 =5

s amended (50 U.S8.C., Appn. 2020-2031), as implemented by AFR 400~10,

o AFR 310-2, and AFSCR 80-20,
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PREFACE

During the last 20 years the gas-tungsten arc welding process (GTAW) has
achieved a widely respected position in the aerospace industry because it can
consistently produce high-quality fusion welds in a wide variety of materials,
and because thé_‘e,qniizmentmndisjullﬁ&gtg@o&i.—&lthonghfthtﬁﬁ’;&w
Process affords comparatively low welding speeds, it is used almost exclu-
sively for welding rocket motor cases and most weight«critical unfired pres-
sure vessela. As vessel size and wall thickness increase, the GTAW procass
becomes more time consuming and expensive. Therefore, more economical
processes for producing premium quality welds are constantly being sought,
Although the gas-metal arc and submerged arc welding processes (GMAW

- and SAW) offer much greater welding speed potential than the GTAW process,
evaluation of these processes on certain high-strength steels has disclosed
that weld quality aind properties are frequently inferior, The plasma arc and
portable chamber electron beam welding processes exhibit somewhat the
same potential for reducing overall welding time, but plasma arc weld quality
does not depend on the integrity of a partial vacuum and plasma accessory
equipment is generally less cumbersome. For this and other reasons,
welding applications of the plasma arc have received increasing attention
during the last 5 years.

.—..The plasma arc-welding-process -evolved-during the-developmerni of the high-
energy transferred-arc plasma torch for metal cutting operations when it
was observed that insufficient plasma stream energy sometimes yielded a
weldratherthanaout, It was Tound that the principal differences between
cutting and welding plasma arcs were the magnitudes of the interrelated
plasma stream energy factors: mass flow rate of plasma (orifice) gas and
arc power density. The plasma arc employed for plate thickness welding
requires the plasma (orifice) gas flow to be accurately controlled; flow
rates for welding are generally less than 10% of those used for plasma cutting.
Arc power density can be adjusted over the entire range between the cutting -

‘plasma arc and the unconstricted gas~tungsten arc to obtain virtually any
desired welding arc characteristic.

In suitable material thicknesses, certain combinations of plasma gas flow,
arc current, and weld travel speed will produce a relatively small weld pud-
dle with a hole penetrating completely through the weld plate at the leading
edge of the weld puddle {called the keyhole), an unusual and exclusive charac-
teristic of plasma arc among the gas-shielded welding processes. Ina
stable keyhole mode weld, molten metal is displaced to the top bead surfasce
by the plasma stream (in penetrating the plate) to form the characteristic

xiii
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, keyhole. As the plasma arc torch is mechanically moved along the weld joiat, ]
.. metal melted by the arc is forced to-flow around-the-plasma stream along the — o T
; molten side surfaces of the keyhole to the rear where the weld puddle forms :

® and solidifies. Thus, the keyhole mechanism forms a relatively narrow and :
very deep "'melt~thru' fusicn weld of unusually high gualify. -
3 !
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Section I

INTRODUCTION

Plasma arc torches designed specifically for welding have been marketed by

—two firms for about 5years: Linde Diviston of Unlon Carbide Corporation

produces the PT-8 torch, and Thermal Dynamics Corporation produces the
U-5T torch. These torches reflect several iteratively developed configur-
ation and design features that vary according to the manufacturer's objectives,
and a plasma gas control console is made for each torch to provide for their
individual service and process requirements. (These plasma arc welding

_torches and the process in general are discussed in References 1 through 9.)

Previous work in evaluating these torches for practical applications has
been largely qualitative; relatively little numerical data concerning the plate
thickness welding characteristics of the process and equipment has been
developed in the following categories:

a. Repeatability characteristics of available equipment
for producing premium qusality keyhole mode butt
‘welds in high~strength steel, titanium, and nickel
base alloys in the flat and horizontal weld positions.

“b. “Procédural methods and repeatability for making ===
keyhole mode circumnferential welds in the above

_materials in thicknesses up £0 0.62 in., and in par-

ticular, the consistency of weld quality in the weld
zone where overlap of the keyhule initiation point and
kevhole withdrawal occurs. '

c. ,Correlation between plasma arc welding variables
and weld properties in certain alloys that may exhibit
sensitivity between mechanical properties-and weld -
energy input,

d. Comparisons of the different plasma arc welding
torches available for production applications.

The objective of this contract was to contribute data describing the capabilities
of the plasma arc welding process for making circumferential welds in rocket
motor caset and other weight~critical pressure vessels, and to quantitatively
compare the process with other more widely applised welding processes now
used for welding high-strength alloys. The materials used for welding the
studies for Categories a, b, and ¢ were an 18% Ni maraging steel of 200-ksi

¢




- yield stress INi=4Co=, 25C steél (in thicknesses of 0.25 and 0,62 in.), solu-
tion treated and aged 6A1-4V titaniwm alloy {0, 25 in. thick) and, to a legser
extent, Inconel Alloy 718 (0,25 in. thick) and Rene' 41 (0,063 in. thick).
Category d was evaluated by applying the results of investigations of Cate-
gories a, b, and ¢ to produce girth welds in six 24-in.-diameter spherical

minimum yield stress (in thicknesses of 0.25 and 0, 62 in.), 180-ksi minimum

- pressure vessels, Three of these spheres wore 0. 25-in.«thick 6ALI=4V

titanium alloy, and three were 0, 50-in.-thick 18% Ni 200 grade steéel. The
welded vessels were inspected using normal nondestructive technigques, heat
treated, then hydrostatically tested to failure. Hydrostatic pressurs and
related strain gage data were recorded for all tests, and acoustical wavs
emission measurements corresponding to incremental flaw growth were
atternpted for two burst tests,

This volume extensively discusses methods and results relative to pressure
vessel fabrication and burst testing, and Section II includes an updated dis~
cussion of the comparable features of the Linde PT-8 and Thermal Dynamics
U~5T plasma arc welding torches, It is probably the most relevant discus-

. sion of torch performance in this report because it includes the results of .
I ' some very recent work with the U-5T7 that is meaningful in terms of per-
: formance advertised for this torch.
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SECTION I

TECHNICAL DISCUSSION

ﬂ*\ﬁ«m%%mw?m.ﬁ
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2.1 GCEMERAYL o

The work accomplished during evaluation of the PT~8 and U-5T plasma arc
welding torches for welding titanium and nickel alloys is described in this
section. The major objective was to determine the capabilities of these
torches for producing butt welds of very high quality., The scope of this
work comprised extensive evaluation of specific plasma arc welding condi-
tions and ‘équipment requirements, nondestructive testing of welds, and
metallurgical evaluation of weld cross sections; further testing of welds
in certain materials was accomplished to determine characteristic tensile
properties, precrack Charpy impact properties, and low cycle fatigue prop-
erties. Weld conditions data were obtained for several different materials
during this time. (See Appendix I.)

Two kindsjaf weldment configuration are important in this work., The
simpleat configuration is the straight seam butt weld, where the weld can
be initiated and terminated on disposable runoff tabs; this eliminates the

- ——are-start-and -stop-areas from the weldment proper. The more ¢ritical

circumierential type of joint (girth weld) must include the weld arc start
and stop areas within the weld deposit, and somewhat different procedures

oot SRR 8. s

are usually required to obtain satisfactory weld quality in these areas.

Plasma arc welding has been represented as a significant advance in fusion
welding process technology for both of these weldment configurations,
particularly for material thicknesses of (0, 090 in, and heavier. The

work repurted emphasized developing welding conditions for making butt

welds in a simulated circumierential weldment configuration, because it

was necessary to determine the practicability of girth welding spherical ==
pressure vessels, Where applicable, potential for making simulated cir~
cumferential welds in the horizontal welding position was evaluated. .

2.2 EQUIPMENT DESCRIPTION

2.2.1 Plasma Arc Welding Torches

The plasma arc welding torches utilized for all welding on this program
are shown in Figures 1, 2, and 3; Figure | provides a useful size compari-
son. The PT-3 torch was used only very briefly at the start of this pro-
gram, before the PT-8 became available,

3
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General Features of U-5T Torch,

Figure 3,
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__At the start of the program, one of the authors-visited the welding-labora=-- - - - -
tory facilities of both Linde and Thermal Dynamics for briefings on the
latest setup and application procedures recommended for the PT-8 and
75T torches. Two days were spent with each firm; both contributed in-
formation and engineering data on torch design, operating principles,
and process applications, Lisde personnel supplied useful data on welding —
conditions for 3everal materials and thicknesses,

|
|
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The PT-~-8 and U-5T torches, as they appear in Figures 2 and 3, reptedent

the August 1967 state of the art (of the United States) in transferred-arc

plasma welding torches made for plate thickness welding. The electrical

: circuit difference between a transferzed dnd a nontransferred arc torch

- oo ——ig-illustrated in Figure 4. Thé nontransferred are “generally delivers

) larger quantities of heat to the orifice (which is really the anode) than a
transferred arc and it has not been developed practically to yield a plasma
configuration satisfactory for ke';rhole mode welding in plate thickness

. material, - : ,

'.‘—;.".»;;.E .

. The PT-8 and U-5T plasma torch designs utilize tungsten bodies for the
negatzve electrode element {cathode), and water-cooled copper bodies for
the orifice element that forms the plasma stream. Both torches utilize
the inner orifice wall as a high-voltage/high~frequency current conductor

- ...during the arc starting interval.--The- -plasma-arc-is-started-as-a-lowscurrent =

_ discharge between the electrode and the orifice wall, which then changes
to the transferred-arc mode as the ionized gas created by the pilot arc is

swept-(by-the orifice gas ftow) Jintothe fnoFmally noAcondictive space between
the electrode and work piece. One difference between the two torches is the
magnitude. of the low~current (pilot arc) discharge used to initiate the plasma
arc, The PT-8 pilot arc operates at less than 5 amp; the U-5T operates
at about 20. amp. Due to the inherent potential for arc. power losses, the : T e
U-57 emplays a switching setup to deenergize the pilot arc circuit and : :
thereby electrically neutralize the orifice after the plasma arc is estab- - 77#:&44;
~ lished. Although normal operation of the PT-8 does not require that the
orifice be electrically neutral, it was simpler for this program to connect
the pilot arc circuit as shown in Figure 5. An industrial induction-motor
starter relay is employed to open the pilot arc circuit at a preset time
after plasma arc ignition. With this arrangement, the time interval of
pilot arc circuit continuity for starting the plasma arc from either torch g
can be optimized., A simple knife switch is employed to connect the plasma ;
arc starting high-frequency generator eircuit with the orifice of the torch
being used for welding,
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Electrical Connection Differences for Noatransferred
and Transferred Arc Torches.
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Figure 4.
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b
d
Aligmment of the electrode within the plasma~forming orifice is important o
b—i— - —for-consistent-plasma-arc starting and for symmetry of the velocity pro= ~ T
- file across the plasma arc. Proper alignment consists of two steps: "
° (1) setting the electrode the correct distance inside the orifice {electrode S
setback), and (2) centering of the electrode within the orifice, R R
- : The*m‘&ind‘u‘gfir—“_hhze_‘Semﬂﬂﬁlfimt’tﬁmentﬁmrtodeveinp
0N 4 and ghape the. plasma arc., One result of this is a difference in the recoms-
: mended ranges of plasma (orifice) gas flow. Figure 6 illustrates
= the significant configuration differences, and the idealized inert gas flow .
patterns characteristic of each. The minirouwrn and maximum factory- P

recommendéd ofifice gas flow levels are shown in Table I for each torch,
along with othe¥ procedural data,

_Table 1. Grifice Gas Flow Levels,

3 et _ Weld Weld
CFH Material Current Speed
, "PT-8 {(Linde Process Manual) _ ] .
| Minimum flow | 7.5 70/30. brass 140 21
L 4. - .}1.0.080 in. thick] - - - i

Maximum flow | 27 | Titanium, 100l 250 | sz | .
777 T T T in, thick (0.44

r- j Root Land, 60°
J-5T {Thermal Dynaxmcs U-5T Torch Manual)
: Minimum flow z 304;.5#&::1&58 i50 15 S
. ' steel, 0.125 in. o ) _ PRSI
N ' 1 thiek _ :
b Maximum flow 4 ‘304 stainless | 380 | g9 |
steel, 0.375 in.
; thick
3
13
No attempt was made to verify these conditions because they did not

E directly apply for the materials and thicknesses specified in this program.,
’
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2.2.2 Plasma Gas Control System

Early in the program it became apparent that a plasma gas control system
capable of producing satigfactory welds with either torch was an urgent
necessity, but program funding did not provide for its procurement, Ala
though a built-in plasma gas control was included in the program contrel

was severely limited in gas mixing capability, and accurate flow control of
orifice gas at the very low rates recommended by the manufacturer for the
U-5T was not possible. In addition, existing copper tube joints could not be
sealed to completely eliminate gas leakage; plasma gas contamination with

. was found to be present, Four attempts were made to temporarily modify
- ‘this built-in system, but none of the modifications performed satisfactorily,

A completely new plasma gas control system was designed and fabricated
with components cornmon to the old system. The manufactareris torch op-
erating parameters and service requirements were used to establish weld
sequence timing provisions and inert gas flow range limits. This BYS -
“terni was laid up on a large plywood board, as shown in Figure 7. The
- pliumbing and eléctrical schematics of the gas flow control functions are
“7included as Apperdikes II'and Ul

- power supply used for this work (Linde Missile Maker, SN 17); the system

air, apparently by a boundary layer reverse flow mechaniam {Reference 10},

" The system was éI&Eﬁéﬁl& integrated -.v;}iththe-programm' ing module of
the weld power supply. The important operating charactervistics of this

2.2.2.1 Gas Flow Functions

" A major objective of using this system was to obtain a range of gas' flow
metering that included the extreme limits of flow recommended for either

- —torch —Accuracy was also important; to ensure that gas flow rates were
accurate, the flowmeters to be emploved for plasma {orifice) gas metering
were subjected to flow calibration by a cexrtified engineering laboratory.
Certification sheets were obtained with flow curves for each flowmeter,
included as Appendix IV, which indicate tha the absolute accuracy of the
calibrated flowmeters at any point on the flow curve was within 0. 02% of the
total flow range, The flow settings data repo.ted in this program are con-~
servatively estimated as being accurate to < 0, 3% of full flow range.

The flowmeters were mounted at eye level in the aluminum frame (shown

in Figure 8) mounted on the board (Figure 7). The eye level position was
selected to minimize errors in float setting die t0 parallax. To set {low

i5
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.. . .rate, the top of the spherical float was aligned with the desired graduation

on the tube, The gas flow ranges obtainable with this arrangement were
as follows:

Argon orifice gas

“Bypass gas flow -- 0, 46 to 7. 39 cfh (FM-1).
Keyhole gus flow -~ 0.46 to 45.32 cfh (FM-1, -2, and -3),

Argon shield gas flow == 0 to 160 cth (FM-6).

Helum orifice gas - i
Bypass gas flow -» 0,28 to 4. 90 cfh (FM-4),
Keyhole gas flow -~ 0.28 to 22, 96 cfh (FM-4 and -5), k
Helium shield gas flow -~ 0 to 230 cth (FM-7). A
 Hydrogen orifice gas.
- 3!’9@85335f10‘w *-f0~16t02.71~cfh—{FM~4) S e e e e
~ Keyhole gas flow -~ 0. 16 to 17,13 cfh (FM-4 and -5). |
e o i‘
Micrometer thimble needle valves were used to allow stepless adjustment E
of orifice gas upslope and downslope intervils. These units provided the é
following ranges of interval control, within the indicated repeatability £
tolerance: : _ . u
: a. Upslope of orifice gas from bypass to}ggzho}gffg)g;gighf,7,,7,,,_7,,, . A
T i 72,0t 97,0 sec; repeatability accurate to + 0. 5 sec
(by stopwatch).
. .
’ b, Downslope of orifice gas from keyhole to bypass flow level,
i 5.0 to 150 sec; repeatability accurate to + 0.5 sec (by
X stopwatch).
’ Figure 9 illustrates a characteristic gas flow downslope curve for this
system. The linearity in gas flow decay with time is retained over a wide
F range of downslope intervals.
% 18 |
| ]
|
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Figure 9. Characteristic Orifice Gas Flow Downslope Curve, New
Plasma Gas System.
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~delayed- by timers fcr perxods ap to 30" sec after the automated weld atop '

2.2.2.2 Orifice Gas Flow Slope Timing

The start of orifice gas upslope could be delayed by a timer for periods up
to 30 sec after the arc had been started. The downslope of orifice gas
started immediately when the aut mated weld stop cycle was initiated the

cycle had been initiated. These functions sloped together because their
generators were connected to the same rate control, Wire feed and weld
travel could be stopped automatically by timers before the src was extin~
guished to allow graduil reduction of puddle size by current downslope
to control weld crater cracking(for simulated cxrcumferenhal welds).

- ‘Lhese. functmns were repeatable within +-0. 5-sec.

2. 2 2.3 Gas Mixmg Functwns

Gas mixing could be accomplished by making appropriate changes in the
solenoid sequence ‘switches; these switches (14) are mounted on a panel inthe
upper left center of the board of Fxgure 7. Gas flow control was arranged .
so that the orifice and shield gas circuits were purged at_abnor Aly high

" flow rates With pufe argon prior to arc ignition, and the arc wés .,always

started in pure argon ﬁgas,mn:mg.caulijm delayadby -a-timer for-intérvals:-

"of up to 30 sec after the arc was started. Mixing gradually proceeded to
- desired proportions according to a slope-up rate preset by needle valves in

A

P
i
i

i

- -

R —

hath orifice and shield-gas-cireuits;—it-was-found-to-be-heipfulto-slope up
helium or hydrogen gas in both the orifice and shield gas circuits, because
sudden inixing (by a soclenoid valve) was accompanied by a gas flow surge
which sometimes extinguished the plasma arc. Using this system, either
hydrogen or helium could be mixed with argon, The gas mixture propors. .
tions obtainable depended to some extent on the total orifice gas flow de~
sired; however, it was possible to obtain accurate mixtures of up to 90%

-~helium =~ 10% argon at total orifice gas flow rates as iow as 4, 6 ¢fh. In

using mixtures of hydrogen with argon, the 1% to 11% hydrogen range for
orifice gas composition had been suggested for nickel base alloys (Ref-
erence 6); with this system, hydrogen could be mixed with argon at a miai~
mum hydrogen content of 4%, at a total orifice gas flow rate as low as

0. 48 cfh.

2.2.3 Weld Program Control Power Supply
The welding power supply employed for this program is illustrated in

PFigure 10 (Linde Missile Maker, SN17), It is basically a constant-current
power source and is capable of producing a maximum current of 275 amp

20
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at about 37 arc volts, Higher currents were available with lower load
voltages at a maximum power output of about 10 kw. Maximum current was
limited on this power supply because tie power transformer was altered
prior to this contract to provide better regulation at very low weld cur-

mg

rents for GTAW welding, The maximum apen ¢irétit voliago avatlable for
‘arc starting was 62 vde regardless of sfart current.setting. Figure 11
illustrates the correlation between the weld current control potentiometer
setting and output current for this machine; the data for this plot were
obtained using the U-5T torch. The current cq_gtroﬁl__@gtomati;_ally maintains
weld current at a preset level within + 3 amp. ' ' -

~“This machine is capable of automatically réproducing weld programs with

satisfactory accuracy. The weld program for any-welding task ig neces-y
sarily divided into four basic intervals by the programuing module arrange-
ment: preflow interval, hot start interval, weld intarval, and crater fill
interval. The new plasma gas control system is electrically integrated
with the program control module so that all essential plasma arc welding
functions are coordinated and repeatable. (Appendix V- illustrates the pro- .
grammed sequence of events in 2 standard keyhole mode plasma-arc weld, .
produced with this machine.) ... 00 0T

2.2.4 Trailing Shield Considerations -

The PT=§andU=5T toYches prodiced 4 Keyholé fode weld without aug-
mented inert gas shielding of the weld puddle area, but oxidation of the

weld area was gensrally severe when using only the shielding gas coverage
provided by the standard tdich compbnents. ‘Early in the program, a suit-
able trailing shield for titanium welds was developed (Figure 12); it was
dragged along the surface of the work-by the torch, which contactad the
shield only at points on the transparent electrical insulator. The trang-. .
~ parent insulator was employed because it was necessary to observe the weld
in progress, and because it was vital for arc starting to electrically isolate
the torch from the shield. It developed that the minimum space between

the torch and the shield should be 3/8 in., to prevent undesirable arcing to
the shield during plasma arc starting. The Pyrex glass insulator material
performed satisfactorily when handled with care. This shield purged to an
inert gas purity satisfactory for keeping titanium welds bright silver, in

1 min at 200 cth argon flow. It was satisfactory for welding 1/4-in,-thick
titanium at speeds up to 14 ipm; some discoloration developed on welds

in this material at a travel speed of 18 ipm, This shield was about

11.1/2 in. long.

22
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- Figures 13 and 14 illustrate unsuccessful trailing shield-configurations.
The Figure 13 configuration shielded effectively but the insulator fused
where plasma backstreaming from the keyhole impinged; this caused early

z'lure of the insulator. The Figure l4 configuration did not provide con-
sistent shielding,
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2.2.5 Weld Fixture Considerations

The weld fixture employed for all straight seam welds on this contract is
shown in cross section in Figure 15, This fixture purged to satisfactory j
inert gas purity in 1 min at 100 cfh argon flow, The steel bars that formed §

“the sides of thé backup groove could be adjusted to provide different groove i
widths to vary tool heat absorption effects, The copper backing plate
effectively prevented the floor of the groove from being eroded by the plas~
ma flame protruding through the kevhole. Properly adjusted plasma flame

_impinged directly on the copper plate; however, no measurements were
made to determine whether an effective parallel current path existed with
this arvangement. Figures 16 and 17 illustrate this fixture setup for flat
and horizontal position welds.

e B 3 WELDING INVESTIGATIONS AND RESULTS - =

273 T Ttaniuén 6AT-4V Wate, Nominally 0,25 in, Thick

2.3.1.1 Initial Keyhole Mode Weld Procedure Development

Initial welding comprised examining welding conditions for flat position
‘single pass keyhole mode welds with both torches, primarily to determine .. .. . . = = 2.
the compatibility problems between the new torches (PT-8 and U-5T) and
the Aercjet welding equipment and tooling, It was found that 65 psi was

not enough coolant inlet pressure for the U~5T torch, but a 125-psi Ther-
mal Dynamics pump satisfactorily solved this problem. Unsatisfactory
low~-range orifice gas flow control indicated a need for an improved plasma
gas system; however, a temporary setup incorperating a flowmeter recom-
mended by Thermal Dynamics was used to make a number of welds., De-~
velopment of an efficient trailing shield compatible with both torches was
initiated. This and later work on Inconel 718 showed ‘conclusively that, to
be positively effective.in excluding air from the top bead surface of the
weld, the shield raust enclose the torch end in the manner of the shroud-
type shield illustrated in Figure 12.
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Figure 12, Shroud-Type Trailing Shield
Configuration of Proven Performance,
Showing Pyrex Glass Torch-To~Shield

Insulator,
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Figure 13, Unsatisfactory Trailing
Shield Configuration.
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Shield Configuration,
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After solutiond 16t torch compatibility and shielding problems had been
initiated, ermnphasis was placed on evaluating welding procedures for single
pass keyhole mode welds without the addition of cold filler wire, utilizing
the exiating equipment, Comparable weld conditions for the two torches
were not found in the manufacturer's literature. Therefore, limited ex-

B s a8 bttt

ploratary welding was perforried to deteirmine starting peint conditions.
Weld travel speed was maintained at 6 ipin initially and orifice (plasma) gas
flow -and arc current were adjusted as necessary to establish reasonably
stable keyhole welding conditions, Welding was performed on titanium
plate cleaned-in 3% HF/40% HNO4 solution, then wiped with alcohol just
before welding; welds were keyholed into plate without a machined butt
joint, The more important results of this first work are ﬂ.lustra.ted in -
Figures 18through22z,

The effects of variations in torch-~to-work distance (standoff) uging both .
torches at a common travel speed of 6 ipm are shown in Figure 18. Stand-
off variations in the range from 1/8 to 1/4 in. did not seriously alter the
quality or configuration of weld top or root bead surfaces, although no single-
pass keyhole mode welds were made in 0.25~in,«thick plate that were complete-
ly free of top bead underfill, ‘The principal effect of standoff increases (in’
this range) was to diminish the keyholing force of the plasina axc., Heat~

affected zone width was reduced as standoff was redgced from 1/4 to. 1/8..

Tin,, without mgmhcant change’'in fusmn zone size,

f e .

- -resulting in reduced fusion and heat=affected zone widths,

Pure argon is comp,ammh,aehelmm_ugnmxmwas—th@@ﬁ&eaﬁgas in
Figure 19, Use of hellum-argon mixtures fér orifice gas produced & more
diffuse, less penetrating plasma arc. and somewhat wider fusion and heate

affected zones than pure argon at 6 ipm travel speed.

Effects of limited variations in travel spe'ed are shown in Figure 20.
Increases in travel speed required corresponding arc current mcreases,

In efforts to develop an effective trailing shield, some 0. 125-in,-thick
material was welded to minimize the consumption of more expensive
0.25=~in.~thick plate. The welds illustrated in Figure 21 were produced
using the PT-8 torch; this illustrates that severity of top bead underfill
moderately increases with material thickness in keyhole mode

weids.

The production of satisfactory keyhole mode welds in square butt joints

requires that the keyhole be centered in the butt joint to melt both plate
edges, with some tolerance for error in tracking alignment of the keyhole
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T2A1-1, 3/16 IN, STANDOFF — — — — — : _ - :
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Figure 18, Effects of Torch Standnif Distance on Plasma Arc Welds in

Frarteet B AT T At B 3 4 b1

0.260-in.~Thick Mill-Annealed Titanium 6A1-4V Plate, Single Pass

Flat Position Welds, No Filler Wire Addition, as Welded,

i
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g 2009 ~2-Q=1 ;
! Figure 19. Single Pass Flat Position Plasma Arc Welds in 0.250~in.-Thick o
Mill-Annealed Titanium 6Al-4V Plate, No Filler Wire Added, as-
Welded, Showing Effects of 2 Different Orifice Gases on Weld
Fusion Zones and Heat-Affected Zones.
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U-5T TORCH, /8 IN.ORIFICE - s
COTIAI-I2, 41PM o o
TIA-12,51PM ;
TIAL-I2, 6 1PM o o e e
PT-8 TORCH, 136-M ORIFICE
TIALT, 7IPM e e e e e
i
T TIAIS, 8 IPM e
TIAL-3, WOIPM _

Figure 20. Effects of Weld Travel Speed on Plasma Arc Welds in
0, 250-in,-Thick Mill-Annealed Titanium 6A1-4V Plate,
Single Pass Flat Position Welds, Ne Filler Wire Addition,

as-Welded.
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+

U-5T TORCH

T2A1-1, 1/16 IN. ORIFICE

R BT S

T2A1-2, 3/32 IN. ORIFICE

TIAL-13, VA INORIFICE

PT.8 TORCH .

T2A1-3, 13-4 ORIFICE

8X ' HiNO4 HF ETCH '

m“"“?'igure 22. Single Pass Flat Position Flasma Arc Welds in 0, 250-in.-
Thick Mill-Annealed Titanium 6Al-4V Plate Made with Different
Torch Orifices, No Filler Wire Added, as-Welded.
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on the joint line. The PT-8, using the 136-M orifice insert, prodiced a

weld with a2 minimum fusion zone {root bead) width of about 1/8 in. in this

material, which was satisfactory if the joint tracking alignment of the torch

was maintained., Although narrower weld fusion and heat-afiected zones

were obtained using the U.5T with 1/16- and 3/32-in. orifice tips, the mini- -

: **E"i’"*’"* ~—maum fusion zone Mh*f"*-‘\ded by these orifices was also nzrrowar; thi /%T_'.T_:I

reduced the tracking alignment tolerance, Figure 22 illustrates welds made

at 6 ipm for comparing minimum fugion zone (root bead) widths, The

U-5T torch could produce a root bead over 0. 10-in. wide when the 1/8-in. ﬁ
orifice tip was used, but the resulting weld top bzad and heat.affected ?
zones were slightly wider than comparable areas in welds made with the
PT-8§ at the same weld apeed,

The keyhole initiation, overlap, and withdrawal areas were initially con-
sidered as separate elements of the weld. Efforts were concentrated on
evaluating various methods for starting the keyhole to deterinine where

emphasis should later be placed. A critical review of keyhole initiation ]
techniques for circumferential plasma arc welds was not found., Therefore, y
to clarify an area of uncertainty, first efforts were concentrated on simul~ s 107
taneously starting the arc and the keyhole from a dead stop. . It was not

_possible to produce a keyhole from a standing start without exceeding the T

20% maximum weld width variation specified in Appendix VI. Itwas also demox;-t .

- gtrated-that;-for-overlap welds; the keyhole ¢an exhibit inconsistency in R :

penetrating the thickened weld path area that frequently results from weld
metal displacement at the point to keyhole initiation, - Use of a drilled hole

ep— B

et St L

%’?’f?ﬂdﬂuv” .

tostart the keyhole did nof effactively reduce weld start width or weld metal
buildup (see Figures 23, 24, and 25), Therefore, work on the standing

start keyhole initiation technique was stopped, and traveling keyhole ini-
tiation procedures were evaluated for ability to be welded over by a key-

hole pass without causing quality problems. A satisfactory procedure was
developed and most starts obtained from this procedure were sound. How-
___ever, occasionally plasma gas entrapment caused internal veids-ofvarious- S S
lengths., It was found that these voids could be welded over with a keyhole
and consistently eliminated, Therefore, the cccurreace of voids in the weld

start area was not considered to be a serious problem.

2.3.1.2 Development of Procedures for Circumferential Welds

The methods used to evaluate keyhole mode welding conditions for circum-

ferential butt joints in 6A1-4V titanium were oriented toward development

of gquality-optimized welding procedures. Therefore, it was necessary «
to first define the process variables that might significantly affect the

40
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LACK OF FUSION AT DRILLED

START HOLE 7 B
U-5T TORCH, TIAL-25-5, 45, - -
1/16 IN, ORIFICE" . .
COLD LAP

PT-8 TORCH, TIAL=18=5, 1, —
136.M ORIFICE — __ -
GAS ENTRAPMENT

U-§T TORCH, T1Al-%0.5,43, B8 - ,
mzm.ommce____. . Ly : .

E

PT-8 TORCH, T1A1-20-$, 43, |
136-M ORIFICE — _ _!

B AR R

EXCESSIVE MELT THROUGH 3
U-5T TORCH, T1A1-29-S, 2, ] :

™ 3/32N. oRiFICE —

3

~PT=g" TORCH TIAT=2255, 82— R
136-M ORIFICE . _ _ 1

x HNO, /HF ETCH .

WOFm2aY =t E:

Figure 25. Longitudinal Cross. Sections of Plasma Arc Weld Start Areas
lustrating the Types of Defects That Can Occur in Keyhole Initiation
, Areas When a Standing Start Technique is Employed. (Single Pass
e Flat Position Weld in 0, 250«in.-Thick Mill-Annealed Titanium
: bA1-4V Plate, No Filler Wire Added, as-Welded.)
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= -quality of thig kind of weld, . Initial work suggested that- the-following — -~ -~~~ I
variables could affect quality in both the steady~-siate weld and xeyhole
3 withdrawal areas: : ‘ :
= Torch configuration
o - PT-8 i—végfic;,di;axﬁ;t&w : -
X Single or multiport orifice L
| Electrode setback : o
st Electrode point configuration
g { : . U=5T . .Orifice diameter
e T S ~ 7 Elettrode setback
§ Electrode size
%

Torch standoff distance

 Weld current

Weld travel gpeed:

 Orifice gas

o Qrifiéézgas flow
~-Shield gag—- -

B : Shield gas flow
Material thickness (and liquid phase characteristics)

Orifice gas flow downslope rate

Weld current downslope rate

b

¥

i Minimum weld current level {during downslope)
1

Voo Weld travel speed downslope rate

»

Time phasing of current and travel downslope relative to
orifice gas flow downslope

Weld tooling configuration
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= — —each; foratotalof 1,280 tests. Because of uncertainty as to the limits to be

A review of potentially suitable statistical methods for evaluating the relative
- -influences of this afray of variables nn weld quality suggested the use of a
factorial experiment design, Howevar, it was found that a full factorial
experiment for evaluating the main effects and interactions of the listed vari-
ables would require mote than 16, 000 tests. The same kind of experimental
design for 7 variables required 123 treatment combinations at 10 replications

-applied on the evaluation range for each variable, statisticians could not
‘guarsntee that such a 7-varicble experimental design would provide sufficient
data to define a keyhole overlap and tail~off procedure capable of producing
acceptable weld quality in these areas consistently, Statistical experimental
designg of this nature were “pot originally & part of this work; practical limits
‘existed on the relative amount of weld testing that could be devoted to this
"work; and these kinds of statistical experimental designs were therefore not
- employed in optimizing keyhole overlap and tail-off procedures.

At this point it was clearly necessary to substantially reduce the number of
“Variables to be studied in developing keyhole overlap and tail-off procedures.
' Each torch was restricted for further work to a single combination of elec~
- - trode, orifice, -and electrode setback. Standoff distance and weld tooling
configuration were fixed. Listhited weld testing was then undertaken to define
& range of steady-state welding spéeds with reasonable potential for producing
satxsfactory quality in keyhole overlap and keyhole withdrawal areas, Flat. .
“position square butt welds were produced in 0. 26-in,~thick mill annealed
6414V titanium plate; arc current, orifice gas flow, and shield gas flow

" were adjusted to producé a strong, stable keyhole-at-weld-speeds-of-6;-12;

and 18 ipm. In these tests, the criterion for a strong keyhole was that the
residual plasma flame protruding through the keyhole impinge on the copper
floor plate of the fixture (1 in. away) without loss in flame diameter. This
work and all subsequent welding on this contract was accomplished using the
multifunction gas control illustrated in Figure 7 and the trailing shield shown
in Figure 12.

Welds made at 6, 12, and 18 ipm under stable keyhole conditions were free
of defects except that all specimens exhibited degrees of top bead underfill
at both fusion zone edges. It is probable that welding speeds above 18 ipm
are practical for this material and thicknesses on straight seam joints, but
at 18 ipm, 290 amp were necessary to achieve a stable keyhole using the
PT-8 torch. This is above the 250-amp limit suggested for this torch and
orifice in Reference 6, although no orifice damage was detected after the
relatively short weld specimens (24 in, ) used in this test series were
completed,
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After satisfactory steady-state kevhole conditions were establic’ .ed with each
torch at the three weld speeds, cverlap and keyhole witk4rawal procedures
were evaluated. A simulated circumferential weld joint configuration was
used; this comprised 2 square butt joint 24 in. long in which the first keyhole
weld was initiated in the center of the joint (using 2 programmed staxrt cycle)

and carried to the end of the plate where it was terminated with a rapid slope-

down c¢ycle. A second keyhole weld was then started at the opposite end of

»-—-F.————-——weld#em—?y#&%e Al f2-inafter-kevhole-withdrawal ooccurred. —Typicsl

g -

the plate using a short keyhole start cycle, carried toward the start of the
first weld and over it, then gloped down, using a controlled keyhole with~
drawal program to simulate the keyhole closeout in a circumferential weld
joint.,

It was found that it was possible to weld over keyhole initiation areas without
loss of the keyhole at all three welding speeds, The root bead (or mel{-thru)
protruded from the plate surface more in the overlap area than in steady weld
areas because even the running keyhole initiation procedure leaves a thickened
area where the keyhole first appears. Root bead protrusion effects were
greater in welds made with the U-5T torch. N
The consistent production of a defect~free keyhole withdrawal area was the
major problem encountered in developing circumferential welding procedures
for 6A1-4V titanium. Two weld quality features were important in this
problem: (1) there was always an area of combined underfill and localized

_concavity on the top head surface where the keyhole_ceased-to.penetrate-the

plate (kevhole withdrawal); and (2) plasma gas entrapment in the form of
closed, irregularly shaped subsurface voids was found at points along the

X.rays of void~free and void~containing keyhole withdrawal zones are shown
in Figure 26, Although limited welding was accomplished at 18 ipm, the
severity of the top bead concavity and underfill at the keyhole withdrawal
point was such that satisfactory coverage of this area with a second weld was
judged to be impractical using a constant filler wire feed rate, Therefore,
work on 18 ipm keyhole withdrawal procedures was discontinued and effort

- was concentrated on 1Z-ipm procedurés because both 6- and 12-ipm condi-

tions yielded top bead contours that could be satisfactorily removed with a
second or cosmetic weld pass.

At the point in this program when the weld variables influencing keyhole
withdrawal quality were being studied, the U-5T torch began to exhibit incon-
sistent arc force. This effect essentially invalidated previous weld procedure
development work. While Thermal Dynamics personnel were evaluating this
problem, weld testing was accomplished only with the PT-8 torch.

46

f.:;mv"‘




Y TR PNV NP

VOID FREE KEYHOLE WITHDRAWAL AREA, SINGLE PASS WELD

ot < o

it anth b b s

[

’ X-RAY CLEAR KEYHOLE WITHDRAWAL AREA AFTER WIRE COYER WELD

' Figure 26, X-rays of Keyhole Withdrawal Areas in 0, 250-in.-Thick
6Al1-4V Titanium Plate.
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Additional procedure development welding indicated the weld variables that
have greatest influence on the guality of the keyhole withdrawal zone are

a. Orifice gas flow downslope rate.

b. Time phasing of weld current downslope following
initiation of orifice gas flow downslope.

c. Material thickness,
d. Welding position.

Unfortunately, their effect on flat position overlap weld gquality was only
generally estahblished during this program. -The most significant data are
presented in Table II; void occurrence in the keyhole withdrawal zone(ls
shown relative to material thickness and orifice gas flow downslope interval.
The apparent influence of gas downslope interval on void occurrence in the
0. 248~ to 0, 252-«in. thickness range suggests this is the variable of greaéest
significance, In 19 tests, 19 void-free keyhole withdrawal areas were obtained
in this thickness at the 7. 7-sec gas downslope interval, Simple statistical .
treatment of the data on flat position welds at this downslope interval yields
the following success and confidence estimates of weld quality potential,
based on a sample population of 15:

Satisfa&tory Overlaps to be )
Expected in 10 Attempts Lower Confidence Level

* R M g,

A%a)- {%)

95 50
92 70
90 80
g5 90
82 g5

The other three variables exkibit uncertain significance, It can be inferred
that the greatest potential for producing a void-free overlap exists when
orifice gas flow downslope is completed before current downslope is started,
but there were enough successes (14) when that was not the case to decrease
confidence in any tread; the contradictory successes all occurred at gas
downslope intervals in excess of 7,7 sec. Material thickness effects were
not thoroughly evaluated, but increases in parent metal thickness cause
proportionate increases in the volume of molten metal carried in the weld
puddle behind the keyhole; it is this molten metal that must solidify progres-
sively without voids during keyholc withdrawal to yield an acceptable weld.
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As a variable, material thickness exhibited the expected effect in that more
voids were found in thicker material, The significant liguid phase properties
of titanium, and particularly the influence of chemical composition on vis-
cosity and surface tension, were not found in the technical literature. Thers-
fore, poteatially signficant molten metal surface tension and viscosity
variations associated with chemical composition differences could not be
evaluated. The influences of material variables did not appear to be predoms=

¢ oy Rl e o .

inant at the 0, 248~ to 0,252-in. thickness level, where a large part of the
Table II welding data were obtained. Additionally, no voids were found in the
keyhole withdrawal area of any of the horizontal position welds; more data
would be needed to establish the statistical importance of the position variable
because the sample population was only four tests,

Figure 27 illustrates a successful combination of welding conditions and
timing for keyhole mode circumierential welds, using the PT-8 torch. Fig~
ure 28 shows the conditions required to make a circumferential keyhole mode
weld both before and after the problem of reduced keyholing force oceurred
with the U-5T.

Melt-in mode welds can be made with either plasma torch by minimizing the
penetrating force of the plasma arc and by spreading the weld puddle; this
was accomplished by reducing total orifice gas flow and using large percent-
ages of helium in the orifice gas, It was found that melt-in mode welds coald

be produced with oither torch using similar conditions, except for total orifice.

gas flow, Steady-state keyhole mode welds in 0. 25~in, -thick titanium were
satisfactorily covered using a meilt-in fusion cover pass, without filler wire

I g

additionto eliminate top bead underfill. —Because keyhole withdrawsl pro=—
duces a characteristically concave top bead area, some filler wire addition
during the cosmetic cover pass is necessary to fill this area. Figure 27
illustrates satisfactory meli-in mode cover weld conditions for the PT-8 {or
U~5T) torch on this material. Arc initiation and tail-off procedures for
melt-in mode plasma arc welds are relatively noncritical.

“Figure 29 illustrutes top and root bead surfdces in the overlap area of a weld
that was used for initial physical properties evalunation; some root bead
heaviness in the overlap area is apparent, Figure 30 illustrates cross sec-
tions from two areas of each of the first physical properties evaluation welds
produced with PT-8 and U~5T torches. These photographs illustrate weld
surface and cross section quality to be expected using these torches with
this material.
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START AND TAILOPN CONDITIONS FOR KEYHOLE MODE WELDS
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Figure 27. Welding Conditions and Timning for Continuous Circumferential
Plasma Arc Welds in 0. 25-in. - Thick 6A1-4V Titanium, U-5T Torch.
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ROOT BEAD SURFACE OF WELD NO, T2A2-.2

Figure 29. Flat Position Square Butt Weld in 6Al-4V Titanium Plate,
0.235-in, Thick, 2 Passes Illustrating Typical Weld Surface
Quality in Area of Satisfactory Overlap.
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Figure 30. Flat Position Keyhole Mode Square Butt Welds in 0.24-in, - 'F
Thick 6A1.4V Titanium, Both Torches.
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2.3.1.3 Process Tolerance for Fitup and Cleanliness Variations

S Work was done to establish quantitative data on the process tolerance for
. B weld joint fitup and cleanliness variations. These variables were examined
. individually within fairly large limits,
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Butt weld joint fitup variations normally take two forms, excluding local
_thicknes. 5diﬁ&ﬁme3ﬁqhﬁﬁa—&ﬂ){4—} butting-edge mismatch in the plame
E of the plate, and (2) deviations from continuous butt edge contact (gaps).
These factors were studied individually and in combination. The specimen
employed for gap evaluation is shown in Figure 31, Figure 32 illustrates
the specimen setup employed for evaluating the effects of combined gap
and mismatch. The eifects of fitup variables were evaluated un flat posi-
tion square butt welds without keyhole overlap or withdrawal areas. All e
welds were made with the PT+8. The criteria for evaluating the effects of -
these variables on weld quality were by visually determined weld surface
qualities and X-ray soundness. Root bead concavity was evaluated in this
study as a condition different from underfill,

G
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Figure 33 illustrates the effect of various gap widths on weld cross sec-
tion features. The keyhole was continuously maintained at gaps up to
0.070 in, (the greatest tested) without causing 2 hole in the weld., Some
root bead concavity at fusion zone edges was resolvable at local gap areas
over 0,020 in. wide, both visually and by X-ray; however, based on these ]
- data, "it appears that gaps near 0.030 in. wide could exist in a pressure 3
vessel butt weldment intended for flat position welding without seriously
degrading weld quality or properties, if keyhole mode plasma arc welding

“were to be employed. At this gap setting, root bead concavity is less
than 0.004 in, With the electron beam welding process, continuous weld
in the presence of gaps above 0,010 in. would be difficult to produce.
Reference 11 describes some results of fatigue tests on welds in other
materials to evaluate effects of root bead concavity,

Figure 34 illustrates the effect of various levels of mismatch on weld cross
section features. As before, the kevhole was maintained at all points

along the weld joint without causing holes in the weld. Mismatch conditions
up to 0, 080-in. oifset (32% mismatch) did not cause undercutting on the root
bead side of the weld. The plasma flame protruding through the keyhole
was progressively deflected toward the higher side of the joint as mismatch
was increased. Any of the top bead conditions illustrated in Figure 34
could be satisf{actorily covered with a cosmetic weld pass employing filler
wire addition; therefore, constraints on allowable mismatch for keyhole
mode plasma ar¢ welds would most likely be defined by transweld load

path discontinuity allowables and ability to achieve a satisfactory keyhole
withdrawal zone,
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Figure 33. Effects of Gap on Single Pass Flat Position Keyhole Mode
Plasma Arc Welds, Square Butt Weld Joints in 0.250-in.-Thick
6Al-~4V Titanium Plate,
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Figure 34. Effects of Mismatch on Single Pass Flat Position Keyhole Mode

Plasma Arc Welds, Square Butt Weld Joints in 0, 250-in,-Thick
6A1-4V Titanium Plate.
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Figure 35 iilustrates the effects of various combinations of gaps and mis~
match on weld cross section features. As before; the keyhole was main-
tained at all points along the weld joint without causing holes in the weld.

It would appear that constraints on mismatch would alsc apply for combined
conditions, although at combinations of gap and mismatch over 0,030 and

0. 040 in,, respectivély, the root bead surface exhibits larger discontinuities.
" The effects of preweld cleaning on the quality of square butt plasma arc
welds in 0, 25~-in.-thick 6A1-4V titanium were evaluated using three levels

of cleanliness; data on the effects of cleanlingss were obtained over the
duration of the program, The standard cleaning procedures were :

2. As-received plate {pickled at mill), milled square butt
edge; deburr the sharp edges, and store up to 6 months
for later use. Wipe butt edges with clean rag saturated
with MEK or methyl alcohol; assemble, purge, GTAW
tack weld, then keyhole weld.

b. As-received plate {pickled at mill), milled square butt edge;
deburr the sharp edges, etch in 3% HF/40% HNO, solu-
tion, dry and wrap in kraft paper, and store up to 3
months for later use. Wipe butt edges with clean rag
saturated with MEK or methyl alcohol; assemble, purge
GTAW tack-weld; -then keyhole weld, :

¢.  As-received plate, (pickled at mill) milled square butt

edge; deburr thie sha¥p edges, etch in 3% HF/40% HNO,
solution, dry and immediately prepare for welding, Wipe
butt edges with clean rag saturated with MEK or methyl
alecohol; assemble, purge, GTAW tack weld, then key-
hole weld.

During this program, 120 ft of the 390 ft of keyhole mode butt welding in.

" this material was inspected by flurorescent penetrant and X-ray methods.
This comprised 51 two-ft-long plate weldments and three pressure vessels
with 6 ft of weld each. No surface defects were found, except that single -
pass welds exhibited top bead underfill at the fusion zone edges; two pass
welds were completely free of surface defects. Porosity was found in four
plate weldments; in three of these, the defect was in the form of an indi-
vidual pore less than 0, 030 in. in diameter, In the fourth case, the defect
was light nonlinear porosity about 0.020 in. in diameter in a l-in.-long
section of the weld, None of the porosity was rejectable by the X-ray accep-
tance criteria (Appendix VII). These data were obtained from welds in
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Figure 35, Effects of Combined Gap and Mismatchon Single Pass Flat
Position Keyhole Mode Plasma Arc Welds, Square Butt Weld Joints
in 0,250~in,- Thick 6A1-4V Titanium Plate,
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three heats of material. There was no correlation between cleaning pro-
- cedure, heat of material, and sccurrence of porosity, Only one flat posi=
tion weld exhibited porosity, but three horizontal position welds exhibited
porosity. These data strongly substantiate previous claims of very high
weld quality potential inherent with the plasms arc welding process. (These
data may be more impresgsive to those readers familiar with the problem
_of producing titanium weldments tha ly with restrictive porosity

acceptance criteria.) The fact that 25% of the welds X-rayed were made
with plates that were simply washed with solvent after edge machining
seems very significant. The puddie agitation and surface sweeping action
of keyhole mode welding appears to substantially suppress the confirmed
tendency of titanium weld metal to form porosity, at least for surface
cleanliness and interstitial levels within the ranges examined.

2.3,1.4 Ewvaluation of Horizontal Position Welding

Limited welding was performed to determine the capabilities of the plasma
arc welding process for producing high-quality butt welds in 0, 250~-in.~thick
6Al1-4V titanium plate in the horizontal welding position. The equipment
setup in Figure 17, including the PT-8 torch, was used for all horizontal
position welding of flat plate.

Because reasonable suceess was-achieved at 12 ipm on flat position welds,
this speed was also used for all horizontal position welds, It was found
that keyhole mode welding conditions developed for flat position welds

———————could-also- e utilized for horizontal positivn welds, with the FT -8 torch.

Figure 36 shows the torch side surface of a horizontal position weld in an
area free of keyhole initiations or overlaps.

There were no voids found in the keyhole withdrawal area in any of the
seven horizontal position welds that were X-rayed (Table II}. The concave
area that occurred on the torch side of flat position welds at the keyhole
withdrawal point was not as deep in horizontal position welds. It appears
that the welding conditions and time phasing of Figure 28 are reasonably
satisfactory for keyhole overlap and withdrawal operations in horizontal
position welds,

Because the torch-side surface concavity of horizontal position welds was
shallower in the overlap area than in flat position welds, it was decided to
examine conditions for cover welds without employing filler wire addition,
This was satisfactorily accomplished using the conditions and procedures
shown in Figure 37,
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Figure 36, Top Bead Surface of Single Pass Horizontal Position
Square Butt Weld in 0. 25-in.-Thick 6Al-4V Titanium Plate.
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2.3.1.5 Weld Prppg:tie_s Evaluations

Welds for mechanical properties evaluations were produced in 6A1-4V ti-
tanium plate that was solution-treated at a temperature just below the heta-
transus {or 1 hr and quenched in water, then aged at about 1000°F for

4 hr (Condition 8TA). Transweld tensile properties and precrack Charpy

& - impact (PCI) energy absorption characteristics were measured to evaluate
5 - the effects of certain procedural variations. Welding conditions were

then finalized and more transweld tensile testing and PCI testing was
done together with some low-cycle fatigue testing, Chemical composition
data and results obtained from tensile and PCI teating of welds in this
material are reported in Table IlI, Specific welding conditions employed
for physical test weldments are recorded in Appendix VIII, Figures 38,
39, 40, 41, 42, and 43 illustrate macro-~ and microstructural character-
istics and hardness data for certain welds, Figure 44 illustrates the re-
sults of limited low-cycle fatigue testing, :

The tensile testing of all welds was accomplished using transweld test
specimens machinod to the configuration shown in Figure 45, All-weld-
metal and longitudinal weld tensils properties were not determined,

Tensile specimens were machined, stress-relieved at the indicated tempera-~
ture and time, and tested at roorn temperature. Tensile tests were con-

“yield stress; strain rate was then increased to cause failure in approximately
one additional minute. Weld reinforcement was left as-welded on all ten~

ducted at strain rates between 0.003 and 0,007 in./in. /min to 0.2% offset .

byl b s sl

sile test specimens to determine the uniaxial properties—of-these-welds-in
the configuration that is exposed to service loads, and to indicate whether
-increased weld land thickness would be required for the titanium Ppreasure
vessels, which were to be fabricated later in the program. Because of
the way the weld test plates were cut at the mill, the trunsweld tensile
load direction was necessarily transverse to the final rolling direction

of the parent metal in all cases.

The welding conditions for 6A1-4V titanium were first optimized to meet
quality requirements for circumferential welds. Tbe tensile data reported
in Table III represent properties of a relatively fixed set of welding condi-
tions; most evaluations were made using the welding conditions presented
in Figures 27 or 37. Tensile test results for certain PT-8 welds are
summarized in Table IV,
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A literature search failed to reveal published tensile data for fusion butt
wélds in 6A1-4V titanium higher than that in Table IV; however, no welds
were produced that exhibited 100% of the parent metal tensile strength.
Flat position welds made with a two-pass procedure incorporating filler
wire addition on the cover pass were about 3 ksi higher in tensile strehgth

than single-pass welds, regardless of {iller wire composition. The ab-
nnnnn Foe - & & I

sence ol filler wire composition effects iz attributed to very little filler
wire being added, thus weld metal dilution is negligible. However, weld
T2AZ2-8 exhibited very low tensile properties (Table III), This was attri-
buted to the higher heat input (36 kjoules/in. versus about 20 kjoules/in, )
employed for the cover pass, Commercially pure wire was used for this
weld, and this may also have contributed to reduced properties; more weld
metal dilution was caused by the higher cover pass heat input. Increasing
cover weld speed (thereby reducing the value of the heat input) from 6 to
12 ipm significantly improved and stabilized transweld tensile properties,
whether or not filler wire was added; further speed increases to 15 ipm
for the cover weld did not significantly alter these properties.

The transweld properiies of one horizontal position weld were esﬂsentia.lly
identical with those of two-pass {lat position we.d .

Further review of Table III tensile data clearly indicates there is no. signi-
ficant difference between the tensile properties of the steady-state weld =

" and the keyhole overlap and withdrawal areas., To evaluate a potential

repair procedure, a second keyhole weld was made in a welded joint that
had an overlap void (10-sec orifice gas downslope interval), and.a satise

-y

———

" ——

factory overlap was made using the 7. 7-sec downslope; the tensile strength
in the overlap area (essentially three passes) was slightly higher than in

the two pass keyhole area, This suggests that the keyhole overlap and with-
drawal procedure illustrated in Figure 27 produces welds essentially

"equivalent in tensile strength at all points on the weld, either in the initial

welds or for the case where a keyhole repair weld may be desirable. At

degrading tensile properties. It is apparent that total heat input is not a
very significant quantity for comparing weld procedures and tensile
properties in this material; total heat input as high as 87 kjoules/in, had
no apparent effect, Heat input up to 30 kjoules/in. in a keyhole weld
apparently had no degrading effect on weld tensile properties. The in~
fluence of interpass temperature higher than 100°F on tensile properties
was not evaluated.
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TTTUTT T T Table IV, Tensile Test Results.
Transweld Tensile Picpurties
__at Room Temperature .
Ultimate | Elongation
Weld Description Tensile | (in 1 in.)
Strength (%)
- {ksi)
" Flat Posiblon welds . . . ]
Single pass keyhole mode weld 156. 4 5.7
Overlap avea (above weld) 158.0 7.3
Two keyhole mode welds 156.9 6.0
Overlap area (above weld) 157.7 - 6.3
Single pass keyhole mode weld _
“covered with one pass, using
commercially pure titanium wire 160.9 8.0
Overlap ares (above weld) 160.6 8.0
Sinéle_paés Eeyhéle mode weld
covered with one pass, using . , _ ,
6A1-4V alloy wiré at 12 ipm - 161,3 6.0
--Single pass keyhole mode weld— — | | - -
covered with one pass, using
6A1-4V alloy wire at 15 ipm 161.9 7.6
Horizontal position weld
Single pass keyhole mode weld
covered in two passes, without
using any filler wire addition 161.6 9.3
81




m i
. | w |
m |
coreld AT-TV9 NPTLL- "X1-052°0 Ul SPIeM ”
,_ DY BUISELJ PUe Tee) jualed uo wie(| o] Mﬁﬁwﬁﬁh 2IAD Moy §Pp eandrg
: FUMIvd 01 $31343
50t »0 . _ 81
_ T stt
w ey W
15
w i
- 0
| \
| *
| ” m
” , ] se
i / : / M
M, N b
+ | o P
m \ EAN
! i o .
_ i 1 .
: L |
_ ; |
w hia)
i . i
_ wANG i394 GV 5
b sno1L1GRDD 531 F5A0L NOXS : ; 51
£Z FOINIYISTE 4G AFLDN0IVS !
[ SUL8340¥4 TVAIN teddva + , : ._
b vawaasat ,.aﬁpus ANZ¥ve O
: ,
i . [
u ! £118
| z
| i
| |

g2




the conditions of Figure 27 {PT-8 torch) is remarkable, The information
obtained for the single U-5T weld (T2A2-14) does not constitute enough
work for extensive coprent; this weld did exhibit lower streagih than PT.8
welds, The transweld tensile strength of two pass PT.8 welds was beiween

backing bar spacing; this tends to substantiate ccnsxstency observations,

Tensile testing of specimens machinad to the Fxgure 45 conﬁguration pro-
duced fractures that characteristically followed a plane diagonal to the
weld surface abaut 1/ 16 in. away from tha fusion zone bcundary (see
Figure 46}, sugg

“lated to the weld fusion zone boundary. Hardness. surveys ‘of this area
(Figures 38 through 43) show that there is a definite zone of reduced hard-
ness extending about 3/16 in, beyond the fusion zone boundary in all cases,

Precrack Charpy impact test specirmens were taken from w_vg_lgi center-
line locations in nine different welds (Table III); thé properties of the heat~

parent metal heats were evalustéd. The PCI blinka were cut from weld_
-locations shown-in Pigure 47, ~The orieataticon of the notch at the weld

57 and 162 ksi, for welds-made-in two heats of material usiag different =

affected zone were evaluated using specimens tiken f{rom four welds. Two .

- The-consistency in-the transweld tensils properties of welds made with

centerline and heat.affected zone positions with respect to ﬂ;gmld,;arg

R

evaluations was place ' ea%see%‘-tg; -

“alsoTshown in’ Figurré?. ?51 iﬁi'i'iﬁan dimensions and fatigﬁe precrack

ures 38 through 43). This location placed the heat'a{fected zone notch in a
position intersecting the characteristic fracture p?ath observed in transweld
tensile tests. The PCI apecimens were stress-relieved-along with weld
tensile specimens, ground to size and notched, then fatigue precracked on
a Man-Labs fatigue loading machine (Figore 49). Impact testing was con-

_capable of delivering a maximum force-of 24-ft<1b;—— This mmachinie was

calibrated to record fracture absorption energy within a tolerance of less
than + 0,10 ft-1b. Parent metal, weld,. and heat affected zone energy ab-~
sorption levels were converted to inch~-pounds per square inch of fracture

surface, using standard practices, and are reported in Table l1I, Selected
fracture surfaces are shown in Figure 50

The {ransverse parent metal PCI properties measured for both heats tested
are reasonable values for normal interstitial level 6Al1-4V titanium in the

83

ducted with a Man-Labs Impact Testing Machine, Model CIM-24 (Figure 49 49),
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T2AZL3
(1 PASS WELD)

3
¥
7

STYPICAL FATIGUE; . B
e {2 PASS WE e — =
WIR
TIAZL3Y “TYPICAL FATIGUE FAILUR 4
{2 PASS WELD}
(BAI-4Y Ti S

o WIRECOVERPASS, e

K1AZ~10 . TYPICAL TENSILE FAILURE

Figure 46, Characteristic Weld Fracture Paths in Titanium

and Inconel 718, 0.25-in. Thick,
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2.3.2 Inconel 718; Nominally 0. 25 in. Thick

2.3.2,1 Keyhole Mode Weld Procedure Development

The welding performed on Inconel 718 -was-intended to developdata = irnilar—
to that reported for 0, 25-in, ~thick 6Al-4V titanium. Welds were initially
keyholed in plate without a machined joint, using the PT-8 torch, to select
plasma arc conditions for welding at 6 ipm; the U-5T was not used for

the first welds in this material because Thermal Dynamics personnel were
evaluating different elsctrode configurations, Difficulties were encountered
in obtaining adequate weld top bead shielding, primarily because the first
20% of this welding was accomplished without the trailing shield in Figure 12.
Air contamination of the weld top bead surface in Inconel 718 had much
greater influence on molten weld metal flow characteristics than in titanium,
Preweld cleaning of all plate surfaces,with silicon carbide abrasive discs
appeared to provide optimum cleanliness for welding.

Flat position keyhole mode welds were readily produced; cross sections
from the first weld attempted are shown in Figure 54. The weld fusion
zane configuration is very similar to that of single-pass kevhole welds in-

. titanium. The root bead melt-thru is somewhat heavier than in titanium,

_____ but-top-bead-surfaces are almostfree of underfill, "Welds were made to =

investigate the effects of small variatisng in weld conditions on fusion zone
geometry, and Figure 55 illustrates three important effects. Weld heat
input and arc energy-density varied considerably with standoff variations
when small amounts of hydrogen were present, even when hydrogen was
used only in the shield gas stream. Satisfactory keyhole mode welds were
obtained using pure argon orifice gas, and little additional work was done
with bydrogen mixtures, mostly because of effects in exaggerating heat -
input during small standoff variations. Variation in fusion zone geometry
was caused by unsatisfactory top bead gas shielding, and is illustrated by
sections from Weld K1A2-1 in Figure 55, This weld is made with the
trailing shield illustrated in Figure 14. The relative heaviness of root
bead melt-thru caused by the PT-8 torch outer shield configuration is
illustrated in sections taken from Welds K1A2.5 and K1A2-8. Keyvhole
weld root bead smoothness and uniformity were directly related to the sta-
bility of the keyholing process. An unstable keyhole could be identified by
cbserving the weld puddle top surface behind the keyhole; fluttering in the
moltien puddle surface was one kind of instability and, for the welds made
in 0, 25-in,~thick Inconel 718, this was always associated with root bead
roughness and nonuniformity, Weld heat input and orifice gas flow settings
governed kevhole stability to a large extent, but in this material the con-
figuration of the torch outer shield also affected keyhole stability and could
contribute to measurable variation in root bead smoothness. This shield
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;' _PT-8 TORCH, 136-MORIFICE
' K1A1-1, 140 AMP,

1/8 IN, STANDOFF __ __ __

K1Al=1, 140 AMP,

3/16 IN. STANDOFF .. ,':

"K1AI-1, 150 AWP,

3/16 IN. STANDOFF — _ _ |

b

Lk K1A1-1, 140 AMP,

' : 1/4 IN. STANDOFF _ -

'

}

L4 1

! Figure 54. Single Pass Flat Position Plasma Arc Welds in
208-2-A890, 250 ~in. - Thick Inconel Alloy 718, No Filler Wire Added;

’ as-Welded.
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EFFECT OF ?OﬁCH STANDOFF DISTANCE USING
3% HYDROGEN.ARGON GAS MIXTURE IN SHIELD
GAZ CIRCUIT ONLY.
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N EFFECT OF TORCH STANDOFF ON WELD CROSS-SECTION
__ WHEN A HONSHROUD TRAILER SHIELD IS USED,

[T TN

et B B N sk e o 1 B &

*
K1A2.1, 3/16 IN, STANDOFF K1A2-1, 5/16 IN, STANDOFF

EFFECT OF TORCH OUTER SHIELD
CONFIGURATION ON MELT-THROUGH.

P o ol L

K1A2-5 CYLINDRICAL

X1A2-8 STANDARD LINDE
OQUTER SHIELD OQUTER SHIELD

4008~ 4~BQ1 (CROSS-SECTIONS 2X; MARBLES EYCH)

Figure 55. Flat Position Butt Weld Cross Sections from 0, 25-in. -
Thick Inconel 718 Plate; PT-8 Torch, As-Welded.
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configuration influenced the stability of the keyhole (when using the PT-8)
torch by interferring with the plasma flame component that normally is
deflected back over the weld puddle away from the direction of travel.
Two outer shield designs were examined; these were the standard Linde
vented nozzle and a nonvented cylindrical wide coverage nozzle. The cylind.
rical nozzle interfered with plasma flame backflow, creating enough key-

P

‘hole disturbance to cause a rough and heavy root bead (Figure 56-left side).
The standard vented shield, with the vent facing away from the direction of
weld travel, produced the smoother root bead (Figure 56-right side). How-
aver, if the vent was aligned in a position other than away from travel, the

vented shield also caused moderate keyhold instability and root bead rough-
ness,

2,3,2,2 Evaluation of Conditions for Making Circumferential Welds

Conditions for starting and tailing off keyhole mode welds in square butt

© joints were determined using the PT-8 torch without filler metal addition.
Cross sections from Weld K1A2-10 (Figure 57) show that both one~ and
two-pass areas have satisfactory weld surface conflguratmns, Figure 58
{llustrates root bead smbothness. Several welds were made using KlAz-10
conditions; all were visually acceptable, except for some top bead concavity

at the keyhole withdrawal point, The U-5T weld shown in Figure 57.was . .

“made before the keyhole force problem occurred; note the narrower fusion
zone width, compared with the PT-8 weld., A cosmetic cover weld pass

T e e

BT

R

R TR

Rigearey

without filler wire added was able to_eliminate-ali-top-bead-underfill-but——
did not completely remove tailoff concavity. Manual weld repair using

filler addition was necessary. Time phasing of the significant weld vari-

ables employed for both keyhole and melt-in mode welds in this alloy is
graphically illustrated in Figure 59. This procedure occasionally produced

welds without any surface defects, and a very satisfactory melt-in mode

cover pa.ss could also be obtamed Argon hydrcgen rmxtu.res were not as

Visual and X-ray inspection of weld K1AZ2-10 revealed no defects other
than the top bead concavity., Fluorescent penetration inspection (see
Appendix VII for acceptance criteria) revealed a root bead defect close to
the spot where the overlapping keyhole weld had ceased to penetrate the
plate (Figure 58, Section AA), Figure 60 illustrates this defect. The two
cracks were in the weld melt-thru and seem to be related with the keyhole
withdrawal point, There is evidence that this heat of Inconel 718 is rela-
tively dirty from the standpoint of inclusions. Further, the root bead cracks
illustrated in Figure 60 both exhibit a light etching phase on the crack sur-
faces. The observed potential in this material for keyhole instability, il-
lustrated previously, seen:s important. It was established later in this
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(CROSS-SECTIONS 2X: MARBLES ETCH)
K1A2.2 U.5T
| .,
-1
b
1.
b

R T N TR

H
i
|
i

-

e~

KiA2-10-1 PT.§

300~ teBRY

Figure 57, Flat Position Butt Weld Cross Sections From 0.25~in,- y
Thick Inconel 718; As-Welded (U-5T and PT~8 Torches),
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Figure 58,
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e e,

A

Root Bead Surface, Keyhole Mode Square Butt Used in
0.250-in.-Thick Inconel Alloy 718.
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WELD K1A2-10, KEYHOLE
WITHDRAWAL POINT

> AT R G v A e '
cor “10% OXALIC
ACID ETCH. ACiD ETCH

‘ ALIC T T 10% OXALIC
3\03:? )E‘T(l.:.ﬂ * : ACID ETCH
Figure 60. Cross Section (Section AA of Figure 58) of Flat Position
Two Pass Square Butt Keyhole Mode Weld in 0.25-in.-Thick

Inconel Alloy 718, Illustrating Overlap Problem.
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program that keyhole withdrawal in any material was accompanied by a short .
interval of flutter and turbulence in the weld puddle. Any possible interac-
tion between basic material properties and keyhole withdrawal dynamics
relative to thxs cracking problem was not clear at this point.

Because certain material options existed in this program, it was necesszar

-2 to decide the extent of further work required with Inconel 718, The cause i
- 5 of the crackiing oliserved may or may not have been associated with some
unusual procedural event, Because statistical evaluations were beyond
the scope of planned work, it was reluctantly decided to restrict future
work on this material to a study of weld properties, and allow the root

bead ovéa-la.p crack problem to remain unsolved. For this reason, no S
. welding was. pexfm:med at =peeds other than 6 ipm. o - o

2.3,2.3 Me.cha:si_cal Properties Evaluation

Sections from oné=- and two-pass areas in Weld KlAz 10 were selected
for tensile tesfing\, tensile specimen configuration is shown in Figure 48.
“Weld root and top surface crowns were left intact. Table VI lists composition
and tensile test data; all parent inetal and weld tensile test specimens were , B
heat-treated prior to test, as sh&wn. ‘Only unnétched tensile tests were S
radé, All the weld test specimens fractured well away from the weld and . - oomm oo i
heat-a.ffected zond, “exhibiting uniform elongation without significant loca-
“lized area ‘reduction at tenaile fracture sites (see Fxgure 46). It is clear
that the ductility of mmMmMWWke%eH&mwthrm&
pass weld (20% versus 17% in 2 in.). Joint efficiencies, based on averages
- of transverse pa,rent meta.l propertms, were as fcllows

" Joint Efficiency Joint Effxczency

= ' ' at 0.2% at Ultimate I
— o Weld—————Offget Yield ~ Tensile Stvess
: K1A2-10 1153, 800 185, 600
- . ptdost A4 =
' one~-pass weld 156,500 99% 188, 800 98%
i KlA2-10 156,300 _ 186,100 _
‘ two-pass weld 156, 500 100% 188,800 99%

These data relate to welded Inconel 718 intended for tensile limited applica~
tions only. The 1950°F solution treatment employed has been shown to be
necessary to yield consistently high ductility in welds and heavy forgings;
however, this high ductility is reported to be obtained at some expense in
stress rupture and notch ductility properties over the 1200° to 135098
temperature range (Reference 17).
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Gy POV VS S L .

2,3.3 Rene 41, Nominally 0.063 in. Thick

This material was evaluated because the feasibility of using these plasma
arc torches for welding high-strength materials in sheet metal thicknesses
had not been established. This thickness range is such that melt»m mode

PO—

61 100 b Rl s b ot B < et

Melt-in mode welding conditions were examined by welding at 31 ipm (the
maximum speed possible with the Aerojet equipment) and adjusting welding
conditions to obtain reasonably satisfactory welds, The initial welds

were made using He75 orifice gas with the PT-8 torch. Figure 61 illus-
trates the effects of current on fusion zone geometry. Weld top surface
oxidation was heavier than it should be when He75 orifice gas was used.
Hydrogen mixtures were then investigated; however, this was before the
multifunction plasma gas control panel illustrated in Figure 7 was available,
so premixed gas was used. Figure 62 illustrates the effects of torch stand-
off on fusion zone geometry in this material.

The U-5T torch was employed for welding this material using.only the 7. 5%
hydrogen-argon gas mixture, Figure 63 illustrates effects of standoff dis-
tance on fusion zone geometry, The conditions employed produced melt-in
mode welds; however, it was possible to keyhole with the U-5T in this ma-
““terial. Theé keyhole wa# quite unstable and undercut was severe. ‘The
melt-in mode arc was not as unstable as the keyhole arc, but, at standoff
distances greater than 0.25 in., the melt.in arc.developed-some-directional

instability.

Because weld surface shielding inconsistencies created problems in this
material, a trailing shield was found to be essential, The shield gas cover-
age provided by the standard shield components on both PT-8 and U-5T
torches was madequate to preVent weld top bead oxtdatmn on welds m

.~ - Rene-4l-sheet. — - — e

Square butt welds were made with both torches. Figure 64 illustrates weld
cross sections obtained. These welds (R1A2-1 and R1AZ-2) were inspected
carefully., The top bead surfaces of both welds appeared acceptable, as
were the root beads., The cross sections examined were free of voids and
fisgures in fusion and heat-affected zones. Start and stop areas were not
acceptable, but there is no question that acceptable quality could be obtained
in these areas with slightly altered welding conditions.

X-rays of Weld R1A2-1 disclosed no internal defects, but discontinuous
top bead undercut was indicated, Start and stop areas were unacceptable,
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RIAL.1 105 AMP, 7/32 IN. STANDOFF,
31 IPM

R1A1-2, 115 AMP, 732 IN. STANDOFF,
31 1PM
Figure 61. Cross Sections from Single Pass Flat Position Plasma Arc
W09~ 2-AF 1 Weld in 0.062-in,-Thick Rene 41 Sheet, No Filler Wire
Added, as-Welded (He 75 Orifice Gas).
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RIAL-4-1. 115 AMP, 1/4 IN, STANDOFF,

PT-8 TORCH
1M1-M ORIFICE
3/32 IN. DIAMETER ELECTRODE

R1AL4=1 115 AMP, 1/8 IN. STANDOFF,
31 1PM

RiAi—d-1 115 AMP, 3/16 IN. STANDOFF, -
31 1PR

31 IPM

RIAl-4-1 ;;f; P. 5/16 IN STANDOFF,
Figure 62. Effects of Torch Standoff Distance on Plasrga Arc Weld .

in 0.062-in,-Thick Rene 41 Sheet, PT-8 Torch, Single Pass Flat
: Position Weld, No Filler Wire Added, as-Welded.
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1/16 iN. ORIFICE, 1/16 IN. DIAMETER ELECTRODE

R1A1-9, 62 AMP, 3/32 IN. STANDOFF,
31 IPM

RIAL-9, 62 AMP, 3/16 IN. STANDOFF,
. C31iPM '

R1A1-9, 62 AMP, 1/4 1. STANDOEF,
31 IPM - o

; R1A1-9, 62 AMP, 5/16 IN. STANDOFF,
» 3008 ~2=AH =1 e

Figure 63. Effects of Torch Standoff Distance on Plasma Arc Weld in
0. 062-in.-Thick Rene 41 Sheet, U-5T Torch, Hy 7.5 Orifice Gas,
Single Pass Flat Position Weld, No Filler Wire Added, as-Welded.
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. 111 ORIFICE, 1/%0 IN, DIAMETER ELECTRODE,
i15 AMF, 1/8 IN. STANDOFF,_ﬂ iPM

R1A2.1

I (.

LI

RIAZ-2, 1/16 IN. ORIFICE, 1/16 IN. DIAMETER ELECTRODE,

62 AMP, 1/8 IN. STANDOFF, 31 1PM

WG =2~AE=t
Figure 64, Cross Sections from Single Pass Flat Position Plasma Arc
Butt Welds in 0. 062-~in.-Thick Rene 41,
No Filler Wire Added, as-Welded.
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X-rays of Weld R142-2 disclosed five pores at the fusion line, two of which
were unacceptable. The start and stop areas were also unacceptable. Poro-
sity was randomly oriented as acattersd pores on both edges of the fusion
sone, aad did not fall in a zone of weld produced at one particular standoff

. . distance, :

ik 8405 b o R, orits

- — Pigure 63 shows butt welds in 24 in..long sheets. In these welds, it is
significant that the curvature in the sheets ig caused by longitudinal weld
shrinkage, Although the backing bars could be moved very close together,
the weld joint area could not be forced dowa onto the backup bars by the
holddown bars (Figure 15) hecause of the need to space the holddown bars
wide enough (about 1,25 in.) apart to provide access to the joint for the plas-
ma torch, The ngt effect was that there was. no rapid heat removal from

- the weld area, and about the same amount of longitudinal camber developed

in weldments made with both torches (when weldments were rerhoved from

the welding fixture). - o -

hazzedioett, W i

The need for torch.access to.the weld area restricted the uae of chill

tooling, which could greatly reduce the observed camber effects, For this
- applicaticn, these plasma torches seem excessively bulky in the orifice :
~ end, and may not be suitabie for welding where chill bar spacing should be i
- held to less than 1.0 in.~ ' ;

'Mééhaﬁ:{'cél"'prdﬁéi-tjr testing of weldsm 9.063-in.-Rene 41 was not accomp-
- lished. " Table VII illustrates composition of the Rene 41 utilized for these

_\.E_@,lﬁé..?ggtg-*,_w,A,‘,A._,};w...,w--ﬁ_ww,.w,ﬂ_u_,,A.M.,,w»,w, i
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Table Vi, Chemical Composition {% by Weight} of 0. 062-in.-

Thick Rene 41 Sheet.

s it S i st 95

117

Percent
_ S _ |} HeatNo. | Heat No. $
Chemical TV 361 TV 363 :
c 0.09 0.07 4
8 0. 005 0. 005
Cr 19,03 18.93
Ni Bal Bal
Mo 9.70 9. 85
Co 11.04 11,08
Ti 3,13 3.21
Cb 0,0038 0.004 -} — — —
Mn 0.03 0.04
5i 0.05 6.08
Al 1. 50 1,55
Fe 0. 30 0. 30
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SECTION Iif
PROCESS PERFORMANCE EVALUATION

3.1 COMPARISONS OF PLASMA ARC, GTAW, AND GMAW

Several factors can be evaluated to compare plasma arc welding with other
gas~-shielded arc welding processes. Material thicknesses, joint designs,
arc time, consumables utilized, weld quality levels and properties, and
weldment and tooling configurations (straight seam or circumferential) are
significant; consideration of these factors can yield a satisfactorily com-
prehensive process comparison. It is possible to overcompare if all time
and material factors of importance are considered in detail and specific
organizational cost factors are assigned, Cost elements of such comparisons
are not universally applicable; therefore, detailed costing was not done in
this work. The comparisons made herein relate specifically to the applica-
tion of these welding processes for fabricating rocket motor cases and
weight-critical unfired pressure vessels. Areas of comparison are limited
to weld shop time, quantities of consumables utilized, and dther factors
that can influence welding process and equipment selection for hardware
fabrication, ' :

3.1.1 Comparisons of Welding Conditions

x4 ? il 0. i g Ln'wln\.ih’.ﬁéw friay
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Weld shop time requirements and consumables used are compared for pro-
ducing complete welds in comparable thicknesses of materials. Table VIII
lists certain welding conditions found in the literature for similar thick-
nesses of 6A1~4V titanium. Unfortunately, the weldment configurations
employed were not discussed in most of the literature; only those proce-
dures for which weld coafiguration is known are compared. Reference 5
discusses the application of plasma arc welding for girth welds in a simu-
lated Minuteman motor case; this is repeated in Table IX, as Case 1, using
a slightly different data arrangement,

In Case I, the principal time factors were setup time and arc time. Plasma
arc welding was shown to be capable of reducing the overall weld shop time
by a factor of 3, whizh is a substantial savings in labor hours for any

shop., The wire utilized for the GTAW weld was neither a cost nor a quality
factor in the plasma process and represerts an additional savings factor.
Gas consumption with the plasma weld procedure was less than half that
required with the GTAW weld procedure, mostly because of reduced arc
time. Overall unit arc times per foot of weld were 2.4 min/ft for plasma
and 9.2 min/ft for GTAW,
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In Case II, the weldment was a spherical vesssl with only 2 1. 0-in,-dla-
meter hole in the end boss areas, which precluded the use of internal
tooling and necessitated a total purge. The principal cost considerations
were arc time and weld wire savings; setup time was virtually the same for
all three processes compared. The consumption of wire with the plasma
weld procedure was less than 15% of that reyuired with the GTAW weld

T~ procedure, Overall time in the weld shop was 1.6 times longer with GTAW

than with plasma; electron beam welding required essentially the same
amount of weld shop time as plasma. The gas consumption with the plasma
procedure was less than half that required with the GTAW procedures,
Overall unit arc times per foot of weld were 2 min/ft for plasma and

12 min/ft for GTAW.

Other data on welding conditions for titanium are shown in Table VIIIL
Considerable information has been published on GMAW welding of titanium
plate 1,0 in. thick and heavier, In the thickness range of 0,125 to 0, 75

in. , GMAW welding conditions seem to imply a single~pass straight seam
weld configuration, This is not directly comparable with the work done on
this program and is not used for comparison purposes. It would appear
that the GMAW process would be at a quality disadvantage for welding ti-
tanium because of wire surface quality inconsistency, potential contact tube
seizure, and, in the case of circumierential weld joints, problems in the
weld overlap and tailo{f area. Electron beam welding is clearly a desirable
process for welding titanium because the vacuum welding enviromment pre~
cludes contamination of weld metal with air. Electron beam welding can

__ yield excellent guality titaniurm-welds-but-the-tendency for-top bead wdercut”

and root bead splatter to occur at the high welding speeds, as illustrated in
Tigures 66 and 67, suggests that it may not be especially advantageous for
closed vessel butt welding, A properly setup plasma arc weld does not
cause this kind of splatter.

Table X illustrates conditions for welding Inconel 718 with plasma arc, GTAW
and GMAW processes. Because of the root bead cracking encountered in de-
veloping circumierential welding procedures for plasma arc welding this
material there is no extensive comparison included here. It was rela-
tively simple to plasma weld Inconel 718 in a straight seam weldment con~
figuration (without an overlap), but it is certain that faster speeds couid

have been obtained using argon-hydrogen gas mixtures.
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Table VIII. Welding Conditions for 100% Penetration Butt Welds in Titaniw
Alloy Plate (Brocess Comparison Data),

Joint Dasiga
W (% ions
Alloy Wegd tiroeve] Tooling Weld ]~ wels Voltage | 10Fch Tarch Cas Yiow (eln) Wive Wire "}Nunber
Waiding and Juint Koot | Avgie Conligure. | Speed Current  §e (<19 FHiry Diamaster Foud of B
Process] Thickmess| Cunfiguration | Land {dug) tion® Gptwl § AP ] M3 v kv Type | OFifice | Shield | Giher b tiny Y tpw Y ikeed ] yo
e Pirema AV GiF WIET] b F b sl . | a - o0 ] Traiter] Ma . H Auroje
Arc 8,178 Sjuare Butt 8 150 200
6AL.4Y | Qinth, 0.250] @ B oanet. |2 . oA 16 69 Trailer] .. 23 an 2 Actajet
0. 259 Square Butt 15 § 370 . 30 - 1 Hers 8 &0 200 o082 tover
6AL 4V Straight Seam § 0,500 [ B 18.8§ 270 |- 3 - He 40 a7 &0 . va e 2 Linde £
0. 500 Sguars Butt
SAI-4V Btraight Seam § 0.375] 30 8 T84 286 . kL - Hs 50 30 w0 - [ e 2 Relesen
4. 408 .
6AL.4V Btraight Beam | 0,437) &0 b3 5.21250 {. - - Ar 27 159 He - - - ] Refersn
1. 000
GTAW. | 6AL.4V Girth, 0.048] 90 A é t&s {. 4.5 - Ar - 28 Trajler] ©.062 4.5 & Azrajet
AU . 187 Glugle ¥ {av) av) {avi favd
Passed}
HAL.4V Gleth, 0.0%0}1 g0 B [3 30 § - 7.5F . Ar - 44 Trghles] .. .- ! Azvsjet.
0. 285 Slegle U, Raoot
BAl.4v Girth, 0.850¢ 50 B & § 185 . 83} . Ar - 40 Trailer] 0.062 23 s Aezojer.
0, 285 Siagle U, {He 50)
Caver Pagses
6AL 4V Girth, 0.035} 28 B & 5. 8.0 - Ar - 40 Traller - - H Acrajet.
0. 408 Single U
GAL4Y Girth, 0.04%§ 20 B 4 165 § . 9.0 . Ar - 49 Trailss} O,062. 23 - 5 Aerajets
..} 0.400 | Single U, ’
Cover Paxset
GMAW.
250 290
AU Q. 128 15725 766 |- 20 - He 23 - 65 - 0, 062 i i Rulerons
JUIDNGS SUNUSNNS Shilvoyl SUNN SN N
[ S 300 04
9,250 15725 231 343 - Hs 23 - &5 - 0, 662 5 1 Referenc
0.500 530 B Jae] . fmeas| . s - | ooz 7 1 Referens:
1.@ 28 5%50 - 37 - Ar - ki - 0,062 386 - Referency
Efectron] tA1.4V Squs e Bugy 0.19 ] B 98 - 176§ - 28.2 . -
Beam { 6,191 - - e - i Relerence
. 6AL4Y 1 squace Bare [o.2 o - INT'R R B B S .
c.2 M . - -~ - 1 Reference
SAL-4V Sguare Bunt Q.250f o B L1 - -
0, 250 35 115 - - - - .- . 1 Aerojer-G
cP Square Buty 0. 258 [ B 25 - 104 . 138 . - -
Titanium - - - H Relesence
0. 250
cP Sguare Butt a, 340 1] B &0 - LR 3 98 150 - . .
Titanivgy: = - e .- i Reference
9, M40
GAL-3Y Sqguare Buan 1.0 o 8 5 - jsoo |. 23 - -
W) - - .- f Hufervn
L H
2. Tooling Configurgtions:
A Hard backing bars and crown side chilt rings,
B No omil sunling weed.
A ¢




jous for 100% Penetration Butt Welds in Titanium
kB {Process Comparison Data).

Weiding 1 onditions
olinge § TOTCH Toreh Gas Flow i1 Winr Wire  JNambar
Cun | Plasma Diamutet | Feard of Data
kv | Type | Ocifice | $tinld { Other firad Hper) | Paswos Sswrce Criwe Infuen-ation
bt A — e amner] MA 1 = | 2 | Aeeopt-Gomoral | - X
i 209 :
# . Ay 14 &0 Traiter .. 23 ca 3 Acrojets General
2 - He 78 8 80 200 0,862 cover
3 - He 50 3 &9 . .n .. 2 Linde Data :
9 . -
L3 BN He S0 [ 30 60 - . . H Reteronce 5
. Ar i? 150 He - - . 1 Refersnce § :
si . | ar - 23 | Traiter] 0.062 14.6 5 Acrojet-Goneral Mi motar case i
“ {avi (av 4 wald procedure, H
passed) ;
s« | ar - 4 | Tradler] .. - : Aerajet-Genaral Delta heitun sghors E
weld procadure, 3
3 - Ay - 40 Trailer] 6,062 23 5 Aerojet-Genersl Delta helium aphere 3
{Hs 50} weld procedure, b
]
L} - Ar - 40 Trailer - - t Aerojet-Geancral Aerobes vess] weid !
protedure.
. E
° . Ar - 449 Traitee] 0.062 23 5 Asrojet- General Aerches vassel weld 3
J SR B - proceduere. - :
. Pneasd . 65 . 0. 062 g t Reference 1
2es U
N R 4____,_,@,7“,4 N - - 3
o {measy . 65 - | e 20 1 Reference 18 4
32 3
- -
- fmezs] . 65 - e IR : Ruferance 18 ;
E
- i oar . e . 0. 082 384 - Reference 18 s
.
28.2 - -
- = .- - i Referonce 1§ 3
i35 - - “
- - -- .- H Reterence 18
HE - - . .
> .- - I Aerojet.Ceneral .
13 . -
& ‘ - - -~ t Reference 13
156 . .
A - - . .- i Redepence 18
'
23 - -
- - t Kuferones 19
e i

oo
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Figure 66, Top Bead Surfaces Typical of Two Flat Position
Square Butt Welds in 0, 25-in, « Thick 6A1-4V Titanium Plate.
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Figure 67. Root Bead Surfaces Typical of Two Flat Position Square
Butt Welds in 0, 25-in. ~Thick 6Al1-4V Titanium Plate.
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3.1.2 Weld Properties Comparison

3.1,2,1 Mechanical Properties of Butt Welds in 0. 25«in.-Thick
6A1-4V Titanium

—TableXI lists certain mechanical properties of butt welds in this material,
The transweld tensile properties of plasma arc welds in this material were
rather high, This may be partially attributable to the tensile specimen con-
figuration {Figure 45). The spread in ultimate tensile strength for plasma
arc welds was 157 to 162 ksi, This may be a normal range for tensile
properties in these heats of material. The data could also represent the
upper bound of a scatter band for weld properties in quenched and aged
6A1-4V titanium, It was not possible to determine which category these
tensile data represent because of the limited testing performed. However,
nowhere in the literature were higher weld tensile properties reported,
nor were transweld tensile properties equivalent to 100% of parent metal
strength reported. Apparently, in this thickness range, plasma arc welds
were at least as strong as welds made with any other process, ‘and possibly
somewhat stronger. Ductility was adequate but not consistently high. The
electron beam weld in 0. 250-in.-thick material exhibited surprisingly low
ductility; pessibly the 50-ipm weld speed employed was a contributing
factor. The tensile fracture faces of these welds exhibited evidence of.
intergranular failure, possibly associated with nonequillibrium composition
caused by the rather high solidification rate, Either commércial}_.y pure

or 6A1-4V titanium weld wire could be used for the cover weld to-wash-out————— ¥ ~—"

1
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undercut in keyhole mode welds in this material, with no observable reduc~
tion in transweld tensile strength. The precrack Charpy data bear little
relation to teneile ductility or strength. The fracture faces of precrack .
Charpy specimens from plasma arc welds were very fine grained {Fig~

ure 50), but the electron beam weld fractures were quite rough, again
suggesting that failure was at least partly intergranular in nature.

Based on the results obtained on this program, plasma arc welding is
capable of producing butt welds at very high levels of quality and strength in
solution-treated and aged 6A1-4V titanium. Precrack Charpy test data
indicate excellent weld toughness; no fracture toughness testing was per-
formed to develop valid plane strain fracture toughness data for these welds,

3.1,2.2 Mechanical Properties of Butt Welds in 0. 25-in,-Thick
inconel 718

Table XII lists tensile properties of butt welds in Inconel 718, Welds made
in this program were at least as high in tensile properties as GTAW or
GMAW welds. Properties of two welds listed in Table XII (GTAW-ACB and

126
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Table X. Welding Conditions for 100% Peneiration Butt We
Plate (Process Comparison Da

i -  Joint Design | L - - 3
- 1 Alloy ¥} Weld ‘Groave Weld Weld
Welding and Joint Root | Angle Tooling Speed |[Current Torch
 Process| Thickness Configuration| Land {deg) | Configuration {ipm) {amp) Voltage Gas
! .Flazma | Alloy 718| Square Butt, 0, 146 ¢ - 30 - - -
Are 0. 146 Straight Seam
Alloy 718 Square Butt, | 0,250 0 B 6 140 - Ar
0. 250 Girth
Alloy 600 | Square Butt, | 0.260] 0 . 17 210 31 95Ar/5H,
0,260 Straight Seam
" GTAW. | Alloy 718 Single U, 0.100| 20 A 6 {root) | 185 11.0 He 75
AU 0.625 Insert, Girth
' Alloy 7)81 Single U, 0,100} 20 A 10 280 10.7 Ar
L], . ...} 9.625 | FillerPasses,|. _
- ' S Girth
[3
- Alloy 718} Single V, p.060) 75 | 12 PSR I S —
\ 0.312 Girth
; GMAU- 'Auo_y 718 Single V, 0.060}) 75 - 22/28 100 24 He {50 cfh)
: 0.312 Girth : M-1 {8 cfh)
Alloy 718 | Single U, }1.0.030 30 - 28 120 25 He (50 cih)
0.250 Girth M-1 {8 cfh)
1]
'
‘ a. Tooling Configurations
A, Hard backing bars and crown side drill rings,
' B. Backing bars only.




t 100% Penetration Butt Welds in Nickel Base Alloy
te (Process Comparison Data),

; . . Welding Conditions
eld 1 Torth Gas Flow (cth) | Wire | Wire —Mamber
arrent | Torech Plagma Diameter | Feed of Data
k{amp} Voltage Gas Orifice | Shield Other {in, ) {iprm) Passes Source
- - - - - - - H Reference 5
140 - Ar 114 60 Trailer - - ) Aerojet-General
200
210 31 95Ar/5H, 7 12.5 45 - - - 1 Reference 6
185 11.0 He 75 - 85 - - - it Reference 20
280 10. 7 Ar - 40 - 0.063 50 11 Reference 20
Alloy 718
] .
(45 11.0 Ar - 24 - 0, 03% - i2 Reference 21
i —t Alloy-711-8
100 24 He (50 cfh) - 58 - 0,035 222 6 - on Reference 21
M-1 (8 cth) ) Alloy 718 GTAW
- Root Weld

120 25 He (50 cfh) - 58 . 0.035 240 {5 . on Reference 21
i M-1 (8 cth) Alloy 718 {cTaw.

re : ’ Root Weld

Y

A
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Table XI, Mechanical Pruperties of 100% Penetration Butt Welds in Tita:
(Process Comparison Data},
Alloy Plate Tenaile Properties
Thickness Weld Number 0. Elongation
Welding Wire Process | Speed of Test Bar 8 urs® [in 172, 1, or 2 in, Data
Process Composition | Cycled {ipm) Fasses | Orlentation | (ksi) | (kmi) | A%y —— Source-
| Plasma Arc | 6A1-4V BCWC 13 2 | Transweld® |137.1 |151.6 5.5 (2 in.) Aerojet-Gen
0.175 8 Reference 2
6A1.4V BCWC 13 2 Transweld® 140, 0 153, 4 6.0 {2 in, } Aercjet-Gen
0,175 8 Reference 2
6Al.4V BCWC 12 2 | Transwetd® |146.3 ]161.1 | 10.3 (1 in) Asrojet.Gen
0,241 i2
6A1.4V BCWC i2 2 ’.l‘x'aﬂsweldb 147.3 161, 9 7.6 {1 in.} Aerojet-Gen
0.250 15
6AL1.4V BCWC i2 2 Transweld® 139.5 159. 4 14.2 {1/2 in,) Aerajet-Gemn
0,250 15
GMAW.AU 6A1-4V, - .- - Transweld 138.0 [ 152.0 . Reference 1f
6-4 Wire, - T
4 no thick-
ness listed
6A1-4V S N Transweld—126:0— 1340} I [ Refersnce 18
7] CP Wire,
no thick-
ness listed
6A1-4V, 1.0 AW 23 15 Transweld 133.9 146, 7 . 5.5 (2 in.} . Reference 22
in. thick
6-4 Wire
1 Electron 6AL-4V BCWC - - Transweld® | 148.7 | 158.1 4.1 {1 in.) Aerojet-Gene:
Beam 0.250
6A1-4V BCWC . - Transweld 147.7 158, 9 10.0 {1 in.} Reference 19
1.0
6A1.4V BCWC .- “n Transweld 146.5 | 157.6 5.0 (1 in,) Reference 19
{.¢
a. Process cycle data: A . 2 Hr @ 1350°F, aircool, B- 1 Hr @ 1750°F, Water Quench, € - 4 Hr, @ IOOOOF. Air Cool, W
b. Teneile tested with weld reinforcement left as.welded.
c, Smooth bar tensile test.
d. Yield stress
e, Ultimate tensile strength
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Precrack
Tensile Properties Charpy
i ¢, 2% N Elongatien Impact
ygd urs in 1/2, 1, or 2 in, Daia | Propesrties
pr | (koi) | (kai) %) | Source-— ] ___ Other Mmformation | {in. .1b/in. 2
kel fisie 5.5 (2 in.) Aerojet.General
Reference 23
k¢ 140.0 | i53.4 6.0 {2 in, ) Aerojet-General
g Reference 23
b 146.3 | 181, 1 10,3 (1 in,) Aerojet-General | Data reported in this velume 988
i {wald q_‘)
b s 162.9 7.6 {1 in.} Aerojet-General | Data reported in this volume 1064 ]
{weld G )
c 1139.5 | 159.4 14.2 (1/2 in, } Aerojet-General | Average properties of 3 welds 565
in spherical pressure vessels {weld 3
obtained using a subsize ten-
sile specimen. See Volume
HI, Table .
138,6 Jisz2.0 —_— Reference 18
y
12600 { 1340 o Reference 18
133,9 | 146, 7 5.5 (2 in.) Reference 22
f” 1148.7 {1s8.1 410 ;n.) Aerojet-General | Data reported in this volume
Dl f1se 9 | 10.0 (1 in) Refersnce 19
|
P {465 {1576 5.0 {1 in.) Relerence 19

%0°F, Water Quench, C . 4 Hr, @

3

1006°F, Air Cool, W - Weld,

129, 130
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Table XII.

Plate {Process Comparison, Data).

Mechanical Properties of 100% Penetration Butt Welds in Ni

Tensile Properties at Roorr
— - ———— | Aloyasd | A Weld | Number | C0.2% ] 0 | Ek
Welding Plate Process Speed of Test Bar y s urs® in 1
Process Thickness Cycle {ipm) Passes COrientation {koi} (ksi)
Plasma Are | Alloy 718, ACAB 3 1 Transweld® | 153.8 | 185.6 23,
0.250
Alloy 718, ACAB 6 2 Transweld® | 156.3 | 186.1 27.
0. 250
GTAW.AU Alloy 718, DCDE b 11 Transweld® 182, 6 i84.8 6.0
0.62 {
Alloy 718, ACAB 6 11 Transweld® 157, 1 184. 6 18,
0.62 i
Alloy 718, ACB 12 12 Transweld® 139. 9 170.0 7.0
0,250 - )
Alloy 718, ACAB 12 12 Transweld® 147.7 185. 4 20.1
0,250 {1 3 # S SR I -
GMAW-AU | Alloy 718, ACB 28 5 TransweldS 138.1 171.9 7.2
0.250
Alloy 718, ACAB 28 5 Transweld® 150.3 184.8 18, §
L]

a. Process cycle data: A - 1950°F for 1 h:&, rapid air cool; B - 1400°F for 10 hr, furnace cool to 1200°F an
aging cycle of 20 hr; C - weld, D - 1800 F for 1 hr, rapid air cool; E - sanie as B except aging temperatm

b. Tensile tested with weld reinforcement left as-welded.

¢. Smooth bar tensile test,

d. Yield stress,

e. Ultimate tensile strength.
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] of 100% Penetration Butt Welds in Nickel Base Alloy
5¢ess Comparison Data).

Tensgile Prépartias at Room Tempeirature'

_ 0, 2% — 1 Elongatisn | Temsile R
Test Bar ysd| urs® in 1/2 or 1 in, Data
Orientation {ksi} {ksi} {%} Source Other Information
. Transweld® 153.8 185.6 23.3 {1 in.) Aercjet-Ceneral
Transweld” | 156.3 | 1861 27.4 (1 in.) Aerojet-General
. answeld® 152.4% i84.8 6.0 to 16,0, Reference 20 Notch tensile ratio of
{1in.) weld metal 1. 246
Trangweld® 157, 1 184.6 18.0 to 21,0 Reference 20 Notch tensile ratio
{lin,) weld metal 1, 286
Transweld® 139.9 170.0 7.0 {1/2 in.) Reference 21
Transweld® | 147.7 | 185.4 20.0 (1/2 in.) | Reference 21
Transweld® 138,1 171, 9 7.2 {1/2 in. ) Reference 21
Transweld® 150. 3 184.8 15.8 (1/2 in.) | Reference 21

00°F for 10 hr, furnace cool to 1200°F and hold for total o
>ol; E - same as B except aging temperatures were 1325 F and 1150 F,
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GMAW-ACB) were included to illustrate the effects of aging directly after
welding rather than going through a solution anneal and age cycle. The
tensile properties were down (particularly yield strength and ductility).
These values could be increased substantially by employing a 1950°F solu-
tion anneal after welding, then aging, which is one processing cycle
employed for welds in this material that are intended for tensile limited

Extensive unpublished data (References 17and 20) have shown that aging Inconel

718 directly after welding without a solution anneal ylelds weld zone ducti-
lity very close to the 5% level recommended by one source as a lower bound
to define the transition between ductile and brittle material behavior
(Reference 24). Other unpublished GTAW weld data (Reference 20) des-
cribe notch tensile testing at room temperature with a weld metal notch
acuity factor (K,) of 6.3, The notch tensile ratio was well ahove unity for
both conditions tested, suggesting that Alloy 718 welds are exceedingly

resistant to crack propagation, even when crack-like defects exist in
complex stress fields.

3.1.3 . Application of Plasma Arc Welding in Production Operations

3.1.3,1 Weld Quality

Probably the major welding problem facing titanium fabricators relates to
- keeping rejectable weld defects within reasonable limits. The quality rec-

ord built up during the plasma arc welding in this program demonstrates
tremendous potential for producing consistently high quality butt welds,
particularly in titanium and titanium alloys,

The action of the keyhole mode plasma arc on molten titanium weld metal
seems to eliminate porosity, which can be a major quality problem in
GTAW welds. In addition, much less filler wire is required in plasma arc
welds, at least in the 0.25-in, thickness range, so that quality problems
and costs associated with obtaining satisfactory quality titanium weld wire

are minimized. Because keyhole mode plasma arc welds are made in square

butt weld joints for circumferential welds in material up to 0.25-in. thick,
the need for more than two passes in a weld depends only on weld position
(flat position -~ two passes, horizontal position -« three passes). There
are very tangible benefits. Arc time is reduced to a minimum because of
the inherently high welding speeds available. This in itself tends to reduce
possibilities for air contamination of welds, because the total time the
weld metal is in the absorptive temperature range for interstitial contami-
nants is minimized for all parts of the weld.
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Relatively thick root welds are possible using the keyhole mode plasma arc.
A type of root bead flaw found in single- and multipass GTAW welds {Appen-
dix IX) has been described as a grain boundary separation in weld metal.
It appears that GTAW welds are susceptible to this kind of defect because

of the normally thin cross section in root welds necessitated by limited
penetrating capability of the process. The defects are not resolvable

by X-ray inspection techniques; it is necessary to resort tothe use =~
———of g high-sengitivity liquid penetrant to find them, apparently because the

width of surface opening of these defects is quite amall (see Figure I1X-2
of Appendix IX), This kind of defect is probably present in a great deal
of 6A1-4V material in other existing titanium tankage where the root

side of the weld is not accessible for visusl and penetrant inspection, This

kind of defect has not been found in the root bead fusion zone of plasma
are welds,

Weld shrinkage and distortion is reduced using the plasma arc process,
Transverse shrinkage in butt welds in 0, 25-in.~thick 6Al-4V titanium
averages 0,045 in., with 0. 030 in, occurring during the keyhole root weld
and the remaining 0. 015 in. resulting from the cover pass,

The possibility of getting tungsten inclusions into the weld is virtually absent.
The torch is always at least 1/8-in. above the weld and the tungsten electrode
is recessed into the orifice (sse Figure 6); the only way for.a tungsten inclusion
to occur in a plasma weld is for an electrode to fragment. Although the sig-
nificance of tungsten inclusions as a defect in titanium welds is questionable,
the expedient of completely eliminating this kind of inclusion represents a

' way of improving the state of welding engineer's coexistance With many exist-

ing weld specifications.

The weld melt~thru and root bead fusion zone width are very uniform in
plasma arc welds,

Although the allowable weld joint mismatch and gap in aerospace hardware
are generally governed more by load path discontinuity limits than by other
considerations, relatively poor fitup is of little concern when using plasma
arc welding, as illustrated in Figures 33, 34, and 35,

3.1.3.2 Equipment and Fersonnel

The Aercjet-owned welding equipment employed for plasma arc torch opera-
tion was standard industrial welding machinery except for the program
control power supply (Figure 10} and the plasma gas control system (Fig-
ure 7), Weld travel speed was provided by a standard Linde shunt-wound
DC motor run from a standard Linde electronic governor,

Wire feed was
also provided by standard Linde equipment.
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The program control power supply used for this program was an electrical
: machine capable of maintaining weld current at a predetermined level
within close limits{# 3 amp)during variations in load voltage, This is
accomplished by a servo-operated current control system built into
the welding transforimer; many welding machines do not include this
feature, It has been suggested that comumon drooping characteristic
———————— welding machines (for example, the Vickers 3 phase input DC series) may
be suitable for plasma arc welding; this was not confirmed for circumferen-
tial welding applications during this program. The basic equipment require-
ments for a given plasma arc welding setup should probably be determined
X by the specific application.

I

a, Straight Seam Welds

Weld Power Supply., Maximum 100% duty cycle current should
be determined by maximum thickness and material to be
{ welded; at least 300 amp should be available at 40 v on a 100%
duty cycle basis, Conventional drooping characteristic machines
. may be suitable, but output should approximate a constant-
current characteristic in the welding voltage range unless torck-
to~work distance variations are held to less than + 1/16 in. by
fixturing.

Plasma Gas Control. The simplest gas bor;gidl.éﬁrstéms made
1 by Linde and Thermal Dynamics should be satisfactory. Gas

i range of compositions can be easily obtained,

S Weld Speed Gontrol, Should be capable of maintaining weld speed
within + 0,5 ipm of a preset speed level,

{ _ b. Circumferential Welds

| Weld Power Supply. Maximum 100% duty cycle current should
} be determined by maximum thickness and material to be welded;
Pl at least 300 amp should be available at 40 v on a 100% duty cycle
| { basis, GConventional drooping characteristic machines may be
guitable, but cutput should approximate a constant-current charac-~
. teristic in the weld load voltage range unless torch-to-work dis-
v tance variations are held to less than + 1/16 in, by fixturing. Power
supply mwust have the ¢urrent upslope and downslope feature with
* slope interval controls accurate to within + 1 sec; the need for
true linearity of current slope rate was not determined, although
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the Aerojet equipment provides linear currzant slope. Current, weld

‘travel, and wire-feed-speed slope in unison on the Aerojet equip- .
ment because the slope functions are governed by slope generator
potentiometers ganged on & common shaft driven by one variable-
speed motor. It was found in welding 1/4 and 5/B-in.~-thick 18 Ni
. steel and 9 Ni steel that satisfactory keyhole withdrawal could be [ S
% ———————— T obtained only by sloping down weld travel independently of weld cur-

rent, which would require some special sequencing circuitry in
practically any plasma welding setup.
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Plasma Gas Control. Must provide for orifice gas upslope and
downslope with duration repeatability within + 0,5 sec. The con-

~trol must be interlocked with the weld power supply. Weld cycle
gequencing controls are generally simple te arrange.

‘Weld Speed Control, Should be capable of maintaining weld speed
- within ¢ 0.5 ipm of a preset speed level. The previous discussion
relating to weld travel downslope capability may be an important
congideration for some materials, .

_Aerojet staffed the welding tasks on this contract with an experien‘ced weld-
ing engineer and a conscientious technician who had never seen a weld
before; the technician required about a month to familiarize himself with - e

"~ gas-shielded fusion welding in general and plasma arc equipment and '
techniques, Although plasma arc welding equipment and techniques are o
somewhat more complicated than GTAW or-GMAW -the-complexity wazasta 3}
major problem in operator training. Plasma arc seems to be somewhat
simpleyr to learn than electron beam equipment and techniques. It is felf §
that a production plasrna arc welding operator should have some automatic
GTAW or GMAW welding experience because the power sources and equip-
ment are similar, and some experience with arcs and weld metal flow is
important. It seems reasonable to expect that a qualified and interested

~man could learn specific production equipment and procedures in less
than a week,

E

3.1,3,3 Fixturing and Torch Access Considerations

Keyhole mode plasma welding arcs require clearance for the plasma flame .
that streams through the keyhole. Figure 15 illustrates one workable
plasma flame clearance groove. Weld procedures for circumferential
welds were developed using this fixture, The use of exact procedures
developed on this fixture produced a hotter puddle and keyhole than expected
on the pressure vessel weldments (Volume III); it is suspected that the
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plasma flame impinging on the copper floor plate of this fixture may be
providing a parallel weld currént path that could be reducing the effective
melting current level, For straight seam welds in a production shop, a
fixture of this type milled from solid carbon steel would seem to be adeguate;
however, direct application of keyhole weld procedures developed on a tool
such as this for untooled product weldments should be approached with
_caution. Figures 16,17, 68, and 69 show tool configurations successfully

used for plasma arc welding.

1
\

The size of the plasma torch orifice end is a definite congideration in de-
signing weld tooling, The minimum spacing for holddown bars would most
likely be limited by the width of the trailing shield, Welding applications
of the PT-8 and U-5T torches on sheet metal joints that are normally

" tooled for maximum chill in the weld area were not extremely successful
because torch orifice end size limited minimum chill bar spacing.

bl mmmm;m]tmmmm
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Figure 68, Weldment Assembly and Tack Weld Tooling
Employed to Fabricate Spherical Pressure Vessels,
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Figure 69. Weldment Rotating Tooling Setup Employed
For Plasma Arc Welding Spherical Pressure Vessels.
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_ B = Keyhole mode welding conditions were developed using square butt joints for

SECTION IV

SUMMARY AND CONCLUSIONS

flat position single pasg welds in 0, 250-in. thick 6A1.4V titanium plate.
Welds were made at speeds of 6, 12, and 18 ipm; slight top bead underfill
was present in welds made at all speeds. A cover (cosmetic) weld pass was
required.to eliminate this condition; small amounts of filler wire addition
during the cover pass produced z satisfactory weld top surface. Horizontal
position welds in this material were satisfactorily cover-welded using a
two pass procedure, without filler wire addition.

Circumferential weld procedures were developed for square butt joints in
6A1-4V titaniwm in the 0. 250.in, thickness range at 12-ipm weld speed., It

was found that internal, irregularity shaped voids, caused by plasma gas
entrapment could occur from 3/8 to 1-1/2 in. past the keyhold withdrawal
point; these voids were the major quality problem encountered during develop-
ment of circumferential weld procedures for this material. Welding conditions
and timing were deterrmined that yielded 15 sound overlaps in 15 flat position
tests, and 4 sound overlaps in 4 horizontal position tests using the PT-8 torch.
Another way of Stating the flat position data is to estimate success potential;
for instance, the 15 out of 15 data block justifies a prediction that 9 out of
every 10 welds made with this procedure will be sound, with-an-80% confidence

level. The success potential data reflect the uncertainty associated with
making statistical estimates from a relatively small sample population.

The quality of keyhole mode plasma arc welds in titanium was exceptionally
high. The incidence of weld porosity was negligible; in 102 ft of weld metal
X-rayed, only 4 cases of porosity were found, all within acceptable size limits.
Of the 4 cases, 3 were individual pores less than 0. 030 in. in diameter; 3
cases were in horizontal position welds (which comprised less that 15% of the
total weld footage inspected by X-ray). No cracks, tungsten inclusions,
nonmetallic inclueions, or other internal weld defects were found in these
welds. Root bead grain boundary fissures ware not found in plasma arc

welds, but have been noted in GTAW welds,

Repair of gas entrapment voids in 0. 25-in, ~thick titanium was accomplished
by simply rewelding, using the keyhole mode circumferential weld procedure.
The tensile and PCI properties of welds repaired in this way were not measur-
ably effected, Voids in the keyhole initiation zone can also occur by entrap.
ment of plasma gas, but are not serious quality problems because they can

be eliminated easily during the keyhole overlap weld.
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Mismatch, gaps, and combinations up to 0.080-in. mismatch and 0. 070«in.
gap were keyhole welded uging circumferential welding conditions without
melting holes in the weld joint, Mismatch alone up to 0. 080 in. was keyhole
welded in the {lat position without root bead concavity, Gaps alone up to
about 0, 030 in. were welded without significant root bead concavity.

Tensile properties of plasma arc welds in solution-treated and aged 6Al-4V——
T titanium plate exhibited ultimate tensile strengths ranging from 157 to 162

ksi at elongations greater than 6.5% in 1 in, The tensile testing accomplished
on this material produced no weld strength data equal to 100% of parent metal
strength,

Precrack Charpy impact values were significantly higher in titanium weld
moetal and heat-affected zones than in the parent metal, for all plasma arc
welds tested. The plasma weld PCI data were also quite high compared

with other heats of 6Al-4V titanium parent metal heat-treated to the same
strength level, Specimens from several of the plasma arc welds evaluated
by tensile and PCI testing were submitted for interstitial gas analyses; these
analyses all suggest that the keyhole mode plasma arc actually extracts
oxygen from the weld metal, The weld fusion zone in these weldments
exhibited oxygen contents from 25% to 40% less than the parent metal; oxygen
content of parent metal was measured at 2000 ppm by two laboratories. The
precrack Charpy values for weld areas and pirent metal are in good agreement
with gas analyses; published data alse-suggest notch-toughness {5 inversely
proportional to interstitial content in titanium and its alloys.

—-Transweld-fatigue-properties of plagma arc welds in 0,25 1n. ~thick 6A 1.4V
titanium were evaluated using a uhiaxial specimen (with weld reinforcement
left as welded), and tension-tensidn'loading cycles. The fatigue failures in
weld specimens all began at the weld reinforcement on either the root bead

or the top bead surfaces, suggesting the discontinuity effect of weld reinforces
ment is a significant stress concentration factor. Fatigue life was evaluated
at levels of 83%, 85%, and 90% of uniaxial yield stress (0.2% offset). The _
data indicate that fatigue life of plasma arc welds determined as described
above may be less than 10% of the parent metal life at similar stress levels.

Circumferential welding procedures were investigated for welding 0.25-in, -
thick Inconel 718 square butt joints in the flat position. A simulated cir-
cumierential weld was satisfactory by X-ray inspection, but exhibited
cracks in the weld melt-thru at the keyhole withdrawal point after penetrant
inspection; the cause of this cracking was not determined. Welds in this
material without keyhole overlap areas were normally defect free; some
single pass welds were virtually free of top bead undercut. The one weld
tested exhibited 98% to 100% of parent metal tensile properties after suitable
heat treatment.
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The PT-8 and UST torches were used to weld gsquare butt joints in 0,063-in. -
thick Rene 41, using a melt-in mode arc, The results were not very success-
ful because, to provide acceas for the plasma arc torch, the hold.down bars
had to be spaced wider than desired; the result was ineffective weld-zone
chill, The distortion encountered was thought to be excessive,

—— The PT-8 torch was employed for about 80% of the welding reported in

this volume, It was found to be a rugged and flexible torch with apparently
satisfactory weld schedule repeatability characteristics, particularly for
circumferential welds, In straight seam keyhole mode welds in 0.25.in. -
thick titanium, the nominally optimum weld schedule can vary over relatively
wide limits, i.e., = 10 amp (220 amp), % 1/2 ipm weld speed {12 ipm),

& 1/2 ofh orifice gas flow (16 cth); and £ 1/16.in. torch standoff {1/4 in.},
The U-5T torch was used for about 20% of the welding reported in this volume.
Inconsistency in the kevholing force of ite arc developed literally overnight
about a quarter of the way through this work. The cause(s) of this behavior
were not satisfactorily explained by either Thermal Dynamics or Aero-

jet; therefore, only limited additional work was done with this torch. It was
not possible to compare the U.5T in equivalent terms with the PT.8; therefore,
compavrative discussion and conclusions aré not pregented, Based on results
of welding investigations reported in this volume, the PT-8 torch seems to be
a more consistent plasma arc welding torch,

The weld top surface coverage provided by standard gas shields on both
torches was unsatisfactory for the materials on which weld results are
oo reported in this veluwrne. -Both-torches were readily adapted to a trailing

shield, which provided suitable weld top surface coverage.

Arc starting was found to be inconsistent with either the PT-8 or U.5T
torch at standoff distances in excess of 1/8 in., particularly in horizontal
position welds. This was posaibly caused by the limited open circuit
voltage available (62 vdc).

Some form of automatic control may be desirable for controlling torch
standoff in plasma arc welding applications. The effects of torch component
manufacturing tolerances, and electrode shape and setback tolerances on arc
voltage in plasma torches were not evaluated during this program. These
factors may seriously influence the consistency of plasma torch arc voltage;
torch standoff control predicated on using fixed reference voltage settings for
AVC application could be subject to similar inconsistency. Possibly a better

. method of automating torch standoif control would be to empley an electro~
mechanical distance transducer to develop a proportional signal, independent
of art voltage inconsistencies, for AVC system input.
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Comparisons of fusion welding processes based on similar product weldment

 applications show that plasma arc weldiag offers the fabricater substantial T
quality and cost benefits, particularly for making butt welds in titanium and
its alloys in the 0,090~ to 0, 50-in, thickness range, Plasma arc welds in
0. 25-in. -thick titanium can be produced in one third the time required for
GTAW welds, Plasma arc weld guality and properties are at least equal to,
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" beam welds in this material. Other fusion welding processes suitable for
titaniurn have not exhibited the weld metal gas depletion effects that were
found with the keyhole mode plasma arc. Because weld metal toughness was
significantly improved without degrading tensile properties, it would appear '
that this effect is another of the desirable process characteristics of plasma 3

arc welding.

Aerojet experience with specific plasma arc welding equipment and applications
evaluated on this contract has been examined at length. The equipment is a
little more complex than GTAW or GMAW equipment, but is judged to be less
complicated than that used for electron beam welding. Welding operator
requirements for plasma arc equipment and procedures are not much different .
than for sophisticated GTAW, GMAW, or electron beam operation, It is

felt that an operator of mechanical plasma arc welding equipment should have
some previous automatic welding experience using a gas shielded welding

process.
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Table I-1. Welding Conditions Employed fox Pi#sf;ﬁ;
K

7 Pﬁ.!.“éﬁff#’

. c;t Test

and Heat-Numbey

-~ Joint Configuration

| Material Description |

V-Ciroove
 Included | Land —
Angle ]
{deg)

Torch Setup Linta

Electrode Configurstion
Inciuded | End |} 3
[ rip | ¥t | Sesback T
Angle Dia { Distance
deg) (i, } {in}

T

]

Wald ', Toreh
identification | Type

T Standoti |
Distaace
{in.}

;l

Die

Orifice {in.}

Wiid ackedule

{developmen:

Weld schedule
develapment
Evaluate weld
apeeds ‘-
Evaluste weld
speeds

" :{Weld schedule

development

Orifice gae
evaluation

“Ioratler shield

[ Trailer shisld
Evaluste atendoff

. lwerd schadute

lapmant
Evaluate weld

{apeads

Evaluate stirt

conditiona

Mill annealsd,
G- 2266

Mill annealed,
G-2366

No heat narnber
No heat aumber

No hsat m&nber

Mill annealed,
G-228%

M ln;u;h:‘_.
0-2266

Miil ltm‘lhdi,‘_.
G-2190

Ml anuealed,
G-2190

Weld in plate

0,26
0,125
0,128

0.126
Q9,26

teld inr place

Y TIAL-T-1

4--TlAleize3y —}-~F - 7

RI7INTENE

P IPTNrT IS R R B A

TiAl=lal
TiAL~Y.2
TiAI~2-4
TlAla2e2
TiAl-3e] o 1
TiAl-3-2
TiAledel

TiAl-4-2

Tlal-6.1

FT-8 | 136-M 3/16 7] 1/8

136-M - .
136-M - .
18 ] - -
136-M /8 1/8 - .
111-M 3f3z | a3 - .
T1Alualfal 11leM 3!32.1]8,5/32’ 3/32 « -
TiIAlellal /8 /8 1/8 e -
TIAL-11.2 - . -
TIAl-1Z-1 . -
TiAle12-2 B O O PR A
N T = :

1/26,3/%,
/B, 15, 14

TiAl.6-1

Lt
—
[ W
o
t I | [} L B A
L N B B ) L I I 2 ]
LA u?m.j__..__m‘l— S e 7

TiAl-8.1

i/8
TiAlaGal

7/64
/64 2
1716 :

PT-8

i
L ke d - GA ©

TiAI-]13
TiAl-13

|
L

it

TIAl=14=5.2
TiAlal4~8n3
TiAl«ld=5d
TiAl»14-8-5
TLALa248-6
TiAI-15-8.1
TiAt=15-5-2
TIAl~15-8-3
TIAL«15-8-4
TiAl-15.5.%

TiAlulbo8al
TiAl-16-5-2
TiAl-16-5.3
TIAI-16-8-4
T1Al.17-8-1
T1Alel?aSu2
TIAI-1748.3
TIAL-1 T84
T1AL~17-5.5
TIAL-17-5-6
TIALl-18-S-1
T1AL-18-5-2
TiAl-18-5-3
TIAl«19=S5:]
TiAL.19-82 |
TiAl-19-5-3 136-M

U-5T
PT-8

1/8
136N

/16
i/8

ll:|clllll|a|1|vllln'lllllltElll‘

ltllllilllIlllll.Pl&lllllll.

1/8 Ar

A

.
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onditions Employed f6r Flasma Arc Welding 6A1-4V Titanium.
l Toreh Setup Data Welding Conditions
Electrode Configuration ) i .
locluded | Kod | - | onficetmad oo f | L ——fwar | Gaipe F SegkerRerpo
t L Tip—— P Seshex | I Total- aiend Backup] "~ Weld Travel ded | roeve
tithiice {| Dia Angle Dia | Distance . Flow Flow Cas Current] Weld Speed | Heat | Dia Rate | Width Depth
©id.) fin.} | {deg) (in. ) {tn.} Typs | (i) | Type § {cth) | Type (amp) { Voltsge} (ipm) { No. {(in.) | tipm}| (in.} tin}
- 3746 | 178 - - 1/8 Ar 16 Ar i | Ar 200 - 7,0 NA - - 3/4 |
- . 16 130 - 8.0 - -
- - 16 170 - 7 - -
5 . - 16 130 - 7 - -
1 - - 18 150 - 8 . - -
3/16 o - - - 18 {1 150 - i - -
WL - - 18 133 - 7 - -
- - 15 137 - [ - -
- - Ar 15 120 - 7 - -
- - - He 56 16 b 132 . -7 . -
2 - - L AR 16 1 0 | . 7 - -
- 18 t/a- - - 1/8 9 40 175 - 19 - -
o 3/32 | 3/a2 - - 7764 20,40, 7( 160 - 19 - -
Plesimf 382 - - /64 <0 150 - 16.1 - .
1/8 178 - - 1416 ! ) 30 4o/128f - k4 - -
- - 9 i35 - 8 - -
3 - - 7 iz - % - - 1 B
- - 7 N TV T TURUE S S R e e St M M
. LB fod oof o e e i Rt S - 7 120 - - % -
£,3/%, - 8 130 - 7 , - -
IJI&b,U& ~ 8 -_\~~ - W,
e - S 7 P - -
. - - -1 -
- . i - " -
- - 4 - - -
- - 8 1 - - -
- - g 30 - - -
- - 50 - - - 1 R
" - I . e j 20 % - -~ SR Sl R - -
b i . 130 . I
¥ - . 140 - - -
] - . . - -
b Z - : ] . . .
3 - - ] - - -
. - - 1756 15 20 - - -
; - - 1/8 16 0 - - -
» - - 14 - - -
- - 16 - - -
» - - 18 » - -
' . . 18 - . - 1 ] 1
18 /8 - - /8 Ar 18 Ar 40 Ax 140 - 7 NA . - 374 i
}
4
151, 152
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r Table -1, Welding Conditione Employed for Plasma Arc Wélding 64
Torch Setup Data
Joint Configuration Electrode Configuration ]
V-Groove Raot Included | End Orific
- | Included tapg | F ] —Standofi— F— T | Flat | Setback e
f-———1— Purptse | Material Description Angle Thickness Weld Torch Distance Dis Angle Dis - } Distance -
of Test and Heat Number {deg) {in.} Identification | Type | Orifice (in.) {in. } {deg} {im, ) {in.} Type
Evatuate start Mill, anncaled Wald in plats 0,26 TiAL20.5=1 | PT-8 | 136-M i/8 1/8 - - 1/ Ar
conditions G-2266 . T1A1-20-8-2 - -
TiAL-20-5-3 - -
TiAL+21-8-1 - -
b TIAL.21.8.2 - -
TiAl+21.5.3 - . - 1
] TIAL22-5.1 ) g . -
- TiAl-22-5-2 - -
TiAl=22-5-3 - -
’ ’ TiAl-22.8.¢ " -
f Weld in plate TiAl-23-58-1 - -
- 0. 156 holea TiAla23-5.2 - .
TiAL-23.56-3 - -
. T1A1-23.8«4 - -
valuate atart TIAL-23-8-5 J 1 e - -
amditions TIAL=23-8-6 | PT.8 136-M 1/8 - - 1/8
aluate weld 'Wald in plate TiAlx24-1 U.8T | 1/16 1/16 - - 3/32
onditions 0. 156 holes , - I
valuste stert TIAL=25.8a1 - .
conditions TIAL-25.8-2 - -
TiAl~25-5-3 - - 1
S P U N TIALe25=8-4 § _ _ S it bl TR EEr R B - -
e AT : TIAL-28-5+5 - -
TiALl«25-Gub - -
3 TiAl-26-5-1 - -
. T1ALw26-5-2 — -
DS S ¥ TIATZ6.8-% - -
[Evaluste start T1AJ-26.5-4 - -
conditions T1AY~26=55 - -
[ iret bult wald q butt, 0, 080 T1AZ1a1 - -
x 0. 080 hole
sluate standolf 2 but, 0. 080 TIA2-21 18 - -
) x 0. 080 hole TiAZ-2-2 3716 - -
; valuate wald eld in plate TlAl=Z27ul /16 3/16 1/16 - - 352
i ondition o.nso::a.osoj R S IR IR M SRR SNt N S
f——fevatuate wold ] T Mill, aanesied  Weld in plate TIAL-28~1 3/32 1/8 3/32 . - 1716
ondition G-2266 o atart hole TlAl-28-2 - -
: valuate start Mill annealed, eld in plate TiAl-28-8-1 - -
b Fondition ¢-21%0 /64 holes T1A1.28-S-2 - -
. TiAl-28-5.3 L] . .
TiAY-28~5-4 1/8 - -
‘ T1A1-28-5-5 316 - - /18
T1AI-29-8.1 - N 3/32
b TiA29-5-2 - -
' T1A1.29-8-3 - -
TiAL-29-5-4 - -
r TIAL~29e5.5 - -
¢id in plate TiAl=30-1 - -
4 /8 holes TLAl-30-2 - -
TiAl=-30-3 - -
Evaluate start Mill annsaied, 1 TIAI-30-4 1 1 - -
conditions G.2i90 0,26 TiAl~30-5 U-ST | 3/32 iti6 3/32 - 3732 Ar
¢
3
ﬁ *
. — —_— el
b
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mployed for Plasma Arc Welding 6A1-4V Titanium (Continwed). - - =

Torch Setup Data Welding Conditions
Electrade Coatifuration 7
included | End Oru%q Gas Shisld Gas i 1 weia - . ‘:f,lf Filler iaék::g Bsr |
tandolt Tip- | Flat | Setback | “¥otel pome Backup! wetd—| | Traver | e DAt o Groove - —
iswnce |—Diw | Angle | D@ | Distance | - ) Flow |~~~ | 'Flow }""Gas | Zurreat] Weld | Speed | Heat | Din | Rate | Width | Depth
() L Gin) ] @eg) | lis) { - Gn) | Type | (e} | Type | (B} | Type | (amp) | Voltage| (pm) | Neo |Gin) {ppm| Gm) | fin)
1/8 ig - - 1/8 Ar 18 | Ar 40 { Ar 140 - 7 NA - - - 374 I
- - 18 - - -
. . 18 - . -
- - 16 - - “
i - - 16 - I B
- - té : N - -
- - 6} I B S I D A - § ¥ - -
s - e 16 . 140 - 7 - -
- - e {0 L 148 - 6 - -
- - 14§ 150 . - -
- - 1% 1 140 - - -
- - 14 o - - -
- - 1 | - “ -
- - 16 : y . - - "
LN - - 1% ] S 1 - - -
-1/8 . - 1/8 1 1 40 140 - - -
1/16 - - /32 . 7 30 125 - - -
- - 2 ! 85 - -1 -
- - ¢ - - -
- ¥ - - -
- - ) 8% - - -
- - ! 80 - - -
a - - 80 - - -
3 . . . [ !
L8 - - 108 i 200NN DU O ISR
_3/16 R - - : 1 ¢ ] : 103 | . o . -
3716 |16 - - 3752 iz ] 108 . i - .
A i T 2 At IR B ¥ 41 3 1 : 115 . . .
4 30 120 - .
) - - 2.5 20 85 - - -
} : - - &5 . a8 - - .
b - - 5 , 98 - - -
L /8 - - ¥ 5 ' 120 - . .
f3s16 - - 1116 5 125 - - .
b - - | 5.5 - 128 - - -
: - - - 4.5 100 - - -
- - 4.5. 120 - - -
’ - . 3.9 105 - - -
- - 3.9 1o - - -
- - 3.9 195 - . N
; . - 3,9 , 110 - . .
- “4 108 - . -
| 1 - - 4“4 { 105 - I T
s7te e - 3/32 | Ar 5 Ar 20 Ar 105 - & NA - - 34 1
'
}
B 153, 154
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P . Table 1.1, Welding Conditions Employed for Plasma Arc Weld
Torch Setup Data
Joint Configuration Elettrode Conliguration
V-Groave Root Included Bead Ori:
inciudad Laad | Standoff 3 Tip | Fiat | Sethack § =
— Purp Material-Description Anglte—[Thickness | Wald | Tarc Distance | Dia Angle Dia | Distanice ’

- of Test and Heat Number {deg) {in.} Idantification | Type Crifice {in.) {in. } {deg) {in. ) {in.} Typs
Evaluats wild “Mill annealed, G-2266 Weld in plate, 0.26 T1lAl=31al U-5T | 3/32 3/16 3732 - - 3/32 Ar
condition 1/8 holes TI1Al-31.2 /¢ - - Ar
Evaluate orifice Weld in plats, TiAl-323-1 316,174 - - 1 Ar

X gos and wire foed 1/8 holes TiAle3Ze2 UST § 3/32 13716174 { 3/32 - - 3/32 He 4%
Evaluate weld Weald in plate, TiAl=33.1 PT-8 1360 3/is ”’3 . - t/8 Ar
condition 0, 1586 hole

: ) Sq-butt T1AL1-33-2 - .
1Evaluate atart §q bust TIAZa3=1 - -
condition 0, 186 hole T1A2-3-2 1 - -
Evalukte wire fexd| Mill annealed, G-2266 Weld in piate, 0.26 TiAl-34.} PT-8 136-M t/8 - - 1/8
0. 156 hole
4 Evaluste weld No heat nansber Weald in plate 0,128 TiAl-35-1 UeST 1/1é6 1/18 - - 1716
condition T1A).38.2 3/16 - -
T1Al=35.3 1/8 - -
Wald in piate TiAl-35-4 1/4 - -

Wald in sheet TiAl-36-1 116 1/8 1/16 - - 1718

* TiAL=«37-1 332 3732 - - 3/32
T1Alw38x1 - -
TiAl-38-2 - -
TIAl-39-1 1/8 - -

T N NSRRI RO _ L TiALedg.2 I JUUNE V£ 7 0 W S S - RO SO S
S = T1Al.40-1 ' - ~ 1
- TiAl~40-2 - -
i fﬁ:‘;"u No heat aumber Weld in sheet] 0.125 | TiAl-e0-3 | u-57 | 3/32 3/32 - - /32
{Evaluate start Mill annealed, G-2266 S0 hutk. D. L1ALadlaSel  BT-8 | . 136M 148 2y 1132 118
cosdition and - TiAZ~41.8-2
louter shield TIAZ-41=5-3
TIA2-41-58-4
o . TIAZ-41-5-5 { ] 1
[Evaluate weld TIA2-42-1 PT-8 136-M 178 70 /32 1/8
e ondition P i

) Livaluste start Ti1A2-43-5~1 | U-5T | 3/32 3/32 - - 3/32
sondition TIAZ-43-5-2 - .

TIAZudbeSal I I D I A I IESRU NN F N N S

I N T - 3 I 1T T1A2=44-8-2 - .

T1A2-44-5-3 U-5T 3’32 3/32 - - 3/32
T1A2-44-5-4 | PT-8 136-M /8 70 1/32 1/8

k Evaluate overlap TiAZodbt
and melt-in T1A2-45-2 ! Ar

! cover weld T1AZ-45-3 3/16 Hs 50

} Evaluate overlap T1AZ-46.1 1/8 Ar

) and melt-in TIAZ~46-2 3/1é Ar

; covar weld T1A2-46-3 1/4 He 33

i Evaluate running TiIA2.47.58-1, 3/44 Ar

» start condition 2,3, 4,5
{Evaluate weld Mili annealed, G-2266 T1AZ-48-5-1 i/4 { Ar

4 fapeed ] T1AZ-48-5-2 1 1 it4 Ar

fq butt 0. 26 T1A2-48-8.3 | PT.8 | 136-M 114 1/8 70 r/32 i/8 Ar
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loyed for Plasma Arc Welding 6A1-4V Titanium (Continued), :
h Setup Data Welding Conditions :
Elncteods Confijuration :
- " Cold Filler Backing Bar H
Included | End Orifice Gas _ weld .
AR A & 2
: Tip | Fiat | Setbeex T Total ponaittd O28 | packup] weig | Traval : = Groove :
i Die ] Angia DIk I mistance. - Flow Flow Gas Turrent] Weld ] Spaed | Heat | Dia Bate | Width | Depth i
in) | (deg) Ga.} § {ind Type | feth) | Type | (sfh) | Typs | (amp) | Veltags} tipm) | No. [éini |gpmi| tin) tin} i
3132 - - 3732 | Ar 1] Ar 20 | ar 105 : € NA Z - 3/4 1 £
- . R Ar 10% . NA o, 062] - :
- . Ar 17 - RA(CP)H 0,062 | 14,3
k| 3/ - - 3/32 | Heds] 4.1 20 120 - NA {0,062 ) 14.5
1/8 - - /8 Ar 14 40 130 - - -
- - - 4 - 118.120 - - - |
- - iz0 - - -
. - 128 . NA - .
148 - - i/8 16 40 130 - [ - 0. 062 | 14,5
1/16 . - 116 4.0 .20 8 - 16,1 NA - -
- . 2.0 30 100 - - -
- - .8 1o - - -
- - 1.8 110 - - -
1/16 - . 1/16 1.7 100 - - -
3/32 - - 3/82 R.0-7.0 - 100 - - -
- - 5.5 108 - - -
- - 3.5 140 - - -
i , - - 4.5 g . - - - ;
| .= LI S O A N Y3 B N I ST TN IR SN W I T RIS R N I SR SR -
g - . - 3.5 118 « 16,1 - - ;
- . 3.5 127 - 19,9 . -
d 3732 - - 3/32 3.5 30 125 - 19.9 - -
178 20 1432 1/8 1k 60 125 - - -
i 125 - - - -
128 - - - -
) 128 - - - -
J 120 - - - -
178 70 1/3z 1/8 16 60 128 - - - .
B VTS - 3/32 s 20 108 . ] - -
' - - ¢ z0 105 . - -
' - - 4 20 105 - -~ 7;37, S I N T S _
AR S S 3 20 —1110 ™ - -
; 3/32 - - 3/32 3.6 35 1l . - .
; 1/8 70 1432 1/8 1.6 60 120 - - -
» 16 6 120 - - -
' Ar 16 | ar 60 120 - . .
: He 50 & He 50 70 120 - - -
} Ar 16 Ar &0 120 - - -
' Ar 16 Ar &0 128 - - .
He 33 9 He 50| 70 90 - 1 - .
' Ar 16 Ar &0 128 - & - -
[ 3
Ar 16 Ar &0 190 - iz - -
' Ar 16 Ar 40 190 - 12 - - |
/8 76 §/32 1/8 Ar 16 Ar &0 {Ar 19 - 12 NA - - 3/4 i
]
H
B 155, 156
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Table I.1... Welding Conditions Employed for Plasra Arc Welding 6A1. 4"

Torch Setup Data
Joint Configuration Electrads Configuration
V-Graove Root Ihcluded | End o
tnciuded tand —§ 7 { Standoff Tip Flat Sethack
- Purpoas Material Description Angle Thickness Wweld Tor:ch Distanze | Dia Aagle Dis | Distance
of Test and Heat Numbey (deg} {in) Idantification | Type | Orifice (in.} {in. } {deg) {im. ) {in.}) Type
Evalubte everlap | Mill annealad, G-2266 FSq Tt 0.26 TlAlndg=l PT-§ { 1%%-M HE 1/8 0 13z 1/8 Ar
lcondition TIA2u4Gu2 PT-8 | 136.M i/4 /8 n 1432 1/& Ar
TiAZ-493 PT-8 136-M {174, 5736 1/8 % 1732 /8 He 33
3 Ti1AZ«50<1,2 PT-8 1346-M § 144, 516, 1/8 0 1/32 i/8 Ar
TiAZe5}al U-5T | /32 1/4 3/32 - - 3i32
T1AZe81a3 - - ]
- - CTIAZ-81-3 . - )
TIA2-51-4 - -
{Evaluate wald Mill annealed, G-2190 T1A2-52~1 } -
condition TIAZa821 1 . - - ]
T1AZ-52-1 U-57 { 3/32 /4 3/32 - . 3/32
{Evaluste start Mill asnealed, G-2i90 TiA2-53-8-1 | PT.8 | 136.M 316 1/8 60 /32 18
jcondition T1AZ-33-6-2
TiA2-538.3
TIAZ-53~8~4
T1A2-53-5-5 3716
TLAZAS 483 1/4
TIAZ-54=8.2
TIA2-54-5-3 -
TiAZ=54~5-4
TiAZu54=8ub - % I
e atuion sty BEEEE sl e B £2 LSt L R s e e e T S o
: {Evaluate overlap | Mill anneated, G.2190 TiAZ»55~1
F kandition TiAZ-55-2 |
TiAZaSbal L]
TTAZZS62 70 Ar
1 TiAZ~56-3 1/%2 Ha 50
TiA2-57~1 0,045 Ay
0. 26 T1A2-57-2 0,045
[Tensile properties | Condition STA 293281 L 235/.240 | T2AZ-1-1 14 . 0.846
L 235/.240 | T2A2-1.2 178
L237/.239 | T2AZ-2.% 178
L. 237/.239 | TzA2.2.2 178 Ar !
,237/,.239 | T2A2-2.3 ' . 18 ] { He 50 |
orizontal position | Mill annealed, G-2190  § | | .26 TiEZ-1-1 SPTa8 ) 136-M ] 1/4 18 -]-70 0,046 /8 AT
| valuate weld Mill annealed, G.2190 TI1A2-88-1 U-5T 3/32 578,174 3/32 - - 3/32
| kandition TilAZ-58-2 3/32 5/B, 1/4 {60A46 - - /16
'} TIA2-58-3 3/ 3716 3/32 - -
TiA2.59-1 /8 3/i6 1/8 - -
i TIAZ-5%9.2 3/32 - .
i TiA2-59.3 174 - -
1 T1AZ-59-4 3/32 . -
} T1A2-60.1 178 3/16 1/8 - -
! TiAZ-61u1 3432 3732 - -
TIAZ-61.2 - -
. T1A2-61-3 - - 1716
TiA2=62-1 - - 3732
T1AZ-62a2 - -
d T1A2-62-3 - -
TIAZ-63-1 - -
J ] T1A263.2 ] 3/16 ] - -
Fog butt .26 TiA2-63-3 U537 3/32 i/4 3732 - - 3732 Ar

o a—
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B for Plasma Arc Welding 6A1.4V Titanium (Continued), o
rch Setup Data Welding Conditicns
{ Elactrods Contiguration )
laciuded | mea | | _omfisoas | gooac0 Weld Cold Pk Backing Bur | S
) 1 Tip _Flat | Sethack | =} Tatal Baciup Weld “{ Travel %h/ T
e | Dia | Angle Dia | Distance Flow Plow Gas Turrent] Weld | Spred ] Heat | Dia Raie | Width Degpth
iR fim) §  (deg) {in.} {in.) Type | (el | Type | (cih] | Type famp) | Voltage] dHpmi §| No. {lin.d § fipm) ] dinad tin.)
¢ | 1/8 | 70 t/3z 178 | Ar 16 | Ar 50 | Ar 190 Tz NA L - . 374 1
3 1/8 10 1732 /8 Asr 1% Ar 60 195 - - - -
16 | 1/8 70 1732 1/8 He 33 3 | HeSO| 120.135 - - - -
bo. | 1/8 7 1/32 1/8 Ar t.6 | Ar 40 195 - 1z - -
] R . . 3732 3.8 20 105 . 6 - -
! - - 4.0 103 - 't . -
. . 105 - é . -
- - N . 110 . 6 - -
- . 110 - 12 - -
. . } 1 110 - 12 - -
j 3/32 - 3/3z 4.0 20 119 - ] - -
F& 178 60 173z /8 16 &0 135 - 3 . -
16 140 - - .
14 - . -
16 - - -
6 - . .
R R I I N I S T S SO UV S ¥ . TN DU, S R A e T B
i 145 - 1 - -
r 1 1§ 210 - 6 - -
i 60 1 &0 216 6.6 12 - -
76 Ar 16 A 35 3 0 = -
/R He 50 [ He 50| 70 210 2&.0 - -
0. 049 Ar 16 Ar 60 210 - - - -
0.045 16 zio0 - - .
0,046 i3 195 25,. - .
15 9% . - -
! } 15 ] 195 25.1 - .
| Ar 8 Ar &0 200 - - -
i ] Heso| & |Heso] 70 10 pLesz2.0 . -
" /8 70 6.046| 1/8 r 16 Jar teo } I | me } . 1 P} Lbo .o b b At
PRSI 75 7 R I Y 2z 10 210-260 - . -
74 {60AdE - - 116 3 20-15 210246 - 12 - -
E un - - 20 210-246 - 14 - -
/8 - - 20 240 26 12 - -
2 - - 15 240 22.5 - .
. - , 15 240 - - -
B - - 15 300 . . -
6 1/8 - - k1 20 300 - - -
3/32 - - 3.5 185 - - -
- - 3.5 220 . - .
. - - /16 4 225 . - -
- - 3/32 4 200 - . .
- . 3 200 - - .
: - - 3 218 B - -
- - " 160 . - -
5 - - ] s 178 - 1 - .
VAT - . 3/32 | Ar 5 faAr 20 Ar 150 - 12 NA - - ¥4 !
2
!
157, 158
-
e . i
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b

Porpose
_ of Test

Miterial Descrigtion
__and Heat Numbe:

»

Joiat Configurstioa

Toreh

Setup Data

V. Oroavs Raot
fneluded Lsad
Angie Thicknasa

Wald
| Identification |

Type

Terch

£lactrode Cosfiguration

Standolt
Distanes |
{in.)

Inciudad
Tip
—Angle.

ey}

End
Flag
—Dis—]
{in)

Evaluste stast

Evslusts weld
condition

Evaluste atart

{Evaluats ovarisp
pondition

Mill annealed, 0-2150

Mill annaaled, (<2266

Mill snnealed, G-2266

lerra
8q bukt

o.:b

0.26
0,260

TiAZwbhuf}
TIAZ-E4eBr2
TiAZuEd«5-3
TiAkebi«8-1
TIAZe650842
TiAZn65-8-3

T1AZnE6~Ge1
Ti1AZnbbeS82
TIAL-66-5-3
TIAZ-67A1
TIAZ-68-!
TiA2«69.1

TiAZ-748a1
TIAZ= 7483
TIAZaTE-53

TIAZuT5-1
TlAL-75.2
TIA2-75.5%
TIAZ»76.1
TiAz-76-2
TiAZ76-3
TLAZ«T1-1

UeST

u.5T

1/g

31

3zi6
1/4

3/
18

$|lllll

3 S--

i
0, 1

0,040

o.038]

P—
-

1411

s ;..‘.-A‘Li‘ che L

jEvaluats start

Evaluate ovarlap
condition

[Tenstle properties

uate averlay
cover wald
audition
aluste wald sad
everiap conditions

Sta Ti 293288

STA 302257

0,260
0.235

$q butt

Covar weld
Cover weid

0.238

Sq butt
Sq butt
Sq buts

.27
8,275
0,275

TIAZ~79-1
T1AZ479-2

T2AZe1NuSel
T2AZ~10e5-2
TZAZ»10a83
TA2~11u8x1
TIAZ~11-8=2
T2A2~11-8~3

T2A2=12-51

TZAZw12a8-3
TiAZ~131
T2A2+13-2
TZA2#13-3

TZAZ+14-1
T2AZ~14-2
TiA2-14-3

TIAZ+793
TiA2-19-4

T2AZ-15-1
T2A2.18-2
T2A2-15-3

~TIAR=I2ET |

U-5T

Us.T

{37
i/8

R —

';a.--.. .

174
3/t

3/16
its

316

3/16
e

/4
174
1/4

3716, 174
/4

i/4
174
ti+

LI S Y vna..|3~_

L)

1/8

0,035

LR T SR T N SR T ' Y

LI}

i
/18

1716

TP -
e

TE Flee

NS SR ¥ = SPOp




oyed for Plasma Arc Welding 6A1-4V Titanium (Continued):

ch Selup Data . Welding Conditiony
Klactrsds Sonligurati i ] - , = 1
4 . ) X ¥illar Bar i
Includad | End Orifice Opy Weid Cod eking i
Tip Flat | gotback Total fitld S35 4 muckup] wetd I bl SN bjeood  Croove | !
2 | Din | Asgls | D IDistasce] — | Fiow | | FlaW | Gas | current] Weld | Spead | Heat | Dia | Rate | Widih | Depan
- § (i, {deg} {ia.) {in.} (e} | Fype | le@) | Type wmp) § Volage] Upmd | No. [fin) | lipmi] {in.) A}
sizf - - 3732 | Ar % | Ar 20 | Ar 178 " i3 NA] - -1 374 1
- - Ar 5 20 210 . - -
- - Ar 6 30 190 . . - .
- - He &6 & 20 31 < - -
2 - - He 75 8 0 240 - - -
/33 - - 33z | & 5 20 210 - 14 - -
18 & 1is 178 1% 60 325 . 18 - -
=i T . 18 - -
. 280 . 18 - .
200 - 18 - .
1 : 210 26.5 1 - -
&0 i a0 | 29.2 18 . -
4 7 0. 040 F 116 - 12 - - :
16 - -
- J 1 ] - A
Ar 16 210 - - N
He 80 % 150 - - -
Ar 16 20 - - -
g 0.040 - N B I
B.g35y N DR DU T OO U NN DU U SN N . i A I -
] 1 } ] - - .
A Ar ¥ | Ar io 210 - - -
He 50 ¢ | Hesol m 160 - -
- “HES T HeS0| M0 160 - - -
e 1§ Ar 0 210 . - .
70 o.03] /s 16 60 e - - -
. - 1216 5 20 175 - - .
- - 195 - - .
- - 200 - - -
- - 200 - - .
- - 200 - - .
- - 210 - . - . 1
- - ! - - -
- - Ar 5 | ar 20 21 - - -
3 - - He 73 4 He¥8] &0 isg - - -
- - Ar s | ar 2 207 2.0 . .
{ - - Ar s | ar 2 207 | 250 -1 -
! ~ He 75 * He 7% &0 160 232 - -
' He 75 4 [Helds§ 60 160 j24.5/26.5
. - - He 75 < He 75} 40 H 2.8
L4
- Ar 5 lar 30 us - - .
1 - - } | Ar 5 far | 30 ] 218 - ] j P ! !
/8 - - 116 | Ar 5 | Ar 30 Ar 215 . 12 NA - « 1 34 :
!
§
! 159, 160
B I
». b s e i — - e -
i e
P ) _




. —— e o e e o g T — :,,v_ Yy :-T—_—————

Table 1.1, Welding Conditions Employed for Plasma Are Welding

Torch Setup Data
Joint & ration Elacivode Configuration
VeGroove Rost Included 4‘ End O1
tactuded | Land | b b ] sasdeti | —fip— | Fiet { Seiback |
rpode— | Marerisl Description | Angle Thickness Waeld Torch | Distance | Dia Angle Dis | Distance
of Test and Heat Number {deg) {in.} Identification | Type | Crifice {ia.} {ia.) tdeg} {in. } {in.) Ty
Evaluate weid and | STA 302287 Sq butt ©.275 | TRA-16.S<1! U.ST] 1/8 3/i6 | 1/8 - - 1/16 | Ar
averiap conditions T2AZ-16.5m2 - -
T2A2-16-8.3 - -
T2A2-17-1 - -
TZA2.17u2 1 - . Ar
4 TLAZ-17-3 U-5T | 173 3/1% - - 1/16 He "
TaAR~18-5-1] Pr.8] 136.M /4 70 3/64 1/8 Ar
: . T2A218-8-2
s T2AZ.18.5-3
TZAZ~19.8-1 ,
T2A2-19.5-2
TAAL~19-8.3
| T2A2-20-1 ]
TZAZ-20-2 Ar
5TA 302257 0,275 | TzAZ.20.3 Hes
STA Ti 293281 0.230 | T2A2-21.8.1 Ar
P2AL-21-5-2 Ar
TZAZu 1«83 Ar
TZAZ285-4 He s
TZAL-21-5n5 Ha s
TZAZ.22-~5-1 Ar
1 TZARG22-5-2 Ar
41 TeAZ-22.8-3 1 [ ] ] .- R St il e A Bl B B ¥
[ BRI R E a - TEAZ-22-5-4 He 5
3 STA Ti 293281 0.230 | T2A2-22-5-5 He 8
STA Ti 302257 0.27% | T2A2.23.8-1 - Ar
TEAZ-23.52 Ax
TIAZS23-53 He 5
T2A2.24-5-1 Ar
T2AZ-24-5-2 Ar
TIAZ-248.3 Ay
STA Ti 302257 0.275 TLAZ24~5-4 He SC
STA Ti, 0-4956 0,250 | TZAZ.25-1 Ar
T2AZ-25+2 Ar
1 TZAZ-25-3 Ar
| T2AZ-25-4 He 50
STA T, G.4956 TZA2.26 (AT
Mill annealed, G-2266 e i ] ] TiA2.80~1  f SR 41 R S B S B
Lo 4 I A | TiA2-80-2
T1A2-81-1
TIAZ61-2
! T1A2-81-3 Ar
k TIAZ-81-4 He 50
TIAZ-82-1 Az
| TIAZ-82-2
i TIAZ-82-3
TiA2-83-1
) TIA2-83-2
. T1AZ+83-3 Ar
: T1AZ2-8344 He 56
» T1AZ-84-1 Ar
TIAZ-84-2
. 0.250 T1AZ~85-1
' 0.26 T1AZ-85-1
Evaluate weld and 0.26 TIAZ-86-2 i 4 { 1
svoriap conditions | Mill annealed, G.2266 Sq bute 6. 26 T1AZw84-3 PY-8 { i36-M 1 1/4 1/8 16 1/b4 LB 1 Ax
'
}
f
o e e i e e
E
- . . . "




orch Setup Data

Welding Conditions
Electrode Configuration !
ingiudad | End Deiflce Oss }  o1iptd Gan Wels S s R
Tip Flap | Setback Total - Packup] Weld Travel A5 T _Srsove
¢ { Dia Angle Dia | Diatance Flow Flow Gas Current] Wald | Speed | Hest{ Dia—} Rate |+ Wiggi FDepan |
o Umd | Megl fliad -t Frpe [ {eB) | Type [ (16T { Type § @awp) | veltage] (ipmi | No. fn) | Gpmi} tin) {in.}
16 | 1/8 - - 116 | Ar [ He 78 60 Ar 235 - 12 NA - - 34 1
- - He 78 60 200 - - -
- - i He 78 60 213 - - -
- - Ar 30 235 | 2%z - -
P - - Ar 5 . Ar | 30 218 | 272 - -
/16 - - 116 | He 78 + He 78 60 e 1 30.0 - -
14 70 3/64 /8 Ar 16 Ar 228 - - -
228 - . -
235 - - - .
235 - - .
238 - - -
it 235 - - -
15 235 | 26,8 4 .
Ar 15 Ar 60 236 | 26.8 - .
He 50 s He s0{ 70 168§ sz " -
Ar ] Ar 60 200 - - -
Ar is Ar &0 200 - - T .
Ar 13 Ar 60 200 - - -
He 50 13 He 58] 70 170 - - - v
He 50 6 He 50] 70 i - . - .
Ar 15 Ar 60 200 - - -
Ar 1§ Ar. 60 200 - . -
Ar 15 Ar 60 208 - - -
He 50 4 He 50§ 70 LY (2 WCINNNE SN IS SUUN SR IUUIPRGI Sy R SRS B B Sy P
SN NS DU S e s N S ~iBe B0 — &l HESTTIO T T T i - - -
Ar 15 § ar 60 238 - - -
Ax 15 Ar 60 230 - - -
He 50 & He 50] 70 170 - - .
At 15 -Ax -6G- 22y = - -
Ar 15 Ar 60 225 - - -
Ar 15 Ar 60 235 - - -
He 50 6 He 50| vo 170 - - - 314
Ar 16 Ar 60 210 - - - MY
Ar 16 Ar 2] zio - - -
Ar 16 Ar 60 210 - - -
He 50 [ He 50} 70 170 - - -
Ar 15 Ar €0 zin - - “ 3.1/2
210 - - - 1-1/2
[ -1 £ N [T E DU G SR S S T AR i S
n B S o T 210 - - -
] 210 - - .
! Ar 16 Ar 60 210 - - -
He 50 6 He 50} 70 153 - { - .
A 1 Ar £0 210 - - -
210 - NA . -
L 170 - #wcm 0.062 | 18 1-172
il - NA - - Mi/2
{ ] 210 - NA . - ’
Ar 16 Ar 50 210 - NA - -
» He 50 6 |HeSo| 70 160 . INACPI] 0,062 [ 18 | 3.3/2
: Ar 16 Ar 60 210 - oA - N 172
21p - . -
N 220 - . -
220 - - -
' 1 f ] 220 - ] . - ]
E 1/8 it) /64 18 Ar 18 AL A Ax 21e - iz 7. = = ledli i
b
¢ .
3 161,162
‘ i
:
; ! - —— . - :
J
E
- e e e . |




8 Employed for Plasma Arc Welding 6Al.

4 Tarch Setup Data
Elestrode Configuration
Included End Oﬁf?e
k 7 - . £ B Standoif © ip Fiat | Setback i
Y Purpose Materigl Dencription ~ | Angle  IThickmess { . Wald — { Torch § Distance { I Angie |- Dih [ Dlefance |- - -} 1
I | ol Test { - and-Heat Number - -~} (deg) (tn.} "I identification | Type ] Orifice {imd {in.} (deg) {in.} {in.} Type
Evaluate weld and | Mill annealed, G-2266 Sq butt 0.26 T1AZ«86-4 Pr-8 136-M 1/4 /8 70 3764 i/8 Ar
overlap conditions ' 0.26 TiAZ«86.5 He 50
E STA Th G-1956 0,230 TZA2-27~1 Ar
0,250 T2A2-27.2 | Ar
L 0,250 TEAL«Z7~3 Ar
0.230 T2A227~4 He 50
Gaps . Mill annesled, Ge2190 0.26 '} T1A2«§7-1 | . A4
b {Midzaateh Mill annenled, G-2190 0.26 T2A%e28+1
JCape and mistatcl Mill annesled, G-2190 0.26 TI1AL-88-1
Evaluste weld BTA Ti, G-4956 0.2580 | TaER-it.1
dud overlap con- : 1 ) oreieiez Ar
dition, horivental HCoven, nowire -1 He 50
position, {Gover, wire -2 He 50
TinL~2-1 Ar
TLE2-2-2 Ar
T2E2-8+3 Ar
N ) Cover, =1 He 50
) . Sq butt 8,230 jCoverwiwire.2 ‘He 50
 iEvaluste purge gasi Cover weld sczap Ti ball . R T 431 Test No, 1 He 50
jtemperature riss Keyhole 0,270 |41 Test No.2Za1 Ay K
Zd-ig,. dia spherd Keyhole 0.270 lCoverwiwire-2}] 1 1 1 A4t e e d ot - He-50 | —
i e S : - Ry etE T ET T [ over wiwizes Hs 50
Evaluate overlap | Mill annesled, G-2190 Sq batt 4,26 TiE2-1-1 Ar
P jcondition, hori- . . TIEZ-1e3 Ar
{goatal poaition ) TIEZ-1-3 Ar
Cover wald Mill annealed, G-2190 TIEZ- 1.4 He 50
procedure TIE:-1-5 Has 50
Evaluate overlay | Mill anncated’ TiA2-8%91 A
lc aaditions TIA2-89-2
TiA2.89-3
TiAZ2=90a1
; T1AZ2-90-2
| TIAS~90-3
; T1AZ9ic doo1
- e —d - f] PHAZS9RSZ - - -
0.2 TIAZ-91-3
: STA Ti, G-4956 0.250 | T2A2-28.1
; 0,250 T2AZ-28-2
b 0,250 | T2AZ-28-3
Mill annesled, G-2190 0. 26 T1A2.92-1
1 0.26 TLIA2-92-2
[ Sg butt 0,26 TIAZ=92.3 Ar
R !Ev:iuau cover Per weld identification Cover weld G.250 -1 wire on He 30
bweld conditicas T2A2-28
Cover wald -2 wire on He 50
» TiA2-91
Coaver wald -3 wire on He 75
. T1A2-92
' Cover wald «1 wire on I He 75
TiA2-89 ¥
Cover weld 0,230 i‘zlszi:e on PT-8 136-M 1/4 i 1/8 70 364 178 ,He 75




otch Satup Dats Welding Conditicns
3 Elscirods Configurasion -
Cold ¥ Liler Backing Bar
Inciuded Ead Qrifice Gax Weld f
LS Tip Yiat | Sethack T Total po o000 ) Backup) weid |} Trave: Wire Data,—omed  Oroove |
nee-—Dla—T TAngle | DX | Distadea | Flow Fiow | Cas Turrent]!  Weld | Speed | Heat | Dia | Rats | Width | Depth
) in.} ! {deg) {in. } {tn.} Type | lcfh) | Type | leh} | Type famp) | Voltage| (ipm} | No. |tin,} |{ipm)] (in.) (in. )
‘e | 1/8 70 3764 1/8 Ar 14 Ar 60 Ar azs . 12 NA - - 1e1/2 1
He 50 6 He 50 70 150 - - -
! Ar 16 Ar 40 220 - - .
. Ar 16 Ar 60 220 “ - -
Ar ié Ar 60 230 - - -
He 50 & He 50} - 70 150 - - - 1-1/2
E Ar i6 Ar 69 - 220 - - - H
16 Ar - - -
16 Ar . - -
6 Ay - - -
Ar 16 Ar 60 220 - - -
He 50 6 He 50l 70 150 - - -
He §0 [ He 50| 70 130 . . -
Ar 16 Ar 68 220 - - -
Ar 16 Ar 60 220 - - -
Ax 16 Ar &0 220 . - -
He 50 6 He 30 70 150 - - -
He 50 6 | HeS0| 70 e - NA | - -
- He 50 6 He S} 70 150 - NA(CP)| 0.062 { 36
Ar 16 Ar 68 220 - NA DI R e
—pT e A --He-50-. -6 -1 --He 50} --70- i g » "“m‘“‘épg 6,662 1 3% A
Ha 50 é He 50 70 170 . NA - -
Ar 16 Ar 60 . 220 - - -
Ar 16 Ar 60 230 R I S . -
A 1% A¥ [ 2 R SR SRV T T N - -
He 50 6 He 50] 70 156 - - -
He 50 6 He 50{ 70 100 . - -
Ar 16 ar 60 220 - - -
? f X I
i Ar 16 Ar &0 220 - - -
; He 50 6 He S0} 70 165 - 12 - 18
: He 50 & He 50| 70 210 - 15 - 2.8
»
He 75 8 He 75| 60 180 - 15 - .
' ’ He7s] & |HETS] 60 ‘ 190 - 15 - jezs
[ 1/8 10 304 1/8 He 73 8 He 75 | 40 Ar 150 - 12 NA - i8 2 1
}
} - R
163, 164




e ettt sanamne Re RSN
) - —
i _ Table I.1. Welding Conditions Employed for Plasma Arc Weldin,
— .i - * ‘
Torch Seiup Date
Joint Configuration Electrode Confliguration
. V-Groove Root N B | nelided { Kad—|-——— L —Grt
I ) __} Included —}—bLand—1 | Standoff < b g Flat | Sethack "
i ] Purpose Material Descripiion Angle Thickness Weld Torch Distsuce | Dia Asgle Dis | Distance
: of Test and Heat Number {deg} tin.} Kentification | Type | Qrifice {im) {in. } {deg) {a. } {in.} Type
Lvaluate averlap STA Ti, G-4956 8q butt L 2487.250 | T2A2429-1 PT-8 | 136.M 1/4 i/8 70 364 ] 1/8 Ar
couditions | L248/,.250 | TIZAZ-29-2 Ar
Evatuata mechani-{ STA Ti, G-4956 0,250 TZAZ2u30-1 Ar
cal propartics TZAZ2=30~2 Ar
TZA2-30~3 He 78
TiAz~31-1 Ar
T2A2u3)a2 Ar
T2AZ-31-3 He 75
* T2A2=32a1 Ar
] T2A2-32-2 Ar
Sq bust T2A2-32-3 He 75
Repair weld in T242.29{ T2A2+33.1 Ar
Sq butt T2A2-34.1
T3A2-34-2
Evaluate stress v T 2A2-35«1
ollaf cycles 7
: horisontal Mill annealed, G-2190 TIE22-1 Ar
aition weld Cover -2 He 50
TiE2-3-1 Ar
T1E2-3-2 _He 66
| TLE2x323 - - i i He 66
- - | Evaluats Theehanic] 9FA Ti, G-4956 T2EZ-341 Ar
cal properties T2E2-3-2 Ar
TEEZ-3-3 _Ha 6.
' | T2E2.3u4- - Hs 66
T Reheckout wetd | Mill annealed, G-2266 TIEZadnl . Ar
schadule TIE2-4w2 [
Evaluste Effects of] S5TA Ti, G-4956 ¥ TZAZ.36.1 . } 1
eat laput on 0,250 TZAZ-36-2 Pr-8 136-M /4 70 3/84 i/8
propertiss . ) .
Evsluste weld and ;| Miil annealed, G219 0,266 T1AL.93-1 U-T 1/8 3/16 - - 116
overiap condition TIAZ2~93.2 - -
TiA2-93-3 - -
I,lAlﬁﬂyl - B 1 i 7] » B -
. - TIAZ-94-2 - -
T1AZ-94.3 - -
T1AZ-95.1 - -
i T1AZ-95-2 4 - - 1
} TiA2e95+3 3/16 - - Ar
! b Cover ~4 174 - - He 75
{ TiIA2-96-~1 3/16 - - Ar
: Evaluate weld and 1 TIAZ-96-2 | /16 ] - . | Ar
) ovarlap condition | Mill annealed, G-2190 Sq buts 0.266 | Covar -3 U.sT | 1/8 1/4 18 - - 116 | He 75
'
’
3
}
4




Employed for Plasma Arc Welding 6A1.4V Titanium (Continued).
b p— e m - e = o - oo P

e —~ PR

Torch Setup Data Walding Conditicas ik &
i “Eastrode Canligurati . 5 — e
] fncluded | End Orifize Gas { g4 ca owae | S0 T . Packing Bar - )
bandodf Tip | Flat | Setback , Tots! poommemopo———] Backup] Wald | | Fravet{——— - Lzoove ——
bitance | Dis ! Aagle | DiciDistance ] —— | Fwow | [Flow | Gas | “urrent| Wild | Speed | Heat | D : Width: - | - Depth
Gm) - a7 tdeg) T da0) T} Gad f Type | (el | Typs | (B} | Type | (mp) | Voltage|" penl | No.llin} | Opmi} fincdo | n)
114 /8 70 364 /8 Ar 16 Ar 60 Ar 220 27, 8 i2 NA . 4 e 1 z 3

Ar 16 | ar 220 27.6 NA - -
Ax 1 | ar 220 2.8 LT L -
- Ar 16 Ar 220 - NA - -
£ He 75 8 He 73] 50 25,5 301525 | 0,062 |, 1@ |
Ay 16 | Ar ] 220 7.2 NA . -
H 1 Ar. o A g 420 e " | Na - -
He 75 g | Hos 150 25,4 3204~04 0,062 | 18
! Ar 16 Ar 220 ar.2 HA - 18
Ar 16 | Ar 220 . NA - 18
He 75 8 | Hers 1% 26,2 320401 0.062 | 23
, Ar 16 | Ar 220 26,0 NA - -
i 16 220 .5 - -
16 220 22,0 - -
1é 220 - - -
|
Asr 6 | Ar 60 220 - - .
He 50 6.} Heso] 7 200 - - -
Ar 16 Ar 0 ° 1 2w - - -
‘He 66 9 | He s} 150 - - -
He 66 9 | He 78 96 - R - n
B ] R B WSUNNS SU ¥ AR B T Sead O St rl A._.zzov . . -
- - Ar 16 Ar 220 - - -
! He 46 9 He 7% 150 - - -
He 66 L] He 75 9% - i .- TS S
Ar 16 Ar N 220 - -
16 220 - - -
y ] A 16 | 220 - - .
4 1 | 3/64 1/8 18 60 190 - . -
dlé . . 1/16 5 30 235 - - -
- - 6.5 : 240 - - -
- . 7 269 - - -
‘ - 7 260 - - - _
- - 7.5 g b 270 - - - -
- -4 Eh o T ’ 7.5 - - -
- - 8.0 - - -
‘f - - 1 8.0 ' - - .
Y1s . . Ar 8.5 | Ar 30 270 - J NA - .
4 - - He 75 ¢ |Hers| sc 170 - 3204-040,063 | 23
/16 - - Ar 86 | Ar a0 270 . i NA - -
{16 - - L Ar 8.0 | Ar 10 270 - . NA - -
/% i/8 - - s | He 15 Me 75| 60 Ar 170 - 12 1204-01{ 0,063 | 20 z i
»
165, 166
.
t — . .



"7 "Nickel Base Alloys.

-

Table I.2. Welding Conditions Employed for Plas:

Torch Setup Dats ) )
. Joint & uration Electrode Configuration
r V-Oroove Roat Included End Or
- : - Included Land —3Standoft 1 Tip " Flat | Sethack } -
» . PuTpase . .§. . Material Description Angle Thickness Weld Torch Distanze | Dia Angle Dis  ( Distance
.. of Test and Heat Number {Qag} {in.) ldeatification | Type | Orifice {in.} {in. ) {deg} {in. ) {in,} Type
Evaluate torch Insonel 718 Weld in plate 0.25 KlAjai2a1 Preg | 1386-M t/s 1/8 70 B2 1 1/8 Ar
shield gas cups o Weld in plate KlAde13a] Ar
Evaluate weld 8q butt KIAZubel Ar
- condition Cover Covar «2 H 2
' . &g butt K1AZu7-8.1 Ar
KiAZ-B-1 - Hyi
3 " KIAZZ9A-1 1/4 Ar
KIAZ-9A.Z 3/t6 i
KLA2.9A-3 1/8 i
K1AZ-9B-1 /8 ‘
! KIA2-9C-1 i/8 Ar
Evaluste tenaile KLAZ-10A ‘ 14 H L
properties RIAZ.108 1 ! i Ar
: KlAz-10C BT-8 | 136.M 1/8 w0 13z | 178 Hz M
Evaluate KiA2-11.1 U-sT | 3432 3/32 . - 3/32 Ar
welding KlAz-11.2 - -
conditions KlA2.12-58.-1 - -
K1A2.12.8.2 - -
) KlA2-12.8.3 . -
K1A2.13.8.1 - .
i : | KiA2.13-5.2 | | T O T O e Y R S
> B e - ¥ xiazarasgas-d- -1 - A 1 - - 1
= Inconel 718 c.25 KiA2-14-8-1 | u-sT | 3/32 1/4- - - 373z Ar
] Rene 41 0,062 RIA2.8.15 PT.8 | lil-M 31 60 Folnt | 1/8 Hy 3.
; R1AZnbal ] (] FPoint 1/8 Hz 3.
1 AU - RLAZ T~} (] 50 Point i/8 Ha 16
- ¥ RiA2-8-1 60 Point | 1/8 Hy 10
Rene 41 4. 062 RIAZ-9-1 PT-8 | 11l-M 3736 60 Point | 1/8 H; 10
Inconel 718 0,25 KIA2-15-8c1 | U-5T | 3732 174 “ - 332 Ar
K1A2415.5~3 . -
KlA2-15.5.3 J - .
K1AZ-15-5~4 - -
i Inconel 718 KiAZa16a8.1 i/4 - -
KlA2.16.5-2 3/16 - - {
; 1 K1A2-16-5-3 | 14 - -
0.25 KlA2-16-5-4 | U-sT f3/32 | w4} _ |} 4 .-l _Lagpe far—
L -ftene 41 - T0.062 | RIAZ-10-1 | PT-B | lil-Mm 3/16 60 Point 1/8 Hy 10
: Rene 41 6,062 | R1AZ-11.1 111.M 3/16 1 80 Point H; i0
' Rene 41 0.062 RIAZ-12-1 111-M 3/16 3/32) 40 Point B, 10
} Inconel 718 0.25 K1AZ.17-1 i36M 1/4 1/8 70 1/32 Ar
K1A2.17.2 Ar
; KiAZ-17-3 Ar
KIA2-17-4 Ar
i KIAZ. 1745 Ar
b KiA2-17-§ Hz 20
' Inconel 718 KiA2-18-1 Ar
‘ KiAZ.18.2 Ar
» KiA2.18.3 Ar
| KiAZ-18-4 Hj 20
. Inconel 218 $q butt KiA2-19.1 L Ar
: 0.25 Cover -2 PT-8 |1l3bm i/4 1/8 70 32 | us Hz 20




Conditiona Employed for Pla
f—— Nickel Base Alloys., ™

*aéma Arc Welding

rch Setup Dats Weldisg Conditions
Electrods Configuration § .
] Cold Fillet T Beckinghar 1.
: Incladed [ End .} . . e 2rifice Cau | Shield Gas - Weld v — Graove
pif Tip —Fiat— I Setbach - TOlAT fmn Backup! - Weld Traval Teed
te § Dis | Angle Dia | Distasice Flow Flow Guas Surredt] Weld | Speed | Heat | Dia Bate | Widh Depths
{in. ) {deg} {in, ) fin.) Type {cth) | Typa | () Typa (amp) | Voltage! (ipm) No. | {ia.} {ipm} § (in.) {tn. )
18 70 1132 | 178 Ar  112,13,14 Ar &0 Ar 140 6 NA - - 3/4 1
Ar 13 Ar  |eo-80 149 “ .
L Ar 13 Ar 40 140(160) - - -
Ha 20 5 .Hg 17 . 80 - - =
Ay 14 Ar 140 - - - -
Ha 11 9 1My 17 -80 . - - -
- Ar 4 | Ar 140 23,8 - -
140 2.9 - -
140 2L9 - -
- 140 - - -
Ar 14 Ar 180 - - -
Ha 12 9 Hy 11 140 . . -
t R \ i | A ] 149 . - -
1/8 70 1432 i/8 Hy 11 9 H211 | g0 8o - - -
sy - . 3432 ) Ar slo4g4.8Ar | 20 108 - . .
- - 5.0 20 108118 - - -
- - 5.0 20 116 - - -
F - - i 8.0 28 110 - - -
- - 5.0 30 1i0 - - -
- - 5.0 {. 30-60 115 - - - -
- - SN S SO . % SN N S T YU SO SR B L A e S R
Al . 5.0 20 115 . \ - -
- - 3/32 [ As 5.0 Ar 30 118 - $ - -
4 €0 Point | 1/8 |} M350 10 - - 120 - 32 - -
&0 Poist | 148 ] Mz 3.5 10 - - 130 - 32 - =
-0 Pobt——178 FR [ - - 90 - 3 - -
50 Poist | 1/8 Hy lg 3 . - 96, 95 - 32 - -
60 Point | 1/8 H; 1o 6 - - 90 - 32 - -
- - 3/32 Ar 4.9(3.5) | Ar 20 125 - 3 - -
- - 1.8 20 138 - - -
- - 6.0 30 115 - - -
- - 2. 0(2, 5) 30 150{200) - - -
- - 4. 0(4. 8) 20 125(135) - - n
- - 5.0 20 135,125,140 = - -
; - - 5.0 20 140 - - - -
| - e Yy Ar. 15.5. 4.5 —4-20- 4 138 - e - .
TN I O B Y Point { 1/8 Hy 10 6 60 120 - 31 - -
: 1 60 Point H; 10 6 110¢100) - 31 - -
3R] 60 Point H, 10 6 100 - 3 - -
} 1/3 70 1732 Ar 1¢ 140 - 6 . -
' Ar 14 140 - - -
| Ar 15 150 - - -
‘ Ay 14 { 148 . - -
Ar 14 Ar 145 - - .
J Hz 20 5 Hy 17 8¢ - - -
: Ar H Ar 145 - - -
~ Ar 14 Ar 145 - - -
" Ar 1 Ar 145 - - -
Hp 28 H Hy 17 80 - - -
: 1 1 A YR 1 148 - \ - .
178 10 3z | s Hy 20 5 Ha 17 | é0 Ar 80 - 1 NA - - 814
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o I - Table I-&: -Welding-Conditions Employsd for Plasy
Nickel Base Alloys {Continued).
4
Torch Setup Data !
Joint Configuration Electrode Configuration o
{ V.Groove | Root - incleded | Ead—| |t
- — [ Tnaluded Land - Standoft Tig F1 Setback 3
Purpase BMaterial Description ~Angle Thicknasa Weld Toarch Distance | Din Angle Dis | Distance 1
of Test and Heat Number {dag} {in.) Identification | Type { Orifice {in.} {in, } {deg) {in, } {in.} Type {'
- |
Evaluate welding Renes 41 {Weld in sheat 0,062 RiAl<loful Pr-8 | 1ll.m /32 /16 - - 178 Ha7s
coaditions RiAL.1-0.2 i1 - - He 75 |
RIAL-2.0-1 111 - - He 78
- RIAL2-0.1 1716 - - He 75
; RiAL.3u3 3732 - - H 7.5}
! RlAledal . - 1813
L. | RIAL-4.2 " - H; 7.5
| RiAl-4-3 - - H; 7.5
t RiAlei-4 - - /8 Hp 7.5
: id in shest RiAl5-1 7132 yzzk - - 1164 Hy 8,2
butt RiAZ-1.1 Pr-8 | 1l1.m [3/32-1/8 /16 - - 7764 Hy 7.5
ald in sheot RiALutal U-5T § 1/14 178 1716 - - 1116 H; 7.8
eld {n aheet RisleTa2 U-ST | 1/16 1/8 1/16; . - 1116 ¥z 7.8
Rene 41 butt 0,062 R1A2.2.1 U.5T | 3/16 1/8 1/18) - - 1714 s
) Inconet 718 old in plata | 0.28 KiAlelel Pr-g | 136 3/16 /e - - 1/8 Ar
{ Hens 41 old in shest | 0.062 R1AL-9-1 u.sT §1/16 3/32 1/16 - - /14 H, 7.8"
| RiAl.9.2 3/16 - - :
- R1AIaga3 1/4 - -
RIAL-9-4 5716 - - .
RiAleifiel 1/8 - - ¥
. RIAL-10.2 ] 3/16 - - :
! RiAl-10.3 ¢ 1 144 - - T ’ h "‘i
L — - - T Weld in sheet RIAL-11-1 3/16 - . :
RIAL.1E-2 - -
3 RIAL-11.3 i - . !
RIAI-li-4 - -
g-butt RIKZ=3.T - -
RIAZ-3.2 1 ' ‘ - - | .
RIAZ-3-3 U-§T § 1716 3/16 - - 1/16 i
Weld in sheet RiAl.12-1 PT-8 | 1li~-M [¥4) - - /8 1 L
RIAL.12-2 - - i/8 !
RIAL-13.1 - - 1/8 Hz 7.8
1 RIAI-13.2 b 1 - - 3/32 | Hy9.6
. 1 RIAI-13-3 J 178 1/16 - - 3/32 H; 7.5
! Rene 42 {Weld in abheet | 0,062 R1AL-1¢-1 B1eM 316 3f3z . - 5732 Hy 7.5
L Inconel 718 Weld in Plate | o, 25 RlAleZal 136-M 3/16 18 - - 18 LRIN
i 1 1 KlAl-3.1 - RA8,36, 141 - 1 Bluat - 1 Ay
B KiAl-4-1 1/4 Blunt -
. KlAl.5.1 174 Sharp -
| el in plate KIAl-6.1 174 t | Blua . )
. E butt KiAZ-1-1 PT-8 | 136-M 174 1/8 - - i/8
2 eld in plate KiAlo7-1 u-51 | 3132 3f16 3/32 - - 3/32
; KiAl-8.1 ' 3.4,2,5/14 - - F
' KiAl-9-1 316,144 - -
| KiAl-10-1 +3,4,5/16 ~ -
‘ eld in plate KlAlotl.l ‘ $/16 - -
Evaluste edge t. butt KiAZ-2-1 U-ST [3f32 2,3,4,5718 3/3:2] - - 332 4
properties KIAZ~3A.1 PT-8 {136.M 3/16 1/8 70 132 /8 1
, K1A2-3B-3 3/16,178 Ar
KlAy-3G-1 /8 Hy 11
. KI1AZ~4al 1/4 Ar
' bq butt K1A2-5-1 1/4 - Ar
laconel Tis Laver 0.25 Cover -2 PT.% 136 174 1/8 70 itz } i/ Hy 11
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Conditions Employed for Fiasma Arc Weldiag
Nickel Base Alloys (Continued).
Torch Satup Data Welding Conditions
Electiode Configurati s _
s tupluded Fad | — — - — ——— 5 Weld Gald Fillar Backing Bar
jrdott Tip | Flat | Setback R 008 ) Backup]  weta Travel URRAR ] Groove
e | Dis Angle Dia | Distases Flow Cas Furrent]| Weld Speed | Heat | Dia Rate Width Demh
) Ga} | {aeg) {ia. ) {in.} Type { (e} | Type farnp) | Voluage] (ipm) § Mo. | (in) | lipmi | (in.} {1a.)
yi32 1716 - - 1/8 He 76 8 Ar 4 Ar 130 - 31 NA - - 3/4 1
i 1716 - - He 75 8 Ar e 118 - - -
: 1716 - - He 75 8 Ar 40 tis - - -
1 1115 - - He 78 4 Ax 0 108 - - -
3/32§ - - Hy 7.8 & My 15] 2% 130 . - .
, - - Hy 7.6 [ H; 15] 28 £1s - - -
g - - Hz 7.5 & H; 18] 25 120 - - -
- - Hy 78] & Hy 18] 2§ 110 - - -
- - 1/8 Hy 72,88 & H; I8¢ 25 L 100 - - -
f/32 3i32f - - 1164 Hy 8.3 3.5 H, 14 28 Ar 114 - . -
b-1/8 1/18) - - 7764 7.8 5 Hy; 15| 28 H, 15] 118 - - -
{8 1/16) - . 1/1% H; 1.5 2.8 Hy 15§ 20 Ar 160 - } - -
te 1716 - - /16 k7.5 2.8 Hp 15{ 20 77 - Y - -
|18 1716 - - 1/1% 7.8 2.8 Hz 151 20 62 - 3t - -
/16 e - - /8 Ar 13 Ar 40 150(340) - ] - -
i3z 1186 - - 1418 Hy 7.5{ 2.8 | Hp15{ 20 6z - 3t - -
16 - - : 2.8 Hy 18] 20 b2 - 3 - -
LS - - 2.8 Hp 151 20 62 - i - -
il - - 2.8 Hy 18] 20 62 - 31 - -
/8 - - 2.0 Hy 3 30 62(100) - 32 - -
/16 - - { $2¢100} - { - -
14 - - i 3 Z(100 . - -
qib - - 120 - - -
i ~ - 110 - - -
} - - 100 . - 4 = | B
‘ - R I S U N gt 1= s
¥ « - ‘ 110 - - -
‘ - - ! 1 190 - - -
{16 - - 1/1% 2.0 ig Ar 90 - - -
8 - - 178 8.0 45 Hz 18] 1% - - -
- - /8 T 5.0 45 Hz 15} 125 - - -
- - /8 Hz 7.5} 5.0 60 Hz 15115,125, 135 -~ - -
' i - - 332 (#3906 7 1 1 45 Hp is| 135 - - -
8 116 - - 3/32 Hy 7.5 9 Hz 3 Hy 15{110, 120 - ] - -
716 3732 - - 5732 Hy s} te.0 |Hzi5 Ay 90, 8 - 32 - -
16 1'% - - 1/8 Hy 11, 3.0 [By 15 130 - & - -
1,14 Blunt - - Ar s K3 140 - - -
‘4 Blunt - l is AY . 149 - - -
4 Sharp - 15 140 - - -
'3 Blunt - 15 140 - . -
i /8 - - 1/8 13 45 130 - - -
‘16 3/32 - - 1/32. 7 36 120, 106, 110 - - -
BEfL - - 7 110 - - .
. u«j - - ‘ 110 - - -
875! - - 7 Ar 10 - - .
15 - - d Hp 3 ] 10 - - -
W56 3/32 - - 1/32 6.7 Ar 30 112 - - -
16 1/8 70 1i32} /8 13 Ar 50 1404150} - - -
‘178 Ar 13 Ar a0 150 - - .
& Hp 11 9 Hp 17 | 60 8¢ - - -
4 Ar 13 Ar 50 140 - - -
4 Ar 13 Ar 50 ] 140 . . . !
4 1/8 0 if3e ] I8 Hz 11 ] Hy 17 | 60 Ar 80 25,7 6 NA - - /4 1
189, 170
e e [ | -

—my
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Table I-3. Welding Conditions Employed for Plaama A
- Miscellaneous Materials.
Tareh Setup Datn
Joint Configuration Electrode Configurstion .
V-Groove Raeat iociuded ol @g;
t Trctuded Taed Standoif Tip Plat | Setdback
] Purpose Material Description Angle Thickaass Wald Torch Distaace | Dia Aagie Dis | Distance
1 of Tast and Hest Number {dug) {in.} Identification | Type QOrifice fin.} {in. } {deg) {in. ) (i} Type
Betup conditions 347 atalnlens ateel Weld in plate o, 062 S51A1-1 PT-8 1ilaM /8 L/16 - “ 1/8 Ar
{or welding 0. 062 5iA1-2-1 764 . “ »
Rene d1 81A1=2.2 - - Ay
1 Si1Al-3-1 - - He 75
SlAlwdel . -
S1Al«4.2 - e
p SIAl~5-1 - -
1 SiAleS.2 7764 - -
SlAl~ba) 1732 - -
SiAl-6.2 T3z - -
SlAr-7=} /8 - -
SlAl-7-2 PT-3 1110 178 - - 1/8 He 75
SlAi<8a1 U-5T i/ié 1/8 - - i/16 Ar
$14140-1 u-sT | 1116 116 | . - 116 | Ar
SlAlelf.) Us5T 1716 116 i/16 - - 118 Ar
] L §1A1-10.2 U-sT { 1/16 TR . - 1716 | Ar
347 atainless steel Weld in plate 0. 062 SlAl-11-% PT-8 iliap 178 /32 - - /8 H; 7.5
Setup conditions 410 stainlzes steel lﬁq butt 0. 26 Tast No, 7-1 I36«M 3716 1/8 70 1/32 Ar
for welding protod e.26 Test No. 1.2
3 type gaz turbine 0. 225 Tost No, B-3
bardware Teat No, 8-2 -
Toat Ho, §x1-
S Test No, 9-2
Test No. 10-1
b Tost No. 10-2
! Test No, 1]-] —
Yest No. 11.2
Test No, 12-1
Test No, 12-2 3/1% {
8.225 Test No. 131 37/16,3174,1/8
Rework weld 136-M | 3/16 } 70
L1237, 190 | Tawet No, 14-1 111-M 3/16,1/4,1/8 &5
Tant No, {51 2
L1257, 190 | Test No. 16-1 3/16
Bq butt . 325/,190 | Test No. 16-2 3716
Cover L 125/, 190 | Test No, 16-1 8716
. Cover . 125/.-190 | Test No. 16-2 8716
E ' Test No. 16w1 3/16 ‘
Test No, 16-2 5/16 65 1/32
; 410 Test Part No.| 410 stainleas steel Sq butt . 142/, 167 | 615537-500 3/ 16 &0 1764
} Setup conditions Ti $AC-2. § 5N 0,139 Ti No. 5-1 1/8
; {or welding pro- T No. 5-2 L/8
totype gas tur. Ti Neo, 5-3 3/16
i bine hardware 0.143 | TiNo. 6-1 3/t6
Tt No, 6-2 3/%6
' Ti No. =3 316
' 0.140 | TiNo. 7.1 532
v ] Ti No, 7.2
Ti No. 7-3
Ti 5 AC-2.5 8N 1 6,143 Ti No, 8-1
' 0.143 | TiNo, 8.2 : { 1 { ]
Sq butt 0.138 | Ti No. 9-1 f
1 2.138 Ti No. 9.2 PT-8 1li.M 5732 1/8 60 1/6% /8 Ar !
]
¢
A
3




itions Employed for Plasma Arc Welding for Certain
Miscellaneous Materials, T '

h Setup Dada o Waiding Conditiens
Lactrods Conligurition . } T i
Cold Fiilar acking Bay |
inciuded | End Osifice Gas | o weiad ] . " aroove 1
o rep § i | Subeck | Tetsl pe Shield Oy 1 #ckup] Weld | [ Travel m;% b
Dia | -Angle Dia | Distaace Flaw . Flow Gas Surrest} Weld | Speed | Heat | Dis Fats | Width Depth
fim} | (deg) i} {in.} Type | {efal | Type | (o) | Type tamp} | Voltege] (iped { No. |(lin} {Gpo} tin) {in, )
116 - - 1/8 Ar 4 AF 0 Ar 8 - 31 NA B - 1.1/4 t
- - Ar 4 50 138 - - .
- - Ar 4 50 138 - - -
4 - - He 75 ] 50 130 - - -
- - 8 0 20 - - -
- - 8 &5 114 - - -
L - - 4 30 130 - - -
- - 7 30 i20 - - -
- . & 10 120 - - .
. - 5 30 510 - - -
- - 8 40 120 - - -
- - e He 75 8 40 130 - - -
. N 1/16 § Ar 3 20 128 - - -
f - . 116 | Ar 1.4 20 115(82) - - -
1/16 - - s} Ar L5 50 ioo - - -
ik - - /16 } Ar 1.5 75 igs - - .
3/32 - - 178 [Hz 7.5 6 L] i20 - u
1/8 79 1732 . Ar 13 {19 §0 240 - 19 - -
. 14 {13} 250 - - -
12{13) 290 - - -
12 o - - -
L 240250} - - - = )
1 3 - 240 - - -
240 - - -
b 240 - - -
240{250) - - - 1 -
] 1 240 - - -
13 248 - - -
13 245 - - -
/3 | 13 245{255) - 1 - -
} 70 1320} 2450220 - 1o - .
] [13 1 225(180,200) - i3 - -
10 228 - 1312) - -
19 200 - 13 ' - .
10 200 - NA - -
5 175¢190) - 416550, 045 | 36
5 I I BB E - 41085 {0.045 | 40
- 1 - 10 200 - NA - -
68 132 5 195 - 13 J41088 6,045 1 40
} 60 1164 1 130 - 8.3/4 | NA - -
150 - i2 - -
| 140 - - -
150 - - .
} 155 - - -
' 9 145 - - .
8 160 - - -
, 10 140 - . -
» 11 135 - - -
v 1 140 - - .
\ 11 140 - . .
' i1 140 - - .
f i ] J 1 ] ! 1 130 . - .
178 60 1164 L8 Ar it J Ar l 60 L.\r f 130 - 12 Na . . 3174 i
b
b
171,172
B.
] — Ju— -
; .
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Table I-3. Walding Conditions Employed for Plasma Arc
- -~ Miscellaneous Materials (Continued)
Tereh Betup Dats
i Jotnt Configuration  Electrods Contiguration
1 VoCiroove | Boet 00000} | . tatiuded - End—— | OniE
— —t ; CIneluded | Land | Standoff Tip Flat | Setback
- Purpose Material Description Angls Thickness Weld Torch Distance Ma Angle Dix | Distaace
of Test and Heat Number {deg} {in} Identification | Type ] Orifice (ta,} {in. } ideg) {in. } fin} Type
2 Sstup conditions Ti 5AC«Z, 5 BN 2q bute 0.148 | TiNe. 11.1 | Pr.s ] ilium 5732 | /s &0 1764 1/3 Ar
w for welding pro- Tt No. 132 Ar
; totype gae ture Ti Ne. 11-3 Ar
” bine hardware Cover 11-4 He 30
' ’ Ti SAL+2. § SN Ti Ne, i2s1 Ar
‘ Ti No. 12.3 Ar
e 0.140 ] Cover 12-3 He 50
Ti Teat Paxt No.l 410 stainiens steel L1427, 167 | 618537-500 4 ] Ar
T Teat Part No.3 . 142/. 167 | 618537-500 5/32 46 1764
6,130 | Weld No, 16} 3/16 65 kT
0. 130 Weld No. 163
0,140 | Weld Ne. 17-
¢. 140 | Weld No, 17-2
L1307, 175 | Weld No, 18-}
. 1.1307.175 | Weld No. 182 Ar
butt L130/.175 | Weld Ko, 18-3 314 1 ] He 50
410 atainlena stesl er Weld No, 18-3 { ] 174 i &5 1/s2 {
T1 Test Part No.3 ‘Ml 5AL-2.5 SN butt L 135/, 145 | 418537 PT-8 | 111-M 5732 | u/8 &0 1764 /8 Ar




litions Employed for Plagma Arc Welding for Certain
cellanapus Materials {Continued),

wreh Setup Data Walding Conditions
Electrods Configuration . . — : _ N e
| Visctudea { Bad [ orifeetm o T [T L | weld | Sere e, ] vokamBar T
off Tip Fiat | Setback Total Backup] Weld - : Travsl %?S?E‘“
jance 3 Angle Dia | Distancs Flow Flow Gas Turrent] Weld Speed | Heat | Dia Rate | Width Depth {
h. ) {in } tdeg) {in. } {in.} Type {e) | Type | () Type (amp} { Voltage} Hpm} Mo, | (in.) | {ipmd | (in.) Hn. )
/3% | /8 60 1/64 1/8 Ar IH Ar 60 Ar 130 - 12 NA - - 3t/ L
As il Ar 130 - " ~
J Ar it Ar 13¢ - - -
He 50§ 5.0 He 50 1ne - - -
Ar 11 Ar 130 - . -
Ar i1 Ar 13 - - -
He50| § He 50 110 - 12 . -
y ] Ax 11 Ar 140135} - 1 - -
732 40 1164 i 130 - i - -
16 65 1/32 10 225 - 15 - -
{ 10 235 - - -
10 225 - - -
10. 228 - - -
10 225 - - -
Ar 10 Ar 1 225 - 18 - -
14 1 ] Heso} s Ha 50 1 116{130} - 12 - .
4 &5 /32 i Ar 50{175, 180} - y jo.045 | 40
32 | s 60 164 /8 Ar 1 Ar 60 He 135 11 NA - - 3-1/4 | 1 .
3 S S [P PUies-e S NP S
SN S DU S e B e 1 R R e ]
]
}
i
»
»
¥
b
; 173,174
*
i e ——— R —
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Appendix II
GAS SYSTEM PLUMBING LAYOUT
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Appendix III

GAS SYSTEM ELECTRICAL LAYOUT
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T &

AEROJET-GENERAL CORPORATION - |

CODE IDENT. NO, 05824

wmmmmmmﬁ f
' Ml A Bl D b

... AGC-36319B
Amendment §
19 February 19658

COMPONENTS, MOTOR, TITANIUM,
E :%*FA’BR’IG&TI@MET? ; :

.
Bt i RS SRS B i ke M

This amendment forms a part of Aerojet-General Corporation
Specification AGC-36319B.

 Paragraph 2,2 Add: @

. SPECIFICATIONS

TR RS A PR R TP et 29

MAGC-36459 Cleaning, Abrasive"
ParagraphBll. 1 o .
. Deléter  "...MIL-P-116, Method C-15or C-16..."
. Substitute:  '...AGC-36459.,."
~ Paragraph 3.11.3 o
| Delete: *,,.MIL-P-116, using Method C-15 or C-16..."

 Substitute:  "...AGC-36459..."

Delete last sentence.

Authorized for Release:

[y % ]
1
J. H} Yetto, Manager
Spegjfic@ions and Standards
Solid Rocket Operations
Sacramento Flant
198
; - e .
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CODE IDENT. MO, 05824

AGC-363198

_Amendment 7. .. -

31 December 1964

COMPONENTS, MOTOR, TITANIUM,

AEROJET-GENERAL CORPORATION'

FABRICATION OF

RIS F A P e ey B,

This amendment forms a part of Aerojet-General Corporation
Specification AGC-363198. :

. Paragraph 3,8.4 Addto the end of the paragraph:: "..,and ,3.,9,3.,.‘ "

Add paragraph 3,9,2:

'"3,9.2 Cladding of stress relie . heat-treat rfisgtu'rei. -
The wurfaces. of the streas relieving heat-treat fictures that'are in-
contact with the chamber shall be clad with titanium, *

- Authorized for Rele_aié:

7 \;4:‘ P
2L o

e

\
mwl‘““ 8o A1, 45 bt e

Specifications and Standards
-Solid Rocket Operations
Sacramento Plant

2% JUH, Tetto, Manager
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'

TN LT R P e v S o an e

Y (/@i AEROJET-GENERAL CORPORATION

§ \ GENERAL / CODE IDENT. NO, 05824
k 3 , i
& g AGC-36319B
2 - - - - o Amendment6—— R
. % 31 December 1964 ;

E . 3

=
|

k COMPONENTS, MOTOR, TITANIUM, R
- " FABRICATION OF ’ o i
L :

: This amendment forms a part of Aerojet. Genieral Corporation

Specification AGC-363198.

_Add paragraph 3,7,10;

"3.7.10 Weld repairs. - All weld repairs shall be made
under the supervi..xon uf a welding engmeer. "o

Authorized for Release: .
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CODE IDENT, NO, 05824

AGC-36319B
Amendment 5
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GOMPONENTS, MOTCR. TITANIUM,
FABRICATION OF

This amcndment forms a part of Aerojet-cenerai Corporation
- Specification AGC-36319B, o . :

Add paragraph 3.9.1: .

- H3, 9.1 Cravks.- After chamber hydrop:oof. welds and the
parent material, 1+1/2 ia. on either side of the center of the welds, - .
shall be radiographically inspected in accordance with 4. 3, 2} Internal
or extern&l cracks shall not be acceptable, :

~ Paragraph 4,4:

—Delete: -
Substitute:

[

“Cpitical - - - None - -
HOritical 3.9.1

4,324
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AEROJET-GENERAL CORPORATION

CODE IDENT. NO. 0582 -

AQGC-363198

Amendment 4 -
7 Uctober 1963
Superseding

Amendment 3

19 Feébruary 1963

i

LiF I8 B 6. (i Bheim el

z

COMPONENTS, MOTOR, TITANIUM,
FABRICATION OF ,

This amendment forms a part of Aerojet-

General Corporation Speci-
fication AGC-~36319B. "

1| Paragraph 3,5.1,1 {a) Delete and substitute:

*{a)} The maximum solution heat treating
termnperature shall be at lanst 35°F
below the beta transus for that particue
lar heat of material, The part shall be
held at this temperature for one to two

" Add pax;igrapﬁ

"3.7.4,1 Weld interruption, -

If welding is interrupted during
& pass, the area shall be routed out prior to restarting (5.2,7)."

Pa.;_-agraph 3/8,1 Ada to end of sentence: ‘{5, 2,7)"
Paragraph 3,11 Delete and substituts:

3,11 Cleaning prior to hydrotest and prior to shipment, -

L T S U | Cleaning before hydrotesting, - After heat treatment,
the chamber girth weld and heat affected zone sha]l be cleaned in
accordance with Specification MIL-P-116, method C-15 or C-16, to
remove all traces of oxide film and other contamination.

“3.11.1.1 Blasting material particle size.« The grit blast-
ing material shall have a particle size of 250 to 600 mesh,

"3.11.2 Cleanliness acceptance, -
shall be acceptable in accordance with the visual and wipe test as
specified by Specification MIL-P-116,

The grit blasted surfaces
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AGC-363198
Amendment 4

"3.11.3 Cleaning prior to shipment, « Prior to shipment, ths

_inner and outer chambper and closure walls, cxcluding rmating surfaces .

or any surface requiring a 32 microinch finish, shall be cleaned in
sccordance with Specification MIL-P-116, using method C-15 or
C-16, to remove all traces of oxide film and other contamination. The
cleaned surfaces shall be aceeptable in accordance with 3.11,2, and

____Asrojet-General Covporation — - - —— =
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|
|
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the material used for blasting shall be in accordance with 3,11,1.1."

|

A&d ééiagraph 5,2,7:

¥8,2.7 Weld repair,~ At any time during the processing
cycle the rewelding of a complated pass, in any area where rpaterial
removal is required in order to eliminate an unacceptable weld defeact,

is considered a weld repair, If welding is interrupted duriag a pass
and the area is routed out prior to restarting, this is :iot consirued as

a repair,*

Authorized for Release;

7 (/ / ;ft '4'1
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CODE IDENT. NO. o582,

-

o AGC -363198
] ‘ . _ o _ -8 October 1962

: ‘Superseding
| : S AGC -36319a

; S o 20 June 1962
ot PROCESSSPECIFICATION

] COMPONE NTS, MOTOR, TITANIUM, FABRICATION OF

S Lt This specification covers the fabrication requirements
of titanlum components for solid propellant rocket motors.

: , 2, APPLICABLE DOCUMENTS

2,1 Governmenta’l documents.« The fouowing documents of
the issue as listed in the D Departmont of Defense Index of Specifications
and Standards in effect on the date of invitation for bids shall form a
part of thia specification to the axtent specified herein,

- SPE CIFICATIONS

=

!
§

Militarzr '

1. SCOPE | ' :

AERDJET-GENERAL CORPORATION

B R R

ek

B ERATR B 31,00y st

Sbdank

MIL-P-116 .  Preservation. Method of

- MiL-Asq144 ) Argon, Gu Welding
© MIL-T-5021 Tenta, Aircrait and Miasile Woldinu
Opera.tor's Qualification

 MIL.1-6866 Inspection. Penetrmt Method of

, MIL'H-5875. Heat Treatment of Steel
i ‘ : (Aircraft), Process for

3 MIL.W-9411 Weapon Systems; Aeronautien
> & ' G eneral Specification for
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?gé : L1 3 . Aerdjet-General Corporation.

g L - AGC-363198
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P Cdtﬁl

S" ed. Test Muthcd Metals; Test HOM -
Sﬁ. Neo. 151"

-

T -

(-] up!n of -ptemﬁtim. itiﬁdiiian. auwiags. and pnbnetﬁﬁi

i required by contractors in connection with specific procursment
functions should be obiained from the Superintendent of ﬁeﬁumm.
Government Printing Office, Washington 25, D, C, ) LT

B ] .- ;e

oo

} cothewm specified herein, ' _ S
! % mw:t:mxons . .

AGC.34007  Case Parts, Forged
‘ Titanium Anoy

AGC.36065 - Radiographs, Weld:
o i Inspaction R eqnirnmem for

e Acc-soe14 wm. Titantum, psxmaimmf

stmmv _ ‘ R
o AS 1701 Electrode, 2% Thoristed Tungsten . '

4w 6 - lermednte et 2 & = s

'3, REQUIREMENTS ’ B

. 3,1 Materials, o ‘Ihmmmjgﬁm Anny
: for;ingu. 6AT<3V, in accordance with Specification AG C -34007,

P A | Mp All specimens shall be supplied as an
integral part of the forging, The specimens representative of the

" final part shall remain as an integral part throuah the solution tmﬁng
and aging openﬁom )
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- Aerojet-General Corporation
' ACGC-363198

3.3 Rough machining.- All parts shall be rough machined
to the same thickness as those parts which were tested in accordance -
with the preproduction testing specified in Specification AG C- 34007,

" Enough stock shall.remain so that a minimum of 0, 025 inch of material
c¢an be removed from all surfaces aftsr heat treatment, Sufficlent
snaterial shall be left as an integral part of the forging so that tensile

specimens may be prepared in accordance with 4, 3. 1 after solution heat : —

treat and aging, T

3.4 Cleaning.« . Prior to being heat treatsd, the part shall be
¢tleaned in such a manner as to be acceptable in accordance with the _
visual test for determination of cleanliness as specified in Specification
MIL~P~116, Subssquent bandiing shall be done while using clean gloves,
clean handling devices and containers, and other means as neCEsBATY ) o
to prevent contamination of the part,

3.5 Heat treatment, - The part shall be heat treated in such
a manner that after stress relieving, the part shall have the following
mechanical properties:

(a)  Yield, psi, min T . 185,000 ¢

{b)  Ultimate strength, psi 165, 000 to 180,000 .

(c‘) Elon g&tion: %l min 8 . -

mew wmsmn . g e v mmr w A e

- 3.5.1 Heat treat procsdure, = . o o _ , S

. 3.5.1.1 Solution treatment.~ The part with sufficient material
: for tnaﬂg_mcimens—sha‘n—b&muionmmmirﬁm‘?:

{a)  The solution heat treating temperaturse shall
. be 35 to 60°F below the beta transus for that
o ~ particular heat of material, The part shall be
e : " held at this temperature for 1 to 2 hours, .
(b)  The part shall be quenched in vigorously agitated -
water or-a solution of three percent sodium — - ' -
hydroxide in water at a temperature less than
120°F. The part shall be quenched within eight
seconds of removal from furnace.

3.5.1.2 Aging treatment,« The ‘pa:t- and sufficient material
{or tensile specimens shall be aged at 900 to 1150°F for a minimum of :
four hours, : ; :

3.5.1.3 Re-aging. - A part may be re~aged within the limits -
of this specification, if the part is rejected after initial heat treatment,

206
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the component part shall be acceptable,

i

' - in accordance with the applicable drawing,

37 W&idgg ‘reguirements, -
3.7.1 Welding operator, - Welding shall be performed tal

*

. the requirements of Specification MIL-T»5021, class A, group
7 -and who-have demonstrated proficisncy by producing an acceptahle
... simulated weld joipt No, 7, . , -

|
5
|

3

mechanical properties of all three specimens shall meet the requires
" - ments specified in 3,5, If one of the three specimens does not meet
the requirements of 3.5, three more tensile tests shall be condudted,-”

' If.these additional three specimens satisfy the requirements of 3. 5 -

3.6 Machining.~ Where applicable, the part shall be machinsd .

" by welding operators who are currently certified in accordance with:

3 gl‘:; r am———— - - e T - o ‘;77
t, B é— i -
f Aerojet-General Corporation
4 * AGC-363198
! 3.5.1.4 ‘I‘empératur% ecantrol, « Furnace tampératuze survaft‘,;. _
. determinations of furnace temperature uniformity, and frequency of I
. Gheck shall be in conformance with Specification MIL.H-6875, except - - Lo :
.. * that test thermocouple distribution shall be one per each 35 cubic feat - E
F i .of furnace volume, ' cred H
; '
b 3.5.2 Verification of mechanical properties, - Mechanical
& ~ properties of the eomponent parts shall be veritisd before welding by .. 3
' . testing (4.3.1) of three tensile specimens which have been solution treated ;
. 8nd aged as an integral portion of the rough machined forging, The . = : ;

T e

S ?.”t‘“wim&i'&uré. = A written welding procedﬁﬂ :

‘. Welding parameters shall be recorded on the Adtomatic Fusion: -

“* form. No changes in the welding procedure shall be initiated ;
. notification has been submitted to the procuring activity, .

et U G S e e e e S e S e g M T R Ty SRR

; performing the welding operation shall be entered on the weld bstory

‘sheets and planning paper applicable to each unit,

i

3.7.4 Velding proc'eu. = The welding process employed
in the manufacture of this unit shall be the tungsten inert gas (TIG)
« moethod, manual or automatic. ) :

|

207

"be supplied to the procuring activity, cavering technique of opsrations.
Welding Schadule {see figure 1), Manual Welding Schadule, or stmilar

3.7.3 Identification,- The identification of each welder -
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3.7.5 Filler metal and electrodes. s

3.7.5.1 Electrodes. - Electredes shall conform to Standard
AS 1701, .

3.7.5.2 Filler metal, « Filler metal shall conform to

e LT LI SR P

el ook B AR G S

Specification AGC-30014 and shall be stored in such a manner as to
prevent the accumulation of dirt, oil, or other foreign material,

3.6 Shia!ﬁingﬁggses. Inert shié!diag gases used shall be

ane of the foucwing. : . R

(a) Argon, conforming to Specification MIL-A-4144
{b}) Helium ~ grade A, U,S, Bureau of Mines .

3.7.7 Eﬂ- igme;;t. -Welaing Acquipm-ent'suﬂh as machines,
regulators, wire feeds, and heads shall be capable of ma.kmg liﬂi-" .
factory welds,

3.7.7.1 Crater elimination. » TIG welding equipmcnt shall
have a suitahle means for-crater elimination control,

3 7 8 Preg_g_ratmn*

-, 3.7.8,1 Cleaning, ~ Prior to welding, all parts and filler

metal shall be cleaned in such & manner as to be acceptable in accorw

Y

“dance With the visual and wipe tests for determination of cleanliness
- a8 specified in Specification MIL.P-116,

3.72.8,2 Weld a!iggxmeni. « Parts to be welded shall be

‘assembled, using necessary jigs and fixtures so that alignment and
* configuration of parts will conform to the engineering drawings,

3.7.8,3 Weld history.~ Weld history sheets similar to
figure 2 shall be maintained jor each unit.

3.7.9 Weld characteristics. -~ Welding shall be performed to the

proficiency and quality of workmanship as defined in Specification MIL~
- T=5021, and the following.

-
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E, _ L - S U P B -t g
i a S 3. 7. 9. 1 Intnml cluraczeri-tics. - wm inspected In | ‘ §
g pe :
LB = accardmca with 4. 3. 2, the welda shall b.we the fcnwing internal - 3
B chavacteristics: . g
% - BTN % 75 % | 1 o Cr;;kg.lﬁxxmhn u&hmophhxe~')fﬂ e

EE
g

: 'bc Mcgpuble. : \

i
k)

?

‘ iceeptable. providec therc Are no more than 20 e;vitin per | liuen' L
- imeh- cfwulﬂ fS. z. 3) o L , .

mn not. be accaptable in butt welds or in the roau af ﬁuet vnldl

4 tccépu‘blc, except that no cavity shall be over 0, 050.4ach in dhmoﬁ ‘
or 0,47, whichever is smaller. There shall be.rig more than fébr < - :
c:witin chniﬁe& as isohted poroeity in any lineay inch of wcld (3. 2. z). e

bc nccqptnblb {5..2, 5 .

»—~§~~-»--~ - “WCG?EW’(S.Z. 2
L :

B . géeaeest dimension of any Tﬁclusion is less than 0. 20 time the Mj&cm L

. parent metal thickﬂeu. _ Ther'e shall bn a0 eiangated incluticm with : ,‘ et

_aharp tails, : ST

acceptable if any part of a butt weld's surface is below ths planes of

‘than thc dra.wing requlrcment for size.

with 4, 3 3 and 4,3, 4, the welds shall have the !onowing external characteristice,.

3. 17.9.1. z Imperfect fusion, « Imporiect funian ahgn not :

. 9.1 3 Incompletc penetration. « Iueemp!ata pemtntiog

3, 7 9 1 4 Ilohted gorositg.- Isohted porosity shnhn

3.7 9.1 5 Linnr 20;1 ,« Linear porcnity -h;n noe

3. ? 9. 1.6 Sénttered rosity, ~ Scattered poro'ity -hn'u be

B Ji ol

i

o

Vi
i

|

|
|

3,7.9,1.7 [Fine pmmsity. Fin_e moaim% LA

3,7.9.1.8 Inclusions. - Inciuainna a!un be acceptablo iﬂ t!u

S 3 ‘I’-‘?: 1.9 "Wé‘ﬁ Ebﬂéiﬁi}.r "~ Weld conctﬂty shall hot b.

the surfaces of the mating parts, or throat of any fillet mld i loms

3,7.9.2 External *hara.eteristie:s. Whan innpected in accordance

3.7.9.2.1 Cracks.~ Gracks shall not be acceptahie. M hydrotest
is applicable by drawing requiremen.t there shall be no cracks be{ore or -
after hydtotut.

' 209
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Aerojelt-ceneral Corporation
i . : . AGC-363198

~ 3.7.9.2.2 Undercutting. < Undercut welds shall not be
acceptable unless the undercut is removed in subsequent machining
operations.

(.

| _ 3.7.9.2.3 Cold laps.- There shall be no cold laps.

, . 3.7,9.2.4 Bead width,~ The bead width shall not vary
more than zo pereent, . .

3.7.9.2.5 Weld crown removal, - ‘When weld crown is ot
- removed, care shall be used to avoid réducing the parent metal .
AR thickness. Unless otherwise specified, the ¢rown should not projact\ :
T 7 T above the sdjoining pavent metal by riore than 1/16dnck,

3.8 Re saiy. wel&in »» Except as specified in 3, 8.5, repair
w&lding before or aiter stress relieving shall be accomplished using
procedures, materials, equipment, and the certzfxcn.tion of wélders
as upecifzed herein.

3.8.1 Numbet of weld repairs. - U’meu otherwise apecificd,
* thé total number of Tépairs to a particular weld defect shan not exceed
th¥ee,

3.8.2 Disposmcm of weld r rcpmrs. - Complete records shall
be maintamed on repair welds as specificd in 4, 2.

3.8.3 Weld repair _procedure, » Weld repair procedures of

5o inccmplete penetration, porosity, inclugions, and other defects.
L e :h;ﬂ be prepared and submitted to the. prccuring activity upon receipt
Tt S . af ¢nch contract. ,

_g - = . - .
R 3, 8 4 Re-streu relieviggr_g repaired stresa relioved welds, =
,,,,,,, - S ,,,A.ﬂ:erlepur.ing, the cornpleted purt shall be. rc-»ctreu——reheved —Regm
i g - stress relieving shali be as specified in 3.9,

3.8.5 Chamber pirth welds repairs. = Repair of chamber
‘girth.welds is allowable only after specific authorization by the pro.
curing activity.,” Written weld repair procedures shall be prepared
by the fabricator and submitted to the procuring activity prior to the
repair of welds, Complete records rhall be maintained on weld
repairs, as specified in 4,2,

3.9 Stress relieving. - After welding operation, the part
shall be stress relieved at the lowest aging temperature for 440.2
hours,

21




*  Aerojet-General Corporation
’ AGC-36319B

3.10 Verification of mechanical propexrties of final assembly. «
~—Mechaniea] Properties of the {inal assembly shall be verilied by testing .
{4.3.1) of three tensile specimens which have been solution treated and - .
aged as an integral portion of the rough machined forging, and stress
relieved with the final assembly. The mechanical properties of all
three specimens shall meet the requirements specified in 3,5,

3,11 Cleaning prior to hydrotesting. « After heat treatment
' the part shall be cleaned in accordance with Specification MILePe116,
. method C«15 to remove all traces of oxide films and other contamination,
The part shall be acceptable in sccordance with the visual and wipe
. testas opecifzed in Specification MIL-P-116,

] - Final machin;n «= Where applicable, the part shallbs
" machined to the final dimensions in accordance with the appl:cable drt;wing.

3.13 Fina}.- cleamng\. ~ When all fabrication and inspections have
been completed, the part shall be thoroughly cleaned by wiping with rags
soaked with an approved solvent (e.g., chlorothene, trichloroethylene).
The part shall be rinsed with methyl alcohol whenever any chlorinated
solvents are used to clean the part. The part shall be accept&ble in
accordance with the visual and wipe test as specxfxed in Specit:cation
MIL-PN-I 16, '

4,1 Fabricators responsibility. = The fabricator is resp&nsibh

4. QUALITY ASSURANCE PROVISIONS . . oo o

for the performance of all the processing requirements-and-inspection S

requirements as specified herein. The fabricator may utilize his own
or any other inspection facilities and services acceptable to the pro-
curing activity, Processing records and inspection records of the
examination and tests shall be kept complete and available to the pro=
curing activity,

compliance to this specification. Records of such impoction shall be
mainta.ined

4.2 Repair records.» Records of each weld repair shall be
maiatained and shall be made available to the procuring activity, The
records shall include the following:

(a) Inspector's name
(b)  Heat treat condition of part when repaired

211
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std. No. 151, rnethod 211, 1, type R.3,

" be performud in’ accordance with Specification MIL-I-6866

{

Aerojet-General Corporation
‘ AGC.36319B

|
|

~{¢) Part number, including revision letter and
- gerial number . . ’
Ad). . - Area-of repair - i e
(e} Number of times repaired in given area
A - {f}  Cause of repair
: "{g) Extent of repair inspection, including radiographs .
{h} - Results of inspection ,
(x) Brief deocriptaon of repair technique

-mmmemmmmwrm.m

o e e et

4.3 Test methods, - The following, or equivalent, pro-
cedures shall be used to verify that the process is in conformance
with the :‘equxremants of this specifzcation.

.. 4.3,1 Mechanical proparties, « Tensils specimens shall 'be
__prepared and tested in conformance with- Sta.‘ndarﬂ Fed, Teat Method

'4.3,2 Radiographic inspection, ~ Radiographic examination
" shall 'be conducted in a.ccorda.ncc with Specification AGC-36065.°

4,33 Penetrant inspection, ~ Penetrant inspection shall

4.3, 4 Visualingpection.~ Each part shall be visuauy
inapaeted to determme comphancu wzth 3. 0,92,

. 4, 4 Classiﬁcatim of characteristzca. The requ:rement-
of section 3 shall be classified a8 crilis

. applie;ble drawing or épecification.

T T Majer - T - 3.5 4.3.1
. _ 3L7.9.1 . . 4,3.2
; ' 3.7, 9- r4 ’.‘- 4,3. 3% 4030.4
5. NOTES -

“Specification MIL-W.9411, and as shown below, Those requn'a-
. ments not listed shall be classified as minor, or L specified on the

Classification Reqxﬁfements in Section 3 Test Method

Critical ) A R ,,,,,‘” ~ None ..+ . _None - , O 2

5.1 Intended use.- This specification eatablishes the fabri.
cution methods for the manufacture of a titanium rocket motor
component,

5.2 Definitions, -~ Definition of terms related to radiographic
inspection criteria shall be as follows:

- - = e e s 4 merre C s -
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.

5.2.1 Impérfect fusion,~ Imperfect fusion is defined as a
-gondition where the weld deposit metal Tails to melt together with the
base metal or previous weld doposit over the entire surfaces exposed .
for welding. . : _ .

3,2.% 1Isolated porosity.~ Isolated porosity is definedasa . ===~~~

condition existing whenthe image of & cavity over 0,27 in dfameteér

{s farther from another gavity over 0.2T in diameter by a Gistance
_greater than the average of the diameters of the cavitics, :

.  5,2.3 Scattered porosity,- Scattered porosity is defined
as & condition existing when there are images of two or more cavities

,,witkdiameterﬂof;o.fzi or.less. .

) 5,2,4 ‘T-thickness of weld,- The T:thickness of weld Is
the thickness of the thinner of the two adjoining edges of materisl at
the mld. " ' :

5.2.5 Linear porosity.- Linear porosity is definedssa
condition existing when the images of three or more cavities with
.diameters greater than 0,12T, and an average closest approsch of
less than twice the average of the diameters, are located in approxi-
mately a straight line along the center line of the weld,

5,2.6 Fine porosity.~ Fine porosity is defined as a condi- '
tion existing when the image of a cavity’is 0. 010 inch or less in '

i
)
I

Bk SRt

‘alaArpeler,’

. ' S ' Authorizad for Relesso:

etto, Manager
inedring Specifications
§$51id Kocket Plant
Sacramenio
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Figure 1 %
» ) -— 5P s I é
Operation No, Material Machine No, g
s e B -
. Z
Joint Configuration: Data ' . z
: : 7 , — : &
Pass Number . ] 2 3 4 5 6 1 1 %
L Amperage . ' _ ) - s .
L~—meef&_gﬁg ControJrSeﬂmy”"7"~*’*’~Aﬁ. - 3 -
Arc Voltage - )
#*  Arc Voltage Calibrate
« Welding Specd « IPM 2

*  Positioner Control Setting
: Wirefeed indicator Specd
I-‘:ller Material Type
j‘:ller ‘Material Size. - — , R
E!ectrode Type ' ' :
_Electrode Size

Terch Cup‘§zze

eﬂdmg {see (A} below)

Backup or Purge
Trailmg up .
. “Type of Current -
Head Sensitivity 1 e
Head Down Speed
Weld Travel Delay
Wire Start Delay
Current Delay
Wire St Stop Delay
Initial Heat b
Up Slope Pre-heat Rheostat . .
“Down Slope Decayﬁeostat :
Final Heat - j - , .
. Tailing Time ] , ’ ¢
Preheat 1emperature. = ) . ' T
Interpass Temperature Ol B : .

Post Heat Temperature - ool .
“Wire Guide 1ip oize e T ‘ I
Carriage Travel ' . )

Fxt Up .
“Wire Brush Between Passes .
{A) Shu.eldf_gr - use following. :

mixture helium

argon

ﬂoling and §§:e=i&1 Instructions

*

.!ili"*ﬁ-***iﬁ‘ﬁ*

%*For Information Only

APPROVALS
" Welding Engineer

o]
Chief Welding Engineer

Quality Control

Government Inspector

Manufacturing

AUTOMATIC FUSION WELDING SCHEDULE
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. Arc Voltage

. ' AGC-26319B

.. Aerojet-General Corporation
Figure 2

Operation No, P/N Machine No. Ma.teri&i

W, O, Unit No.

Joint Configuration: Weld Process Unit No,

N Pass Number 1 2 3 4 5 6 7

Amperagc

Ampecrage Control Setting

Arc Voltage Calibrate

Welding Speed - IPM

Positioner Control Setting

Wirefecd Indicator Speed

Filler Material Type . Tooling and Special Instructions

- Filler Matecrial Size . 1. Part welded per EWP

.. Wire Stop Delay

. Tailing Time
* Preheat Temperature

Electrode Type
Electrode Size

Torch Cup Size
Shielding (see (A) below)
Backup or Purge
Trailing Cup

Type of Current

Head Sensitivity . .
Head Down Speed ¢
Weld TravelDelay '
Wire Start Delay
Current Delay

Initial Heat

Up Slope Pre-heat Rheostat
Down Slope Decay Rheostat . i
Final Heat :

Interpass Temperature i T . .
Post Heat Temperature - . ;

Wire Guide Tip Size '
Carriage Travel . .
Fit Up )

- Wire Brush Between Passes .

{A) Shielding - use following
mixture helium
argon

Welding Eng. Welding Insp. APPROVALS
Welding Op'r. . ' '

WELD HISTORY SHEET
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A0C-13860

TABLE 1
RADIOGRAPHIC ACCEPTANCE LIMITS FOR FUSIONS WELD JOINTS

[Single Typs Defects)

Wald Class 1 | 2 T 3 1 %
Hel
Wald Defects Fig Allowable Acceptance Limits
Wold cracks NRY U U u
Parent metal cracks U 1 U v
Under based cratay u U u U
Worm holes U U u U
Surn through u Y u U
Incomplete penatration v U U,under 1/4"T;]U,under 1/4'"T;
Length : 4,5 I)M"T and ovex I}R“T and over,
T/4 max in nnK T/4 max in an
8T weld length|6T weld lengt
Dapth 4 T/10 max. T/10 max,
Incomplete fusion 4,51V U Same a¢ I.P. |Eama as 1.P,
Lingar porosity% U U U,under 1/4"T;{U,under 1/4"T;
I}M”T and ovar I)h"T and over
bDiam of cavity 6 T/5(.060"max) |T/4(.080"max)
Diat betwosn cavities |7 602.090"m1n) hbs.OGO"an)
bDlast betwesn groups 8 6T(1"uin) 31(1/2"min) .
Ho. par inch of weld 3 5
Aligned porosity#® U
Diem of cavity 6 T/5(. 060" max) | T/5(.060"nax) |T/4(.080"max)
Dist betwaen cavities |7 802.125"m1n) 6D$.090"min) 4p(.060"min)
Dist bstwesn groups 8 6T(1"min) 6T(1"oin) 37(1/2"min)
MNo. per inch of wald 3 3 5
Scattersd poroafty*
Sphaeroidal
Diam of cavity 6 T/5$.060"max) T/5(.060"max) { T/4(¢.080"max) {T/4(.080"max)
Dist bestwaen cavities |7 10D(. 15min)> 8D(.12"min) 6D(.090"min) 4p(.060"m1in)
No. per inch of weld 2 4 4 8
Elongataed u u U U
Non-metallic inclusions
Spharoidal
Diam of inclusions 6 T/4(.080"max) | T/4(.080"max) | T/3(.160"wax) |T/3(.100"max)
Dist between incl's 7

No. per inch of wald
Elongated
Motallle inclusione

BD(.lg”min)
U

6D(.0%0”min)
v

uD(.OgO"min)
u

3In(.060"min)
10
v

Spheroidal Same ag 5.P, Same 48 S.P. Same a® S.P, Same as S.P.
Elongated U U u u
Excess gonctrltion 10 |T/3(.032"max) | T/4(.032"max) | T/4(.032"wax) |T/3(.060"mwax)
EXCess CYrown 10 |{T/4(¢.032"max) | T/4(.032"max) | T/4(.032"max) [T/3(.060"max)
Undercut U .
Dapth 1 T/20 T/20 T/20
_Length = 2.3 ST in 50T 5T