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WELDING PROCEDURES FOR TITANIUM AND
TITANIUM ALLOYS

By

J. J. Vagi, R. E. Monroe, R. M. Evans, and D. C. Martin%

ABSTRACT

This report covers the state of the art of welding procedures for
titanium and its alloys.#** Methods employed in the past and present
are described. Many of the conventional welding and brazing processes
are used for joining titanium and its alloys. Information on the use of
these processes, when available, was condensed or extracted and in-
cluded in this report. Necessary additional processing such as pre-
weld cleaning, joint preparation, postweld cleaning, and postweld
operations are also included since they form an integral part of the
welding processes without which successful welding cannot be accom-
plished. Joining processes that have been used only experimentally
also are described briefly.

The need for proper preweld cleaning operations and proper
shielding to prevent contamination of titanium welds is emphasized
throughout,

This report does not exhaustively cover the selection of titanium
alloys for specific applications or mechanical properties obtained from
joints. These areas were not included in the scope of this program.
The reader is reminded of the importance of these areas in obtaining
desired service performance in structures fabricated from titanium.

*Principal Investigators, Battelle Memorial Inst.itute,
Contract No. DA-01-021-AMC-11651(Z)

x:Adhesive bonding and mechanical joining are covered in other
reports.

NASA - GEORGE C. MARSHALL SPACE FLIGHT CENTER
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PREFACE

This report is one of a series of state-of-the-art reports being
prepared by Battelle Memorial Institute under Contract No. DA-0l-
021 -AMC-11651(Z) in the general field of materials fabrication.

This report describes practices for welding titanium and titanium
alloys. It is intended to provide information useful to designers and
manufacturing engineers. The information in this report has been se-
lected primarily as a guide for selecting conditions, equipment, and
fabricating techniques for welding titanium. Common problems en-
countered in welding and brazing titanium and its alloys are identified,
and precautions for avoiding the problems are described.

The report summarizes information obtained from equipment
manufacturers, titanium producers, technical publications, reports on
Government contracts, and from interviews with engineers empioyed
by major titanium fabricators. A total of 133 references, most of
them covering the period from 1957 to the present, are cited. In addi-
tion, much detailed data covered by reports and memoranda issued by
the Defense Metals Information Center are used. A recent Aircraft
Designers Handbook on Titanium and Titanium Alloys prepared for the
Federal Aviation Agency by Battelle also provided much background
information. The assistance afforded by these previous programs has
helped in the preparation of this report.

In accumulating the information necessary to prepare this report,
the tollowing sources within Battelle were searched for publications
from 1957 to the present: Defense Metais Information Center, Main
Library, Slavic Library. Information was obtained also from informa-
tion centers outside Battelle, viz., the Redstone Scientific Information
Center and the Defense Documentation Center. Descriptors employed
for recovering information from these information centers are given in
Appendix A.

Personal contacts also were made by visit or telephone with the
following individuals and organizations:

Durwood G. Anderson Howard Cary
Airite Division Hobart Technical Center
Electrada Corporation Troy, Ohio

Los Angeles, California
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R. Chihos
John Rudy

The Martin Company
Denver, Colorado

L3
na

Melvin C. Clapp

Columbus Division

North American Aviation, Inc.
Columbus, Ohio

R. S. Emlong

E. R. Funk

Astro Metallurgical Corporation
Wooster, Ohio

J. L. Fleming
Aluminum Company of America
Pittsburgh, Pennsylvania

G. Garfield
Aerojet-General Corporation
Downey, California

Grummaa Aircraft Engineering
Corporation

Bethpage, Long Island

New York

A. M. Krainess

Space and Information Systems
Division

North American Aviation, Inc.

Downey, California

K. C. Linepensel

Linde Division

Union Carbide Corporation
Newark, New Jersey

J. Manfre

Crucible Steel Company of
America

Pittsburgh, Pennsylvania
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D. R. Miichelii

Titanium Metals Corporation of
America

New York, New York

F. L. Murphy

Pratt & Whitney Aircraft Division
United Aircraft Corporation

East Hartford, Connecticut

V. H. Pagano

Materials Laboratory

U. S. Army Tank-Automotive
Center

Warren, Michigan

J. Gordon Parks

Methods Research and Develop-
ment Branch

Manufacturing Engineering
Division

George C. Marshall Space Flight
Center

National Aeronautics and Space
Administration

Huntsville, Alabama

Reactive Metals, Inc.
Niles, Ohio

William S. Rudin
Sciaky Brothers, Inc.
Chicago, Illinois

A. Schoeni
Ling-Temco Vought, Inc.
Dallas, Texas

Howard Siegel
McDonnell Aircraft Corporation
St. Louis, Missouri
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Sumner Smith Fred W. Vogel

Menasco Manufacturing Company Modern Machine Shop

Burbank, California Watertown Arsenal
Watertown, Massachusetts

W. O. Sunafrank

General Dynamics/Fort Worth

Fort Worth, Texas

The authors wish to thank each of these individuals and their or-
ganizations for contributions. They also wish to thank Vernon W.
Ellzey and Albert G. Imgram, of Battelle, Project Technical Coordi-
nators, and Walter H. Veazie, Battelle Information Specialist, for
their assistance during this program.
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TECHNICAL MEMORANDUM X - 53432

WELDING PROCEDURES FOR TITANIUM AND
TITANIUM ALLOYS

SUMMARY

Titanium and titanium alloys can be welded by a variety of
methods. Most welding processes used in the past for joining more
common metals have been used to successfully join titanium. Many
new metals-joining processes also have been used with success in pro-
duction and experimental applications. It is expected that the older
¢stablished ioining processes will continue to be used successfully, and
that applications of the newer joining processes will gain wider use for
titanium as more experience and knowledge is developed.

Difficulties in welding titanium and titanium alloys originate from
several basic sources. The high reactivity of titanium with other ma-
terials, poor cleaning of parts before joining, and inadequate protec-
tion during joining can lrad to contamination, porosity, and embrittle-
ment of the completed joints. There are many fabricators currently
joining titanium, however, by various processes. The successful
joining of various titanium-alloy products has been accomplished
through the use of good welding practices and a knowledge o1 the fac-
tors that affect titanium-weld-joint quality.

Many of the difficulties experienced in joining titanium and titanium
alloys can be minimized or ¢liminated by following the procedures de-
scribed in this report. When proper techniques are employed, welding
of titanium is not an unusuaily difficult operation. An awareness of the
cleanliness neceded to successfully weld titanium is essential, and good
cleaning practices must be followed throughout the welding fabrication.
Brazing of titanium is still limited by difficulties encountered in se-
lecting suitable filler alloys that satisfy performance criteria.

*3




INTRODUCTION

Titanium and titanium alloys have a number of desirable proper-
ties and, when suitably combined, these properties make the metal the
best material for a variety of service applications. These properties
include:

(1) Excellent fatigue resistance

(2) Good notch toughness

(3) Stability over wide temperature range
(4) Low coefficient of thermal expansion
(5) Low thermal conductivity

(6) Outstanding corrosion characteristics for some of the
most troublesome industrial chemicals

(7) Excellent resistance to erosion and cavitation from high-
velocity fluid flow

(8) No scaling below 800 F, although discolorati: n of the
metal may occur

(9) Iner: in electrochemical operations, when charged as an
anode in electrochemical circuit.

These properties are important in a variety of applications including
airframes, jet engines, aerospace equipment, chemical or processing
equipment, and electroplating equipment. Whether manufactured from
bar, plate, sheet, or forgings, some type of joining operation often is
required to assemble components or subassemblies as a step in com-
pleting the final product.

The joining of titanium vy welding and brazing processes is de-
scribed in this report. Previous reports in this series have described
adhesive bonding and mechanical fastening of titanium. Emphasis is
being placed in these reports on the details of joining procedures.

This report is organized into three major sections: (1) Joining funda-
mentals that cover those aspects of titanium joining that are common
to several joining methods, {2) Joining processes that cover equipment
procedures, typical joining conditions, ard applications, and (3) Dis-
similar metal joining in which titanium is one of the materials being
joined.




WELDING FUNDAMENTALS .

Successful titanium welding involves a careful consideration of
many factors related to the actual joining operation. These factors
are common to most joining processes and include such items as ma-
terial selection, process solution, cleaning, tooling residual stresses,
repairs, etc. Collectively these factors constitute the fundamental
basis of a successful joining procedure. The following sections dis-
cuss these basic considerations, particularly as they relate to
titanium joining.

MATERIALS

Joining operations involve two types of materials: (1) those that
make up the component being joined and (2) those used or supplied in
the joining operation.

Component Materials. Component materials are selected to
obtain desirable combinations of mechanical and physical properties
under the imposed service conditions.* Consideration of all the fac-
tors involved in the selection of component materials is important but,
in this report, only those factors related to joining operations will be
discussed.

Important features of titamum alloys that must be considered to
successfully join this highly reactive material are:

(1) The extreme sensitivity of titanium to embrittlement by
small amounts of some impurities

(2) The very high reactivity of titanium, not only at welding
temperatures but at temperatures as low as 1200 F

(3) The effects of the heating and cooling cycles involved in
joining operations on the mechanical properties of the alloys

(4) The inherently brittle structures, which are almost always
formed when titanium is joined to otner metals

(5) The specific titanium alloy composition to be used.
The sensitivity of titanium and titanium alloys to embrittlement

imposes limitations on the joining processes that may be used. Small
amounts of carbon, oxygen, nitrogen, or hydrogen impair ductility

® Appendix B (DMIC Memorandum 171, July 15, 1963) tabulates the physical and mechanical properties
of many utanium alloys. Information on titanium-atloy producers also is included.




and toughness of titanium joints. As little as 5000 parts per million of
these elements will embrittle a weld beyond the point of usefulness.
Titanium has a high affinity for these elements at elevated tempera-
tures and must be shielded from normal air atmospheres during join-
ing. Consequently, joining processcs and procedures that minimize
joint contamination must be used. Dust, dirt, grease, fingerprints,
and a wide variety of other contaminants also can lead to embrittle-
ment and porosity when the titanium or filler metal is not properly
cleaned prior to joining. Contamination that arises either from the
open atmosphere or from dirt on the filler metal or surfaces to be
joined must be strictly avoided for the successful joining of titanium
and titanium alloys.

te we

Recognition of several metallurgical characteristics of titanium
is important if we are to understand the reasons for using the specific
joining methods discussed later. These characteristics, (1) chemical
activity, (2) interstitial alloying, (3) substitutional alloying, and
(4) strengthening mechanisms, are discussed in the following sections.

Chemical Activity. When heated to joining temperatures,
titanium and titanium alloys react with air and most elements and
compounds, including most refractories. Therefore, gas-fusion and
arc-welding processes where active gases and fluxes are in contact
with hot metal are not used. The reaction products cause brittle
welds. Titanium can, however, be welded by inert-gas-shielded or
electzon-beamn fusion welding and spot, seam, flash, induction-
pressure, gas-pressure, and other welding and joining processes.
With the inert-gas-shielded arc-welding processes, argon or helium
shields the welds from air and prevents weld contamination. Electron-
beam welding takes place in a vacuum. In spot and seam welding, the
mclten titanium in the weld is surrounded by the titanium-base metal
so *he welds are protected from contamination. In flash and pressure
welding, air m:zy be in contact with the weld, but most of the contami-
nated metal is pushed out of the weld area and any remaining impuri-
ties diffuse iito the metal away from the weld interface. Inactive flux
backups have been developed for use in combination with inert-gas
shielding for welding titanium.

Brazing and solid-state-welding processes for titanium generally
are limited to those techniques that involve vacuum or inert-gas
atmospheres.

e . Interstitial Alloying. Of the few elements that can form

interstitial solid solutions in titanium, only carbon, oxygen, nitrogen,
and hydrogen are of specific interest in the joining of titanium.
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Carbon, nitrogea, and oxygen all behave in about the same way in ti-
tanium. Small amounts of these elements cause significant embrittle-
ment of titanium welds. The effects of these elements on weld duc-
tility and toughness are both progressive and additive (Ref. 1)*.
Because of this, it is difficult to establish a definite amount of any
single interstitial element that causes a distinct change firom good to
bad properties. During joining of titanium, contamination by carbon,
oxygen, hydrogen, and nitrogen must constantly be guarded against;
when these elements are found in titanium joints it is because:

(1} They are deliberate alloying additions to some forms of
titanium

{2) They may be present as residual impurities

(3) They may be picked up as contaminants from various
processing steps.

Hydrogen behaves somewhat differently in titanium; nevertheless, its
presence in titanium welds can be extremely harmful. Hydrogen is
never deliberately added to titanium and should be kept at as low a
concentration as possible in all processing operations.

Interstitial elements have potent effects on properties of titanium
alloys. Consequently, caution is necessary when comparing titanium
alloys or different heats of the same alloy. Variations in impurity
content, or interstitial content, can cause significant changes in
toughness. Therefore, it is important to consider the effects of all
impurity content and alloying elements when selecting welding pro-
cedures, processing procedures, and other parameters..

The interstitial level that can be tolerated in welded joints depends
on the use to which the welds will be put and the alloy that is being
welded. Weld toughness is decreased by lower interstitial levels than
those that will affect ductility. Therefore, greater care should be
taken to insure against weld contamination in fabricating assemblies
that are subjected to impact loading. Also, welds in some alloys are
more ductile, and have a higher toughness than welds in other alloys.
Welds with a high basic ductility or toughness can tolerate higher in-
terstitial levels. Unalloyed or lower alloy or extra-low interstitial
(ELI) filler wire is often used to improve weld ductility.

The interstitial level that can be tolerated in welds is lower than
the corresponding tolerance level in base material. Interstitials that

*References are given on page 182.
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are present in the base metals prior to welding or are introduced dur-
2 ing welding may cause weld embrittlement.

Substitutional Alloying. The most generally recognized
effects of substitutional-alloy additions in titanium relate to the type of
alloy formed by the specific addition or additions. Titanium alloys are
classified as pure titanium, alpha alloys, alpha-beta alloys, or beta
alloys, depending on their metallurgical structures. Each titanium
alloy behaves according to the characteristics of its alloy type during
joining. The initial base-material condition (cold worked or heat
treated in some manner) is equally as important as alloy content, as
will be shown in the next section.

tod |

Commerciallv Pure and Alpha Alloys. All commer-
cially pure titanium and alpha alloys are weldable. The mechanical
properties of joints in either commercially pure titanium or alpha
alloys are not affected by welding operations or brazing thermal cycles
on annealed sheet material. Alloys of this type that have been
strengthened by cold working will exhibit a loss of strength in weld
heat-affected zones or brazements. Very little use is made, however,
of cold working to increase the strength of either commercially pure or
alpha-type alloys. Welded joints in annealed alpha-titanium material
are ductile and exhibit strengths that are equal to those of the base
metal. Alpha alloys with a maximum of usable strength are obtained
by using a level of substitutional-alloy addition that is close to the
maximum solubility. The 7A1-12Zr titanium alloy is of this type and
is the highest strength all-alpha alloy currently available that exhibits
good weldability.

Alpha-Beta Alloys. The mechanical properties and
ductility of alpha-beta alloys can be affected greatly by heat treatment.
The response of these alloys to heat treatment depends upon the exact
alloy content. Therefore, very few generalized statements about
weldability of alpha-beta alloys can be made. Welding or brazing
these alloys may significantly change the strength, ductility, and
toughness as the result of the thermal-cycle exposure during joining.
The selection of an alpha-beta alloy for use in an application requiring
* joining should be based on the known effects of the alloy cortent and the
t intended application. Alloys that contain about 3 per cent of either
chromium, iron, manganese, or molybdenum, and more than 5 per cent
of vanadium either singly or in combination with each other are seldom
used in fusion-welding applications because of the resulting low weld
o ductility. When welding alloys contain percentages of these ele-
ments in excess of the amounts given above, it is sometimes possible
to improve weld ductility by a postweld heat treatment. However, the
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use of heat treatment is not always effective in improving ductility.
The thermal stability of welded alpha-beta alloys is another area of
concern if the intended application involves prolonged service at ele-
vated temperatures.

Alpha-beta alloys are sometimes welded with either commercially
pure or alpha-alloy filler metals. This is done to lower the alloy con-
tent of the weld fusion zone. The use of filler metals of this type
lowers the beta-phase content of the fusion zone and generally results
in improved weld ductility and toughness. The composition of the
heat-affected zone, however, remains unchanged. In alpha-beta alloys
that are subject to heat-affected-zone embrittlement, special filler
metal alloys are ineffective in obtaining an overall improvement in
weldment properties.

Beta Alloys. The all-beta alloy, 13Cr-11V-3Al, de-
pends very strongly on either cold work or heat treatment to obtain
desirable strength properties. In these conditions, welded joints are
readily made, but the resulting weld strength is considerably lower
than that of the base plate. Postwelding operations designed to raise
the weld-strength level either are not practical or result in severe
embrittlement of the beta alloy. The reasons for this are not well
known, but are apparently related to different aging responses of
structures that differ in grain size, grain structure, or orientation.
All-beta alloys are also susceptible to thermal instability. Their use
in a fully annealed condition is generally not warranted because of the
low strengths available.

Strengthening Mechanisms. Titanium alloys can be

strengthened by cold working (strain hardening) and by heat treatments.

The strengthening mechanisms used for titanium alloys are important
because of their effects on weldability of alloys as based on mechanical
properties. Some alloys are considered to be weldable if the welds
are not given any postweld heat treatment. However, quite often welds
in such alloys are much lower in strength than the heat-treated base
metals. Attempting to increase the strength by a postweld heat treat-
ment may be successful, but quite often some other property (such as
ductility) is degraded.

The importance of strengthening mechanisms as a consideration in
the weidability of titanium alloys can be illustrated in another way by
considering the following statements.
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(2) Welding imposes variable thermal cycles on material in
the joint area that are unlike any other exposure conditions
normally used on titanium alloys.

(3) The effect of welding thermal cycies on the properties of
titanium alloys may be insignificant or very significant.

(4) The apparent weldability of any given titanium alloy can
be altered considerably by either the initial base-
material condition or postweld thermal or mechanical
treatments.

Strengthening mechanisms also are important items to consider in
planning brazing operations for titanium.

Process Materials. The principal materials used in joining
operations are filler metals, protective shielding gases, and, on rare
occasions, protective fluxes.

Filler Metals. Some fusion-welding processes involve
the addition of metal from sources other than the base metal. Wire is
generally used and added at a controlled rate. Wire added during TIG
welding is called "filler wire'" or '"cold wire'". Wire used in MIG
welding also is called filler wire, or it may be called "electrode wire'.

Titanium wire for welding must meet high-quality standards. The
same is true for most welding wire. This requirement results from
the high surface area to volume ratios characteristic of the common
wire sizes used in welding (see Figure 1). Obviously, any wire-
surface-layer contamination represents a sizable addition to a weld.
Also, it is much more difficult to process titanium to wire without
contamination than is the case with other products. For example,
wire cannot be processed by any method comparable to the pack-

wn rolling procedures used for thin sheet.

Wire products sometimes contain defects. The terminology used
to describe various wire defects is illustrated in Figure 2. None of
these defects can be tolerated in titanium wire intended for welding
structural components of high-performance airframes.

8




FIGURE 1.

SURFACE AREA TO VOLUME RATIO FOR WELDING FILLER WIRES
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The availability of good-quality titanium welding wire in the past
and today has been debated extensively. Some welding engineers feel
£ that high-quality titanium wire just does not exist. Others do not think
there is a '""welding wire problem'". The real answer probably lies
somewhere between these two extremes.

The '"'titanium welding wire problem', if there is one, must be re-
solved before some fusion-welding processes can be used for certain
applications. Titanium-welding-wire development has suffered from
the lack of a sizable market. Unalloyed titanium commercially pure
wire has been the major marketable item. Experience with the various
titanium alloys has been limited. The required quality level and relia-
bility in titanium-alloy wire probably can be developed once a market
is evident.

Filler wires for welding titanium are produced by the major ti-
tanium fabricators and by a number of specialty-wire manufacturers.

Filler metals also are used in brazing and some solid-state-
welding processes. Reguirements pertinent to these applications are
discussed in the appropriate process sections.

Protective Shielding Gases. When molten, or even just
cherry red, titanium acts like a blotter for gases containing carbon,
hydrogen, nitrogen, oxygen, and water vapor. Small amounts of these
gases can embrittle titanium alloys beyond the point of usefulness.
Even trace amounts of these gases can have large effects on properties
of titanium alloys. Extensive tests have shown that argon used to pro-
tect the weld zone had to contain less than 500 ppm of air by volume
when welding Ti-5Al1-2. 55n (Ref. 2). Bend tests showed a 50 per cent
reduction in ductility when air contamination was increased from
100 ppm or less to 500 ppm. Consequently, when joining titanium and
its alloys, any melted or heated metal must be protected from coming
into contact with air and other atmospheres containing these potentially
harmful elements.

Air around a titanium joint must be replaced by an inert gas and it
must be replaced whether the joint is fully penetrated or not. In actual
practice, inert gases, argen and helium, or mixtures of argon and

f helium are used for shielding titanium with all fusion-welding pro-

' cesses. Electron-beam fusion welding normally is done in a vacuum
at pressures low enough to preclude air contamination. Brazing and
solid-state joining are usually done in inert-gas atmospheres or
vacuum. Inert-gas shields help blanket all of the heated metal with
- inert gas. The inert gases do not react with titanium whether the
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metal is hot or cold and there is no embrittlinﬂ effect from these

react with it to promote porosity, embnttlement, cracking, or other
serious effects. In addition to shielding, the inert gases argon and
helium are used to provide distinct welding arc characteristics and
weld features. Arc voltage in helium is about 30 to 50 greater than in
argon for a given welding current. The heat energy liberated in
helium is about twice the heat given ofi in argon. This means that
faster welding speeds can be obtained with helium shieldin,,. Helium
also provides greater weld penetration and permits welding of thicker
gages more readily. Argon is used for welding thinner gages where
lesser heat may be desirable. Arc length can be changed in argon
without appreciably changing the heat input to the work. This is an
important factor when the electrode cannot be brought close to the
work or when arc length may vary as in manual welding operations.
Mixtures of shielding gases also are used to obtain characteristics that
are intermediate between those of the pure gases. Selection of the
particular shielding gas, therefore, is made to provide desired weld-
ing arc characteristics in addition to preventing contamination. Also,
gases such as hydrogen, carbon dioxide, and oxyacetylene mixtures
that are normally used in joining other metals cause severe embrittling
effects when used in joining titanium; consequently, they are not used.
Special grades of inert gas containing additives; such as oxygen, that
are used in scme welding should not be used in welding titanium.

High-purity inert gases are needed for joining titanium. Special
welding grades of inert gases are available commercially. The major
concern with inert gas is insuring that the basic-gas quality is not de-
graded during {low through the joining equipment. The number of dis-
connectable fittings used in the gas system should be minimized. All
such fittings must be kept in good condition and must be tight to prevent
aspirating air and moisture into the shielding gas stream. Damaged or
loose fittings can allow air or water leaks to contaminate the inert-gas
shield and the joint.

Protective Fluxes. Titanium and titanium alloys have
been welded using a proprietary-flux back-up, conventional MIG-
welding technique. In feasibility studies, 3/4-inch-thick commercially
pure titanium and 7/16-inch-thick ELI Ti-5Al1-2. 5Sn plates were
welded in the flat position (Ref. 3). Torch-trailing-shield arrange-
ments were used to protect the access side of the welds while the
underbead side was protected with the proprietary flux. The flux was
placed in the separation between two back-up bars. The fused flux
forms a cocoon on the back sides of the welded plates and affords good

11




by

protection from the atmosphere. The fused flux was removed by

scraping or wire brushing and washing in water (Ref. 4).

Similar techniques have been used for manual and mechanized TIG
welding titanium and there are indications that the flux ma.erial also
may be useful for submerged-arc-welding applications (Re 3},

On the basis of preliminary results, it appears that fluxes for
welding titanium have merit although there are no known commercial
uses as yet.

PROCESS SELECTION

Titanium has been joined by many common welding and brazing
procésses. Widespread use has been made of the following processes:

(1) TIG welding (tungsten inert gas)

(2) MIG welding (metal inert gas)

(3) Electron-beam welding

(4) Resistance spot-, roll spot-, seam welding.

Limited use has been made of many other joining processes including:

(1) Arc spot welding

(2) Plasma-arc welding

(3) Brazing

(4) Diffusion welding

(5) Roll welding

(6) Pressure-gas welding

(7) Flash welding

(8) High-frequency resistance welding.

Processes such as oxygen-gas fusion welding, submerged-arc welding,
coated-electrode welding, and arc welding with active gases are not
used for joining titanium because of the resulting embrittlement of the
joint area.

As with many other metals, selection of a joining process for ti-
tanium often is influenced by the physical characteristics of the part to
be joined. Fortunately, the varied characteristics of joining processes
lead to a very broad range of possible applications. Most titanium
joints can be made by any one of a number of joining processes. How-
ever, welding finds major usage in subassembly fabrication and a few
large structural compcuents. Cost, available equipment, maintenance,
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reliability, accessibility, thickness, and overall component size also
are important factors in assessing the proper usage of welding and
alternative joining methods.

Joint design also can influence the selection of the joining process.
Design can limit the number of potentially usable processes and ex-
clude those processes that are either not usable or would be very dif-
ficult to adapt for the particular application. Figure 3 illustrates
several joint designs and lists the processes that normally would or
would not be used for joining; it is apparent that several processes can
be selected for making e ich joint when considered from a purely capa-
bility viewpoint. Other factors reviewed earlier may reduce the num-
ber of potentially useful processes tc a fewer number than those
indicated.

The relationship of joining to other fabrication operations is an
important aspect in process selection. A simplified subassembly-
process flow chart follows to show some of the possibilities. The part
used as an example is a contoured stiffened skin too large to make
from a single titanium sheet. The materials involved are skin sheets
and formed stiffeners as sketched in Figure 4. The flow chart, Fig-
ure 5, shows that many possible approaches might be used to fabricate
this single part. The important point here is to remember that the
fabrication operations immediate. r before and after joining are closely
related to successful part fabrication. Good joint fitups are needed
and all titanium parts must be properly cleaned before joining. Stress
relieving of complex (and perhips any) weldments immediately after
welding is sometimes essential.

JOINT DESIGN

Suitable joint designs must be selected for all types of joining op-
erations, but they are particularly important in welding. Joints with
square abutting edges for arc or electron-beam welding for the thinner
gages of titanium normally require machining to provide a good fit-up.
Thicker gages require a more complex joint preparation. Typically,
such preparation involves machining bevels or contours on the abutting
edges. Part tolerances also are an important consideration in e<*ab-
lishing good joint designs. Close tolerances are always preferrcd, but
they cannot always be planned for in production parts. With titanium it
is also essential that the joint design selected be one that can be
properly shielded from contamination if welding is to be done in air,

Joints designed for TIG, MIG, or electron-beam welding titanium
alloys normally are prepared by machining so as to provide a good
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Joint fit-up. Unless the parts are well fitted together, burnthrough or
excessive deposits that may crack can result. The joints are ma-
chined by milling, shaping, and grinding. Draw files often are used
to remove burrs and to help clean the surfaces before welding. Al-
though many f~bricators regularly use draw filing as part of their
normal joint-preparation procedures, some fabricators believe that
draw filing produces burrs that contribute to porosity; consequently,
the latter hesitate to use draw files for titanium-joint preparation.

Preparation of edges to be welded is performed by conventional
methods such as machining and grinding. Oxyacetylene-flame cutting
followed by light manual grinding also has been used to prepare weld
grooves in the 6A1-4V titanium alloy (Refs. 5, 6). The edges can be
dye-penetrant inspected to assure the absence of surface defects.
Cracks can occur in the flame-cut edge during cutting. Also, delayed
cracks can form so grinding should be done immediately following the
fiame -cutting operation (Ref. 7).

Typical weld-joint designs for fusion welding titanium alloys are
shown in Figure 6 (Ref. 8). Information available regarding joint di-
mensions is given in Table I. Dimensional details of U-joints are
given in Table II. Other special joint-design details for MIG welding
are shown in Figure 7 (Refs. 5, 9). A consumable-land joint design
shown in Figure 8 also has been used for welding titanium (Ref. 9);
the thickened portion of the joint i's melted during welding and serves
as the filler metal. This joint design is useful when satisfactory filler
metals arc not available. However, the joint must be prepared from
thicker parent metal sheet or plate or the edge must be upset to per-
mit machining. The joint design shown in Figure 9 incorporating a
back-up ring also has been used for welding titanium (Ref. 9). The
back-up ring is used to help hold the molten metal in place and to help
control the underbead-weld geometry. Since the back-up ring is fused
during welding, it becomes an integral part of the weldment. In the
only known application of this joint design for welding titanium, the
back-up ring was not machined away. For other applications, the
back-up ring probably can be machined away. In most applications,
however, welding is performed without back-up rings.

Resistance welding usually involves joints that consist of overlap-
ping layers of material. Multiple layers may be included in a single
joint. In resistance welding such factors as edge distances and inter-
spot spacings are an impertant consideration in the selection of a suit-
able joint design. Another important factor is the initial sheet separa-
tion. Sheet separation must not be so great that unusually high forces
are required to bring the surfaces into contact.
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b. Comer - Joint Designs (Ref. 5)

FIGURE 7. JOI:ngDESIGNS FOR SPECIAL APPLICATIONS OF MIG WELDING OF TIT ANIUM
ALLOYS
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FIGURE 8. CONSUMABLE-LAND JOINT DESIGN (REF. 15)
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a. BRefore Welding b. After Welding

FIGURE 9. BACK-UP-RING JOINT DESIGN (REF. 15)

Many of the joint designs used for resistance welding are not in-
tended to transmit transverse tensile loads. Joints of this type are
sometimes referred to as scab or attachment joints.

All joints designed for resistance welding must normally be ac-
cessible from both sides of the parts being joined. Sufficient clear-
ance must be maintained to allow for the extension of the electrodes
and electrode holders to properly contact the sheets.

CLEANING

Careful preweld cleaning is essential to the successful joining of
titanium alloys. Proper surface preparation is important to (1) re-
move scale, dirt, and foreign material that can contaminate the joint,
(2 help control weld porosity in arc-welding operations, and (3) in-
sure uniform surface conditions and thereby improve weld consistency
in resistance-spot- and seam-welding operations. A flow chart of a
successful cleaning operation is shown in Figure 10 (Ref. 16).

Prior to resistance welding the cleaning of the surfaces of sheets
as received from the mill with any of the commercial solvents that
leave no residue often is satisfactory. However, if elevated-
temperature forming has been performed, the light oxide scale should
be removed. Otherwise the oxide skin on the adjacent surfaces being
joined will be fused into the weld nugget, which can lead to a drastic
reduction in the ductility of the welded joint. Poor or variable clean-
ing can have another bad effect in resistance welding. Much of the
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Exceed 10 Minutes and Repeat Cycie
if Necessary

FIGURE 10. FLOW CHART OF CLEANING PROCEDURE FOR
TITANIUM ALLCYS (REF. 16)

initial heat generated during the early stages of resistance welding is
localized at the joint interface. This happens because the electrical
resistance through the interfaces is generally higher than the resis-
tance of the bulk material. Thus, the surface resistance of the mating
surfaces is an important factor controlling the heat generated during
the weld cycle, and it is important that this resistance not iluctuate
widely. The surface resistance of any metal is controlled largely by
the surface preparation of cleaning techniques that are used nrior to
welding.

Grease and Oil. Grease and oil accumulated on titanium
parts during machining and other operations must be removed prior to
joining to avoid contamination. Scale-free titanium often is degreased
only; titanium having an oxide scale is degreased prior to descaling

. operations. Degreasing may be accomplished in any of the following

ways:

(1) Steam clean

(2) Alkaline wash or dip in a dilute solution of sodium
hydroxide

(3) Solvent wash methyl ethyl ketone, methyl alcohol, toluene,
acetone, or other chlorine-free solvents

L 4
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(4) Hand wipe with solvent-dampened, clean, lint-free cloths
immediately before welding. Plastic gloves are recom-
mended for this type of operation. Reactions between
solvents and some of the compounds in rubber gloves can
leave deposits on the joint that cause porosity.

The steps followed in a typical cleaning procedure for machined parts
prior to joining are as follows (Ref. 17):

(1) Degrease with toluene, alkaline-steam cleaners, or com-
mercial degreasing equipment. (Residues from silicated
or chlorinated solvents have been blamed for cracking of
some titanium weldments. Consequently, this use for
cleaning titanium is prohibited by many fabricators.)

(2) Force air dry with clean, dry air
(3) Alkaline clean (commercial cleaners)

(4) Water rinse with running water or a spray rinse at ambient
temperature until a pH of 6 to 8 is reached. pH paper is
used for this determination

{5) Water rinse for 4 to 6 minutes with deionized water at
ambient temperature

(6) Alcohol rinse for 15 to 30 seconds with alcohol at ambient
temperature. Alcohol rinse is optional

(7) Dry by blowing with hot dry air or nitrogen gas.

Parts showing evidence of surface contamination immediately prior to
assembly should be rejected and must be recleaned. If the surface
contamination is light dust settled out of the atmosphere, the parts are
wiped with solvent-dampened cloths and dried just prior to the joining
operation.

Chlorinated solvents, such as trichloroethylene and silicated sol-
vents, should not be used to degrease titanium. # Stress-corrosion
cracking in weld areas during subsequent processing has been attrib-
uted to the use of chlorinated solvents (Ref. 1). Cleaning of parts con-
taining crevices should be analyzed carefully to avoid trapping solu-
tions that can cause porosity. Good rinsing and drying procedures are
important in these operations. Residue from the degreasing treatment
must not be allowed to remain in the joint area.

*Some solutions used in dye -penetrant testing may contain chlorinated solvents. Use of these inaterials
should be carefully checked out prior to approving their use on titanium.
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Temperature-sensitive crayon and paint markings and pencil and
ink markings also should he removed from areas that are heated dur -
ing joining operations. These materials can contaminate either the
underlying metal or the weld metal and result in embrittlement or
porasity.

Scale Removal. Light scales are formed on titanium at tein-
peratures up to about 1100 F. This scale is generally thin and can be
removed by chemical pickling. Chemical pickling is often the most
efficient and economical process for scale removal compared with
mechanical techniques (Ref. 18). The most commonly used pickling
baths are solutions of hydrofluoric acid, nitric acid, and water, These
baths contain from 2 to 5 per cent HF aand 30 to 40 per cent HNOj3. A
pickiing bath used by many fabricators contains 5 per cent HF, 35 per
cent HNOj3, balance water, and a 30-second immersion time, After
pickling, the parts are rinsed in water and dried. Pickling treatments
also are used to prepare scale-free material for spot- and seam-
welding cperations. Pickling should be avoided when possible on as-
semblies that contain crevices that may entrap the acid solution.

The steps followed by one fabricator in removing light scale are
as follows:

(1) Degrease to remove oil or grease
(2) Alkaline clean

(3) Rinse

{4) Immerse in scale conditioner

(5) Rinse

(6} Immerse in HF -HNOj pickle. Stains resulting from the
HF -HNOj3 pickle can be removed by a 30-second im-
mersion in a 45 to 55 per cent HNOj pickling sclution.

Prolonged immersion can remove too much material, so pickling pro-
cedures must be developed and controlled carefully.

Wher heated to temperatures above 1100 F the scale formed on
titanium is thicker than the scale iormed below 1100 F. Removal of
the heavier scale requires a more complex treatment than is required
for removal of light scale. Chemical or salt-bath treatments, me-
chanical treatments, or combinations of these treatments are used.
Molten-salt baths, which are basically sodium hydroxide to which
oxidizing agents or hydrogen have been added to form sodium hydride,
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are commonly used to remove this scale in preparation for welding.
Caution is needed in using these molten-salt baths. Bath compositions
and temperatures must be carefully controlled to prevent the introduc-
tion of excessive amounts of hydrogen into the titanium.

Both the molten-salt-bath treatments and mechanical scale-
removal operations are followed by a pickling operation to insure com-
plete scale removal and to remove subsurface contaminated metal if
necessary. Removal oi scale can be aided by scrubbing with a brush
and reimmersing (Ref. 16). Caution is necessary when pickling tita-
nium, Titanium can absorb hydrogen readily when improper pickling
procedures are used. During subsequent welding operations, porosity
can occur from hydrogen absorbed during pickling operations. Pickling
baths that contain HF with little or no HNO3 acid cause hydrogen ab-
sorption. HNOj3 inhibits hydrogen pickup during the reaction between
titanium and HF. At least a 7 to 1 HNO3 to HF weight ratio normally
is recommended.

Handling and Storage. All part handling after cleaning and
before joining must be controlled. So-called '""white glove' operations
are often used to prevent contamination after careful cleaning. Cleaned
material should be joined within a few hours or wrapped with lint-free
and oil-free wrapping for storage until nceded. Some recleaning of
material that has been in storage may be recuired before certain join-
ing operations.

Between cleaning and joining operations, the parts maybe exposed
to the open atmosphere. During such exposure, dust and fine dirt par-
ticles may settle out on the joint surfaces and adjacent areas. The
"fallout" dirt also can contaminate titanium joints. In many instances,
these dust particles are removed by carefully wiping the joint area
with lint-free cloths dampened with a solvent such as methyl ethyl
ketone.

Fabricated parts that are to be hot formed or stress relieved must
be clean. In view of the problems in cleaning complex parts, it may
be simpler to keep such parts from becoming dirty during joining op-
erations. This will require careful handling and storage throughout
all operatiuns associated with the actual joining.

Evaluating Cleanliness. The effectiveness of cleaning meth-
ods is evaluated by variovs methods. The most unpopular :nethod is
discovering porosity, cracks, or other evidence of contamination in a
completed welament.
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A common method for evaluating the cleanliness of a part emerg-
ing from descaling and pickling operations is to obs=>rve water breaks
during the water rinse. No water break indicates a clean surface
while the presence of a water break indicates some foreign material
remaining on the surface.

Limited contact-resistance measurements have been made to
cormpare the effectiveness of several cleaning methods prior to
resistance-spot welding Ti-3A1l-13V-11Cr alloy in the solution-treated
condition (Ref. 19). Average contact-resistance values obtained for
three cleaning methods were as fotlows:

Belt sanding 111 microhms

2.5% HF, 30% HNOj, bal H,O0 158 microhms
(2. 5 minutes)

Proprietary solvent (5 minutes) 160 microhms

Measurements of contact resistance can provide useful information on
the effcctiveness and consistency of cleaning operations.

SHIELDING

Protection of titanium from contamination during joining opera-
‘ions can be accomplished in several ways.

(1} Perform the operation inside an inert-gas-filled chamber

(2) Perform the operation with flowing inert gases through
the welding .»rch, back-ups, fixtures, and auxiliary
tooling

(3) Perform the operation in a good vacuum “: a closed
chamber.

A wide variety of tooling has been designed to contain and/or supply
inert gases for shielding titanium welds. Although these shielding
devices vary in constructionzl detail, they all serve the same basic
purpose, i.e., protecting the weldient from gases that can contami-
nate the hot metal.

Several types of shielding and controlled-atmospherc chamboers
have been used to weld titanium and other reactive metals. Such
chambers are designed to contain the entire component to be welded,
or in some cases, merely the weld-joint area. The air in the chamber
is replaced with inert gas by (1) evacuation and backfilling, {2) flow
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purging, or (3) collapsing the chamber and refilling it with inert gas.
Welding chambers are particularly useful in the welding of complex
components that would be difficult to fixture and protect properly in
the air. Use of a2 welding chamber, however, is not a cure-all. The
inert gas in many welding chambers is of much poorer quality than the
inert gas contained in the conventional flowing shields. Leakage of air
or water vapor into a chamber atmosphere must be avoided to do a
good job in welding titanium. Monitor devices that will disclose con-
tamination ot a chamber atmosphere are available.

A tank-type controlled-atmosphere welding chamber for manua!
and machine, TI5 and MiG welding of titanium alloys is shown in Fig-
ure 11 (Ref. 20). Many small chambers are made {rom plastic domes
and steel or stainless steel spheres; stainless steel is preferred be-
cause it does not rust and is easy to clcan. Several small-size
chambers for welding small subassemblies are shown in Figure 12
(Refs. 21, 22). The adaptation of a small-size chamber to welding an
oversize part 1s shown in Figure 13 (Ref. 22); only the localized area
that is heated needs to be inert-gas shielded.. Flexible-plastic cham-
bers are illustrated in Figure 14 (Ref. 23).

N73600

FIGURE 11. TANK-TYPE COMTROLLED-ATMOSPHERE WELDING
CHAMBER FOR MANUAL OR MACHINE, TIG OR MIG
WELDING TITANIUM ALLOYS AND OTHER -
REACTIVE METALS (REF. 20)
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~ b, Close-Up of Transparent-Plastic ~-Dome-Type Welding Chamber
{ (RCfo 22)
FIGURE 12, CONTROLLED-ATMOSPHERE CHAMBERS FOR .1G WELDING SMALL SUBASSEMBLIES
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ADAPTATION OF A SMALL SIZE CHAMBER FOR TIG WELDING AN
OVERSIZE PART (REF. 22)

FIGURE 13.

The welding chainber has two pairs of glove ports. In this operation,
one glove port 1s used for 1nsertion of a titanium part too large to ‘at

inside the chamber.

FIGURE 14. FLEXIBLE-PLASTIC CONTROLLED-ATMOSPHERE WELDING
CHAMBER (REF. 23)
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Shielding gas used in these chambers may or may not flow
through the torch, depending on the fabricator. Also, the shielding
gas can be recirculated through a purifying train tc remove undesir-
able gases that are evolved from the alloy being welded or from the
chamber walls and tooling as these become heated.

For in-air welding with the TIG and MIG processes, shielding is
provided in several ways.

(1) Flowing inert-gas shield through the torch to shield the
molten weld pool and adjacent surfaces

(2) Flowing inert-gas shield through a trailing shield to pro-
tect the weldment as it cools (usually to below 1200 F)

(3) Flowing inert-gas shield through hold-down and back-up
bars. Shielding gases flowing through the hold-down
bars provides additional shielding for the face side of
the weld. The back-up gas flow protects the root side
of the weld during welding and during cooling of the
weld metal.

A variety of inert-gas-shielding devices have been developed for
in-air welding of titanium alloys. However, all are designed primarily
for blanketing the hot titanium metal from the surrounding air atmo-
sphere. Figure 15a illustrates shielding methods for aluminum and
stainless steels, as compared with the hold-down and back-up shield-
ing parts used with titanium alloys, Figure 15b.

Examples of torch-trailing-shield arrangements for TIG and MIG
welding are shown in Figures 16a and 16b (Ref. 6), respectively. The
trailing shield shown in Figure 16b is detachable as shown in Figure 17
(Ref. 5). The detachable-trailing-shield concept provides for inter-
changeable trailing-shield units for use with other joint designs or
degrees of accessibility.

Phenolic -plastic nozzles in TIG-welding electrode holders have
been blamed for carbon pickup (Ref. 10). This effect can be over-
come by replacing the phenolic nozzles with ceramic or metal nozzles.
As titanium needs good shielding, the torch nozzle should be larger
than for other metals. A torch nozzle can be modified as shown ir
Figure 18 (Ref. 8). The copper shavings act as a diffuser sc the inert
gas will flow down over the weld in a soft cloud. For manual welding,
this device generally gives better results than a trailing shield and it
is easier to manipulate. Porous-metal diffusers are often used in the
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FIGURE 15. INERT-GAS-SHIELDING ARRANGEMENTS FOR
CONVENTIONAL MATERIALS COMPARED
WITH TITANIUM ALLOYS

trailing shields to help obtain better coverage of the hot metal by inert
gas at lower flow rates. For machine MIG welding, a flat metal
baffle as shown in Figure 19 {Ref. 8), attached to the lcading side of

the torch is advisable; otherwise, smalil metal globules (spatter) would
leave the protective gas atmosphere, become oxidized, and drop down
on the joint line where they would be drawn into the weld and cause
weld contamination and porosity. Studies of the effects of air currents
and blasts were made for a typical TIG-welding arrangement (Ref. 24).
As was expected, inert gases flowing from 1/2- and 5/8-inch nozzles
in still air gave satisfactory coverage, but in some instances proved
excessive and wasteful. When cross currenats of 40 to 300 fpm were
introduced, tke picture changed drastically. Air currents greater
than 60 fpm had detrimental effects on titanium welds, greater than
180 fpm was harmful to aluminum welds, and at 330 fpm stainless
steel welds were harmed if the nozzle was not kept as close to the
work as possible. Side shielding also can be provided through the
hold-down bars sbhown in Figure 15b or by means of baffles as shown
in Figures 20 (Ref. 21) and 21 (Ref. 8). The baffles help to retain the
inert-gas shield in desired areas and help prevent stray drafts irom
disturbizg and deflecting the shield-gas-flow pattern.

31




<
S

X

T o

- "

32

Torch
/ Troiling-gos shield
A

sheet

a. Tig- Weiding Torch - Trailing - Shield Combination

—vem e e MR mae i S me  vmn M e SEm e SHEe s mee W e e e mea e wme

- o A mme e o e e e e m— e A me e S mme e et me e mme S e - e

- o e e e Gmm m W mmn Tm— G Ve e e e e e e o — o —

e S, - e W v S e i e G e ome  ma e A smme G A - eam

b. Mig- Weiding Torch - Troding - Shieid Arrongement

FIGURE 16, TORCH-TRAILING SHIELD ARRANGEMENTS
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FIGURE 17. DETACHABLE TORCH-TRAILING-SHIELD
ASSEMBLY (REF. 5)

Top left — wide shield for wide joint open-
isg and capping passes; bottom left -
narrow shield for root passes and narrow
joint openings.

Sirnilar concepts are used to protect the nonaccess (root) side of &
welc joint. Figures 22, 23, and 24 (Refs. 21, 5, 6, 8) illustrate sev-
eral methods of preventing root contamination.

Advantage also is taken of the fact that argon tends io settle and
displace air. Conversely, helium is best suited for dieplacing air
when a rising gas flow is desirdble. For in-air welding, trailing
shields designed for MIG welding are usually considerably longer than
those used in TIG welding. This 15 (o insure good protiection for the
larger volumes of material that are heated during MIG welding and as
a result cool more slowly.

Inert-gas -shielding considerations also are important in designing
joints for welding. Figure 25 (Ref. 21) shows the orig.. 1 design of a
coil cross section with welded spacers or supports. Adequate external
shielding would be extremely difficult if not impossible to achieve due
to the gap at the root of the fillet weld out away from the comtact poist
of the spacer. Furthermore, if the ends ok the spacer bars were ma-
chined to fit the curvature of the pipe aiz could be trapped and em -
brittle the root side of the fillet weld. Figures 26 and 27 (Ref. 21)
show the design modifications to eliminate welding required in the
original design and a compieted assembly, respectively. The change
was to a mechanical support.
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FIGURE 15. MODIFIED MANUAL TiG WELDING TORGH-SHIELDING NOZZLE (RLF. 8)
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FIGURE 19. TIG-MIG TORCH-TRAILING -SHIELD ASSEMBLY WITH LEADING SHIELD BAFFLE
FOR WELDING TITANIUM ALLOYS (REF. &)
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FIGURE 21, SHIELDING BAFFLE> FOR AN OUTSIDE«CORNER WELD (REF. 8)
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FIGURE 22, BACKING SHIELD {REFS, 5,6)

At rigit 1s complete backing-shield aevice
for Army first-pass crack-susceptibility test
plates and for H-plate cross bars.
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a Root Shieiding of Tubing Joint

b. Two Interral Purging Devices (Ref. 21)

Top fixture 1s for straight runs; lower fixture 1s designed for
use around bend and curves.

Spit ring with prolectve

c. laternal and External Shielding Jevices (Ref. &)

FIGURE 23. SHIELDING DEVICES FOR PROTECTING ROOT SIDES OF BUTT WELDS
iN TUBING, PIPE, AND CYLINDERS
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FIGURE 24. SHIELDING ARRANGEMENTS FOR PROTECTING THE ROOT SIDES OF FLANGE-TO-
TUBING WELDS (REF. 8)
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FIGURE 25. CROSS-SECTION OF ORIGINAL COIL  FIGURE 26. TACK-WELDED MECHANICAL
DESIGNED FOR WELDED SPACERS AND FASTENERS FOR THE COIL SPACERS
SUPPORTS (REF. 21) SHOWN IN FIGURE 25 (REF. 21)
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FIGURE 27. COILS IN VARIOUS STAGES OF COMPLETION SHOWING MECHANICAL SUPPORTS AND
TACK-WELDED NUTS (REF. 21) -
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TOOLING

The tooliag used in joining titznium may differ markedly fromn
toclir: norrnally used in joining other materials. Contamination,
porosity, distortion, and penetration can be affected by tooling; special
techniques have been developed to help minimize or eliminate these ef-
fects. Tooling per se may range irom simple clamps to hold parts in
position to more elaborate holding devices designed for spec:fic parts.
Simple tooling is adequate for welding titanium when other means are
used to insure adequate shielding, for example, electron-beam or arc
welding in an enclosed chamher. However, for fusion-welding opera-
tions conducted outside of chambers, tooling can provide a much more
effective safeguard against weld contamination than other shielding de-
vices. Tooling often is used to cool the weld area rapidly so that ex-
posure in the temperature range of high chemical reactivity is mini-
mized. Such tocling is referred to as 'chill" type.

Welding and stress-relief fixtures must never come in contact
witn trichloroethyiene for degreasing purposes, because of the stress-
corrosion problem. Rigid tools are a necessity. For example, the
Ti-5A1-2.55n 2iloy has a yield strength of 110 ksi at room tempera-
ture, and every weld is going to develop thzt =rount of pull in a* least
one and perhaps several directions. A weak tool will be pulled out of
shape allowing the weldment, ir turn, to distort.

Materials that come in conigct with titanium on both root and face
sides of welds include copper, aluminum, stainless steel, carbon
steel, and other common materials. Often, these materials are used 1
in the form of bar-type inserts or sheet- or plate-type facing plates
for fixtures. Top-side hold-down bars extend the full length of the
weld and often contain inert-gas passages for weld face and root
shielding.

Considerable trouble wilh welding operations is inevitable unless
weld-joint preparations are accurately machined, and the joints are
heid properly in the welding fixtures.

The tooling used in resistance welding titanium is genera'ly simi-
lar to tooling used in resistance welding other materials. Resistance-
welding tcoling consists of suitable fixtures or jigs to hold the parts in
proper position for welding. Sometimes tooling is also designed to
index the part through the welding equipment to insure that welds are
made at the proper positions. The same general rules followed in de-
signing any resistance-welding tooling should be followed in designing
tooling for use with titanium. Generally, this means that nonmetallic
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or nonmagnetic components should be used exclusively, and the tooling
should not contaminate the titanium.

HEAT INPUT

The term '"heat input' is widely used in the welding industry to
characterize many of the conditions typical of arc welding. Limiting
heat inputs are defined by:

(1) The minimuwn energy required to melt suifficient metal to
form a weld

(2) The maximum usable energy level that will produce an
acceptable weld

{3) A maximum level that will not degrade properties of a
particular material.

With titanium, it is best to use heat inputs just above the minimum
required to form the weld. Greater heat inputs expose the titanium
welds to conditions that promote contamination distortion and other
bad effects. An exact measure of heat input is not readily made, but
good ernpirical formulae are known for each welding process. Intra-
process comparisuons -of heat inputs are not always valid and should be
viewed with cautioa.

Lowest heat inputs are obtained with electron-beam welding.
Then, as a gener 1l rule, heat inputs typical of normal welding condi-
tions increase as follows:

(1) Single-pass TIG - no {iller
(2) Single-pass TIG - with filler
(3) Muitipass TIG - with f{iller
(4) Single-pass MIG

{3} Multipass MIG.

Other general trends useful in estimating heat input are-

(1) Welds made with helium shielding gas have a lower heat
input than similar welds made with argon shielding.

{2) Higher welding speeds result in lower heat inputs.

(3) High currents or voltages result in high heat inputs {at
any given speed).

(4) Small melted zones are characteristic of low heat inputs.
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SHRINKAGE - DISTORTION

Fusion-weld processes are characterized by thermmal cycles that
cause localized shrinkage. This shrinkage often causes distor'ion of
the parts being joined. Figure 28 illustrates the changes »n shape that
occur as the result of welding just a simple butt joint. More coinplex
weldments obviously involve much more complex shrinkage and distor-

tion patterns.

A= {Longifudinai bowing
B8 = Tronsverse bowing
C= Tronsverse strinkage

FIGURE 28. TYPES OF WELD-JOINT DISTORTION

distcrtion are much less troublesome in brazing
lding because usually heating 1s uniform.

Weld shrinkage must be plannec for, since there is no absolute
way to ave:d it. Thus, 2 knowledge of expected shrinkage vaiues for
tvpical weld configurations is needed befcre production welding appli-
cations. Also, a lcgical sequence of welding components involving
several weids must be estadlished with shrinkage in mind. With the
proper welding sequence, shrinkage can be turned to good use to
minimnize distortion. This is accomplished by properly balancing the
various shrinkage forces developed.

Shrinkage aiso can be controtied to some extent by the resiraint
imposed by tooling. Use of this technique is sometiimes helpful in
preventing serious part dgistortion. {(Caution: Freedom from
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distortion does not mean that a weldnient is not highly stressed! Quite
often the coilverse is true. )

Shnrinkage and distortion are minimized by using low hecot inputs.
Thus, the listing givemn earlier also .s valid for showing the relative
tendencies of fusion-welding processes to produce these changes. Un-
necessary wela reinforcement also is undesirable :rom the standpoint
of keeping shrinkage and distortion as low as possible.

Thermal cycles employed in resistance welding zlso result in
highly localized shrinkage. This shrinkage may cause some distortion
of the part being joined, but generaily distortion is not as noticeable in
resistance-welded components as it would be in fusion-weided parts.

The effects of weld shrinkage and subsequent distortion are gen-
erally minimized in resistance welding by starting the welding near the
center of ary component and following a welding sequence that invoives
meoving progressively toward the edges of the componrent. Sequences
of this type are not readily used during seam welding or roll-spot
welding, and conseguently distortion imay be more of a probiem when
these procescses are used. Selection of improper welding sequences
can aiso introduce various problems with sheet separation prior to
welding. For example, if three welds are being made in a .row and the
two outside rows are welded first, then there is a good chance that the
center row wil! be welded under conditions where excessive sheet
separation is likely. In a case such as this, the center row shculd be
welde. first followed by the cutside welds.

RESIDUAL STRESS

Shrinkage inevitabiy leaves residual stresses in fusion weldments.
Residual stresses are defined as those which 2xist in a body without
any external force acting. The residual stresses ir a welded joint are
caused by the contraction of the weld metal and the plastic deformation
produced in the base metal near the weld during welding. Residual
stresses ir a welded joint are classified intc: {1) "residual welding
stress'. which occurs in a joint free from any external constraint and
(2) "reaction stress' or *locked-in stress’, which are induced by an
external constraint.

Residual stresses generally are not a probiem in brazed or colid-
state-welded joints.
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Stress Distribution. The distribution of residual stresses is
determined largely by joint geometry. Therefore, similar stress dis-
tributions are found in joints of similar geometry, regardless of how
the joint was made. (For example, rcsistance-seam welding and TIG
welding will result in a2 similar stress distribution in a long straight
joint.)

A typical distribution of residual stresses in a butt weld is shcwn
in Figure 29. The stress components concerned are those parallel to
the weld direction, designated 3, and those transverse to the weld,
designated o,,. The distribution of the oy residual stress along a line
transverse to the weld, YY, is shown in the Figure 29b. Tensile
stresses of high magnitude are produced in the region of the weld;
these taper off rapidly and become compressive after a distance of
several times the width of the weld, then gradually approach zerc as
the distance from the weld increases.

The maximum residual stress in the weld is determined by:

(1) Expansion and contraction characteristics of the base metal
and the weld metal during the welding thermal cycle

(2) Temperature versus yield strength relationships of the
base metal and the weld metal.

Much research in mild-steel weldments has shown that the maximum
stress is as high as the yield stress of the weld metal. However, in a
recent investigation {(Ref. 25), the maximum stresses in weldments
made with heat-treated SAE 4340 steel were around 50, 000 to

80, 000 psi, considerably less than the yield strengths of the weld
metal (around 150, 000 psij and the base metal (224, 000 psi). In
limited investigation on titanium-alloy weldments, maximum residual
stresses ranging from 35,000 to 85, 000 osi have been observed, de-

pending upon the type of base metal and welding processes {Refs. 26-28).

However, the effects of base metal and weld metal properties and
welding processes on the magnitude of residual stresses on titanium-
alloy weldments have not been established.

Out-of-flat base plate also can contribute to restraint problems in
welding (Rei. 5). As-received materials that are wavy and out of flat
lead to a condition of misalignment when placed ia the welding fixture.
Where this condition creates fabrication difficulties it is necessary to
flatten the plates. This working when added tu the already high level
of restraint can increase susceptibility to cracking, or cracking can
occur during the f{lattening operaticn.
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The residual stress distribution in a spot-welded joini is very ac-
pendent on the joint pattern or weld pattern used. The simplest case
to consider is the residual stress due to a single sput weld. Figure 30
is a schematic representation of the distribution of residual strecses
in the area near a single spot weld. The components of stress cf most
concern are those in the radial direction and those in the circumfer-
ential direction. The relation between the distance from the weld
center and the radial-residual stress is shown by Curve 1 in the figure.
Tensile stresses as high as the yield strength of the material may
exist in the weld zone. Outside the actual weld zone the tensile re-
sidual stress decreases as the distance fri.n the weld area is in-
creased. Curve 2 shows the distribution of the circumferential stress.
Again, very high tensile stresses exist within the weid zcne; however,
outside the weld these stresses are compressive and again fall off as
the distance from the weld is increased. From Curve 2 it is apparent
that there is an extremely sharp stress gradient around the circum-
ference of any spot weld where the stresses undergo a complete re-
versal from very high tensile values to high compressive values.

The actual stress distributions in a spot weld in an area very
close to the weld are not nearly as simple as shown in Figure 30.
Very concentrated stresses often exist in the heat-affected zone close
*5 the original interfizce of the sheets.

When several spot welds are considered instead of just a single
spot, the resulting residual stress patterns are even mocre complex.
An approximate distribution of the residual stress pattern produced by
a series of spot welds car be obtained by the saperposition of the re-
sidual stress distributions produced by cach weld as shown in the
figure. The interaction between the residual stresses accornpanying
each individual weld becomes significant when the distance between
the welds is short — probably at any distance less than four times the
diameter of the weid.

The residual stresses left in resistance spot welds can be altered
by changes in the welding schedule. Changes in heat input, heat pat-
tern, or possible forging action that may be applied through the elec -
trodes are effective. Some information on the effect of such changes
in welding parameters on residual stresses has been obtained but
there are many corilicting aspects to this data.

Stress Effects. For many years there was a trend among en-

gineers to discount the eifect of residual stress, since it had been
prcven that the effect of residual stress is alrnost negligible when 2
welded structure fails ir a ductile manner. During the last several
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years much information has been obtained on the effect of residual
stress on brittle fracture in steesl weldments. It has been found that
residual stresses decrease the fracture strength of weldments only
when certain conditions are satisfied, but that the loss of strength can
be cdrastic when these conditions are satisfied. No systematic investi-
gation has been made on the effects of residual stresses on {ractures
in titanium-alloy weldments. The {ollowing discussions are based on
information on steel weldments and the limited data on titanium-alloy
weldments.

In general, the effect of residual stress is significant on fractures
that take place at low applied stresses. Observations that have bsen
made on various types of fracture are as follows:

(1) Ductiie fracture. Ductile fracture occurs at high stresses
after general yielding. The effect of residual stress on
fracture strength is negligibie.

(2) B-ittle fracture. When a notcn is located in areas where
high residual tensile stresses exist, brittle fracture can
initiate from the notch at a low applied stress and then
propagate through the weldment. Extensive research has
been conducted during the last several years on the low-
stress brittle fracture of steel weldments. No systematic
investigations have been made on the low-stress brittle
fracture of titanium-alloy weldments. Some failures have
been observed which ndicate that residual stresses may
have caused premature failures in titanium-alloy weldments.

(3) Stress-corrosion cracking and hydrogen-induced cracking.
Stress corrosion of titanium or titanium alloys can cause
cracking or degradation of properties under some combi-
nations of time, temperature, stress, and envircnment.
Stress-corrosion cracking and hydrogen-induced cracking
can occur under low, applied stresses, even uncéer no ap-
plied stress. Residual welding tensile stresses prcmote
the cracking, while residual compressive stresses sup-
press the cracking.

(4) Fatigue fracture. The effect of residual stress on fatigue
fracture is still a controversial subject. Many investi-
gators have reported fatigue-test results which they claim
were affected by residual stresses. However, others be-
lieve that the effect of residual stress on fatigue is not
significant.
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(5} Buckling failure. It is known that residual compressive
stresses in the base-metal regions around welds may
decrease the buckling strength of welded columns and
plates.

Stress Relieving. There a number of reasons for reduciag or
relieving residual stresses associated with welded joints. It is proba-
bly neceéssary to relieve residual stresses whenever a welded struc-
ture is: (1) manufactured to close dimensional tolerances, (2) com-
nlex and conteins many stress risers, (3) subjected to dynamic lcading,
(4) subjected to low-temperature service, or (5) subjected to service
conditions that might promote stress corrosion. The decision of
whether or not to strece ~elicrr ~enerzily ts Lal ol ci judglaent and
previous experience.

Residual stresses can be relieved in two ways: (1) mechanical
stress-relieving treatments, or (2) thermal stress-relieving treat-
ment. Stress relieving can be performed on a finished part or during
various stages of processing when dimensional control is a problem.
Occasionally, both treatments are used.

Mechanical stress-relieving treatments take a variety of forms.
These include tensile . .:etching, roll planishing, and peening. With
any mechanical stress-relieving treatment, control of the process is
difficult. In addition, the complete removal of residual stresses by
mechanical techniques is difficult to accomplish. Mechanical stress-
relieving techniques are most effective in accomplishing a redistribu-
tion of residual stresses in a single direction. Effective stress re-
lieving by operations such as roil planishing requires that the weld
geometry be very consistent prior to the planishing operation.

Thermal stress-relieving treatments are commonly employed for
many materials, including a number of titanium alloys. These treat-
ments can be combined quite effectiveiy with hot-sizing operztions to
contrcl both the existing residual stresses and to produce parts tc
close dimensionzal tolerances. Thermal stress-relieving treatments
produce much more uniform changes in the residual stress patterns
than do mechanical stress-relieving treatments. For most titanium
alloys, a treatment between 1000 ancd 1450 F for a period of time
ranging from one-half to several hours is required for stress reliev-
ing. Possible interactions between a thermal stress-relieving treat-
ment and other changes in a material that may affect its propzarties
must be anticipated. For example, age hardening will occur in the
6A1-4V titanium alloy within the weld zone over a certain temperature -
range. If this age hardening is allowed to occur, it may reduce the
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beneficial effects of stress relieving. A similar effect is noted *vith
the Ti-13V-11Cr-3Al alloy, although for different reasons. With this
alloy exposure to the normal stress-relieving temperature range will
result in a drastic loss of bend ductility in the weld zone; thus, it is
necessary to find other methods of relieving the residual stresses.
Tris has been done by combining mechanical and thermal treatments
to alter the residual stress patterns in the circumferential joints of
rocket motor cases (Ref. 1).

Residual stresses in resistance weids can be altered and to some
extent eliminated by either mechanical cr thermal stress-relieving
treatments. The application of mechanical stress-relieving metheds
to spot welds is difficult because of the complexity of the residual
stress patterns and the limitations generally imposed by joint con-
figurations. At best, mechanical techniques can probably only result
in a redistribution of the residual stress pattern and not the complete
elimination of residual stress. On the other hand, thermal stress re-
lieving can be used effectively to eliminate all residual stresses re-
sulting from resistance welding. It is difficult to see how such treat-
ments can be employed effectively though, unless the treatments are
conducted in vacuum furnaces. The major problem with methods of
thermal stress relief is that it would be almost immpossible to prevent
scme contamination of the surfaces of titanium components in the
overlap area characteristic of resistance-welded structures. Clean-
ing afier such a thermal stress-relief treatment would impose equally
severe problims.

DPerhaps tne most {ruitful method of controlling residual stresses
in resistance-welded joints wiil be by the selection of suitable process
paramaoters.

INSPECTIC:

Measi joined components are inspected for two reasons. First, it
is often desirabie or necessary to check changes in dimensions that
may have resulied from welding. The visual and measurement-type
inspections perfcrmed for this purpcse may also include checks of
weld-joint profile, and measuremnents of the weld thickness. Second,
various inspection procedures are used to insure that the joints pro-
duced are of satisfact»ry quality. The most commonly used techniques
in this area include visual, dye penetrant, and X-ray techniques.
Various types of leak tests are also used on components designed to
contain gase¢s vt fiwads. 'nfortunately, no suitable nondestructive in-
spection tecl nique exists fur det2ctiag weld contamination of titanium
weldments.
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Use is being made of indications based on surface discoloration
during welding. However, the presence or absence of a discolored
surface is not a reliable method of detecting contamination of titanium
welds with interstitial elements. Surface discoloraticn, when obtained
in welding titanium, is extremely important. Surface colors indicate
that the welding atmosphere was contaminated. On the other hand a
clean-weld and heat-affected-zone area does not necessarily indicate
clean welds. Titarium is so reactive that contaminants can penetrate
to below the surface without discoloring the suriace.

The ease with which inspection can be accomplished varies with
different joint geometries. Butt joints, T-joints, and corner joints
are generally much easier tc inspect than joints involving overlapping
layers oif material.

Inspection of resistance welds to insure adequate quality is diffi-
cult. X-ray techniques appear to be the only suitable nondestructive
inspection method. Even this method is subject to limitations in its
usefulness. Because of the difficulties associated with inspecting re-
sistance weids, the economic necessity of not allowing a large number
of defective welds to get through processing, and the difficulty of re-
pairing defective resistance welds considerable emphasis is being
placed on supplementing or supplanting postweld inspection procedures
with in-process controls.

SPECIFICATIONS

Most of the materials and processes used in titanium joining are
ccvered by some type of specification. The basic specifications are
generally MIL standards {Refs. 29, 30) or other applicable Federal
Government specifications. However, the most pertinent and impor-
tant facets of titanium-joining techrology are often not covered by
these specifications. Therefore, most titanium fabricators have de-
veloped company specifications, which are used in lieu of, or in the
absence of suitable Federal specifications (Refs. 31-33). These com-
pany specifications ave almost always more restrictive and definitive
than any comparable Government-type specification. This is prcbably
because the company specifications are generally written with a more
lim.ted coverage in mind than is the case with many Government
specifications.

The available company specifications are not entirely adeguate tc
control the fabrication of all titanium products. However, existing
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specifications form a firm foundation for the preparation of suitable
specifications for new applications.

The lack of an adequate inspection method for determining weld
contamination makes it necessary to place a high degree of reliance
on process specifications for fusion-welding processes. Such speci-
fications should spell out in some detail the requirements for preweld
cleaning, and operations to prevent contamination.

Almost all resistance-welding specifications require certification
of the welding machine that will be used and establishment of a suitable
welding schedule prior to the actual start of welding operations. Most
specifications then require that various types of test coupons be welded
prior to, during, and after any production welding run. Such proce-
dures, while not foolproof, are the best available for use with existing
types of equipment and process contrcl.

Applicable military specifications {Ref. 29) allow the weiding of
any titanium alloy that has satisfactorily passed tests designed to es-
tablish that resistance welding does not harden the wz1d zone or reduce
weld ductility. The requirements state that the direct tension strength
of a spot weld must not be less than 25 per cent of the minimum shear
strength required when tested in an as-weided condition. It is also
required that any spot welds subjected to subseguent thermal exposure
shall exhibit a sirriiar minimum tension strength aiter such thermal
exposure.

DEFECTS

The definition of joint defects is arbitrary. Although many years
of experience have been gained with welding codes and specifications
that either prohibit or allow certain features characterized as defects,
very little of this experience is based on statistically sound engineer-
ing data. As a result, features recognized as defects are generally
limited in accordance with very conservative practices. This ap-
proach to defects has been quite successful in the past, but is of some
concern when dealing with many of the newer materials being used in
various types of fabrication. This concern is based on the belieS that
the removai of certain types of features classified a< nonallowable de-
fects often results in more damage to the servicewbility of a structure
than the damage that potentially might have been done by allowing the
feature tc remain. The reluctance of many welding exgineers to re-
pair certain features is based on this feeling, not cn a desire to make
the welding job easier.




Typical arc-weld features that are sometimes classitfied as deiects
are shown in Figure 21.
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FIGURE 31. FUSION-WELD DEFECTS

Not shown: (1) Arc strike,
(2) Discoloration, and
(3) Contamination.

The fabrication of defect-free welds is highly dependent on the
guality requirements of applicable specifications and on the inspection
methcds that are used. For example, few welding codes or specifica-
tions ailow cracks in a weld. However, cracked welds can and do get
into service if inspection methods that wili insure detecting all cracks
present in a weld are not required.

Characteristics described as defects in resistance welds are diffi-
cult to assess. Defects in resistance weids are generally subdivided
into external and internal defects. With the exception of cracks that
are exposed to the exterior of the sheets and which are obviously unde-
sirable, the remaining external defects are probably considered as
such because they are indicative that the weldinz conditions may not
have been exactly right. External defects in this category are sheet
preparation, surface pits. rnetal expulsion, tip pickup, and excessive
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indentation. With internal defects, cracks are obvicusly undesirai-i«,
but there 1s very little evidence that porosity in minor amounts is
harmful to properiies. The same is irue of either insufficient or ex-
cessive penetration.

The only reliable way to determine what weid features are truly
defects is to evaluate the effects of such features in a test program.
Such an evaluation must include tests that are representative of the
service conditions. Many defect-like weld features have no effect on
the static-tension properties of the weld. However, these same fea-
tures may be found to seriously degrade performance in a fatigue test.

With the knowledge currently availatle about the performance of
titanium-fus:on weldments, a conservative engineering approach to de-
fects should be foilowed. Because of the prevalence of porosity in
titanium-fusion weldments, it would be desirable to determine more
realistically the extent to which porosity can be allowed, or develop
simpler means of minimizing porosity than those currently available.

Porosity. The prevalence of porosity problems in titanium
welding warrants special mention. A special repert on this subject is
available (Ref. 34). The Summary from this report is repeated below:

"Porosity in fusion welds in titanium has been encountered to
some extent in all programs using this joining method. While mea-
sures to control cleanliness and to employ good welding techniques
have successfully reduced the occurrence of porosity, specific identi-
fication of the various causes of porosity is still lacking.

""Some factors suspected of causing porosity in titanium welds are:

(1) Hydrogen. Many of the things, which when eliminated
reduced porosity, are sources of hydrogen.

(2) Cleanliness of Joint Area. Mechanical cleaning of edges
to be welded and adjacent surfaces reduces porosity and
improves uniformity of welds. Two factors shown to
increase porosity are fingerprints and handling with

™ dirty rags or lint-bearing gioves. Plasticizers dissolved
' from rubber gloves bv solverts, especially alcohol, have
been identified as a cause of porosity. 'Soapy’ residue in
cloths used for wiping cleaned jcint arcas also has been
identified as a cause of porosity.




(3} Contamination in Filler Wire. Surface inclusions worked
into the filler wire during drawing have been ideat:fied as
a major cause of porosity.

{4) Weld:ng Procedures and Techniques. There is evidence
that some of the parameters associated with welding
procedures alsc affect porosity. Many of these are
interrelated and the offending parameters are not well
identified; however, improper technique in tack welding
end wide joint gaps in fusion welding have been ide:tified
as causes of porosity. Other parameters that play a part
1n causing perosity are rates of heat input, rates of cool-
ing, welding speeds, arc voltages, and rates of gas flow."

Anyone encountering porosity problems should obtain this report as it
contains a good summary of published information on the subject.

Unpublished data {Ref. 35) generally confirm this summary and
in addition, data showing the effects of edge preparation, pickling,
preheat, and welding variables on porosity formation are available.

Porosity in titanium welds can be controiled if the procedures that
have been developed by the many investigations in the area are
followed.

REPAIRS

Repair of weldmenis is not desirable. However, it is an almost
inevitable occurrence in production operatiorns. An important asvect
of repair welding is determining what czused the defect which must be
repaired. With titanium, this is important, not only for its feedback
vaiue to minimize the need for subsequent repairs, but also to deter-
mine a suitable repair-welding procedure.

Cracks, which occur rarely in titanium-{fusion weldments, are
generally the result of contaminati. 1: from some external source. For
example, copper from back-ups, hold-downs, and wire guide tubes
may get irto a weld if the equipment malfunctions during welding. In
order to efiect a successful repair, the material contaminating the ti-
tanium must be removed first. Iusion welds that are contaminated as
a result of poor shielding may require complete removal of the first
weld made and its repiacement.
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Wheneve practical; the s e
used on the origiral weld should be used for the repair. When this is
not possible, it is commeon practice to use manuval TIG welding for re-
pair operations. The same shielding precautions used in the original

welding procedure should be followed for all exposed surfaces.

LA TN

TIG fusion welds in thin sheet and electron-beam welds have been
repaired simply by remelting the defective zone of the original weld.
The same process and conditions were used for making the repairs.

Very little information is availabic concerning the repair of de-
fective spot welds. A number of the defects classified as external de-
fects can be repaired by very light machining of the external weld sur-
faces. The repair of cracked resistance welds must be accomplished
by either a fusion-weld process or through use of a mechanical
fastener.

WELDING PROCESSES

Many welding processes can be used successfully on titanium
components. These processes are described in the following secticns.
Included are discussions of the following processes:

(1) TIG welaing
~ (2) MIG welding
(3) Arc spct welding
(4) Electron-beam welding
{(5) Plasma-arc welding
(6) Resistance spot welding
(7) Roll spot welding
{8} Seam welding
(9) Fiash welding
(10) High-frequency welding
(11) Brazing
(12) Solid-siate welding.

% Not inciuded are discussions of adhesive bonding, mechanical fasten-
1ng, and various cther specific welding processes. Adhesive bonding
and mechanical fastening of titanium are being covered in other re-
ports in this series being prepared for publication. Welding pro-
cesses omitted from this report are either not suitable fcr use on

. - titanium or are seldom used.
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A listing of titanium alloys that are often censidered for use in
welded structures and a relative weldability rating for these alloys
appears in Appendix B.

TISG WELDING

The T1G welding process is used extensively for joining titanium
2lloys and many other high-quality materials. It is particularly suited
for the joining of very thin materials, and is adaptable to manual,
semiautomatic, or fully automatic operation. It can be used on almost
any thickness, but as the thickness increases above 0.1 inch, other
fusion-welding processes offer impertant advantages.

In TIG welding, all of the heat required tc melt the joint edges is
supplied by an arc between a tungsten electrode in the welding torch
and the workpiece. The arc and surrounding area are kept free cf air
by a flow of inert gas around the tungsten electrode. TIG welds can be
made with or without {iller metal additions. For many applications
only the edges of the parts to be joined are melted. Sometimes addi-
ticnal metal is added to the weld by using a filler wire. Filler wire is
always added when the joint is open or centains a specially prepared
groove. The addition of filler wire to closed, square butt joints in-
creases the tolerance of TIG welding for slight variations in the joint
fitup. This can be quite important in welding titanium, since the metal
is very fluid when melted.

Most TIG welding of titanium has been done in the flat welding po-
sition. Other welding positions have been used to a limited extent.
When welding titanium in other positions, the changes in shielding-gas
behavior shculd be anticipated. Welds made in the horizontal position
would be expected to be slightly more prone to porosity entrapment
than welds made in other positicns.

Equipment. Conventional TIG welding pow=r supplies,
torches, and control systems are used cifectively in welding titanium.
No significant changes in welding characteristics or v’eld properties
that can be attributed to the usc of any specific type of welding equip-
ment have been reported. Most fabricators use conventional power
supplies having drooping volt-ampere characteristics. High-frequency
arc starting is used to avoid tungsten inciusions that are often found
with touch starting techniques. The conventional TIG welding equip-
ment selected for use must be supplemented with auxiliary shielding
devices of the types described in earlier sections of this report.
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The shielding chambers uscd for TIG welding titanium can be of
several basic designs. Inert gases replace the air in the chamber by
evacuating and backfilling, by flow purging, or by collapsing the
chamber and backfilling. Shielding chambers are used when welding
titanium parts that cannnt be protected satisfactorily in the open atmo-
sphere. Precautions nced to be taken to prevent leakage of air, water
vapor, and water into the chambers.

Titanium alloys also can be welded very successfully in air with
the right supplemental equipment. The in¢1t gas {lowing from a con-
ventional TIG welding torch is generally not sufficient to protect ti-
tanium during welding. Auxiliary trailing shiclds attached to the weld-
ing torch, or auxiliary shielding devices built into the weld tooling
afford the required protection. The irnportance of tooling to assist in
weld shielding was discussed earlier in this report in the section
"Shielding". Figure 32 shows one of the commonly used combined
torch-trailing-shield arrangements. Such shiclds are designed to
suppiy a uniform nonturbulent flow of inert gas over the weld as it
cools behind the torch. It is much easier to insure good shielding
during mechanized TIG welding than in marual operations: therefore
mechanized welding operations are recommended and uscd wherever
possible in welding titanium assemblies.

P <~ -
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v
t ¢ R
Torch Troiling-shield gos
shielding
Gas

FIGURE 32. A COMBINAT'ON TORCH-TRAILING-SHIELD
ARRANGEMENT




Electrodes for TIG welding titanium and titanium allcys normally
are operated on straight-polarity direct current. The electrodes are
aiways ground either 10 a conical shape having a sharp point or tc a
rounded point. A cone height of 1.5 to 2. 0 times the electrode diame-
ter has been used by one fabricator (Ref. 36). Thoriated-tungsten
electrodes are used by many fabricators (Refs. 21, 12, 36, 37). Tung-
sten electrodes also are used, but experience shows that weld-metal
contamination by tungsten is less with the thoriaced-tungsten elec-
itrodes. Tungsten inclusions are of two xinds — globular tungsten
drops and tungsten oxide flakes. These inclusions are minimized by
using proper welding current for the electrode size and by providing
inert-gas shielding for the electrode until it cools to temperatures at
which oxidation cannot occur. Chemical compositions of conventional
TIG welding electrodes are given in Table III (Ref. 36). The gap be-
tween the rod ard metal is critical in gages less than 0. 006 inch; on
0. 001 ~inch-thick metal a gap of 0.010 inch has been used (Ref. 39).

TABLE IlI. CHEMICAL COMPOSITION OF ELECTRODE MATERIALS
FOR TIG WELDING {REF. 38)

Tungsten, Total Other Elements,
AWS-ASTM Minimum, Thorium, Zircomum, Maximum,
Classification per cent per cent per cent per ceat
EWT 99.5 -- -- 0.5
EWTh-1 98.5 0.810 1.2 -- 0.5
EWTh-2 97.5 1.710 2.2 -- 0.5
EWZr 99.1 -- 0.3160.5 6.5

The equipment used to drive titanium welding wire in the TIG pro-
cess should receive special attention. Filler-metal feed rates should
be as uniform as possible with both manual and machine wire feeding
to prevent localized irregularities that may contribute to cracking
(Ref. 10). Even the best quality welding wire can be contamsinated in
this equipment if periodic checks are not made to be sure that oil is
not present in the drive system or guide ccinponents.

Materials. Commercially pure titarium ard many of its al-
loys can be TIG welded readily. Commercially pure titanium is the
most popular filler wire, although titanium-alloy filler metals are
used for some applications. Titanium and titanium-alloy filler wires
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are available in continuous coiis. However, cut and straightene.
lengths of filler wire may be used instead of continuous coils. Cut
lengths are easier to clean immediately prior to welding than coiled
products. In manual TIG welding, sheared strips of a base-metal
sheet are sometimes used as filler wire. On rare occasions, a simi-
lar procedure 1s used in mechanized welding when a preplaced strip of
sheet or wire is inserted in the joint to serve as a filler metal. Care
is recommended when using this procedure because potential contami-
naiion problems involved.

Porosity, coriamination, and embrittlement have been experi-
enced with all of the commonly used joint designs. These problems,
however, normzlly are eliminated by following procedures that will
ensure cleanliness of the material, filler wire, and welding fixtures
and protection of the parts from contamination during welding. Pre-
weld clearing is essential to the successful welding of titanium alloys.

WELDING CONDITIONS

Welding conditions are dependent on material thickness, joint de-
sign, the type of weld tooling being used, and whethker manual or ma-
chine welds are made. Also, for any given thickness and ioint design
various combinations of amperage, voltage, welding speed, and filler-
wire input speed are satisfactory. As a result, no hard-and-fast rules
can be specified for welding conditions. Tables IV and V illustrate
typical welsing conditions that have been used in the TIG welding of
titanium.

Welding conditions generally do not have to be adjusted radically
to accommodate the various titanium alloys but are often adjusted as a
means of controlling weld porosity. Almost any change in a welding
condition that will decrease the freezing rate of the we'd will produce
a decrease in porosity.

As in welding other materials, starting and runoff tabs are used
by some fabricators {(Refs. 12, 36). The starting and runoff tabs usu-
ally are of the same material as the parent metai being welded and are
placed against the parent part at each end of the weld as shown in Fig-
ure 33. The purpose of these tabs may be one or more cf the following:

Starting tabs

{1) Initiate the arc

{2) Establish a steady arc

(3) Allow time to adjust welding conditions

{4) Observe irregularities in material or arc behavior
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FIGURE 33. THE USE OF STARTING AND RUNOFF TABS

Runoff tabs

(1) Extinguish the arc

{2) Avoid crater formation within the part

(3) Avoid the formation of crater cracks within the part

(4) Eliminate weld stops and resultant craters from the
weldment.

Difficulties have been experienced with starting and runoff tabs. Un-
less a good fit of the tabs to the plates to be welded is maintained,
burnthrough can occur at the junction. To overcome this difficulty the
arc is operated at a very iow current on the starting tab and increased
to weld amperage as soon as the arc crosses the part (Ref. 40). This
sequence 1s reversed at the end of a weld.

Tack Welding. Tack welding is used to pre-position detail
parts or subassemblies for final welding operations. Elaborate fix-
turing often can be eliminated when tack welds are used to their full
advantage. Various tack-welding procedures are used by titanium
fabricators but good cleaning practices and adequate shielding are pro-
vided tec prevent contamination of the weids. Contamination or cracks

developed in tack welds can be transferred to the finish weld. One .

! procedure is to perform tack welding in such a way that the finished
weld never crosses over a previous tack weld. To accomplish this,
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sufficient filler metal is used in tack welding to completely fill the joint
at a particular location. The final weld beads are tlended into each
end cf the tack welds (Ref. 9).

Properties. A large number of joint properties have been de-
termined for TIG welds in titanium alloys of interest. The properties
measured by static tension, notch tension, bend and crack suscepti-
bility tests compare very favorably with parent-metal properties.
Axial-tension fatigue tests generally show a significant decrease in
properties wnen compared with similar parent-metal specimens.
Fracture-toughness test results cn fusion weldments are noct easily in-
terpreted. Depending on the evaluation criteria selected, the data
from these tests are indicative of fair to good performance. Weldment
thermal-stability trends in the 6A1-4V and 8Al-1Mo-1V alloys appear
to parallel parent-metal trends.

TIG weldments have been used in several structural test compo-
nents. The behavicer of weldments in such tests is by tar the best
evaluation of joint properties. Reported behavior to date is encourag-
ing with few exceptions. Delayed cracking of weldments has been ob-
served in some instances. In some cases, the reasons have been ap-
parent and soluiions obvious. Where the cause of such cracking is nout
known, a strong effort to find the cause is indicated.

Sources of detailed information on properties of TIG welded ti-
tanium and titanium alloys are given in Table VI.

Applications for TIG Welding Titanium Alloys. TIG welding
is among the most widely used joining procesces for titanium and ti-
tanium alloys. Some of the typical products manufactured by TIG
welding are described below.

Chemical Processing Equipment. Commercially pure ti-
tanium was the preferred material for several large heat-exchanger
coils for use in a calcium hypochiorite plant (Ref. Z1). The coil sub-
assemblies required the but{-welding of titanium tubing and pipe into
lengths necessary for each complete coil as shown in Figure 34
(Ref. 21). Inlet, outlet, and dummy connections, angle suppcrts, and
other attachments also were made. All welded connections were made
using manual TIG welding techniques. Since numerous joint designs
and part coafigurations had to be welded, it was necessary to use sev-
eral inert-gas-shielding techniques to make the required welds suc-
cessfully. Features of the fabricating and shielding methods are
described below.
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The fabricaiion procedure was designed to permi
number of welds to be visuaily inspected, both inside and out. To per-
mit internal inspection of the weld root, striight lengths of pipe were
welded. Full roct penetration was mandatory to avoid internal stress
raisers and no undercut was permitted on either side of the joint.
Weld-face reinforcement was kept to 2 minimum so that welds could
pass through bending rolls. (The {irst coil bent revealed that even very
slight reinforcement on the outside had to be dressed down to below a
maximum height of 1/32 inch to avoid buckling of the pipe wall adjacent
to the weld and tc avoid damage to the bending rolts. )

(o]

S 45 o

Figure 35 shows such a butt weld being made in pipe out of posi-
tion in the open atmosphere {Ref. 21}). XNone of the welds {ailed during
bending to a 2-1/2-foot radius. This radius was very near the bend
radius of the unwclded pipe. Bending was done cold and the tube was
not fi.led. After bending, welds were air leak tested and hydrostati-
cally tested at 225-pounds pressure. Figure 36 shows some compo-
nents that were welded in a controlled atmosphere box (Ref. 2i). The
elbows were {abricated to the maximum bend that permitted gocd
visual inspection of the root side of the butt weld connecting the c¢lbow
to the coil. Angles alsc were fabricated from 1/4-1inch by 2-1/2Z-inch-
thick titanium bars by inside-fillet and outside-corner welding. Both
welds were continuous. This welding resulted in considerable distor-
tion but the angles were cold strightened after welding. Figure 37 il-
lustrates the weided angle arnd attachment to the pipe coil.

L.cak tests and visval inspection were selected in preference to
X-ray, magnetic-particle, and ultrasonic examination for severai
reasons. These processes were considered more cosily and would not
provice useful information concerning root-side contami.ation or em-
brittlement. The back-side of welds was inspected visually using the
bore inspectiion instrument tc determine the physical condition of the
weld root after making ithe root pass and again after making the cover
pass. Penetration, undercut, weld concavity, and adequatc back-side
shielding were inspected. Only two of appreximately 275 welds were
cut out becausce of the loss of the back-side shiclding when a werkman
tripped over the supply hosc and when 2 welder inadvertently ran out of

% gas {rom his purging bot.le.

Figure 38 shows the underbead side of a typical butt weld in pipe
as seen through the bore-inepection instrument (Ref. 21). The great-
est difficulty in using the bore-inspection insirument was to determine
whether the bead was concave or convex. The difficulty was entirely
onc of depth perception through the optics and determining whether the
- weld surfaces were projecding inward or cutward.

-~
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FIGURE 34. CALCIUM HYPOCHLORITE PLAMT HEAT-EXCHANGER COILS MADE FROM

FIGURE 33,
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COMMERCIALLY PURE TITANIUM (REF, 21)

OUT-OF-POSITION BUTT WELD BEING MADE IN THE OPEN ATMOSPHERE USING
TORCH SHIELDING COMBINED WITH SUPPLEMENTARY SHIELDING EQUIPMENT
(REF. 21)
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FiGURE 36, HEAT-EXCHANGER SUBASSEMBLIES WELDED IN A CONTROLLED
ATMOSPHERE CHAMBER (REF, 21)

FIGIRE 37, DETAIL OF THE MECHANICAL SUPPORT SHOWING THAT THE NUTS
ARE TACK WELDED (REF, 21)

This is a view of the intermediate point in the coii.
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After bending, two major areas of cracks originating from discon-
tinuities on the inside of the pipe wall in the first coil were found visu-
ally. The cracks were not related to welding since the nearest weld
was about 25 feet away. Air test; were used instead of water to detect
leaks.

Butt welds were inspected differently from the other welds. The
procedure was to make the root pass leavirng approximately 1 inch of
the root on the Y to 10 o'clock side open, the side that would not be in
tension when passing through the pipe bending rolls. The inside of the
root pass was inspected using a small inspection instrument as shown
in Figure 39 (Ref. 21). Next, the cover pass was made except at the
closure area and a second bore inspection was made. The second in-
spectiow was primarily to ensure that there had been no inside purge
.ailure when making the cover pass. Following this last bore inspec-
ticn, the rost side purge gas pressure was dropped and the open length
of weld was closed. There were no failures in this area from bending.

Rings. In work aimed at develcping high-strength, light-
weight pressure vessels, the Ti-3A1-13V-11Cr alloy was studied ex-
tensively because of its inlerent high strength and potential of exceed-
ing 1, 000, 000 inches strength-to-density ratio and possibly 1eaching
1,200, 000 inches (Ref. 50). The main problems involved the develop-
ment of fabricating techniques to achieve consistently high strength
levels along with the most economical use of material. Welding de-
velopment was aimed primarily at obtaining good weld quality and
fracture toughness. During development work 40-inch-diameter rings
were prepared from 0. 250-inch-thick plate, by TIG welding (Ref. 13).
The weld joint developed for welding 1/4 by 8 by 10-inch paneis was a
double vee-grcove jc :, ccmpleted in three-passes. The first pass
was a fusion pass, followed Gy a fiiler pass from the outside, and then
a filler pass from the inside. Welding conditions were not reported,
but radiographic weld quality appeared satisfactory.

Roll-forged rings of Ti-6A1-6V -25n alloy zlso have been evaluated
for weldability using the TIG process, by making single-pass circum-
ferential machine butt welds, using commercially pure titanium .iller
metal. A segmented, expanding internal copper back-up of the type
shown in Figure 40 together with external stainless steel hold-down
bands were used {Ref. 13). Sound welds were obtained using normal
welding conditions. A small amount of porosity was the only observed
weld defect. In other work, higher mechanical properties were devel-
oped by the 6A1-6V-2Sn alloy welded with commercially pure titanium
welding filler than compar~ble welds in the 6A1-4V alloy using the
same filler metal (Ref. 51}. A wider range oif aging temperatures for
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FIGURE 38, PHOTOGRAPH TAKEN THROUGH A BORESCOPE OF A TYPICAL
WELD ROOT (REF, 21)
- FIGURE 39, iNSPECTION OF THE ROOT PASS OF THE BUTT WELD
SHOWN IN FIGURE 38 (REF. 21)
]
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FIGURE 40, SEGMENTED WELDING FIXTURE WITH SOLID COPPER BACK-LP SHCES
MOUNTED ON POSITIONER {REF, 13) N
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6A1-6V -2Sn alloy weldments has been shown to develop parent-metal
yield strength of 130,000 or better. Welding techniques used on
Minuteman were designed to produce a weld with lower strength, but
greater ductility than the parent metal. The lower strength is com-
pensated by thickened material at the weld so as to place the weld at
lower stress than the parent metal. A stress-relief heat treatment is
performed after welding.

No significant improvement in guality or fracture toughness was
observed with electron-beam welds as compared with TIG welds
(Ref. 13).

Space Vehicles. The inner shell of the Mercury capsule
shown in Figure 41 is basically a pressure \essel consisting of a cone-
shaped side wall with a large sphericzl pressure bulkhead >n one end
and a small pressure bulkhead on the other {Rei. 52). The side wall
and the large bulkhead are both made of two thicknesses of 0.010-inch
commertcially pure titanium. The inner thickness is smooth, and the
outer one is stamped with a pattern of strengthening beads.

Because of size limitations on the avaiiable titanium sheet, it was
necessary to rnake each layer of the large bulkhead from three pieces
welded together, and each of the sidewall cones from eight pieces.
Each cf the sidewall cones was fitted one inside the other so that the
mating surfaces were in intimate contact all over. Further, wrinkles
that might interfere with resistancec-seam welding were prohibited so
the forming operation is critical. A special machine trims the parts
tc size with a 2-1/2-inch high-speed steel saw blade. Speed was
210 rpm, and ieed was 8 ipm. This combinatior. produced a smooth
edge that did not regquire draw f{iling or hand fitting for weiding.

Welding the Mercury capsule starts by joining the eight segments
cf the smocth inner conical skins by TIG welding without fiiler metal.
To make a good joint with this technique, the 0.910-inch titanium
sheets must be spaced with a maximum gap of 0. 004 inch. The length
of each weld on the inner skin is about 4 feet: on the outer skin about

6 feet. The fixturing fcr this operation as skown in Figuve 42, in-
cludes a conical support for the parts and a row of segmented clamps
on each side’of the joint (Ref. 52). The clamps hold the parts in pre-
cise a2iignment and also serve as a chil' bar. To hcld the proper
shape, the panels are strapped down against the conical supporting
fixture during cach weld. Then, as additional panels are added to the
assembly, each one in turn occupies the same relative area on the
ccntour of the tool. The sphericai skin assemblies are welded in
much the same manner, buat their shape causes an added complication.

Y.t i o RN oo




e
s
A .

-

FIGURE 41, MERCURY SPACE CAPSULE (REF, 52)

Astronauts were checked our on instruments in this
space capsule at the fabricator’s plant, Outer shell
is made of René 41 shingles, Inside is fiberglass in-
sulation and the double-wall inner sheil is made of
0.015-inch titaniun,

FIGURE 42, FIXTURE HOLDS FIRST TWO
PANELS OF OUTER CONICAL
SKIN FOR TIG WELDING
(REF, 52)

Straps keep part tight against
contour of fixture.
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They are made in three sections, a center piece and two pieces, so
that the joint forms a curved path about 6 feet long. The fixiure for
this operation as shown in Figure 43, rotates the whole part so that
the joint to be welded moves past a stationary torch, just the opposite
of the setup for welding the cones. In both operations, however, the

welding speed is 7 ipm.
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FIGURE 43. ROTATING FIXTURE MOVES THE WORK PAST
STATIONARY TIG TORCH AT 7 IPM TO JOIN
TWO SECTIONS OF SPHERICAL BULKHEAD
(REE. 52). SEGMENTED FINGERS HOLD
EDGES OF JOINT IN ALIGNMENT

Aircraft Wing Lcvading Edge. The Ti-521-2.55n alloy is
. readily weldzble if almospheric contamination is avoided. The A-5
Vigilante wing leading edge shown in Figure 44 is fabricated from this
' alloy using manual ard mechanized 7IG welding techniques (Ref. 53).
Commecreaially pure titrarum filler metal is used.

. Figure 45> shows the 1cading-edge section and illustrates several
‘ types of weld-jeint dasigns established to permit fabrication of thin

arts. These ioint designs include a simple square-butt joint
P J g P q J ’
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/ Lower skin

FIGURE 33, VIGILANTE WING LEADING EDGE (REF, 53)

Sevzral welds are necded to assemble the boundary layer
control wing section. Subsequent stress relieving is carned

out 1n vacuum 1o prevent contamination cf the structure by
halegens.
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FIGURE 45. TYPICAL CROSS SECTION OF WELDED TITANIUM
LEADING EDGE (REF, 33)
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Figure 4637 a square-butt joint having an integral back-up; Figure 46b;
and an arc-seam lap joint, Figure 46c (Ref. 2).

K v, 3 i \)—

0. Simple Butt Weld b Lop Butt Weld Filiet

Yan

[ 4 —

¢ Arc-Seam Lap

"FIGURE 46. WING LEADING-EDGE JOINT DESIGNS (REF. 2}

The arc-seam lap joint originally involved melting completely
through the skin member with the arc and fusing it to the edge of tte
rib, as shown in Figure 47 (Refs. 2, 53). Early assemblies were suc-
cessfully welded in this manner, but the joint carried the ccnstant
danger of being ruined if the welding electrode was misaligned with the
hidden web. Because of the alignment problem, the sheet metal web
was redesigned into a flanged I-beam. The wide flange provided con-
siderable latitude for aligning the electrode. Initial welding tests in-
dicated that arc-seam lap welds could be made without undue difficulty.
Water-cooled copper chill bars were used to control the width of the
top bead and enough curreit was fed into tiie arc to melt completely
through the top skin and into the I-beam flange. It was an engineering
requirement that the fusion zone between the skin and the flange be at
least 0.18 inch wide. Trouble was encountered when the weiding cur-
rent was increased to obtain the 0. 18-inch width. Good arc behavior

o~

= - ~

oo FIGURE 47. ARC-SEAM TEE WELD-JOINT DESIGN
(REFS. 2, 53)




would exist for several inches of weid, and then the arc-vcltage-
controlled welding head would suddenly drive the welding electrode
down into the puddle. Careful observation of this runaway welding-
head action revealed that just as the electrode dove into the puddle,
the puddle itself seemed to get much wider and the bottom of it seemed
to drop. A groove was machined on the top side of the skin to reduce
the current.input necessary to get the proper width of fusion at the
interface. This change did make it easier to melt through the skin,
but did not reduce the arc problems. Additional tests were made to
determine the gap that could be tolerated between the skin and the
I-beam flange and still get an acceptable weld. It was found that the
current neeued to melt through the skin into the flange was actually
much 1#ss when the skin was off the flange than when it was down tight.
It was also found that the amount of gap present between the skin and
the flange could vary considerably, once a few thousandths of an inch
gap existed, withcut changing the current requirements significantly.
Next, tests were made with the skin thickness reduced by means of a
groove on the bottom side of the skin, against the I-beam flange. This
provided a built-in gap of about one-half the thickness of the skin. The
groove was made 0. 18 inch wide to match the fusion-zone width re-
quirement. The arc readily melted away the half thickness of the skin
and actually formed a hole through the skin. The arc then went on
down and impinged on the flange, melting its surface. As the welding
cperation proceeded along the joint, the arc melted the skin ahead of
it, the molten metal flowed around the sides of the hole, and came
together again at the back where it joined with metal from the flange
that had been melted as the arc passed along the seam.

In production operations, holes are drilled completely through the
skin from the groove bottom at about 10-inch intervals. These holes
provide lineup cues on the top, visible pertion of the skin during fitup
in the weld tool. Tests have shown that the welding elec‘rode can vary
as much as 0. 030 inch from the centerline of the groove without losing
iusion on the sidewall farther away. After the parts are {itted up,
manuai tack welds are made through the holes to anchor the skin to
the flange and keep it from creeping and crawling during the main
welding operation. The machine weld is then made and preceeds right
over the tack welds. A second pass is made to add {filler wire and fill
ur the concavity left from the first pass.

Structural Shapes. The equipment shown in Figures 48
through 51 is used for accurate sine welding of aircraft ribs at high
speeds (Ref. 54). The ribs require the welding of thia titanium cor-
rugated sheets at right angles to rib stiffeners on both ends. Because
of the difficulty in following the long continuous series of ridges and
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FIGURE 48, GENERAL VIEW OF THE SINE-WAVE WELDING MACHINE (REF. 54)
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Y FIGURE 49, WELDING OF THIN COR-
RUGATED TITANIUM
SHEET (REF. 54)
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FIGURE 50, SINE-WAVE WELDING STATION AREA (REF, 54)

Adjustments ave being made to the argon shielding
box which follows the welding head,

FIGURE 51, COMPLETED RIB FCR THE AMERICAN RS-70 AIRCRAFT (REF, 54)
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grooves in extremely thin members, manual control of the weld torch

Special machines have been developed to make sine-
wave shaped welds. The sine-wave welding machine can deal with
20-foot lengths and can weld at the rate ¢f 30 in. /min. Titanium in
thicknesses from 0. 008 to 0.125 inch has been welded on the machine.

This welding seiup is operated with two tablies so that fixturing
can be carried out on cne while the ribs and beams are being welded
on the other. Since each weld fixture has provisions for tracing
template, the coiicept eliminates the need for indexing the entire
length.

A trace mechanism works off a template guide to follow the sine-
wave weld pattern. The welding torch is led through its path by a
magnetic tracing system (Refs. 54, 55). The system includes a stylus
that clings to the femplate by magnetic-flux attraction. Only rolling
action exists between the stylus and the template. Since no pressure
is applied on the stylus, hardened templates are nct needed. Con-
struction of the beam and carriage assr .nbly is such that the torch tip
center can track the seam center within £0. 002 inch. This accuracy
can be maintained over the full weld length in any direction.

By means of jog buttons that act on X and Y motions the operator
brings the tracer to its starting point on the template. The tracer is
then set for automatic operation. The welding torch is positioned over
its starting point on the weld seam by means of micrometer adjust-
ment. Then the wire feeder is positioned properly. A small moving
boxlike shield measuring 3-1/2 by 7 in. is linked to the welding head
and moves close behind it to shield the weld. The end result of the
system combines high production rates with higher than normal use of
both the machine and the weld technician's time {Ref. 55). Each table
fixture has provisions for a tracing template. For this reason, there
is no need to index the entire length of a weld path.

Special Products. Weldments designed specifically fcr
testing purposes also often provide useful information on welding pro-
cedures and properties. The Navy Explosive Bulge Test Specimen
may be included in this classification. During work to develop final
welding conditions for fabricating buige test specimens, a variety of
joint designs and welding conditions were investigated (Ref. 56); these
are illustrated in Tables VII and VIII. Properties obtained are re-
ported in Table IX.
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TABLE VII. VARIATIONS OF A MODIFIED DOUBLE - VEE-JOINT DESIGN USED FOR EXPERIMENT AL
TIG WELDMENTS AND FOR A 2 x 30 x 36-INZH FINAL PLATE WELDMENT ON 2-INCH-
THICK COMMERCIALLY PURE TITANIUM PLATE (REF. 56)

pa
=

2
hick 2
Weldment Indicated Angle or Dimension

Identification Land (x), in. (y). in. Angle (a), deg  Angle (b), deg  Gap (5), in.

1 (Experimental) 0.100 1/4 45 20 Butt
2 (Experimental) 0.100 1/4 43 20 Buit
3 (Experini. ntal) 5/16 1/4 45 15 Butt
4 (Experimental) 1/2 1/4 30 15 0.060~
5 (Expenmental) 172 1/4 45 15 €.070"
Final weldment 3/8 3/16 20 15 Butt

(2 x 30 x 30 in.)
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TABLE 1X. BASE METAL AND WELD METAL TENSILE AND COMPRESSION TEST RESULTS ON
COMMERCIALLY PURE 2-1WRCH-THICK PLATE TIG WELDMENTS - WELDED WITH
CCMMERCIALLY PURE TITANIUM FILLER WIRE (REF. 41)

YS, Elongation,
Sample 0.2% Offsct, TS. RA, per cent m
Louuation ksi Ksi T 1inch
Testic Tests

Basc Mctal 7.2 36.8 43 24
(Weldmem 1)

Weid 1 59.3 .2 38 20
Weld 2 73.2 90.7 37 37
Weld 3 166 47.8 8 3
Jeld 4 H.6 101.8 14 7
Weld 5 73.3 92.1 37 17
Spec, Ao 0.0 20.0 15
{R5-7¢ Grade)

Compression Tests

Basc Mctal 8i.2

(Weidment 1)

Weld 3.2

Weld 2 Ji.5

Weld 3 69.5

Weld 4 52.3

Weld 5 79.2

-
8%
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MiG WELDING

MIG weid’. ¢ is a process that can provide high deposition rates
and ease in ‘welaing in the '"out-of-fiat position'". The process is being
developed for joining titanium alloys and has been used to a somewhat
lesser degree than T1G welding for actual production and prototype
components. MIG welding can be manual, semiautomatic, or fully
automatic. MIG welding is particularly well suited for the joining of
thicker sections of titanium. The process is very eccnomical for this
type of work because high weld finishing rates are obtainable. How-
ever, MIG welding also can be used on light gage thicknesses.

In MIG welding, the heat required to meit the joint edges is sup-
plied by an arc hetween the filler wire and the workpiece. The filler
wire replaces the tungsten electrcde used in TIG welding. The filler
wire, thercfore, is designated as the eiectrode in MIG welding as was
the tungsten electrode in TIG welding. The MIG welding filler wire
aiso is called “electrode wire®, 'consumable electrode’, "consumable
electrode wire", "filler metal”, and "filier wire'. For welding of ti-
1z .ium, the consumabie electrode is either commercially pure titanium
wire or a titanium-ailoy wire. The arc and surrounding area is kept
free of air by a flow of inert gas around the electrode, 2s is the case in
TIG welding. All of the metal added toc the weld joint is supplied by the
consumable eiectrode. This mete! is transferred from the electrode to
tne workpiece as fine droplets, a metal spray, or by short-circuit
transfer. The metal being transferred across the arc may be exposed
to much higher temperatures than if it were just being melted. The
combination of very high temperatures and fine particle sizes repre-
sents a set of counditions ideal for the contamination of titanium.
Therefore, in MIG welding, it is extremely important that the arc area
be completely protected from expasure to any gases other than the
inert gases.

MIG welding of titanium is ncermally done in the flat we'ding posi-
tion. However, when required other welding positions ca ‘e used.
For exampie, the Navy has deveioped suitable out-of-posi..- 1 welding
techniques that could be applied to the fabrication of titanium hull
structures. A check should always be made before MIG welding tita-
nium in any position to insure that adequate gas shielding is being ob-
tained. In general, good shielding is more difficult to provide when
welding in positions other than tne flat position.

Equipment. Conv2ntir.~al MIG welding power supplies,

torches, and control systems a:e used effectively in welding titanium.
The nature of MIG weiding makes this process so'mewhat more
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sensitive to changes in welding equipment characteristics than is the
case for TIG welding. The limited published information on MIG
welding (Refs.1,6,57-59) indicates that constant potential power
sources are being used with various types of constant wire feeders.
Conventional MIG welding water-cooled torches are modified te provide
the necessary supplemental gas shieiding needed for titanium. Al-
though MIG welding has been conducted in vacuum-purged weld cham-
bers and in the open atmosphere, it is likely that most applications of
this process will be set up in air. Typical MIG welding equipment ar-
rangements are shown in Figures 52 and 53 (Refs. 7, 20).

For in-air welding with the MIG process, supplemental shielding
devices described carlier should be employed. Trailing shields de-
signed for MIG welding are usually considerabjv longe: than those used
in TIG welding. This is to insure gcod protection for the larger vol-
umes cf material that are heated during MIG welding and as a result
cool more siowly.

Direct-current reverse polarity is normally used in MIG welding
of titanium.

Wire-Feeding Equipment. For eccromic reasons MIG
welding equipmeat should be kept in proper operating condition at all
times. The mest common causes of downtime are found in the wire-
feed system. A typical wire-drive unit for constant-potential welding
is shown in Figure 54. For feeding filler wire, a spool of wire is
placed on a spindle threaded through a straightening device and into the
grip of wire-feed rolls. From the rolls the wire is pushed through a
flexible wire-feed cable through the gun and into the arc. Hoses and
plumbing to supply the gun with shieldii.g gas and cooling water, if
used, are included.

The only function of the wire feeder is to move wire and shielding
gas to the arc in such a manner as to provide a sound porosity-free
weld deposit. It is up to the operator to move the gun and the arc
along the seam to distribute the weld metal properly.

In a correctly designed wire-drive system, fhe wire is confined
laterally sc that it can move oniy in the desired direction. If the drive
motor has sufficient power, the wire will move smoothly from spool to
gun.

Often there are signals of perding wire-feeding failures. An alert
operator becomes aware that the wire speed is varying, which is usu-
ally the signal that something is going to happen. Before a complete
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FIGURE 52, MIG WELDING-EQUIPMENT ARRANGEMENT FOR WELDING IN THE OPEXN
ATMOSPHERE (REF. 7)
Fron: clamping bars are removed,
FIGURE 53, MIG WELDING ARRANGE-
MENT IN A CONTROLLED
ATMOSPHERE WELDING
CHALIBER (REF., 20)
L
z
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Wire feed cable ond
power hoses

FIGURE 54. (REF. 60)

stoppage occurs, a quick step-by-step inspection of the equipment will
usually locate the trouble. Precautions that should be taken with wire-
feeding apparatus are well known and are reviewed below (Refs. 5-7,

60):

(1) Check the wire on the spool or coil. If it is not wrapped
snugly and if loops have slipped down over the wire as it
is drawn off the spool, the effect is the same as pulling
the wire through a knot. This situation can occur if the
spocl is mounted horizontally and the friction device al-
lows it to coast when the arc is stopped. When wire is
fed from a barrel, rolling the barrel will also cause the
wire to tangle. The effeci of an entanglement is usuaily

gradual, but it can eventuzlly stop the movement of wire
entirely.

(2) Check the adjustment of the wire-straightening rolls.
Very little bending is required to remove the "cast"
from the wire, and excessive bending as shown in Figure 55
wili give .t an opposite cast. This increases the load on the
drive motor and causes overheating.

Wire \_
Wire spool | stroightening | ..
Jgolls spool

Comrect incorrect

“No Cast” “Cast in Reverse
Direction™

- .

FIGURE 55. (REF. 60}




(3)

g

(4)

{5)
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Check the distance from the point where the wire leaves

the feed rolls to where it enters the wire-ieed cable, see
Figure 56. This is possibly the most critical link in the
whole system because the wire is unsupported and is also
subjected to maximum thrust. If this distance is adjust-
able make sure the unsupported wire is as short as possible.
If it is not adjustabic, make sure the various parts re in
perfect condition; parts showing any wear should be replaced.

1 jength of wire

FIGURE 56. (REF. 60)

Make sure the wire enters at the proper location on the
drive rolls. If it approaches the rolls at an angle, it
tends to ciimb out of the groove. Then the rolls tend to
separate, loosening traction on the wire and allowing it
to slip, Figure 57.

FIGURE 57. (REF. €0)

Make sure the drive-roll clamping pressure is as recom-
mended by the manufacturer. Too light a pressure will
allow slippage, and toc heavy will flatten the wire to the
point where it will not go through the contact tube 1n the
gun, Figure 58.
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FIGURE 58. (REF. 60)

Make sure the wire-feed cable is clean and free of kinks.
Steel welding wires are usually copper stained, and the
copper tends to flake as it passes through the drive rolis,
especially knurled drive rolls. Some ot the flakes are
then scraped off inside the wire-feed cable, Figure 59.

Dirt tiokes and Chips
Exterior wrop packed in tight

- Weiding wire
EN

)
interior wrap

Longitudinc! loyer

FIGURE 59. (REF. 69)

if the wire-feed cable is not cleaned out often enough,
dirt, copper flakes, or other foreign material can ac-
cumulate and jam the wire so tight that it cannot be moved
eithier way, even with tools. However, the gun and cable
can usually be cleaned out (with the wire removed) by
placing an air-hose nozzle on the exit end of the contact
tube and blowing the chips out. When the wire-feed catle
is not free of kinks, a condition known as wire whip" can
occur {Ref. 57). This tergn describes a condition when
the electrode wire upon emerging from the contact tube,
surges erraticaily teward the joiat faces. An analysis of
one equipment setup revealed that the wire, after leaving
the straighteners, had passed through one 30-deg turn
and twec 180-deg turns before eniry into the welding gun.
This series of turns induced - 1 irregular curvature in

the wire that eventually resuited in wire whip. The
problem was alleviated by mechanically supporting the
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wire-carrying cable from an overhead roller device.
Figures 60 and ©i illusirate the change made to over-
come the wire-whip problem. It is a good general rule
tc clean the cable every time a new spool of wire is in-
stalled, at least until a cleaning program based on ex-
perience is cstablished.

{7} Make sure the correct wire-feed cable and/or liner for
the job is used. A cable with too small a bore will
cause excess friction when bent, and toc large a bore
will let the wire deflect laterally and possibly collapse.

The first and final test for a wire-feed system is the ease of wire
movement. With drive-roll clamping pressure removed, and witn the
hoses and cables relatively straight, the wire should be free to move
in cither direction without too much effort.

MIG Gun. Although the gun or torch is the last link in the
wire-feed chain, it usually does not cause gradual failure of wire feed
as the others do. Instead, its function and its possible failings are
more concerned with electric power and shielding gas.

One of its functions is to transfer the welding power to the wire,
preferably at the exit end of the contact tube. Its other major function
is to direct a gas shield over the weld zone so as to exclude the adja-
cent atmosphere, which would otherwise cause porcsity in the com-
pieted weld.

The gun is without question the most abused part of the system,
and yet, it absolutely must be kept in good condition to produce good
welds, Bent, worn, or broken parts should be replaced.

Contact Tube. Particular attention should be given
to the contact tube. These tubes are usuaily made of copper or some
special copper 2lloy, and they are subject to a number of ills. They
become spattered, they wear uut. and they are cccasionally melted
when the wire burns back to the 11p as 2 result of wire-feed failure.

Burn backs are generally caused by arcing in the contact tube.
This makes the wire stick, and then the open-circuit voltage burns
the wire back to the tube.

Worn contact tubes contribute to burn backs because, as the bore
size increases, the transfer of electric power to the wire becomes
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FIGURE 60, MIG WELDING SETUP SHOWS SHARP BENDS IN WIRE-FEED CABLE (REF, 5,5)

FIGURE 51, HOSE-AND-CABLE SUPPORT ARRANGEMENT EMPLOYED TO ELIMINATE
WIRE WHIP DURING MIG WELDING (REF, 3,6}




erratic. For this reason, reaming out the bores with gas-iorch

cleaners is not recommended.

b o)
r

Burn backs are not too much of a problem with CO, shielding gas
used with steel because of the short arc length per volt. When welding
titanium, inert gases can amplify the burn-back problem. In arc-spot
welding applications where argon or argon rmixtures are necessary,
the burn-back problem can be handled very well with burn-back timers.

Shielding. Gas coverage, the second function of the
gun, is controlled by its nozzle, which is designed to produce a satis-
factory gas-flow pattern. When w21ld spatter builds up, the shape of
the gas pattern may change, and if not corrected soon =nough will
cause poor welds. The proper rate of gas flow will normally produce
a laminar flow at the nozzle tip. The flow rate is not critical but too
low a rate will not supply enough gas to do the job and too high a rate
will cause turbulence, which brings air into the gas shield and con-
taminates it.

Gas leaks or cooling-water leaks can also cause porosity in tita-
nium welds. Bending, plugging or mis-installation of parts should be
corrected.

Materials. A limited number of titanium alloys have been
welded with the MIG process. The alloys that have been MIG welded
to date include:

o Commercially pure titanium (Ref. 5)

] Ti-5Al1-2.55n (Ref. 5)

] Ti-3A1-13V-11Cr

® Ti-4Al-4V (CP titanium filier wire) (Ref. 9)

s Ti-6A1-4V (CP titanium and Ti-6Al1-4V filler wire)
{R2fs. 5, 6)

°® Ti-7A1-2Cb-1Ta (similar or lower aluminum content

filler wire).

It is expected that the MIG process will be adapted for weiding other
titanium alloys in the not-tco-distant future.

The most important material in MIG welding is the welding elec-
trode or fiiler wire Commercially pure titanium or titanium ailloy
filler wires that match the base-metals composition are normally
used. MIG welding makes use of wire provided in coil form. Other
methods of supplying wire are impractical for MIG welding. The
quality requirements for MIG welding wire are perhaps even more




stringent than comparable requirements for TIG wire. One reason for
this is that welding current must be transferred from the contact or
guide tube to the wire. Alsc, the wire-feed speeds employed in MIG
welding are much higher than those employed in TIG welding. There-
fore, any wire characteristic that tends to impede the flow of wire
through the welding torch may cause undesirable variations in welding
conditions or even an equipment malfunction. Such undesirable char-
acteristics as kinks, soft spots, and rough surfaces are not tolerable
in MIG welding wire.

Cleanliness of the welding filler wire is extremely important, and
good cleaning practices must be used to minimize contamination.
Fabricators have experienced unacceptable variations ir weld quality
that have been attributed to inadequate control of filler-wire
preparation.

One fabricator found a "waxlike'" surface coating at regular inter-
vals aiong the length of Ti-6Al1-4V filler wires (Ref. 6). The nature of
this coating could not be identified. Since cleanliness is extremeiy
important in welding titanium, it is believed that coatings of this type
can contribute to porosity. Attempts to remove the surface coating by
passing the wire through a tube filled with abrasive fibers were not
totally effective. However, periodic inspections showed definite evi-
dence of residues on the abrasive fibers.

Flectrochemical surface finishing techniques have bcen developed
for inspection of incoming filler-wire quality (Ref. 61}, The chem-
milling technique discloses seams, laps, and some other defects that

are difficult to find by other means.

Titanium welding wire is supplied by all of the major titanium
companies and by several companies specializing in processing high-
quality metals and alloys. Filler metals that are cleaned and packaged
in sealed containers are available.

Gases for shielding the weld pool, underbead side of the weld, and
hot weld metal include the welding grades of argon, helium, and
argon-helium mixtures. Inert gases containing oxygen additions
shouid not be used.

Tooling and Fixtures. Backing for MIG welding titanium al-

ioys has been varied depending on joint design, quality requirements,
and fabricater. Backing bars are used to provide root-side shielding
and to facilitate control of the weld puddle, root reinforcement, and
heat effects of welding. Backing bars also are used to minimize




distortion by promoting more rapid solidification and cooling of weld

metal. In some instances, the more rapid solidification of weld metal

is refiected in higher ductility and toughness {Ref. 9).

v’oa‘,tﬁx’t sa e

Copper is the most popular material for back-up bars used for
MIG welding. Solid-copper back-up bars were used for fabricating
tank-cupola prototypes (Ref. 41) while water-cooled copper back-ups
combined with inert-gas shielding devices were used in development
work on thick-plate cross sections (Refs. 5, 6). Contamination of ti-
tanium welds by the back-up materials can occur and precautions must
be taken to avoid excessive heating or puddling.

Welding Conditions. The welding conditions employed in MIG
welding are dependent on two separate groups of factors. These
groups include those that affect (1) welding arc characteristics and
(2) welding conditions.

First, a suitable combination of curreat, voltage, heat input
rates, and other parameters that will produce the desired arc charac-
teristics must be selected. The arc stability and metal transfer oc-
curring in MIG welding are very dependent on these electrical vari-
ables and the composition of the shielding gas used. With low current
densities, metal transfer is erratic and consists of large metal
globules. Large globules often contact the workpiece before they
separats from the end of the filler wire. This behavior interrupts the
arc due to the short circuit formed by the large globules. Current
flow continues, however, until the globule melts sufficiently to sepa-
rate from the en:d of the filier wire. When separation cccurs, the arc
reignites and the transfer process continues as before. Low-current-
density MIG welding has been used for welding titanium. One impor-
tant advantage is that the lower currents and heat-input rates can be
used with spray-type metzl transier. As the current density is in-
creased, arc stability is improved and metal transfer changes to a
characteristic spray-type transfer. High-current-density welding
conditions are generally preferred in the MIG welding of most
materials.

~ The second group of factors afiecting the welding conditions are
the materiai thickness, joint design, weld tooling, and whether manual
or machine welding techniques are being used. The first group of
factors affecting welding conditions usually sets minimum limits on the
usable current and voltage. Variation above these minimums com-

- bined with the possible variations introduced by the second group of
facters makes it possible to produce welds of very similar appearance
with many possible combinations of welding conditions.
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and its alloys. Tabkle XI illustrates welding conditions used for other
types of weld joints. Insufficient work has been reported on MIG
welding to allow any comment on the most suitable conditions of those
that have been irvestigated. Because of difficulties with crater crack-
ing and control of penetration, starting and runoff tabs are recom-
mended (Ref. 9).

PROPERTIES

Information on properties of MIG welds in titanium and titanium
alloys is scarce due to the limited use of M1G welding for titanium
alloys.

The 1nechanical properties of the weld metal are related to iis
compositions. Weld-metal compuosition, in turn, depends on the com-
position of the filler metal that is used to deposit the weld, the cocinpo-
sition of the base metal, and the welding conditions that affect the ratic
between the amount of filler wire and base metal melted in ma.:ing the
weld. Therefore, weld-metal properties can be varied through filler-
metal selection and to a lesser exteut through changes in welding con-
ditions. Weld-metal properties for typical material combinations are
given in Table Xil. Weldment properties are given in Table XIIIL

Oniy unnctched and notched tension and Charpy vee-notch impact
data are available. Satisfactory properties are generally obtained in
alpha or alpha-beta alloys. Very low impact properties are obtained
in the beta alloy. Low impact values may result from foreign mate-
rial or deposite (Ref. 9) on the welding wire.

Weld-cracking problems have been encountered at locations where
weld passes cross one another and in multipass welds. Accordingly,
procedures have been devised by cne fabricator to use single-pass
welding as much as possible and to minimize the number of locations
at which two different welds come into contact (Ref. 9). In particular,
crossover welding, which permitted one weld deposit to cross another,
vas avoided. Cracking was detected in 2-inch-thick Ti-6Al-4V weld-
ments made with ten passes of Ti-6Al1-4V filler wire when no preneat
was used. A similar specimen made using 125 F preheat for the first
and second passes, and a 175 F interpass temperature for the ~emain-
ing passes showed no radiographic evidence of cracks {Ref. 5). These
weldments also contained porosity that tended to concentrate at the
ends of the joints. Sources of additional properties information are
listed in Table XIV.
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TABLE XI. GAS METAL-ARC WELDING CONDITIONS FOR FABRICATION OF Ti-4Al-4V
TITANIUM TANK CUFOLA (REF. 9)

 — M
{) 174" Fitlet (2) i/4° x45° Vee i
L ve‘.lg. 1/2°Plote
(7) 3/8" Fitlet 8) 3/8° x45°V
i Q i ( 245°Vee

(3) 174" Comer Weld Q) /4" Fiilet

/8" ofje '

. L {9) /2 x35° Vee
172 Picte .
{5) 3/8°x 45° Ves (6) /4" Fitiet
CP Titanium
Filier Wire
Plate Metai Feed
Thuickness, Diam, Rate,
Type of Jonz in, in, Volts Amp ipm
1 i/4 1/32 338 230 1470
2 1/4 i/32 38 250 1470
1/i6 39 100G 350
2 1/4 1/32 38 250 1470
Kt 1/4 plate 1/32 38 250 1470
1/4 diam
round

5 i/2 1/13 40 400 330
£ 172 1/1¢ 33 358 33¢
7 1/2 i/l6 40 4 356
g 1/2 1/15 40 400 350
9 /2 1/16 40 4092 350

—
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TABLE Xil. TENSILE PROPERTIES OF %IG WELD METALS IN TITANIUM ALLOYS
Filler Metal G.2 Per Cent Cltimate Elongauor, Reduction
Nominal Size, Offset Yield Stzengih, per cent 1p in Area,
Composition in. Streagth, ks kst 2 1. per cent Reference
Ti1 5AI-$V Parent Metal
Parent mewal - 115 132 11 21 3
CP titanium 0.G62 83 93 18 39 83
CP ritanium 0. 062 &3 100 31 25 63
5A1-2. 535n 0. 062 123 133 25 25 63
3AI-2. 55n C. 962 131 139 11 19 53
6Al1-4V 0, 062 128 144 o g 53
6A1-4V 0. 052 129 143 15 13 53
8Al-4V 9, 662 139 151 g 8 63
bAl-4V 0. 562 143 151 4 8.3 >
CP titanium 0. (62 37 72 24 4 S
Pzrent metal -- 115 132 11 21 65
BAl4V 0. 062 -~ 13% .- -
Ti-5A1-2. 3Sn Parent Meral
Parent meial -—- 12¢ 1335 12 25 63
CP titanium 0. 062 77 R7 21 34 63
5A1-2. 35n 0. Ge2 125 138 g 12 63
3A1-2. 3S5n . 652 -- 137 - -- 3
6Al-4V -- 127 141 11 16 63 L
L
]
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TABLE X1il. TRANSVERSE TENSILE PROPERTIES OF MIG WELDMENTS IN TITANIUM
AND TiTANM ALLOYS

Ulrimate
Filler Metal Offset yield  Tensile  Elongation, Reduction Location
Nomiaal Size, Sxxeﬂgm(a), Strenpth,  per cent in of Area, of
Cemposition in. kyi isi 2 in. per cent Failure(P) Reference

Comigerciaily Pure T1

CP titanium g70. 1) 107 22.0 49.2 - 3
(parent metal) .
CP titanum{S) .62 g9\% %7 113 15.6 53.7 HAZ s

Ti-241-3V Alloy

4Al-4V 118 127 14 44 -- 62
(parent metal)

4A1-4") 6.62 113 15 12.9 52.5 HAZ 62

CP titanium v 114 122 -~ 25 w

T:1-3A1-2_ 5Sn Alloy

5A1-2.5$n 133 13s 20 43 --
{parent metal}
3A1-2.55n -- 132 142 -~ 3R -
CP titanmium 134 1390 -- a4 - 52

BAl-4V 123 14¢ 16 42 --
{parent mezal}
BAL-4V -- 138 132 -~ 44 --
CP titanium -- 126 134 -- 30 -- €2

{a) 0.2 per cent unless otherw:s2 poted,

(b) HAZ = heat-affccted zone; W 7 weld meral,

(c) Filler metal deposited at 363 amp ard 45 v; side-bend samples bent 180 deg without cracking.
(a) 7jlicr metal deposited at 300 ymp and 46 v; side-bend tests fracwred at 55 and 80 deg.
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has been used to manutanture & variety of complex sh;pes from tita-
nium and for welding thick titanium plates. Some good examples of
applications for the prccess are described 1n the following.

Armored Vehicles. Armored tank cupola components
fabricated from Ti-4Al-4V alloy are shown in Figure 62 (Ref. 9). MIG
welding was used extensively throughout to demonstrate the fabrica-
bility of complex titanium shapes by MIG welding.

Thick Titanium Plates. Independent and Government
facilities have been welding thick plates of titanium alloys since about
1952. In one program (Ref. 6) ihe objective was to develop and estab-
lish procedures for welding 2-inch and 5/8-inch arnealed Ti-6A1-4V
titanium alloy H-plates and corner joints with commmercially pure tita-
nium and Ti-6Al-4V filler metals. The procedurcs for welding were
developed using the inert-gas-shielded metal-arc consumable-
electrode process using crack-susceptibility piates and I-plates.
Fabrication of the joints with unalloyed filler metal was accomplished
rcadily; however, with the alloyed {iiler metal it was necessary to use
a 175 F preheat and 2 170 I interpass temperature for crack-
susceptibility test plates, and a 175 F preheat and a 200 F interpass
temperature for iabricating H-piates. Two-inch-thick plates of
1i-8Mn alloy ailso have been welded in early titanium alloy armor-
welding development programs {(Ref. 62). Due to weid-metal cracking
and the development of newer, more readily weidable alloys, weiding
development work with the Ti-8Mn ailoy was terminated.

For welding 2-inch-thick titarium plates, automatic coasumabie-
electrode equipment was set up in a chamber for welding 2-inch-thick
plate (Ref. 20j). The piates were clamped in a welding fixture that
could be rotated inside the chamber for weld passes on either side of
the double-vee joirt. This welding fixture was attached to a traversing
mechanism that moved the piates under the welding torch mounted on a
horizontal plate a: the top of the welding chamber. The torch could be
adjusied verticaliy or horizontally to position it with respect to the
joint. Adjustments in wire-feed speed and welding travel speed were
made from outside the welding chamber. Water cocling was suppiied
to the welding torch and to the entire shell of the welding chamber.
Water cooling the chamber will be advantagecus in removing some of
the heat gcnerated during welding. A constant-potential welding gen-
erator was used in welding tests.

A typicai cint design and a back-up bar {or welding thick-piate
titanium alloys are shown in Figure 63.
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FIGURE 63. TYPICAJL JOINT DIMENSIONS FOR WELDS IN
2-INCH-THICK Ti-13V-11Cr-3Al1 TITANIUM
ALLOY PLATE (REF. 2v)

ARC SPOT WELDING

Arc spot welding is being deveioped for joining titanium alloys :n
applications where resistance spot welding cannot be used or as an al-
ternate to the resistance-spat-welding process. Arc spot welding czz
empioy either the basic TIS or MIG welding procass a2nd is a semi-
automatic or fully automatic technique. Arc spot welding can be ased
tc jein thickness combinations which are not suitable for resistance

spot welding znd 1n joints that are accessible irom sne side onily.

The major difference between arc spoi weiding and eitker conven-
tional TIG or MIG welding is tha' thers is nc relatwve lateral movement
between the weiding torch and the partis bewng joined. Siartrxzg and
stopping cycles ior the welding process are extremely 1mporiznt in
arc spot welding. The total welding time generally is quite siort so
that it is necessary to automaticaliv program welding parezmetesrs o
insure a smooth start and stop of the precess. The shielding of arc
spot welds 1s somewhnat simpier then for coaventional TiG or MIG
welds. Simple cyiindrical auxiliary shieids placed arcund the weiding
torch are suffic:.ent to prevent contamination from the top surface of
the weld. Shielding o the underside cf the joint also may be recguired.
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Equipment. The cquipment required for arc spot welding is
gen v cimilar to conventional TIG or MIC welding eguipment, How-
ever, the arc-spot-welding nozzle is a complete down-to-the-surface
shieid and it is a locater for arc length or contact-tube-to-work dis-
tance. Also, some means of programming appropriate welding

parameters to obtain desired starting and stopping cycles is used.

Materials. The materials used in arc spot welding usually
are the same as those used in either TIG or MIG welding. Earlier
sections should be consulted for comments on materials.

Welding Conditions. The welding conditions empioyed in arc
spot welding are generally similar tc the TIG or MIG welding condi-
tions used in joining comparable thicknesses nf the outer materials.
Arc spot welding can be used for joining similar and dissimilar metal
thickness combinations. The arc spot is always made through a rela-
tively thin member of the part being fabricated. The backing member
may be thin or thick. There are indications that the top layer that can
be penctrated by TIG spot welding 1s limited to 0. 06C to 0. 070-inch-
thick titanium. However, detailed welding cond:itions for arc spot
welding of titanium have not been reported.

ELECTRON-BEAM WELDING

Electron-beam welding is an extremely attractive process for use
in joining titanium and other highly reactive materials. The process
is applicable to a wide range of thicknesses from about 0. 0015 inch to
over 2 inches. One major advantage of the process is that all welding
is performed in a high-vacuum chambe:. Contamination of the weld-
ment from external sources is essentiaily nonexistent. All electron-
beam: weiding is done using mechanized equipment. Electron-beam
welds made with high-power-density type equipment exhibit a charac-
teristic high depth-to-width ratio of the weld metal and heat-aifected
zone. This characteristic is advantageous from the standpcint of
minimizing the distortion that normally accompanies welding. It may
also result in welds whose properties are not altered significantly
from those of the base material.

The eleciron beam can concentrate 2 large amount of energy in a
spot diameter of about 0. G110 inch or less (Ref. 60}). Energy densities
range frecm about 5,000 to 40, 000 kw per square inch, compared with
about 100 kw per square inch fcr tungsten-arc welding.

In electron-beam welding, the heat required to melt the jcint
edges is supplied by a focused ejectron beam generated in an e*ectron
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gun. This beam is focused and accelerated so that it strikes the joint
line parallel to the existing interface. Electron-beam welds are usu-
ally made without the addition of any {filler wire.

Equipment. Electron-beam welding equipment is classified
in two divisions. High-voltage welding is performed in the 75, 000 to
150, 000-volt range while low-vcltage welding is performed n the
15,000 to 30,000-volt range. Normally, the high-oltage equipment
produces much narrower heat-affected zones than low-voltage equip-
ment.(Ref. 66). Low-voltage equip ent provides a wider weld and is
used very effectively in special can-sc¢aling operations. Acceptable
welds can be made with either type of equipment. A schematic dia-
gram of an electron-beam weiding miachine is shown in Figure 64
(Refs. 67, 68). Special electron-beam units using either clamp-on-
type chambers of special electron-gur assemblies designed to allow
the electron beam to be projected into the air have not seen much use
on titanium. Clamp-on-type chambers may be quite useful in the
joining of long lengths of special shapes fabricated from titanium.

Fixturing is needed to hold the parts in position, but the fixturing
need not be as heavy as for other welding methods (Ref. 69). Copper
chill bars can be usecd to restrict the width of the heat-affected zone
and to confine and control the fusion-zone geometry (Ref. 66).

Materials. No special material requirements are involved in
electron-beam welding. However, because of the very high solidifica-
tion rates ascociated with most electruon-beam welding, it is impera-
tive that the weld area of the parts to be joined be very clean prior tn
welding. The high freezing rates associated with electron-beam weld-
ing allow very little time for the escape of any gaseous impurities dur-
ing weiding. Thus, it might be anticipated that electron-beam welds
cculd be somewhat more prone to porosity formation than other types
of fusion welds. To date, there is very little evidence to either sub-
stantiate or refute this supposition.

There are no known applications where filler metal is used for
electron-beam welding of titanium alloys.

Welding Conditions. Welding conditions used in electron-
beam welding are dependent on material thickness and the type of
electron gun being used. For a given thickness of material, various
combinations of accelerating voltage, beam current, and travel speed
are satisfactory. In electron-beam welding, the electrical parameters
do aot adeguately describe the heat-input characteristics of the beam
since these characteristics are affected significantly by the focus of
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the beam. Measurements of beam diameter are difficult to make
under production conditions so that the transfer of welding parameters
between different equipment units is very difficult. Fortunately, suit-
able welding parameters can generally he developed on a given piece
of equipment with only a very few trials.

In very thick material, the first pass made to completely pene-
trate the joint sometimes is undercut along both edges of the weld
metal. This undercutting can Le eliminated by a second weld pass
made at somewhat iower energy levels with a slightly defocused beam.
However, undercutting has been largely reduced by making minor ad-
justments in travel rate (Ref. 66). The underside of electron-beam
welds also may exhibit an undesirable contour. Some type of metal-
removal operation is generally required to produce an acceptable
underside contour.

The flat welding position is used in electron-beam welding. The
welding positions that can be used are limited by the versatility of the
available welding equipment. Tabie XV shows some of the welding
cenditions that have been used in the electron-beam welding of tita-
nium and its alloys.

Properties. Sources of property daia on electron-beam welds
are shown in Table XVI. In general, the properties obtained in
electron-beam welds are similar to those obtained in TIG welds.
Strengths up to 140, 000 psi can be obtained depending on the welding
conditions used (Ref. 70). Postweld aging of electron-beam welds in
1-inch-thick Ti-6Al1-4V. alloy increaseu the tensile properties 2 to 3
per cent (Ref. 71).

Applications for Electron-Beam Welding Titanium Alloys.
Normally used for the production welding of precision assemblies,
electron-beam welding has been used for fabricating pressure vessel
spheres as shown in Figure 65 {Ref. 72). Electron-beam repair weld-
ing has saved tens of thousands of dollars by its ability to make re-
pairs on close-tolerance parts that might otherwise have to be
scrapped. Electron-beam welding enabled one fabricator (Ref. 65) to
salvage many parts that formerly could not be repaired because of
tolerance, configuratior and/or material problems. Repairs con-
sisted essentially of patching, plugging, joining, and similar welding-
type operations. Typical applications included: adding a block of
material to an area where too much stock had been machined off;
plugging unwanted holes; adding tabs, bosses, and other fittings to a
machined part; filling porosity or voids in machined castings; and
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TABLE XV. ELECTRON-BEAM WELDING CONDITIONS

Acc. Beam ravel Beam
Voitage, Current, Speed,  Diameter,
Base Alloy Thickness, in. kv ma ipm in. Referenc:
SAI-4V 0.G5 85 4 60 0. 006 42
Ditto 0.2 125 8 18 6.01 42
- 0.191 28.2 170 98 -- -
Several 0.084/0.125 14 250 § 10 10 -- 66
alloys
5A1-2.58n 0.09 99 4.8 1¢ -- 69
13V-11Cr-3Al 0.125 135 6.5 28 -~ 69
Dintc 0.125 20 95 30 --
- 0.03 30 26 89 -- 40
8Al-1Mo-1V 0.85 110 2 45 0.005 10
CP titanium 0.05 95 1.8 30 -- --
Ditto 0.125 125 6 30 -- --
b 0.250 138 10 25 -- --
- 0.340 130 15 &0 -- --
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FIGURE 65. ELECTRON-BEAM WELDED TITANIUM
PRESSURE-VESSEL SPHERE

patching cracks in precision fixtures. Examples cf electron-bear:
weld repairs are shown in Figure 66 (Ref. 65).

PLASMA-ARC WELDING (Refs. 74, 75)

Plasma-arc welding is an inert-gas welding method utilizing a
transferred constricted arc. The process is now used as an alterna-
tive process for TIG welding for a limited number of industrial appli-
cations where greater welding speeds, better weld quality, and less
sensitivity to process v-oriables are obtained.

The general characteristics and electrical circuit used for
plasma-arc welding are shown schematically in Figure 67. The arc
plasma or orifice gas indicated in Figure 67 is supplied through the
torch at a flow rate of 1 to 15 cfh. Suitable gases are argon, and
mixtures of argon and helium. Argon-hydrogen mixtures also are
used for some materials, depending on the application. The gas flow-
ing through the arc-constricting nozzle protects the electrode from
contamination and provides the desired composition in the plasma jet.

Relatively low plasma-gas flow rates are used to avoid turtulence

and undesirable displacement of the molten metal in the weld puddle.
Since the low gas-flow rates are not adequate for shieldirg the puddle,
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a. Boss Added b.
Precisely-machined AMS 5616 control-spider housings were saved from Elecrren-t2am welding s-
the scrap pile when an enginecring change called for the addivion of a2 An unwarted hole vras filled b
we ige-shaped boss (in circle). The critical nature of the part dictated a directing the beam parallel tc .
meaximum distortion of 0, 00025 inch at the weld area, The boss was welded minimum heat requirements a-
at a speed of 27 ipm. Welding time was about 1 second. Small spot size. pair not only saved the costly
fast wavel, and precise beam control permitted concentrating the heat at fabricating a replacement.

the vertical interface detween the boss and housipg. Inspection of the welded
par:s could detect no measurable distcrtion,

FIGURE 66. EXAMPLES OF ELECTRON-BEAM WE!




b, were saved from
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BS” - Sart dictated a
at 2 boss was welded
Lt Small spot size,
B3 -ingthe heat at
dy - ction of the weided
FIGURE 66,
WE!

E o™ il a5

R R

Sk

ST 43

b, Hole Plugged

Electron-beam welding salvaged this machined dtanivm housing.
An unwanted hole was filled by welding a titanium plug in place, By
directing the beam parallel to the hole axis, the weld was made with
minimum heat requirements and without distortion or crackirg, The re-
pair nct only saved the costly pant, but alss avoided a 3-month deiay for
fabricating a replacement.

EXAMPLES OF ELECTRON-BEAM WELDING FOR SALVAGE CF COSTLY, PRECISION PARTS (REF, 63)

Thk erest 190 T T THY Ny TRy s
s v

P

e >
;o'j

. -

Repair Welz
Loce*ion

Howings were saved
imverior slot from v.vhicl;‘izc
away. A small Slock of
the stot wall to provid 1
area was then remachi Do
for the application. They
sexting of 125 kv ard 53
in less than 1 secend of @

e
o8

Py
oy

4

WA

SR R
&&.u: lﬁl «&ﬁ'l‘

O

0

s
5.

ety RSN YT

-.'.-:"-:‘« ‘!’“

G e RN AT R AL b2 T A T

R £

e

-

Ry
-¥
&




5
-
-
.
%
<

e B
3 N
3 N
I
5 &
35’? 3
g;
&1 P
g,vg ]

3

this machined titanium hous.ng.

og a titanivm plug ir: place, By
axis, the weld was made with

put distortion or cracking, The re-
also avoided a 3-month delay for

£
ol
£

L

YL
KNy ¢

N
TR

% 'W % ,‘,&%’:".-7‘5

L)
oy

t

RS

e T ey Y FE e R L T PR

@({W
L8P vy

EERER/ 2P0

:
I
:
j
%

-

o

Repsir Weld

b. Repoir Welded Area -
RezGir Weld After Mochining
Location

c. Slot Narrowed

Housings were saved by using electron-beam welding to correct an
imrerior slot fiom which an excessive amount of stock had beern machined
away. A small block of the same alloy, AMS 4214, was welded oato
the slot wall to provide an additional thickness of metal. The built-up
area was then remachined to bring the slot back to the required width
for the application, The tab was welded at 27 ipm, using a power
sexting of 125 kv and 5 ma. The full-penetration welds were made
ir less than 1 secornd of actual welding time.

‘. R SALVAGE OF COSTLY, PRECISION PARTS (REF, 65)
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FIGURE 67. SCHEMATIC REPRESENTATION OF PLASMA -
ARC WELDING OPERATION (REF. 74)

supplementary shielding gas is provided through an outer gas cup. The
type and flow rate of supplemental shielding gas are determined by the

welding application. Typicsl arc and shielding gas flow rates are 4 and
35 cfh, respectively.

Keyhole Action. In plasma-arc welding, the term "keyhole"
has been applied to a hole that is produced at the leading edge of the
weld puddie where the plasma jet displaces the molten metal, allowing
the arc to pass completely through the workpiece. As the weld pro-
gresses, surface tension causes the molten metal to flow in behind the
keyhole to form the weld bead.

Keyholing can be obtained on most metals in the thickness range of
3/32 inch to 1/4 inch, and is one of the chief differences between the
plasma-arc and gas tungsten-arc processes. Presence of the keyhole,
which can be observed during welding, gives a positive indication of
complete penetration.

Equipment. A mechanized plasma-arc welding torch is shown
in Figure 68. This torch can be operated with either straight or re-
verse polarity connections at arc currents up to 450 amp. Water-
cooled power cables are connected at the top of the torch to supply
power and cooling water to the electrode. Fittings are provided on the
lower torch body for the plasma-gas hose, the shielding-gas hose, and

the cooling water for the nozzle.

The two types of electrodes used in the plasma-arc torch are
shown in Figure 69. The tungsten electrode shown on the left is used
for straight-polarity operation and is available in 1/16-, 3/32-, and
1/8-inch diameters, depending on the current to be used. A
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FIGURE 68, MECHANIZED PLASMA-ARC WELDING TORCH (REF, 74)
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= FIGURE 69, TUNGSTEN AND COPPER ELECTRODES USED FOR STRAIGHT AND
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water-cooled copper clectrcde shown on the right side of Figure 60 is
used for reverse-polarity operation.

A variety of multiport nozzle designs are available for difierent
welding applications. The diameter of the central port of the nozzle
depends on the welding current and gas-flow rate. The spacing be-
*ween the side gas ports is influenced by the thickness of the
workpiece.

Welding Conditions. Typical welding conditions for square
butt joints in titanium are shown in Table XVII. Often, conditions de-
termined for joining various thicknesses of stainless steel can be used
as starting-poiat conditions for welding the same thicknesses of other
materiais. The data in Table XVII were obtained with the electrode
set back 1/8 inch from the face of the torch rozzle. Electrode setback
is accomplished by rotating a collar on the upper torch body, and the
distance is gaged with a probe on a setback tool. Nominal torch-to-
work distance is 3/16 inch.

TABLE XVHI. PLASMA-ARC WELDING CONDITIONS FOR SQUARE BUTT
JOINTS IN T"TANIUM

Plate Welding e Arc
Thickness, Speed, Curient, Voliage, Gas Flow Rate, cfh
in. ipm amp {dcsp) v Nozzle Shielding
1/8 20 185 21 8 30
3/16 15 180 26 12 )

Pure argon is used to weld reactive materials that have a strong
affinity for hydrcgen, such as zirconium and titanium. Use of argon
as the nozzle gas and CO; as the auxiliary shicld has increased speeds
on certain miid-sieel weiding applications but CO7z is not to be used for
welding titanium cr its alloys. When making the second cr cap pass con
a joint requiring two passes, helium can be used for the plasma and
shielding gases. The helium eifiuent does not have the momentumn re-
quired io produce a keyhole, but this is not necessary on the cap pass.

. . . . . . =

There is no information on properties of plasma-weided titanium ¥
alloys available in the publisheqd literature at this time. Heowever, :
since several organizations are using the process in development i

work, properties datz probably wiil be available in the near future.
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Applications. Plasma-arc welding has proven commercially
important advantages in several specific areas of application. These
inciude the welding of stainless steel tubing, making circumferential
joints on copper-nickel and stainless steel pipe, and the welding of
reactive-metal compacts to form furnace electrodes. Development
activities are under way on other promising applications inclu-ing
missile cases.

Aercspace Applications. Development work is in prog-
ress on the plasma-arc welding of missile casings of titanium, 18 per
cent nickel maraging steel, D6AC steel, Type 410 stainless steel, and
4130 steel. The plasma-arc welds on thicknesses where keyholing is
obtained, have strength, elongation, and notch-toughness properties
equivalent to tkuse of TIG welded joints. In addition, welding speed is
increased and greater uniformity is obtained. For example, lo-«i-
tudinal and circumnferential joints in 3/16-inch-thick titanium t: nkage
are welded in one-fourth the time required for the TIG process. The
overall time saving is even greater, because the plasma-arc welds are
made on square butt joints while prepared joint designs were required
for TIG welding.

Titanium Sponge. Production of ingots of reactive metals
such as titanium and zirconium starts with the pressing of small chips
of the metal and alloying elements into a mold to form a sponge com-
pact or briquette. The compacts are then welded together to form a
primary electrode which in turn is melted into ingot form in a vacuum
electric furnace. The wclding of the metal compacts is another com-
mercial application for plasma-arc welding.

Use of TIG welding is not permitted in the production of reactor-
grade zirconium lLecause of the possibility of tungsten inclusions in the
base metal. Since TIG welding is ruled out, MIG welding {(or consum-
able electrode welding) was generally used to join the compacts. How-
ever, MIG is an expensive process for this application because of the
price of zirconium welding wire (about $17. 00 per 1b). Occasional
burn backs of the guide tubes in MIG torches resulted in excessive
copper deposits in the primary melt electrodes which sometimes
caused the copper content of the finished ingot to exceed the specifica-
tion. Similar difficulties would be expected with titanium made by this
method.

In plasma-arc welding of titanium and zirconium sponge, the torch
uses a nonconsumable water-cooled electrode operating on reverse po-
larity without filler-wire addition. There is no tungsten present which
eliminates the possibility of tungsten inclusions. The cost of the
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welding wire is also eliminated. Plasma-arc welding of sponge com-

pacts is performed both in the atmosphere and in inert-gas chambers.

When the compacts are loaded into a chamber, the air is evacuated and

the space is back filled with argon. The plasma-argon issuing through

the torch nozzle keeps the chamber under positive pressure. When

compacts are being welded in the open atmosphere, a trailing shield is

attached to the torch to blanket the weld puddle with inert gas to pre-

vent contamination. .

Laboratory tests and production experience indicate that transfer
of copper from the water-cooled copper electrodes used in this pro-
cess is essentially zero. In one plant, the plasma torch is taken out
of service after each 60 hours arc time to clean accumulated spatter
from the electrode and nozzle. In another plant, downtime per torch *
varies from 5 to 7 hours per month, with production time scheduled
for 550 hours per torch.

In one installation, the savings realized by eliminating the use of
welding wire paid back the investment in plasma-arc welding equipment
in fifteen 8-hour shifts.

RESISTANCE SPOT WELDING

Resistance s><: welding has been used more than any other
resistance-welding process for jcining titanium and its alloys. Spot
welding has been used to join titanium in thicknesses ranging from a
little under 0. 01 inch up to pile-up thicknesses totaling 2-1/2 inches.
The thickness that can be welded in any given application is limited
only by the power and force capacity of the available equipment.

In resistance spot welding, all the hext required to accomplish
joining is supplied by the passage of an el~ctric current between two
opposed electrode tips that contact the surfacez of the parts to be
joined. The electrode tips are held against the workpieces with con-
siderable force, so that good electrical contact is maintained through-
out the assembly. Resistance-spot-welding techniques can also be
used to make joints in which no melting is invoived. Such joiats can
be called diffusion welded, diffusion bonded, yield-point diffusion
bonded, or solid-state bonded. Joints of this type are very similar to
conventional resistance welds with the exception that no molten metal
is formed during the joining process. Titanium normally is welded -_
using the conventional technique involving melting. The diffusion-
bonding technique has been used only exgerimentally. Even conven-
tional spot welds in titanium contain an area around the molten nugget -




that is diffusion bonded. The bond in this area is generally strong
enough to make a significant contribution to the load-carrying ability
of the spot weld.

Titanium is spot welded in much the same manrer as other metais.
In many respects, titanium is an easy material to resistance spot
weld (Ref. 11). The configurations involved in spot welding and the
relatively short time periods used with the process tend to preclude
any contamination from the atmosphere. As a result, there appears
to be little need to consider auxiliary shielding of titanium during re-
sistance spot welding. The relatively low thermal and electrical con-
ductivities of titanium are definite advantages for the spot-welding
process. As a result, titanium is often considered to be more readily
spot welded than aluminum and many of the carbon and low-alloy steels.
Titanium and stainless steel alloys are similar in thermal and electri-
cal conductivity and strength at elevated temperatures. These simi-
larities have simplified the spot welding of titanium. A titanium alloy
of a given thickness can be spot welded with the settings that are satis-
factory for a similar gage of stainless steel. The recommended spot-
welding machine settings developed for titanium by various investi-
gators substantiate this to a degree which is generally as accurate as
the ability to incorporate any recommended data into the settings from
one production machine to another. In fact, the differences of control-
panel settings from machine to machine probably exceed the differences
in recommended settings between titanium and stainless steel (Ref. 11).

EQUIPMENT

Titanium has been successfully welded on almost all types of
available conventional resistance-spot-welding equipment.

Figure 70 {Ref. 11) illustrates a conventional spot-welding opera-
tion. Spot-welding machines used for welding titanium should provide
accurate control over the four basic spot-welding parameters: welding
current, duration of welding current, force applied to the welding elec-
trodes, and electrode geometry. Various data indicate that each of
these parameters may vary to a certain degree without appreciably re-
ducing weld quality. But once the optimum settings are obtained for a
given application, it is desirable to have enough control over the
parameters to obtain reproducible results. Light gage sheet (less than
0. 040 inch) can be welded with most of the 30 kva, 60-cycle, single-
phase, rocker-arm-type machines. Because of the higher currents and
electrode forces required for heavier gage sheet, the larger press-type
machines are more suitable for gages above about 0. 04C inch.
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FIGURE 70. CONVENTIONAL RESISTANCE-SPOT-WELDING
EQUIPMENT

Press-type, 600 kva, 60-cycle single-phase
spot-welding machine with control unit, for
welding sheets in thicknesses of 0. 062,
0.076, and 0.093 inch (Ref. 11).

Various auxiliary controls such as up slope or down slope, or
postweld heat controls have not demonstrated any advantages when
used in welding titanium.

No significant changes in welding characteristics or static weld
properties have been reported that c:n be attributed to the use of any
specific type of resistance-welding cquipment. Future devclopments
may show such a preference when weld properties are =valuated meore
thoroughly on the basis of preperties, such as fatigue, or the reduction
in residual-welding stresses.

Electrode Types. The most satisfactory electrodes are
the sphericai-faced, copper-alloy types. They allow a wide range of
current settings from the point of no weld up to the point of metal ex-
pulsion. Also, higher weld strengths can be obtained with larger weld
nuggets, better control of penetration, less electrode indentation, and L

119 "‘




?

LR T

!;.

< “S}‘:mm:mvd ‘a ‘

less sheet separation for a given set of welding conditions in compari-
son with other types of electrodes. The truncated-cone electrodes
have been satisfactory for some cases but often produce nonuniform
sheet separation and excessive electrode indentation. A comparison
between weld strengths obtained when using spherical-faced and
truncated-cone electrodes for spot welding 0.093-inch Ti-6Al1-4V is
shown in Figure 71 (Ref. 11). The figure indicaies that higher
strengths for a given set of weld conditions can be obtained with
spkerical-faced electrodes. Also, metal expulsion occurs at signifi-
cantly higher current settings. Resistance Welder Manufacturers As-
sociation Class 2 copper alloy was used for both electrode configura-
tions. RWMA Class 3 copper alloy electrodes may alsc be used and
wiil result in a longer tip life where production rates are high. Elec-
trodes for resistance spot aind seam welding may be water cooled ex-
ternally. Weldinc conditions and weld properties obtained with external
water cooling are not available.
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FIGURE 7i. SPOT-WELD STRENGTH VERSUS WELDING CURRENT
FOR SPHERICAL-FACED AND TRUNCATED-CONE
ELECTRODES (REF. 11}

As welded with 2400 Ib electrode force, 16 cycles weld
time, Class 2 electrodes.
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Joint Design Considerations.

Minimum Joint Overlap. When spot welding overlapped
sheet joints, it is important to maintain a minimum jcint overlap great
enough to avoid end tearing of the sheet in tension-shear loading. In-
sufficient overlap will result in metal expulsion and a very weak spot
using the weld settings ordinarily considered to be optimum with
proper joint overlap. An iliustration of the type of tension-chear
failures cbtained with varying overlaps at the optimum weld settings
is shown in Figure 71 (Ref. 11). For the 0.062-inch sheet, an overlap
of 1/4 inch resulted in metal expulsion and end tearing; end tearing is
evident with the 1/2-inch overlap, while at overlaps of 3/4 inch and
above the tension-shear ifailures occurred by nugget pullout which is
typical of the strongest tension-shear ruptures in titanium. For this
0. 062-inch sheet, a minimum overlap of 5/8 inch was selected as the
optimum. The 0.070-inch specimen in Figure 72 {(Ref. 11) illustrates
the occurrence of metal expulsicn caused by too little overlap. Here,
overlap was only 3/8 inch, while the optimum for this gage was fixed
at 5/8 inch.

- - — N
SATCY S Rt

FIGURE 72. THE EFFECT OF MINIMUM CONTACTING OVERLAP
ON THE TYPE OF RESULTING FAILURE FOR
TENSION-SHEAR SPECIMENS (REF. 11)

The specimen at the left is 0. 070-in. sheet with
3/8-in. overlap. Overlap distances for 0. 062-in.
specimens from left to right are: 1/4, 1/2, 3/4, 1,
and 1-1/2 inches, respectively. A decrease in over-
lap changes failure from button pullout to end tearing.
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Minimum Spot-Weld Spacing. In most materials, whon
spot welds are placed too close tcgether, a portion of the current re-
quired for the second weld is shunted through the preceding weld.

This, of course, means that the actual weld current is somewhut below
the optimum and the resultant weld may be weak because of low heat,
even though the machine is set at the optimum weld current.

Current shunting is not as critical a factor as with most other ma-
terials due to the high electrical resistance of titanium and weld
strengths are not appreciably reduced until spacings are small enough
to produce spot overlap. Figure 73 shows that the weld nugget size
remains about the same with various spacings up to the point of spot
overlap.

FIGURE 73. THE EFFECT OF SPOT SPACING ON WELD
GEOMETRY (REF. 11)

Welding Conditions. Resistance spot welding conditions are
primarily controlled by the total thickness of the assembly being
welded, and to 2 rather large degrece, by the welding machine being
used. Similar welding conditions may be perfectly suitable for making
welds in the same total thickness where the number of layers differs
significantly. However, for any given thickness, or total pile up,
various combinations of welding current, time, and applied force may
produce similar welds. Other variables such as electrode size and

122




shape are important in controlling such characteristics 2s metal ex- -
pulsion, sheet indenta’ion, and sheet separation. The use of slope

controls such as preheat, postheat, and additional weld forging cycles

have not been found necessary in the early welding of titanium alloys.

Establishing Machine Settings. It is recommended that
for each sheet thickness of titanium alloy the initial values for elec-
trode force and weld time be obtained from the Resistance Welding
Manual (Ref. 76) for comparable thicknesses of stairless steel
{Ref. 11). Then optimum settings for welding current for titanium
alloys can be determined.

In a recent investigation to check the spot-welding settings listed
in the Resistance Welding Manual, many tests were conductad on
Ti-6A1-4V using electrode forces and weld times recommended for
stainless steel. The RWMA recommended conditions for spot welding
stainless steels are given in Table XVIll. These settings were found
to produce good spot welds with no advantage gained by varying any of
the settings. When using electrode fcrces lower than those recom-
mended, the welds were weaker in both tension and shear. Higher
electrode forces than those recommended produced higher shear
strengths but lower cross-teasion strengths, the result being much
lower cross-tension/tension-shear ratios. Higher electrode forces
also caused mectal extrusion to bccur at lower current settings, thus
increasing the per cent of sheet separation at the optimurn current
setting.

Establishing Welding Current. After selecting the rec-
ommended electrode force and welding time for a given sheet thick-
ness, the optimum weld current must be established. This is the most
importaut spot-welding variable and determination of the optimum cur-
rent setting is best accomplished by welding some test specimens and
choosing the weld current on the basis of weld strength, sheet separa-
tion, electrode indentation, weld dicmeter, and per cent penetration.
Figure 74 (Ref. 11) illustrates the variation in some of the weld-
quality parameters obtained by asing welding currents below and above
those selected a2s optimun for ‘he various gages. If some of the pa-
rameters such as sheet separation, etc., are of no concern higher
weld currents (up to the point of metal expulsion) may be used to obtain
stronger welds. There is a definite decrcase in weld strength and
sheet separation at the point of metal expulsion. )

Establishing Squeeze Time and Hold Time. Electrode L

force is applied to the sheets being welded for a period longer than the
time that welding current flows. The total time that electrode force is
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«?

0. 035-Inch Ti-6Al-4V

As welded with 600-tb
clectrode force,

7 cycles weld time,
3-in. spherical radius,
Ciass & clectrodes.

0. G62-Inch Ti-H6Al-4V

As welded with 1500 1b
electrode iorce,

10 cycles weld time,
3-in. spherical radiu-,
Class 2 clectrodes.

0. 070-Inch Ti~-6Al-4V

As welded with 1700-1b
electrode force,

12 cycles weld time,
3-in. spherical radius,
Class 2 elcctrodes.

INFLUENCE OF SPOT-WELDING CURRENT ON STRENGTH AND TENSION/SHEAR RATIO

fOR 0.035-, 0.062-, AND 0. 070-INCH-THICK Ti-8Al-4V ALLOY (REF. !1)
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applied consists of squeeze time, weld time, and hold time. Squeeze
time is the time that the electrodes hold the material together at the
required force before the weld current is actuated. Weld time is the
time of actual currert flow. Hold time is the interval during which
the electrodes are in contact with the material after the current flow
has <t~nped. Solidification of the weld nugget takes place during the
hold time. Both the squeeze and hold times are generally set at about
20 cycles duration, but can be varied according to the sheet gage. In
light gage sheet, the weld nugget is solidified in iess than 20 cycles
hold time and adjustments in these machine settings can be made in
accordance with production requirements.

Spot-welding conditions used in industry for titanium allovs are
given in Table XIX.

Properties. The gquality of spot welds is determined by sev-
eral testing methods. In addition to cross-tension and tension-shear
strengths, many specifications, such as ‘he military specification
MIL-W-6858B (Ref. 8), place certain restrictions on weld peretration,
sheet separation, electrode indentation, and weld diameter. These
limits were originally set for stainless steel spot welds, but because
of the similarity bet veen the spot-welding characteristics of stainless
steel and titanium, most of the quality parameters for stainless are
applied to titanium.

Many of the properties and characteristics of resistance spot
welds in titanium alloys have been determined. The properties usu-
ally determined for various titanium alloy spot weldments sre given
in Table XX. In many instances, complex testing procedures are re-
quired to determine the behavior of titanium spot welds under special
conditions. Sources for additional information obtained from these
special tests are given in Table XXi. Some of the conventional spot-
weld evaluation meihicds are described in the following.

Tension-Shear and Cross-Tension Strength. A tension-
shear test on a spot-welded specimen gives some indication of ductility
since stress gradients and concentrations are set up by the nonaxiality
of the specimen, the attendant bending stresses, and the stress con-
centration at the end of the spot weld.

A cross-tension specimen undergoes even more severe loading
and, therefore, is a stiil better evaluation of ductility. Egswever, spot
welds in service are practically never subiected to this type of loading.
Presumably, if extremely brittie zones exist in the region of a spot
weld, the specimen will have low resistance to the cross-tension type
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TABLE XX1. SPOT-WELD PROPERTY DATA SOURCES

Total Thickness
Base Alloy of Test Plate, in, Type of Tests and Test Temperature, F Reference

6Al-4V 0.0%-0,180 Tensile shear (RT). penetration, and 41
nugget diam~ter

§A1-1Mo-1 0,04-0,175 Ditto 41

6A1-4V, 0.1 Tensile sheadd), cross tension{?), and 12

8Al-IMo-1V fracture tonghness (-110, 75. 400,
650); thermal stability, and multispot
<hear (RT)

6A1-2V, 0.188 Tensile shear(3), and cross tension(3), 12

8Al1-1Mo-1V (-110, 75, 400, 650); multispct shear
(RT)
SAl-1Mo-1v 0.044, 0,078, 0.124 Teasile shear, cross ténsion, and multi- 77
spoe fatigue (RT); tensile shear (200,
400, 600, 800, 1006, and 1200):
thermal stability (RT)
BAl-4V 0.070-0.186 Tensiie shear (RT, €60, 800, and 1060); 78
cross tencion, thermal stability, and
thermal-stress stability
6Al-4V 0.05, 0,1 Tensile shear, cross tension, and 79
fatigue (RT)
CP dtanium,
€Al-aV

CP titanium,
6Al-<V, 0.05 Tensile shear, cross tension, and ]y
5A1-2.58n faugue (RT)

6A1-4V,

3A1-2,55n

8Al-iMo-ivV 0.04, 0.08 Tensile shear, cross tension, and 47
thermal stability (RT, 600, 800, 1600)

13V-11C;:-3Al 0.128 Fatiguc (RT and ET) . 81

13V-11Cr-3Al -- Airframe structures ~ static and 82
repeated load (RT)

CP ritanium 0.08 ‘Tensile shear, cross tension, and 83
fatigue (RT)

Pre-1360 daia summarized 1

5A1-2.58n 0.05, C.06%, 0.08 Tensile shear (RT, 200, 400, 600, 860, &4
1007); fatigue (RT)

SAl-IMo-1V 0. 0.01-1.5 Variaus (RT to 6539) including all simpic --
tests plus thermal stabiiity, thermai-
stress siability, and structures evaluation

5A1-2.58n 0.02, 0.010, 0.0863, Effccts of peel loading 85

0.100, 6.125
2.5A1-16V 0.040, 0.063, 0,090 Tensile shear €6

(a) About one-half of these tests made after exposure to 1900 F for 10 hours, all oihers as welded.
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of loading, cross-tension strength will be low, and the commonly used
ratio of cross-tension strength/tension-shear strength will be low.

The properties measured by tension-shear tests are excellent.
Cross-tension values also are good. Cross-tension/tension-shear
ratios are somewhat low (0. 20 to 0. 35) except in the Ti-13V-11Cr-3Al
alloy. Examples of tension-shear and cross-tension specimens are
shown in Figures 75 and 76 (Ref. 11). The tension-shear specimens
are pulled in 2 tensile testing machine employing grip jaws. A com-
monly used jig for pulling cross-tension specimens is shown schemati-
cally in Fi_ure 77 {(Ref. 11). In both cases, the maximum load prior
to failure is recordad in pounds.

Fatigue and Fracture Toughness. The fatigue properties
of spot welde are low, but this behavior is characteristic more of the
joint type than cf titarium alloys. Spot-weld thermal stability stuaies
indicate some loss in room-temperature properties from exposure at
556G, 1000, and 1200 I". Similar exposure at 800 F did not lower the
room-temperature properties. A reason for this apparent inconsis-
tency is not appareant. Fracture toughness tests of spot weldments
exhibit properties inferior to comparable TIG fusion weldments. Spot
welding ha: been used in a number of structural test components. Such
tests provide the best evidence of expected weldment performance.
Data from such tests have not been available for review.

Penetration. Spot-weld penetration is 2 measure of the
distance that the weld nugget extends through the thickness of the
sheets that were spot welded. It is normally expressed as a percent-
age of the sheet thickness with equal penetration in each of two similar
sheet thicknesses.

dy

Pt=Pb=—xlOO:ilix100 .
tt tp

Penetration is a function of weld current but can be affected, or con-
trolled, by such factors as the cooling effect of the electrcdes, the
material thicknesses and thermal and electrical conductivity. When
dissimilar sheet thicknesses, electrofles, materials, or welding con-
ditions on the two sides of the sheet exist, penetration of the weld nug-
get in each of two sheets can be quite different values. When proper
welding conditions are used, spot-weld penetration usually is less than
100 per cent. Most specifications limit weld penetration to a minimum
of 20 per cent and a maximum of 90 per cent for high quality spot, roll
spot, and seam welds (Ref. 87).
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Sheet Separation. Sheet separation occurs as a result of
the electrode force tending to extrude the plastic phase of the weld
nugget out between the adjacent surfaces of the weld joint. This sepa-
ration in actual practice is generally measured away from the cdge of
the weld at a distance equal to half the diameter of the electrode in-
dentation. It is common practice to spscify a maximum acceptable
separation of 10 per cent of the sheet thickness joined, or 0. 006 inch,
whnichever is larger (Ref. 87).

One shouid be careful about sacrificing weld strength for low sheet
separation. It is possible tc have very low separation with lower than
optimum weld current. Higher than optimum weld currents also pro-
duce low sheet separation, but at the expense of excessive weld-nietal
expulsion. In either case, the weld strength would be somzswhat less
thian optimum, and it would be more advisable to select an electrode
with a larger spherical tip radius. It is also possible to reduce sheet

separation through proper seiection and control of the welding
variabies.

Electrode Indentation. Electrode indentaticn is a mea-
sure of the depth of the indentations produced in the outer sheet sur-
faces contacted by the clectrodes. It is caused by 2 combination of
electrode force, weld current, weld time, and upsetting and shrinkage
of the heated metal. Most specifications restrict electrode indentation
to 10 per cent of the sheet thickness.

Weld Diameter and Weld-Nugget Diameter. The weld
diameter includes the weld nugget and heat-affected zone (assuming nc
metal expulsionj. This can be controlled, for the most part, by the
radii of the electrode tips. Weld-nugget diameter is a measure of the
diameter of the fused or cast metal. These diameters are expressed
in inches or in terms of sheet thickness. It was shown in Figure 73c
that as the weld current increases, the weld nugget diameter and the
overall weld diameter approach each other.

Extrusion. The only apparent difficulty with the actual
making of titanium resistance spot welds is a problem with metal ex-
trusion between the faying surfaces of the overlapping sheets. With
thinner gages of material, extrusion does not appear to be a significant
problem. However, as the gage thickness is increased there appears
to be - much greater tendency for extrusion to cccur. Proper welding
conditions and close control of welding variables are required te mini-
mize or eliminate extrusion.
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Applications. Appiications requiring the use of resisiance
spot welding range from small aircraft components to spacecraft.
Representative examples of the use of spot welding for fabricating ti-
tanium alloys are given in the following.

Spacecraft. Spot welding has been used for many joints
in Mercury and Gemini spacecraft. Many combinations of material
thicknesses are encountered in resistance welding stiffeners to
doublers and to skins. Spot welds have been made through as many
as seven layers and more than 300 thickness combinations have been
welded successfully. Gemini spacecraft involved over 25,000 spot
welds.

Figure 78 shows the arrangement of the parts and equipment for
spot welding stiffeners to the side wall of a Mercury capsule (Ref. 52).
Spot welding fixtures are moved manually but the path of travel is es-
tablished by the fixture. Typical applications of resistance spot weld-
ing to the fabrication of various spacecraft sections are shown in
Figure 79 (Ref. 88).

_ Seam
welds

FIGURE 78. SPOT WELDING ATTACHES STIFFENERS TO
SIDEWALL SKIN ASSEMBLY OF THE
MERCURY CAPSULE (KEF. 52)

Stiffened Titanium Sheet Panels. A statically strong,
spot-welded titanium skin structure is highly practical for use in high-
speed transport, according to tests conducted by one aircraft manufac-
turer {Ref. 87). Tests have been made on Z -stiffened sheet panels for
application in the empennage section of the transport. Three panels,
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18 by 18 inches, were made from Ti-8Al-1Mo-1V with five equally
spaced Z-stiffeners. All material was 0.060 inch thick, and welds
were spaccd at 1.05, 2.10, and 3.15 inches. Equipment used was a
100-kva, single-phase spot-welding machine. Spacing at 2.10 inches,
center to center, was found to be best for resisting inter-spot-weld

kling, yet wide enough to avoid residual-stress interaction between
spots. An average lap-shear strength of 4500 pounds was produced on
individual spots, alocng with an average normal tensile strength of
1000 pounds.

Aircrait Structures. Several steps in the fabrication of
a left-hand horizontal-stabilizer test component from Ti-4Al-3Mo-1V
using spot welding to establish fabricability are shown in Figures 79 to
83 (Ref. 90). The subassembly fabrication consisted of spot welding
doublers and angies to flanged ribs, Figures 80, 81, and 82; these de-
tails then were welded to the upper external skin, Figure 83. The
spot-welding machine aad fixture used for spot welding are shown in
Figure 84.

ROLL SPOT WELDING

Roll spot welding is very similar in most respects to standard spot
welding. The major difference between the two processes is that in
roll spct welding, wheel-shaped electrodes are used insteag of the
cylindrical type of electrode used in conventional spot welding. The
use of the wheel electrodes in roll spot welding provides a convenient
means of indexing the parts between each individual spot weld. Rota-
tion of the wheels is intermittent; the wheel electrcdes are in a fixed
pesition during the actual welding cycle. Electrode wear is more uni-
formly distributed with a wheel-type electrode than it is with a conven-
tional cylindrical electrode, thus it is pussibie to make many more
welds without dressing of the electrodes wh2n using roll spot welding.
Con-versely, roll spot welding techniques are less flexible than those
used in conventional spot welding.

Equipment for roll spot welding differs from conventional spot-
welding equipment primarily in that provision must be made to accom-
mcdate the wheel-shaped electrodes. Also, a suitable drive and index-
ing mechanism must be provided.

Roll spot welding of titanium alloys has been performed by at least
one aircraft manufacturer. Welding conditions for roli spot welding of i
titanium have not been found in the literature, but they are expected to
be very similar to conventional spot-welding conditions. Equipment
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for roll spot welding is essentially the same as equipment for resis-
tance seam welding as shown in Figure 85 {Ref. 91).

FIGURE 85. PROJECT MERCURY SPACECRAFT, BUILT OF
TITANIUM, REQUIRED 20,500 INCHES OF
SPOT WELD PER CAPSULE (REF. 91)

SEAM WELDING

Seam welding also is similar to spot and roli spot welding. In
seam welding wheels are used in place of spot-welding electrodes.
Individual overlapping spots are created by coordinating the welding
current flow, time, aad wheel rotation. Seam welds often are made
with conventional spot-welding techniques. However, it is much more
common to use equipment designed specifically for seam welding and
available commercially. The principal advantage of seam welding is
that it can be used to produce leaktight joints. The principal disadvan-
tage is that there is much more distortion with seara welding than with
other types of resistance welding. In seam welding, the wheel< usu-
ally can be rozated continually or intermittently.
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The use of continuous seam welding imposes additional limitations
on the weld-cycle variations that can be used. For exarnple, a forge
pressure cycle is not possible during continuous seam welding because
of the continuous rotation of the electrodes.

Selected data on seam-welding conditions and properties of seam-
welded joints are given in Table XXil. These data include room-
temperature static tensile strength. Static tensile propert.es are
comparable in efficiency to the parent metal for riost of the titanium
alioys for which seam-welding data are available.

Applications. Resistance seam welding is of interest for
many applications where titanium z.iloys are used in sheet form. Rep-
resentative applications of the process fcr fabricating varicus products
are described in the following.

Aircraft and Spacecraft. For the Mercury capsule skin
assemblies the inner and outer skins of each seciion are joined to-
gether by an intricate pattern of resistance seam welds, as shown in
Figure 86 {Ref. 91}. The size of the twc cones is extremely important.
Because of the seam-welding operation, they must {it together in inti-
rnate contact. In the cone section, the total length of these circumfer-
ential and longitudinal seam welds is about 22,000 inches. The result
is hundreds of small, separately sealed pockets, which means that a
crack anywhere will stop instantly. Special handling {ixtures at the
welding machines move the work radially or longitudinally, depending
on the machine, with the electrode providing the driving force. The
carrizge-mounted fixture for seam: welding is shown in Figure 87
(Ref. 91). Several additional applications of seam welding for space-
craft fabrication were shown earlier in Figure 78,

The use of seam welding to apply fuel-cell insulation for the
F4B/C aircraft is shown in Figure 88 (Ref. 11},

Commercially pure titanium in the form of rigidized sheet also
has been resistance seam welded successfully for an engine-cooling
shroud assembiy (Ref. 93). The original thickness of the embossed
sheets was 0.9012 inch. The ridges in the embossed sheets offered ne
difficulty to seam welding and lap jcints had 100 per cent joint offi-
ciency in static tension-shear tests.
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) \ FIGURE 86. SCHEMATIC OF SEAM WELDS
“ \\\ USED IN MERCURY CAPSULE (REF. 91)
’“\\ “

‘ ( Detail shows offset rows of reinforcing beads
and intricate pattern of longitudinal and
circumferential seam welds that hold the two
U. 81v-irch-thick mercury capsule utanium
skins together.

= FIGURE 27. INMER AND CUTER MERCURY CAPSULE SKINS ARE SEAM WELDED
5 (REF. 91)

Cariage-maenled fixwure holds work for intermittent seams.
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FIGURE 88. THREE-PHASE, 200 KVA, SEAM-WELDING
MACHINE JOINING TITANIUM PANELS
0.002 INCH THICK TO BASE SHEET
0. 629 INCH THICK (REF. 11)

End unit is for fuel-cell insulation in F4B/C
aircraft.

FLASH WELDING

Flash welding is used almost exclusively to weld titonium rings for
jet engines. In addition, it has been used to weld many prototype and
experimental assemblies, including propelier blades and other complex
assemblies.

In two respects, fiash welding is better adapted to the high-
strength, heat-treatable alioys than are arc, spoi, or seam welding.
First, moi.en metal is not retained in the joint, so cast structures are
not present. Second, the hot metal in the joint is upset, and this up-
setting operation may improve the ductility of the heat-afiected zone.

Flash welding has several important advantages. Welding speeds
are very rapid, heavy sections can be joined, and high production rates
can be achieved. Filler metai is not added. Weight saving can be
realized because there is nc need for overlapping bolting, riveting, or
welding flanges. Extruded shapes can be flash welded and with suitable
designs machining costs can be reduced. Good quality welds can be ~
obtained with the process.
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........ 1e machine capaci
and titanium alloys does not differ greatly from that required for steel.
This is especially true for transformer capacity. The upset-pressure
capacity for making titanium (Ref. 94) weldments is not so high as that
required for steel. Figures 89 and 90 (Ref. 94} show the transformer
and upset capacity required for welds of different cross-secticnal area.
Also of importance, however, is the fact that transformer-capacity
requirements vary from cne machine to another, depending upon the
coupling between the parts and transformer.

Joint Design and Joint Preparation. Joint designs for flash
welds also are similar to those used for other metals. Flat edges are
satisfactory for welding sheet and plate up to about 1/4 inch thick. For
thicker sections, the edges are sometimes beveled slightly. Figure 91
(Ref. 94) shows the metal allowances used in making titanium flash
welds. The allowances include the metal lost in the flashing and vpset-
ting operations.

Inert-Gas Shielding. For joints with solid cross sections,
inert-gas shielding is not necessary (Ref. 95) but may be used. When
used, Fiberglas enclosures are placed around the joints, and inert gas
is introduced into the enclosure. For joints in tubing or assemblies
with hollow cross sections, inert gas is introduced into the assembiies.

Conditions. The flash-welding conditions that are of greatest
importance are flashing current, speed and time, and upset pressure
and distance. With proper control of these variables, mcliten metal,
which may be contaminated, is not retained in the joint, anc the metal
at the joint interface is at the proper temperature for welding.

Generally, fast flashing speeds and short flashing times are used
to weld titanium and titanium alloys. These conditions are desirable
for minimizing weld contamination and are possible because of the low
electrical and thermal conductivities of these metals. Also, the use
of a parabolic flashing curve is more desirable than the use of a linear
flashing curve because maximum joint efficiency can be obtained with a
minimum of metal ioss. Low-tc-intermediate {7, C00 to 20, 000 psi)
upset pressures are used (Ref. 94).

Although flash-welding variables vary from machine to machine
and application to application, "some conditions that proved satisfactory
for two titanium alloys are listed in Table XXIII {Ref. 96). Welding
current is not given, but welding current and arc voltage deperd on the
transformer tap that is used.
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TABLE XXI1I!. FLASH-WELDING CONDITIONS (REF. 1)

Material Configeration Ti-4A1-4Mn, Ti-0Al-4V, Ti-6A1-4V,
3-1/2-Inch Round 3-1/2-Inch Round 1/4-Inch Plare
Flashing Voltage, volts 5.0 5.0 4.5
Total Metal Allowance, inch 0.617-0.940 0.617-0.940 0.700-0. 800
Upset, inch 0.200-0. 500 0.200-0. 500 0.225-0.275
Current Curoff, inch 0.150-0, 400 0.150-0.409 0.205-0.255
Upset Pressure, ksi 15 15 18
Shkeet Height, inch 1.10 1.10 0.63
Atmosphere Argon Arngon Argon

Properties. Flash welds that have mechanical properties ap-
proaching those of the base metals are being regularly produced in
conventional machines.

The static-tension-test properties of flash-welded jocints are sum-
marized in Table XXIV (Refs. 94, 95, 96). The bend ductility and
fatigue strengths of the flash-welded joints are summarized in
Table XXV (Refs. 95, 96).

The static and fatigue properties of flash-welded joints are good.
Most tension specimens fail away from the weld center line with
strengths that are almost equal to or exceed those of the base metals.
In fatigue tests, more failures at the weld center line are observed
than in tension tests, but the incidence of center-line failures is not
high.

Application. Flash welding has been used for fabricating
components ranging from light sections such as jet-engine rings to
heavy sections such as aircraft landing gear. Steps in the fabrication
of several components illustrating the use of flash welding are de-
scribed in the following.

Airframe Structural Components. In a program to de-
velop new methods and techniques for titanium airframe structural
components, an aluminum stabilizer yoke for the F11F-1 supersonic
fighter airplane was redesigned and manufactured from Ti-5Al1-2. 55n
{Ref. 98). The original yoke was made from numerous aluminum alloy
pieces bolted and riveted together as shown in Figure 92. The titanium
yoke for flash welding, Figure 93, consisted of three box-type sub-
assemblies and two end-fitting subassemblies. One of the subassem-
blies is shown before and after flash welding in Figures 94 and 935,
respectively.
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TABLE XXIV. ROOM-TEMPERATURE TENSILE PROPERTIES OF FLASH-WELDED JOINTS (REF. 1)

2 Y ADTRR e,

Ultimate
Nominal Tensile Elongation
Composition, Condition of Strength,  in 2 Inches,
weight pcr cent Base Metai Postweld Heat Treatment ksi per cent
Commercially pure Annealed Not welded 117 21-23
titanium Angealed 1000 F, 1 hour, air cool 114-118 19-23
5A1-2.58n Annealed Not welded 133-13¢ 14-31
Annealed 1200 F, 2 hours, air cool 127-136 11-28
Ti-4Mn-4A1l Annealed Not welded(2) 130-141 15-19
Annealed 140C F, 2-3 hours, fumace cool 127-138 11-27
Ti-4Mn-4Al 1450 F, 3 hours, Not welded 155-160 10-12
water auench; 1450 F, 3 hours, water quench; 153-162 1(b)-10
100 F, 8 hours, 1000 F, 8 hours, air cool
ajr cool
Ti-3Cr-3A1 Annealed Not welded 142 15
Annealed - 142 12
Ti-6A1-4V Annealed Not welded 133-137 12-19
Annealed 1300 F, 2 hours, air cool 13C-145 10-15
Ti-6A1-4V 1550 F, 1 hour, Not welded 144-148 9-10
water quench; 1500 F, 1 hour, water quench;  142-143 8-1¢0
956 F, 24 hours 1000 ¥, 24 hours, air cool
air cool

(a) Some specimens furnace cooled to 1000 F and then air cooled.
(b) Failed on weld center iine.
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TABLE XXV. BEND DUCTILITY AND FATIGUE STRENGTH
OF FLASH-WELDED JOINTS (REF. 75)

Nominal
Compesition, Minimum Fatigue
weight Condition of Postweld Heat Bend Radius, Strength(3),
per cent Base Metal Treatment T ksi
Ti-5A1-2.55n Annealed Not welded 2-4 --
Annealed Annealed 4 --
Ti-4A1-4Mn  Aannealed Not welded 3 56-72
Annealed 1400 F, 2 hours, furnace 34 35-79
cool to 1000 F, air cool
Ti-4A1-4Mn 1450 F, 3 houss, water Not welded 3-4 70-89
quench; 1000 F, 1450 F, 3 hours, water
8 hours, air cool quench; 1000 F,
8 hours, air cool 5->5 53-87
Ti-5Cr-3A1 Annealed Not welded 2-3 84
Annealed 2-3 70
Ti-6A1-4V  Annealed® Not welded 3 £0-93
1300 F, 2 hours, air cool 4 44-87

(2) Rotary beam spzcimens, Prot method used. Most specimens failed away fiom the weld
center line but some failed on the weld center line.
(b) Fatigue data on another heat obtained, but was very low because of impurities.
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Clamping during flash welding had to be clean, secure, and uni-
form in order to insure low contact resistance and avoid die burns.
Flash was removed by chip hammering, grinding, and polishing.

Rings. Titanium rings used primarily as inlet guide
flanges and as front compressor flanges in aircraft jet engires also
have been fabricated by flash welding (Ref. 95). Cross-section areas
that have beea welded range from 0. 26 to 5. 39 square inches for com-
mercially pure titanium and from 0. 66 to 3. 84 square inches for some
titanium alioys. However, 12-square-inch sections of titanium are
weldable with cormnmercial flash-welding machines. The riags usually
are rolled to near the final size, allowing for material that will be
flashed away. The open ends of the rolled rings then are flash welded
together to form the completed rings. Substantial cost savings can be
realized using this fabricating technique (Ref. 99). Examples of the
economy of flash-welded ring products are illustrated in Figure 96
(Ref. 100).

[ by, St o Origwal castieg ann
: e Flath welded o Set wock 350 16

|§— *2ath welded from a mill-

' ' rolled secsion E L
ittt Laeez!sl saved 0éH

Reduction 1 r2ockiniag cous ST
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rere-—— 3]

4 +-0— Qrigtsl Lvged ring nn
H A Eszrefed section 200
K M Maserisl vad s

b. Forged Vers.: Welded
------ o Flam wxlded iom ¢
H reczzagulae bar .50
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ctrved section 9.1%
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FIGURE 96. TYPICAL EXAMPLES OF THE ECONOMY OF
FLASH-WELDED RING PRODUCTS (REF. 100)
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HIGH-FREQUENCY W
Titanium tubing has been made using the high-frequency welding

processes illustrated in Figure 97 {Ref. 101). Although used for de-

velopment quantities, speeds up te 105 fpm have been used.

At nrcsent, only one fabricator has referred to production of high-
frequency welded tubing (Ref. 102). The tubing has a 0. 025-iuch-thick
wall and is used in manufacturing a heat-exchanger bundle. The tubing
features a 12 per cent cost reduction. Because of high tube mill and
material costs, it is unlikely that high-frequency wel=ed titanium or
titanium-alloy tubing will become available as a standard product until
quantity requirements increase. High-frequency welding, however,
does have long-range potential for making titanium tubing economical.

High-frequency welding alsc has capabilities for manufacturing
fabricated structural shapes from titanium. Titanium tees have been
fabricated cxperimentally and indications are that the process can be
adapted tc fabricate I-beams, stiffened-skin sections, ard other struc-
tural shapes.

BKAZING

Brazing has attractive advantages over other joining processes in
the fabrication of titanium sandwich structure, and in the completion of
dissimilar metal joints. Despite the great potential for these two
areas, most of the programs that have been conducted to complete re-
quired development have not prcduced universally acceptable proce-
dures for completing such joints.

Most of the problems encountered in attempting to braze titanium
are related in one way or another to the characteristics of titanium
metal. The high affinity of titanium for other elements leads to a re-
quirement that brazing must be conducted under conditions that prevent
contamination or degradation of the material being icined. Also, be-
cause of its high reactivity, it is difficult to find suitable braze filler
metals that de not react excessively with the titanium base material
producing subsequent embrittiement or serious erosion of the base
metal. The final problem area has been cne of finding brazing filler
metals suitable for use with brazing thermal cycles that are compati-
ble with the limited thermal heat-treatment cycles that can be used on
titanium alloys.

Filler Metals. To be useful as a brazing filler metal, an
alloy must melt within a desired tempeiature range, it must wet the
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Source of high-frequency current

Bulk current flow
and heat pattern

Small circumferential
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Seam quide

Source of high-
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b. Method of operation of inducticn tbe-welding head

FIGURE 97. HIGH-FREQUENCY WELDING METHODS FOR MANUFACTURING TITANIUM
TUBING (REF, 101)
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hase material involved; and it should flow to some extent while molten
on the base metal. Of all the various metals and alloys that meet one
or more of these criteria, only the siilver-base alloys have been used
with much success for the brazing of titanium. Not all of the silver-
base brazing alloys are suitable for use with titanium, but at least sev-
eral have been found that appear to exhibit mary of the desirable prop-
erties of 2 brazing filler metal. The most promising alle 5 are either
silver-lithium, silver-aluminum-manganese, or silver-copper-
lithium alloys. The most common problem encountered with other
brazing alloys, which on the surface appear usable, is that they react
readily with titanium. Only through the use of very short brazing
times is it possiblie to prevent excessive alloying between the filler
metal and the titanium-base¢ material.

The most promising alloys at present are those containing alumi-
num and manganese in a silver base. Although alloys of this type ap-
pear to be somewhat better than the silver-lithium alloys with respect
to oxidation resistance and sait-spray corrosion resistance, there is
still some reluctance to use the materials where exposure to these
conditions can be expected. The brazing temperature for the silver-
aluminum-manganese alloys ranges between about 1450 tc 1650 F.

The silver-lithium alloys are used in a composition ranging from
0.5 to 3 per cent lithium. However, joints made with these alloys do
not have good oxidation resistance in air at temperatures of about
800 F and the joint strength is seriously degraded by exposure to these
conditions. Joints made with the silver-lithium alloys also appear to
have poor corrosion resistance in saii~-spray environments.

The silver-cadmium-zinc brazing filler metals alsc have been de-~
veloped and have been used for oxyacetylene torch-brazing applica-
tions. Consistent joint tensile strengths in the range of from 40, 000 to
50, 000 psi and single-lap-joint shear-strength values in excess of
30,000 psi are reported. Silver-cadmium-zinc brazing filler alloys
containing 20 per cent silver have been patented for ccmbining excep-
tional mechanical properties (Ref. 104). These alloys were developed
for use in joining titanium to itself, steel, stainless steel, and silver
alloys. Fluxes for use with these alloys have also been developed.

The experimental palladium-base alloy, Pd-i4.3Ag-4. 6Si, has
some very desirable characteristics {Ref. 103). It has excellent flow
characteristics in the temperature range of 1395 to 1450 F (beiow the
beta-transition temperature of pure titanium)}. The alloy forms a
metallurgical ‘bond, with alloy inter{acial penetration of 0. 0015 inch
into titanium and 0. 003 inch into stainless steel. Ultimate tensile
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strengths of joints as high as 75, 000 psi have been achieved. Connec-
tions brazed with the alioy are inert to nitric acid and, inder vacuum,
helium leakage is less than 0. 63 cubic centimeters per year.

A wide variety of brazing alloys has been investigated and some
are available commercially. A partial listing of patents issued on
brazing filler metals and fluxes is given in Table XXVI (Ref. 104).
Many additional alloys and properties of brazed joints are described in
published literature. Obviously, brazing 2lloys for titanium alloys
must be selected with care, depending on the alloy being joined, thick-
ness, mass, penetration tolerance, and service requirements.

Brazing Methods. The methods that have been used to braze
titanium are similar to those used for other materials such as stain-
less steel. With titanium, however, particular care must be taken to
insure against contamination of the base metal during the brazing
cycle. This has necessitated the careful use of either inert gas or
vacuum: environments during the brazing cycle. Heating for bra=ing
is generally accomplished in retorts placed in furnaces or by socme
type of radiant heating device such as quartz lamp panel. Ceramic
blanket brazing also has been used {Ret. 105). Some success has been
reported with a conventional oxyacetylene-torch brazing technique
(Ref. 104). Brazing methods used on titanium demand careful control
throughout ali steps to insure that the titanium-base material is not
degraded or contaminated from any source.

Properties. The lap-shear strength of brazed joints is listed
in Table XXVII. These data were obtained from specimeus brazed
using inert-gas-filled retorts and conventional furnaces. The brazing
cycle for most of the joints consists of heating the retort to a temper-
ature of 1450 10 F, holding for 5 minutes, and air cooling to room
temperature. The jeoints made with the silver-aluminum-manganese
alloy were brazed at a temperature of 1600 F. The joints prepared
with the silver-aluminum alloys have better elevated-temperature
strength and better resistance to salt-spray corrosion and elevated-
temperature oxidation than the joints made with the silver-lithium
alloys even when the brazing alloys %are plated.

Eifects of Brazing Cycles on Base-Metal Properties. An
important factor in selecting brazing filler metals for titanium alloys
is the effect of the brazing cycle on base-metal properties. This fac-
tor is especially important in brazing heat-treatable titanium alloys.
Several general rules may be outlined.
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TABLE XXVI. TITANIUM BRAZING AND SOLDERING PATENTS FROM THE “TITANIUM ABSTRACTS™

OF THE INDUSTRIAL CHEMICAL INDUSTRIES £ TH_ (ICI) {REF. 104)

A1kl VWY

Patents Authors Annotations

British

741, 135 Industrial Chemical Industries, Lid. Titanium flux containing KFFoKCl

741,736 Ditto Joining titanium articles with aluminum
base — 2 to 7% magnesium filler metal

741, 7317 - Titanium brazing aluminum base § to 15%
silicon filler metal

750, 928 Lundin, H. Flux for coating titanium 25 to 70% AlF3
45 10 60% NaF, bal. KF

752,117 Long. R. A. Ni-Ti-Cu brazing compcunds

768,126 Nat. Res. Dev. Corp. Titanium flux coataining Cu Cl, Ag Cl

788, 589 Kaisha. S. K. K. Titanium brazing 1o stainless steel, silver,
Ag-Mn, Ag-Cd alioys used

824,256 Thompscn-Hovston Co. Titanium brazing with chromium carbides

German (Applications)

1003012 Titanium scldering with A1-12% silicon
ailoys

1003013 Titanium soft solder Al-3% Mg alloy,
KHFo-KCl flux

10036017 Lixe U. S. 2,666,725

German

859,249 Degussa Co. Ag-Cd-Zn alley silver up t¢ 20%

United States

2,666, 125 Chemer, E. S. Lif, KC1, KHF, brazing flux

2,761, 047 Meredith, H. L. Joining titanium tc aluminum

2,768,271 Meredith, H. I.. Brazing titamium with gas tungsien-arc
process and silver fiiler metat

2.798,343 Slovin, G. W, Plating and brazing titanium

2.822,269 Long, R. H. Bonding titanium to base metals by a
Ti-Ni eutectic composition

2,834,101 Boam, W. M. and Friedman, 1. Plaring method for brazing titanium

2,844,867 Wernz, D, E. and Swartz, M. M. Titanivm dip-braziag method

2,847,302 Long, R. A. Titanium bonding ceramics by Ti-Ni eutectic

with addizions of copper, cobalt,
masnganese, etc.
2,882,353 Sobel, M. M. and Weigesr, K. M. KHF,, KCl, BaClz, Lif brazing flux
- 2,914, 848 Piulhps, E. and Blum, 3. Titanium brazing alloy with 2 to ¥ tin,
' 2 to ¥ aluminum, balance silver
2,919, 984 Eutectic Welding Co. Silver Fp, cadmum, zinc alley




TABLE XXVII. SHEAR STRENGTHS OF TITANIUM BRAZED JOINTS (REF. 106}

Test
Temperature, Shear Strength, ksi

Condition F Low High Average

Ti-5A1-2. 75Cr-1.25F e Base Metals

Nickel-Plated 97Ag-2Li Filler Metals
As brazed RT i2 16 14
As brazed 86¢C 3 3 4

Ti-5A1-2. 75Cr-1.25Fe Base Meatals

Platinum-Plated 97Ag-2Li Filler Metals

As brazed /T 17 23 19
As brazed 800 2 4 3

Ti-53A1-2.75Cr-1,25Fe Base Meztals

. Ag-Al-Ma Filler Metals

As brazed RT 22 26 24
As brazed 800 14 17 16

The brazing temperature shculd be 100to 150 Fbelowthe beta tran-
sus for the alloy. If the brazing temperature exceeds the beta transus,
the base-metal ductility may be impaired, especially in the alpha-beta
alioys. In beta-type alloys, the beta transus may be exceeded without
impairing base-metal properties but if the temperature is too high, the
ductility of the alloy after heat treatment may be impaired.

In brazing heat-treatable alloys, the brazing temperature may af-
fect the ultimate and yield strengths of the alloy after final heat treat-
ment unless it is possible to fully heat treat the assembly after braz-
ing. For example, fuil heat treatments for most of the heat-treatable
alpha-beta allovs consist of two cperations: solution treatments to
aqjust the ratio of aipha and beta phases {(thereby adjusting the compo-
sition of the beta phase) for optimum heat-treatment response, and
ageshardening treatments. If the brazing operation is part of the heat-
treatment cyele, it is des:rable to braze at either the solution-treating
or age-nardening temperatures. However, the age-hardening tem-
peratures are low (800 to 1100 ') and satisfactory alloys that m:elt and
flow at these temperatures are not available.

if the brazing operation is performed near the soiution-treating
temperature as part of the heat-treating operation, then, the cooling
raie from brazing temperature may affect the final properties of the
base metals. This is especially true for alloys, such as Ti-6Al-4V,
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that have low beta content and require rapid cooling from solution-
treating temperature to obtain good heat-treatment response. Some
-1 Y. .

£ . o =1 o e b Dk
oi tne ali-beia alioys retain goo onee after

furnace-cooling operations.

Applications. Brazing has been used for joining titanium ex-
perimentally for about 20 vears, and in production applications for
about 1) years; the widest use has been in fabricating honeycomb sand-
wich panels. This application has been studied by many organizations
(Refs. 103, 105, 107-109). Representative applications of titanium
brazing techniques are described in the following.

Honeycomb Sandwich Structures. In {urnace and retort
brazing operations, titanium can be contaminated by leakage of air
into the brazing atmosphere. To insure agi.inst such leakage, one
fabricator has developed a double-layer inert-gas shroud retort for
brazing titanium (Ref. 110). 7une shroud retort has been used mainly
for fabricating brazed honeycormb panels from titanium and from stain-
less steel. In addition to providing good protecticn against contami-
nants, the process provides for iower argon consumption and shorter
brazing cycles than were ottained with conventional retorts. The
technique permits the use of gas or electric furnaces and eliminates
the need for a secondary argon-filled retort around the brazing retort.

The technique isolates the titanium from contamination both dy-
namically and mechanically. Protection is afforded by two separate
atmosphere zones and a pressure differential that insures more effec-
tive protection. This system, shown in Figure 98, is similar to a
conventional retort, except that it is larger and is divided into two
pressure zones. The outer zone is maintained at a reduced pressure
while the inner zone is filled with argon gas. Air entering through a
ieak in the retort is removed between the retori and the barrier znd
exhausted through the vacuum tube. The pressure differential helps
hold the parts in intimate contact during the brazing cycle. A typical
brazing sequence of operations is descrited helow.

Thin contoured skins are cold stretch formed. Only the close-
tolerance sheet-metal edge members are hot formed to obtain correct
dimensicns and contour. After the titanium parts are produced, they
are checked for fit, dimensions, and tclerances in a prefit operation,
or trial assembly. Then they are cleaned as foilows:

(1) V.por degrease thoroughly

(2) Soak 10 to 15 minutes in caustic cleaner (180 to 190 F)
{3) Rinse in tap water (120 to 140 F)
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FIGURE 95. DOUBLE-WALL RETORT SYSTEM FOR BRAZING TITANIUM ALLOYS SANDWICH
PANELS (REF. 120)
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(4) Acid clean 15 to 30 seconds (3% Hi-15% HNO;)
(5) Rinse in tap water (RT)

{(6) Soak 2 rainutes in caustic cleaner (180 to 190 F)
{(7) Rinse in tap water (120 to 140 F)

{(8) Rinse in distilied or demineralized water (RT)

{(3) Dry in hot air.

Brazing alloy fcil, Ag-Al-Mn, is cleaned by vapor degreasing, soaking
2 to 5 minutes in caustic cleaner, rinsing in hot tap water (1200 140 F),
and wiping with soft cheesecloth. From this point on, extreme care
must be taken to keep the parts clean. Operators must wear clean
gloves and perform the following operations as rapidly as possible to
minimize the formation of oxides on the clean metal surfaces.

First the panel is assembled and checked 1a a lay-up fixture that
has copper chill bars for tack brazing. Here the parts are fastened in
position with light tack-braze spots. Then the panel is placed inside
the stainless steel brazing retort and thc atmosphere barrier tool.
Slip sheets that prevent the skins from bonding to the diaphragm and
fillers are added. Next, antibraze "stop-ofi' material is painted on
surfaces where adhesion is not desired. After this, the vacuumn dia-
phragm, or cover sheet, is welded in position on the retort, and the
unit is checked for leaks. If leaks are not eliminated, air cannot be
purged irom the retort satisfactorily. Purging consists of aiternately
drawing a vacuum or the retort and then supplying it with argon gas,
the number of repeat cycles depends on retort capacity and vacuum
pressure. Pressures of 25 to 50 microns are desirable, but effective
purging can be done with pressures as high as 1. 92 inch Hg {zabsolute).

Next, thermococuples are attached to the vacuum diaphragm di-
rectly over the panel, and the diaphragm is covered with insulating
material to oifset the effect of the graphite reference tool — one layer
of 0.080-inch aluminum silicate paper for each inch of graphite thick-
ness. This baiances the heat input to the panel irom both sides. Then
the automatic vacuum control is set to maintain the desired pressure.
This setting is critical, because insufficient vacuum fails to previde
enough contact pressure for a good quality braze: but too much vacuum
can crush the honeycomb core, which becomes extremely weak at
brazing temperatures. The rate of heating to brazing temperature
(1625 F) dues nct appear to be critical. However, to reduce the risk
of contamination, it is desirable to complete the hot cycle as quickly
as possible,
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The retort is then removed from the furnace and air cooled. With

rted into an

some titanium alloys the retort mavy be ins aging furnace

= = =2

although additicnal cooling will do no harm.

Residual antibraze material is removed by scrubbing with alumi-
num oxide powder and a stiff-fiber brush. Then a light coating ¢+
silicone nil is applied to prevent surface contamination 1n subsequent
handiing. All panels are inspected radiographically to verify the quai-
ity of internal brazed joints, but visual examination determines the ex-
tent ¢f possible external defects. The basic retort is re-useable. The
parts are cleaned and straightened after each brazing operation for re-
use. The vacuum diaphragm and slip sheets, however, are expendable.

Three titanium-5Al1-1.25Fe-2. 75Cr sandwich panels used on the
B-58 aircraft, as illustrated in Figure 99, have been made by brazing
using the system described above. The panels included an elevon sur-
face panel, a nacelle panel, and an elevon training wedge.

Brazing Stainless Steel to Titanium. Commercially pure
titanium and stainless steel tubes, l-inch OD by 0. 035-i. ch wall have
been brazed {Ref. 111). The titanium tube was inserted in the ex-
panded end of a stainless tube, with various amocunts of 98Ag-~-21.i alioy
foil and wire. The assembly was placed in a Vycor glass tube with a
flowing argon gas atmoaphere. An induction coil with five turns was
placed around the joint. A 10-kw (450-kc) induction generator was
uzed as the hezting source. The brazing cycie consisted of argon
purge for 5 to 10 minutes and heating to the brazing temperature of
1450 to 1500 F in 2 to 4 minutes. Up to 75 per cent of the circumfer-
ence of the tubing joint was brazed. No benefits were obtained from
either silver plating the titanium tubing or nickel plating the stainless
steei tubing. All the sections of the brazed joints that were exposed to
salt spray failed within 100 hours.

SOLID-STATE WELDING

In solid-state welding, joints are fcrmed with all components of
the joining system being maintained as solids. Welds can be made
under these conditions if two metallic surfaces, which have been pre-
pared properly, are brought together under an applied pressure at a
suitable temperature for a sufficient length of time. Deformation and
diffusion are important mechanisms of solid-state weldine. It is con-
venicnt to subdivide this type of welding on the basis of whether de-
formation or diffusion is the predominant mechanism contributing to
weid forrmation. Actually, both mechanisms always operate to some
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extent during the formation of a joint, but there are signilicant difier-
ences in the extent to which these two mechanisms control a given
welding process. Deformation may be limited {o very smail surface
areas during welding that is controlled primarily by diifusion mecha-
nisms. When considerable deformation is used during the welding op-
eration, diffusion can be quite lim:itea. Both deferrnation ana diffusion
welding have been applied successfully to titanium.

Solid-state welding consists of mez.iy joining srocesses that have
veen referred to by a number of dilferent names. As used in this re-
port, the term solid-state welding is intended to cover all joining
processes in which either diffusion or deiormatior piays a major role
in the formation of the joint and in which a liquid phase is absent dur-
ing vrelding.

Diffusion Welding. Solid-state diffusion welding is a joining
methkod in which metals are welded through the application of pressure
and heat. Pressure is limited tc an amount that will bring the sur-
faces to be joined into intimate contact. Very little deformation of the
parts takes place. Solid-state diffusion welding does not permit meit-
ing of the surfaces to be joined. Once the surtaces are ix intimate
contact, thc joint is formed by diffusion of some element cr elements
across the original interfaces.

Scme of the merits that make this process attractive as a method
of fabrication are as follows:
(1) Mauiltiple welds can be made simulianeously.

{2j Welds can be made that have essentiaily the same mechani-
cal, physical, and chemical properties as the base metal.

(3) Welding can be done below the recrystailization temperature
of most materials.

(4) The formation of brittle compounds can be avoided provided
that proper materials and welding conditions are selected.

{5) For each material combination, these are several combina-
tions of parameters which will produce v (ids.

Diffusion welding is primarily a time- and temperature-controlled
process. The time required for weiding can be shortened considerably
by using a high welding pressure or temperature because diffusion is
much more rapid at high temperatures than at low temperatures. Both
the weiding time and temperature wften can be reduced by using an
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FIGURE 99. APPROXIMATZ LOCATIONS OF ELEVON SURFACE PANEL, NACELLE PANEL AND
ELEVON TRAILING WEDGE
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intermediate material cf different comnosition to promote diffusicn.
This procedure reflects the increase in diffusion rate that is obtained
by the introduction of a dissimilar metal.

The steps involved in diffusion welding are as follows:

(1} Preparation of the surfaces to be welded by cleaning or
other special treatments

(2) Assembly of the components to be welded

{3) Application of the required welding pressure and tempera-
ture in the selected welding environment

(4) Holding under the conditions prescribed in Step 3 for the
required welding time

(5} Removal from the welding equipment for inspection and/or
test.

The preparation step involved in diffusion welding usually includes
a chzmical etching and other cleaning steps similar to those employed
during fusion welding or brazing. In addition, the surfaces to bve
welded may be coated with some other material by plating or vapor
deposition to provide surfaces which will weld more readily. Coatings,
such as ceramics, are sometiines applied to prevent welding in certain
arcas of the interface. The methods used to wpply pressure include
simple presses containing a fixed and movable die, evacuation of
sealed assemblies so that the pressure differential applies a given
load, and piacing the assembly in autoclaves sc that high gas pres-
sures can be applied. A variety of heating methods also can be used
in diffusion welding, but generally, the temperature is raised by heat-
ing with some type of radiation heater. As suggested above, the en-
vironmeut during welding is another important factor during this type
of joining. With titanium, a vacuum environment is desirable, al-
though it is possible to bond in an inert gas.

Diffusion-welded joints have been made in titanium and several of
its alioys at selected conditions including the foilowing ranges:

Temperature i500 to 1900 F
Time 30 minutes to 6 hours
Pressure 5,000 to 10, 000 psi.

Weiding conditions reported in the published literature are given in
Table XXVIII. In ail cases, the environment during welding was a
vacuum. Some success has been reported with the diffusion weiding
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of titanium employing an intermediate material to either decrease the
welding temperature or the required time. The usefulness of this
method with titanium is limited by the difficulty in finding an inter-
mediate material which will not re~ t excessively with the titanium to
form either brittle intermetallic ccmpounds or other undesirable
phases.

Deformation Welding. Deformation welding differs from dif-
fusion welding primarily in that 2 measurable reduction in the thick-
ness of “he parts being joined occurs during deformation welding. The
large amount of deformation involved makes it possible {o produce a
weld in much shorter times and frequently at lower temperatures than
are possible during diffusion welding. The major application of defor-
mation welding of titanium to date has been in the fabrication of roll-
welded sandwich structures. Unidirectional structural panels with
either 2 corrugated or ribbed structure have been produced with this
process. In addition, the process shows promise for the fabrication
of structural shapes such as tees or I-beams.

The steps involved in deformation welding are very similar to
those used in diffusion welding. The major difference between these
two solid-state-joining methods is the amount of deformation used.
Diffusion welding uses only that deformation required to bring the fay-
ing surfaces, with commmenly encountered roughnesses, into intimate
contact. The deformation is confined tc a narrow region on either side
of the interface. In deformation welding, however, the restrictions
given above do not apply. Welding deformations as great as 95 per
cent may be used, for example. The use of high deformations, applied
rapidly, can substantially reduce the time required for welding; e. g.,

1 second or less.

Roli Welding. Roll welding is a solid-state deformation-
weiding process that has been used for the fabrication of titanium
sandwich panels and other structural shapes (Refs. 113, 120). Truss-
core paneis, with the structural members supported by a matrix ma-
terial of mild steel, are fabricated using z hot-piate roiling-mill re-
ducticn sequence, The cleaned and assembled pack, Figure 109, is
sealed by welding, evacuated, and outgassed at 1600 F for about
2 hours. Ior most titanium alloys, the rolling temperature is in the
range of 1400 and 1800 F. Subsequent to rolling, thc composite can be
formed with conventicnal equipment in the same mann2r as a solid
plate. After forming, the mild-steel supporting structure can be re-
moved by leaching with a nitric-acid sclution.
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FIGURE 100. EXPLODED VIEW OF ROLL-WELDED PACK
PRIOR TO HOT ROLLING {(RET. 119j
Materials which have been investigated and found to be suitable for
this method of fabrication include:
{1} Aluminum allovs, 2024 and 59052
{2) Titanium, alphz and aipha-beta alloy
{3) 300 series stainless steels
{4} PH 13-7 Mce precipstation hardening stainless steel
{5) Nickel-base alloys, René 4! and Inconel
{6) Rei:actory metals, tantaium,. coiumbium, molybdenum,
= and tungsizn.

Roll weids between volumtium and molybdenum, B66 celumbium-base
ziloy and TZM moiybdenum base alioy, tantalum and tungsten, tungsten

and Te-10W, copper and titanium, sta:inless steel and titanium, and
H
Y3

stzinless stee] aid tantalum have recently been reported {Ref. 121).
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Examples of products made {rom titanium by roll welding are illus-
trated in Figure JO1.
Heoted or cooled Cylinders predominontly
leading edge axiol lood and bending

F) <

Predominantly pressure  Lo# corductivity sandwich
vessel

FIGURE 101. TYPICAL APPLICATIONS CF ROLL-WELDED
CORRUCATED SANDWICH CONSTRUCTION
(REF. 119)

Pressure-Gas Welding. Pressure-gas welding {Refs. 122,
123, 124) is 2 welding process in which the josint is produced simul-
taneously over the entire azrea oi abutting surfzces, by heating with ges
flames and by the application of pressure, without the use of filler
metal. Pressure-gas welding may or mezy not be a solid-staze-welding
process, depending on the actual weiding procedure used. The 1wo
modifications of the process in conumorn use are the closed-joint zng
the open-joint methods. In the closed-joint method, the clezn izces of
the pzris to e joined are a2butted together under pressure and heated
by gas flames until 2 predetermined upsetting of the ¢int occurs. This
method of pressure-gas welding has been used for welé*ng severza! ti-
tanium z2lloys for tubing and pressure vessel applicatiozs. In the
epen-;oint method the faces io be joined are individually heeted by the
gas flames to the melling temperzture and thea brought into contact
for upsetting. The open-joint metkod hzs not been used fer welding
titanium or titenium alloys. The process in both modificerions is
ideally adzpated to a mechanized operztion, and practicaily ail com-
'mercial zpplicaticns are either partially or fully mechzmized. The
process is zdaptzble zisc ro the weiding ¢f iow- and nigh-carbon steels,
low- and higsn-zalloy steels, and several nonferrous metal alloys.
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Since the metal along the interface in the closed-joini m:ethcd does
not reach the melting point, the mode of welding is different from that
of fusion-type welding. Generally speaking, welding takes place by the
action of grain growth, diffusion, and grain coalescence across the
interface under the impetus of high temperature and upsetting or pres-
sure. It has been demonstrated in several research programs that
these forces are capable of creating a high grade weld. Pressure-gas
welds are characterized by a2 smooth-surfaced bulge or upset at the
weld and by the general absence of fused metal in the weld zone.

In the open-joint method, welding takes place in the molten state
but most of the molten metal is squeezed from the interface by impact
pressure. The welds made by the open-jeint technique resemble flash
welds in general appearance.

Pressure-gas welding has been successfully agplied to the fabri-
cation of titarium alloys for liquified~gas container tanks, tubing and
pipe, and stabilizer arms for B58 aircraft escape capsules. A wide
range of thicknesses and sizes have buen welded by this method. To
be acceptable, for these applications weld strength must equal or ex-
ceed 95 per cent of the average base-metal strength.

Pressure-gas welding eguipment used for joining titanium is the
same as for pressure-gas welding cther materials. The process pro-
duces a forged butt weld by upsetting the faying surfaces under heat
and pressure. The heating system consists of a multi-orifice circular
oxyacetylene torch equipped with suitable pressure regulators and
flowmeters to provide a controlied heating rate at the joint. In one
application for joining titamium the circular to.ch is oscillated so the
individual pinpoint flamss are oscillated back and forth arcund the
joint to avoid local overheating. The welding pressure is supplied by
2 hydraulic system of a size sufficient to produce the requirea forging
pressures. Pressures may vary irom 3,000 to 15,000 psi of weld
area. Ap overall view of a pressure-gas welding miachine is shown in
Figure 102. A close-up view of the welding station showing the torch,
gas flames, and joint being welded are shown in Figure 103. Although
the equipment used for pressure-gas welding is a conventional machine
for heating and applying pressure, details of the equipment such as the
circular-heating-torch design are considered proprietary. Pressure-
gas welding has been successfully applied to the welding of the follow-
ing alloys: Ti-5Al-2.5S5n, Ti-6Ai-4V. Ti-6Al1-6V-2Sn, and
Ti-7A1-4Mo. Prior to welcing, 21l of these materials are in the an-
nealed or solution-treated condition. Whether the process can be
applied to other titanium alloys remszins to be determined. Size
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ranges that are pressure-gas welded include thicknesses rangin
1/8 to 1-1/4 inches, diameters up ta 26 inches, and |}

«x3i
b

60 1nches.

A typical pressure-gas-wela. ;g cycle is as follows:

(1) The partc to be welded are aligned in the machine.
(2) A controlled welding force is applied.
(3) The torch is ignited.

(4) Heating is continued until sufficient forging has been pro-
duced to upset the joint a predetermined amount to complete
the joint.

(5) The gas fiame is extinguished.
{6) Hydraulic welding force is released.

(7) The part is removed from the machine after cooling to a
predetermined temperature.

After welding, the completed weidments are heat treated as required.

It skould be noted that there is no shielding gas used to protect
either the .nside or outside of the titanium vessels during pressure-
gas welding. Argon gas is used to help protect the inside of the tanks
©r containers during heat-treating operations.

Ti-6A1-4V is the only alloy for which information is available on
pressure-gas-weld properties. The tensile, notch-tensile, and impact
properties of pressure welds zre listed ia Table XXIX. These data
seem to indicate that the pressure weids have lower strength than the
base metal; this is true for some welds but not others. Usually the

joints have strengths equivalert to or exceeding those of the base
metals.

Experience has indicated that forgings and extrusions are supe-
rior to plate or spun sections for high-strength light-weight pressure-
vessel assembliies. Heat treating after welding is employed to provide
maximum tensile strength both in steel and titanium-2alioy pressure
vessels currently in production.

Aithough not directly concerned with welding, nressure-gas-
welding equipment has another interesting zppiication. This applica-
tion is called upsetiting and may be compared with the process known
as resistance-metal gathering. During fabrication of cylindrical
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3 Testing Temile Tensile Yield Elongauon, Reduction Impact Energy(3),
Tempezature, Strength,  Streagth, percent  in Area, fi-1b
E Specimen F kst ksi in4Dn percent -~65F BOF
E Unnotched, 89 172 258 10 28 12-13  12-17
3 base mietal
5 Unnotzhed, se 150 146 2 33 9-11 10-12
oressure weld
3 Norched, 80 221 -- -- -- -- --
: base metal
A Notched, 80 214 -- -- -- -- --
s pressure weld
R Wotcned, -¢3 230 -- -- -- -- --
:.n'ﬁ- base metal
{ Notched, -35 220 -- -- -- -- --
b prusice wel
"3 {a) Vee-notch Charpy specimens,
03 ~
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sections, inside or outside shoulders are often required. Normally
when additional material is required for such shoulders, it is neces-
sary to start with stock or forgings of sufficient size so that these can
be machined. By using the upsetting method, the wall thickness can
be increased locally, and the design located for either external or in-
ternal shoulder. This has the double advantage of requiring less
weight initially plus the fact that less machining is required to make .
the final part. More detailed information on solid-state welding may b
be found in the literature (Ref. 125).

DISSIMILAR METAL JOINTS

Occasionally, it is desirable to join titanium-base alloys to other
metals for varicus applications. Titanium is difficult to weld to steels,
aluminum, nickel, and copper illoys because brittle structures result
when it is highly alloyed with these metals. Highly alloyed structures
are formed in the fusion zones of welds that are made with processes
that result in melting of both base metzls. These highly alloyed zones
contain intermetallic compounds and are extremely brittle. Colum-
bium, molybdenum, tantalum, and zirconiumn a2re more compatible for
welding to titanium than are steel, nickel, and copper. When titanium
is highly alloyed with columbium, molybdenum, tantalum, or zir-
conium, brittle intermetallic compounds are not formed. TLe result-
ing solid solutions usually have low ductility.

Titanium can be joined to some other metals by the use of special
techniques. The problem usually is to join titanium to aluminum,
copper, stainless steels or carbon steels while providing a leak-proof,
reliable joint or a good electrical contact. There are many different
approaches geared to suit the individual problem. Some of these ap-
proaches are listed in the literature as foilows (Ref. 8):

(1) Welding, using pure vanadium rod as a filler material

(2) Welding, using ultrasonic or electron-beam techniques
to avoid formation of high-temperature phases

(3) Brazing, by furnace, torch, induction, or resistance
brazing. Techniques are most advanced for silver-base
brazing alloys, however, these have scme limitation in -
corrosion applications.

(4) Titanium-lined steel. Heavy walled pressure vessels t
have been lined successfully by expanding a light-gage
titanium cylinder into a steel shell. Successful joining
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techniques have been developed to prevent contamination of
the titanium liner with the steei shell.

(5) Titanium-clad steel. Special welding techniques have been
developed for joining either brazed or rolled clad titanium.
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. Examples of titanium-dissimilar metal applications are described
v in the following.

MIG SPOT WELDING ALUMINUM TO TITANIUM

MIG welding has been adapted for attaching titanium to aluminum
alloys (Ref. 126). With this process, a lap joint is welded with alumi-
num filler metal through the titanium into the aluminum {o produce a
"fused rivet”. The shear strength of the assembly depends on the
product of the shear strength of the deposited filler metal and its
cross-section area.

It is well known that direct fusion welds between aluminum and
most other metals produce brittie intermetallic compounds that seri-
cus.y limit stiength and ductility. In gas metal-arc spot welds, how-
2ver, the brittle int.rmetallic co.i.jounds formed at the periphery of
the welds do not extend across the siiear piane and nave little effect on
strength and ductility in shear loading. This juint geometry permits
metal-arc spot welding of metal combinations that cannot be resistance
seain weldea without the use of special techniques.

The equipment is the same type used for gas metal-arc spot weld-
ing all-aluminum joints. Good spot timing controls should be ccmbined
with a reliable wire feeder and a constant potential (and preferably
variable slope) power supply. Argon shielding is used.

Welded lap joints between aluminum and titanium are made by
MIG arc spot welds fused through one sheet into the bottom sheet.
When the titanium is thin, the weld can be made simply by melting
through it with the arc. The in-rushing filler metal and arc force
push the other metal away from the center of the weld so that the core
and head are composed of reiatively ductile ailuminum. Another tech-
. nique that is usad involves drilling a hole through the top sheet and
filling the hole with filler metal. This technique helps minimize dilu-
] tion and resulting embrittlement. An illustration of a dissimilar
’ metal arc spot weld is shown in Figure 104 (Ref. 126). These fused-
rivet joints are about as strong as gas metal-arc spot welded all
aluminum joints. Typical tensile-shear strengths and welding pa-
rameters for a variety of titanium-to-aluminum joint thickness
combinations are shown in Table XXX.
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FIGURE 104. CROSS SECTION OF GAS METAL-ARC SPOT WELD
JOINING G. 025-INCH ALUMINIZED STEEL AND
0.064-INCH 3003 ALUMINUM WITH 4043 ALUMi-
NUM ALLOY FILLER METAL, RO PiLOT HOLE
(RET. 126)

TIG PLUG WELDING

TIG plug welding has been used to (oin titanium to steel (Ref. 127).
In development work, two procedures were used to weid 0. 040-inch-
thick commercially pure titanium to 1/4-inch-thick low-carbon steel.
Both were modifications of plug welding using a standard gas tungsten-
arc torch. Vanadium and ggolybdenum were investigated as the inter-
mediate filler metals. Aluminum and silver were not considered be-

cause of the considerable vifference between their melting temperature
and those of titanium and steel.

The first method of fabrication, which was used only with the
vanadium, was to bottom driil 1/16 inch deep, a 9/16-inch-diameter
iiole in the steel. A standard counterboring tool with a replaceable
pilot drill was used for this purpese. This hoie was filled by deposit-
ing two layers of vanadium using 1/16-inch-diameter f{iller wire. A
1/4-inch-diameter hole was drilled through the titanium, aligned con-
centrically with the vanadium, and welded to it using comrercially
pure titanium f{iller wire.

The second procedure was similar to the first. Instead of surfac-
ing the mild steel, however, a sclid disk of the intermediate material
was inserted in the steel, flush with the top, and welded around its
periphery. Both 0. 062-inch-thick vanadium and 0. 032-inch-thick
molybdenum were used. As in the first procedure, the titanium was
welded to the intermediate material. Results were more promising
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with vanadium than with molybdenum. Process equipment has been
fabricated asing these methods.

RESISTANCE SPOT WELDING

Limited development work has been done on resistance spot weld-
ing of titanium io cther metals (Refs. 127, 128). Process equipment
utilizing titanium-to-steel joints made by resistance spot welding has
been fabricated and is being evaluated {Ref. 127). Titanium can be
spot welded to steel if an intermediate layer of vanadium is sandwiched
in the joint. Both conventional and series-spot-welding arrangements
have been used successfully. Properties of series-welded titanium-to-
steel joints are given in Table XXXI. N

TABLE XXX1. STRENGTH OF JOINTS(2) BETWEEN COMMERCIALLY PURE TIT ANIUM AND
0.255-IN.-THICK LOW-CARBON STEEL USING A VANADIUMD)

INTERMEDIATE (REF. 127)

Electrode Teasion-
Tirmium Electrode Separation, Welding Welding Shear
Thickness, in. Force, 1b in. Cumrent, amp Time, cycles Strength, 1b
0.025 450 3-3/4 6.900 15 1490
0,025 450 3-3/4 €,900 15 1320
0,023 450 3-3/4 6,200 15 1433
0,025 450 2-1/2 6,900 15 1,25
0. 025 450 2-1/2 6,900 15 1508
0.025 110 2-1/2 6,100 15 625
0.025 i1 2-1/2 6,100 15 1325
0.025 119 2-1/2 6,100 15 1342
0.062 675 2-1/ 10,360 1 2730
6,062 675 2-1/2 10,300 15 2785
0.C62 375 2-1/2 10,300 15 20890
0.062 315 2-1/2 10,300 15 3120
0,062 375 2-1/2 10,300 15 3110
0.062 375 2-1/2 10,360 15 3122

(2) Scrics-type resistance spot weld,
{b) Vanadium was 0.010 in. thick.

Resistance spot welding of commercially pure titanium to AISI 301

and 446 stainless steel, iron, nickel, chromium, zirconium, aluminum, -~
and magnesium alloys also has been surveyed (Ref. 128). Titanium- ‘
zirconium spot welds had the highest strength of any combinaticn; duc- .
tility was poor, and the tension-shear strength was about 1100 pounds. o
¢
»}
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Magnesium and aluminum produced braze-type jeints having tension-
shear strength of 525 pounds. The maximum tension-shear strength
of titanium-stainless steel spot welds, 640 pounds, was obtained with
solid-state bonds. Increasing welding heat caused cracking and rapid
decrease in tension-shear strength accompanied by the formation of
intermetallic compounds.

CAPACITOR DISCHARGE WELDING

Capacitor discharge welding of titanium to aluminum for miniature
missile a4 electronic components has been reported {Ref. 129), but
no details are available.

CONCLUSIONS AND RECOMMENDATIONS

Titanium and titanium alloys normally are considered to be diffi-
cult-to-weld materials. This is because titanium will react readily
with most other materials when heated to elevated temperatures such
as those encountered with most welding processes. These reactions
can reduce the ductility and toughness of titanium, and in addition, can
cause porosity, cracking, and emktrittled welds. Titanium is welded,
however, on a day-to-day basis by many fabricators and the techniques
that were considered "'special" or highly sophisticated are now often
considered corimonplace.

Experience has shown that good-quality welds can be prepared with
a variety of ioining processes, provided the heated metals are pro-
tected from contamination by foreign materials. Processes and proce-
dures that minimize joint contamination must be used. Dust, dirt,
grease, f{ingerprints, and a wide variety of foreign materialc can lead
to embrittlement and porosity when the base metals or filler metais
are not properly cleaned prior to joining. Contamination that arises
either from the cpen atmosphere or from foreign material on the filler
metal or surfaces to be joined must be strictly avoided for the suc-
cessful joining of titanium.

Although titanium and many titanium alloys can be joined readily
with conventional processes combined with special techniques to pre-
vent contamination, a sigrificant number cannot be welded satisfac-
torily and additional information on joining these materials is still
needed. The needed information is concerned with nearly all phases
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of joining — cleaning and preparation of the base metals and filler
metals, welding processes, postweld heat treatrnents and inspections.
Particular areas in which additional information would be helpful for
joining titanium and titanium alloys are described in the following.

WELDING METALLURGY

Although titarium and titanium alloys have been fabricated exten-
sively by various welding process~s during recent years, a better
understanding of the welding metallurgy of these alioys is needed in
order to develop successiul joining processes and procedures. Studies
of the metallurgicai changes that occur in these alloys during welding
and related processing are recommended. These studies should be
aimed at establishing the effects of potentially important processing
variables such as prior working history, heating and cooling rates,
postweld heat treatmenis, intermetallic reaction, dilution when adding
filler metals, and microstructure on weld-joint properties. Existing
information should be evaluated and additional needed information
developed.

CLEANLINESS

Limits need to be established for the cleanliness requirements for
titanium-base metals and filler metals, welding atmospheres, and
iluxes; also, more reliable and simpler methods for establishing
cleanliness wouid be helpful. Instruments and monitoring devices are
available for detecting surface contact resistance and the presence of
some contaminants in the welding atmosphere, while chemical anal-
ytical methods can be used for analysis of flux compositions. How-
ever, these methods often cannot be used and may be cumbersome or
expensive. Since extensive cleaning procedures are employed for
cleaning titaniam, it appears that studies aimed at developing improved
cleanliness standards and methods of evaluation would be helpful to
titanium-welding fabricators.

FILLER METALS

Filler-metal development programs probably will be needed to
fulfill future needs for preparing higher strength, high-quality joints
between similar and dissimilar metals and titanium alloys. Filler-
metal development has been slow due to the lack of suitable markets r
and funds. In this area of development, a thorough knowledge of the
welding metallurgy of titaniurn alloys will be required. Filler-metal ]
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quality requirements and inspections methods also need further devel-
opment and will be worthy of study.

WELDING CONDITIONS

Conditions for joining and related processing need to be established
for the older and often infrequently used joining processes and for new
joining processes that are promising for titanium and titanium alloys.
Examples of such processes include pressure-gas and cther solid-
state joining processes, fiash, sea.n, MIG, electron-beam, and

plasma-arc welding.
TACK WELDING

Tack welding is often used to help position and maintain alignment
of weld joints in preparation for final welding. Unless tack welding is
performec properly, the weld joint may become contaminated and ruin
the joint. Studies to establish satisfactory tack-welding procedures
and quality requirements are recommended to supplement the meager
information that is now available. Orne result of such a study could be
the eliminatior. of cumbersome and expensive tooling that might other-
wise be required for large-size weldments in addition to improved-

quality tack welds.
CONTAMINATION AND POROSITY

Embrittled welds and porosity in titanium are attributed to various
kinds of foreign materials that rezct with titanium. However, there
are no known nondestructive techniques for detecting contamination
when present in a titanium or titanium-alloy weld. Detection of con-
tamination requires destructive inspections such as hardness tests,
metallographic examinations, or chemical analyses that often render
the part useless. Studies are recommended, therefore, to develop
reliable nondestructive methods of detecting contamination in titanium
welds. In addition, specific identification of the causes of the porosity
in titanium welds is needed. Porosity is a troublesome and recurrent
problem in titanium welds; probably every welding fabricator who is
inexperienced with titanium alloys will encounter porosity early when
attempting to weld these alloys. Less complex, less expensive, more
reliable solutions to the porosity and contamination problems are
needed, however, by all titanium welding fabricators.
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CRACKING

Specific identification of the mechanisms and causes of stress-
corrosion cracking, hydrogen-induced cracking, and delayed cracking
of welded joints in titanium and titanium alloys is needed. There ap-
pears to be no easy solution to these problems. However, studies of
the welding metallurgy of these alloys and the metallurgical changes
that take placge during welding and related processing will provide in-
formation that will be useful in overcoming these problems.

THICK TITANIUM PLATE

The future needs for joining of thick titanium or titanium-alloy
plate should be evaluated. Present information on the joining of tita-
nium alloys over 1/2 inch in thickness is limited to reiatively few
alloys. Stu-dies aimed at developing welding and related joining proce-
dures for thick plates of titanium alloys not yet welded in thick-plate
form can provide useful information. Oxygen-fuel-gas cutting of thick
titanium plates, for example, has been performed for armored-tank -
welding development. Gas cutting methods may be useful for thick-
plate joint preparation prior to welding.

STRESS RELIEF

Stress-relieving requirements #nd procedures need to be estab-
lished for various titanium alloys. Although thermal and mechanical
stress-relieving procedures are used by current titanium fabricators,
the question of when and how to stress relieve titanium weldments still
requires more definitive answers. Studies need to be undertaken to
establish proper techniques for determining residual-welding-stress
magnitudes and their effects, and ways to prevent or eliminate them.

REPAIR WELDING

Information available on repair welding of titanium alloys is
limited. Studies are needed, therefore, to provide information on
making satisfactory weld-joint repairs in alloys and weld seams
where they may be anticipated. Information available should be eval-
uvated and new information developed to fulfill expected future needs.
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APPENDIX A

DESCRIPTORS FOR LITERATURE ON

FABRICATION OF TITANIUM AND
TITANIUM ALLOYS BY WELDING
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DESCRIPTORS FOR LITERATURE
on

FABRICATION OF TITANIUM AND TITANIUM ALLOYS BY WELDING

Descriptors for titanium welding and joining fabrication are re-
viewezd below.

GENERAL AREA OF INTEREST

Fabrication of titanium and titanium alloys by welding and
joining.(l)

DESCRIPTORS FROM THE "THESAURUS OF ASTIA
DESCRIPTORS, SECOND EDITION"

12a - 96 Metals Joining, p. 39

Arc welding Silver solders Spot welds

Arc welds Soldered joints Thermal joining
Brazing Soldering Welding

Flash welds Soldering alloys Welding fluxes
Fluxes (fusion) Soldering fluxes Welding rods
Resistance welding  Spot welding Welds

DESCRIPTORS FOR RELATED AREAS SELECTED
FROM THE “"THESAURUS OF ASTIA DESCRIPTORS,
SECOND EDITION"

1-7 - Aircraft Structures, p. 12

Air frames Fuselages
Airplane pancls Wings

1-150 Spacecraft, p. 55

Space tools

{1) Adhesive bonding and mechanical joining excluded.
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11-8 - Alioys, p. 13

Titanium alloys
Metals
Titanium

11-38 - Containers & Packaging, p. 23

Propellant Tanks
Storage tanks
Tank liners

Tanks (containersj

13-153 - Structural Engineering, p. 55

Angle bars

Beams (structural)
Filament wound construction
Honeycomb cores
Monocoques

Pipe bends

Pipe

Sandwich construction

17-114 - Ordnance, p. 45

Armor
Armor plate
Body armor
Tanks

20-141 - Rockets, p. 53

Rocket cases

22-104 - Models, p. 41

Rocket models
Ship models
Submarine models

}
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23-145 - Ship Structures & Marine Equipment, p. 53

Hulls

Hydrofoil boats
Hydrofoils
Submarine hulls

)
AN "’mﬁ'm‘m» }

25-163 - Vehicle Parts, p. 57

Tank turrets
Vehicle tracks
Vehicle wheels

25-164 - Vehicles, p. 58

Armored vehicles

RELATED KEY WORDS AND PHRASES

Key words and phrases listed below also may be helpful in isolat-
ing the information desired.

Brazing

Fabrication

Postweld operations

Preweld operations

Recommendations for welding titanium
Soldering

Tack welding

Titanium and titanium alloys

Welding

Arc
Electron-beam
Friction
Plasma
Pressure

Diffusion bonding
¢ Roil welding

~ ™
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Resistance

Butt

Flash
Projection
Seam

Spot

Upset
Upset butt

Ultrasonic welding

Welding equipment
Welding problems & solutions
Welding procedures
Welding techniques
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DESIGNATIONS, PROPERTIES, AND TREATMENTS
OF TITANIUM AND TITANIUM ALLOYS
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Producers” Nomenclatire

Nominal
Compositca Crucible Steel Hanvey Reactive Republic Steel Titapium
(Bslance Ti), Co., Tiwaium Atlumunum, Metals Co., Specral Metals
per cent Division Titanium Division Products Mectals Divinca Cotpozation
99.5 HA-13C0 MST-30 RE-25 Ti-35
99.2 A-40 HA ~1930 AS7 -40 RS-0 Ty-53A
93.0 A-55 HA-1950 MST-58 R3-55 Ti-654
99.0 A-70 Ha-i970 MST-70 R5-70 Tr-78A
3.8 Ti-1004
0.15 10 0.20P¢ A-59Pd y HA~1940Pd MST-Ti-0.27d Ti-0. 15Pd
1
ALPHA ALLOY GRADES
r
i a1-2.58 A-110AT Ha -5337 MST-31-2. 552 RS-110C Ti-3A1-Z, 581
SA1-2. 550 (Jow O) A-9AT HA -5137EL 25T -8A1-2. 5SnEU RS-110C-L Ti-8A1-2. 8nkEll
SA1-58n-8Z¢ Ti-8A1-58a-52r
TAY-12Z: MST-7A1-12Z7 Ti1-7A1-122:
TA1-2Cb-1Ta (D) MST-321 Ti-TA1-ZCb-1T2
8A1-IMo-1V HA-8116 MST-81% RS-811X Ti1-8A1-1Mo-1V
ALPHA -BETA ALLOY GRADES
8\n C-110M MST-8Mn RS-110A Ti-8\Ma
2Fe-2C-DMo Ti-130A
2. 8315V MST-16V-2.5a1
3A1-Z.8V MST-241-2.5V
4A1-4Ma C-130AM HA -4135 MST-4A1-4Mn RS-130
341-3Mo-3V MST-3A1-3Mo-1V RS-115 Ti-4A1-3Meo-1V
S41-1.25Fe~ RS-130 Ti-SA1-FeCe
2.75Ct
SA1-1.5Fe-1.4Crt~ Ti-155
1.2Mo
€A 1-4V C-120AV HA -8510 MST-AISY RS5-120a Ti-8A1-4V
€A 1-4V (Jow O) HA -6510ELL R9-12CA-L Ti-6A1-4VEL]
64 1-6V-2Sn~ HA -5133 MST -aA1-6V-25n Ti-8A1-6V-23n
1(Fe, Cu)
TAl-4Mo C-138AMo HA-734¢ MST -7A1-4Mo £5-135 Ti-ZA;~Mo
i
ESTA ALLOY GPLDES
IAI-EV-&Fe MST-1A1-8V-5Fe
3A1-13V-11Ct B-120VCa MST-15V-11Cs-302 RS-1208 Ti-13V-11Cr-2A1

154

(3) Other cumbess T-12117 and WA-PD-76C(1) ar7ly vo all g-ades 2nd all products: 1 -14557, 1-13558, T-9046C, and T-9047C
apply o ail grades: and T-8833(ASG) appliss o variows grades.
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Focmability, “ Nominal
Qther Designanons Minimum Meltng Compamition
aMs Military Forms P.ad Radiue, Weldability Temperatuze, (Balance T}),
No. No. Lvailable(©) T Kematks F pet cent
B.b.P. 5.5, T.W.E 1t02 All uralloyed 3038 99,5
4992 grades
K 4941 T-90473-1 B,b.P.S5,s, T.W.E lw2 are [ 3900-3100 532
4951 completely
45604 T-79938 B.bP.S,s, T, W,E lw3 weldadle (W) 30€0-3100 99.0
45018 B,b,P.S,s, T, W.E 2t03 H 3020 93.0
4521 3.b, W,E -- I 3025 98.9
B.b.P.S.&,. T.W,E lio% Completely W 13000-3100 0.15 10 0.20P4
4910
41926 B.bP.S,s, W.E 305 Weldable ‘H>2820-3000 A 1-2.55n
4953 1l
4966
8.b.P.S,s. W.,E 3t0d Weldable 2820-3000 S41-2. 56n (Low O)
Ia preparatica B,b,P.S.s 3105 Weldable ~ 3000 SA1-58a-5Zr
Iz preparation 5,b.P.S.s 3.12v 5 Weldable ~3000 TA1-12r
1a preparation 8,b.?35, W,E 3106 Weldabe 3065-3115 7A1-2Cb-1Ta ()
la prep~ | In preparation B, br. 5. W,E 315 Weldable 8Al-1Mo-1V
2ratéion
49084 v.< 2-1/2w 4 || W notrecommezded || 2730-2970 §Mn
3923 B.b, S.s 3ws ¥/ not recommended & ZFe-2Cr-2Mo
T-%384(3) B.b,P.S.s, W 2 W not recommended 2. A1-16V
5.7 Zw3 JAT-Z3V
4925 B.b,P, w - W not recommended 2820-300C 4A1-4Mn
4312 P.S.s 2-1/2w 4 §| Special conditions ~3630 4A1-3IMo-1V
4913 permit some W
8.b.P.S 3-12w S Special conditions SA1-1.25Fe-2.75Cx
penmit some W {
4923 B, bP - W not reccmmended ~3100 SAl-1.5Fe-1.4Cr-
14969 1.2M0
(4911
{ 49284 08-10737 8.b,P,S.5, W,E 31085 Weldable ~ 3000 6A -4V
4935 05-10740
3,b,?,5,3.T.W,E 3tw0s Weldable ~-2000 6A1-4V (ow O)
T-46035 B,b,P, W, E - Special condit'ons 3100 6A1-6V-2Sn-~
T-45038 pemmit scme W LFe.Cy)
8.b,p, W, E - Special conditiozs ﬁ ~3000 TAI-4Mo
pesmit some W Ii
i
XX - W not recommended I 1A1-8V-§Fe
|
4917 B.b.P.S.s, W 2164 Weldable ji'l 3A1-13V-11Ct
il
il
(b) Forme:ly 8A1-2Cb~1Ta. Al data given are for the 8-2-1 compositioa.
(c} B, Mliex: b, dar: P, plate: S, sheet: s, strip; T, tuding: W, wire; E, extrusions.
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Nominal Bete
Cortnposition Recommiended Forging Transus Recommended Heat Treat-
(Balance Ti), Tere srature Range, F Temp,
per ceat Sun Finisl: F & 25F Stress-Rehicf Annealing Annealing Treatment
99,5 1500-1700 1206-1500 1630 100010 1100 F, 172 he, AC 125C 10 1300 F, 2hi. AC
99.2 1500-1700 1200-1500 1675 1000 to 11COF, /2 by, AL 125 10 1309 ¥, 2 hr, AC
99 0 1600-1700 1200-1600 690 1080 v 1100 F, 1/2 3i, AT 1259 © 1300 F, 2 bz, AC
99, 0 1709-1750 1300~-1606 1740
198.9 1750 1550 1150 1000 0 1376 F, }/2 hr, AC 1250 20 13007, 2 hy, AC
0,15 10 0,20 Pd 1700 1556 3575 1060 1o 1160 F, 2/2}:.', AC 281w IS0 F, Zhe, AC
ALPHA ALLOY GKADES
5A1-2.58n 1600-1950 1300-1750 1900 1000 10 X206 F. i/4t02hs, ACI 1323 1c 155CF, 10 mix 20
£ 1, AC
I5A1-2. 550 (low O) 1500-1900 1400-1750 1910 100010 1200 F, /4102 s, AC ito
5A1-550-5Z1 180C-1500 1500 1815 1100 £, 1/2 hr, AC 1650 F, 4 &1 AC
7A1-122¢ 1625-1925 1805 1828 1000 F, 1/2 b1, AC ® 1506-1650F, 1/210 3 hr, AC
2) 1300 F, 1 hr, AC
74 1.9Ch-1Ta 1950 1650 1829 1100 10 1200 =, 1/2, AC 1650 F, 1 hr. AC
8a1-1340-1V 1950 1850 1920 110010 1200 F, 1 hr, AC (1) 1350F, 8 hr, FC (Con.ult
for sheet 4(1450F, Bhy, FC+ 1450 F,
and plate (D E, By, FCo F80F
(Triplex)
For forgings (4) 3350 F, 1hr, AC+ 1:00F,
AIPHA-BETA ALLOY GRADES
{8Ma forging ucz recommernded 1475 900 10 1100 F, 1/2 w0 2 hy, AC {3125C1tc 1300F, 1hs,¥C1c lOOOFJ
j2Fe -2C1-2Mo 1700 1300 900 to 1000F. 1/2 10 1hr, AC 120CF, 1/2 kr, AC )
[2,5A1-16V 1400 (m2x) 1350 {min) Solution treating is recommended for botk annealing
and stress relieving
53&-2. SV Forging not recommended 15C0F, 1 ks, AC
-8r_Al-4Mn 1600-1750 1303-1600 1700 1390F, 2 ke, FC 1300F, ~to4hr, FC
.
HAL-3\o-3Y 150 1650 1755 1C0019 31100 F, 1 hr, AC 1225k, 4 101050F, AQ
Forging not reco.nmended
SAi-). 25Fe~2,75Cr 1100-1789 1109-3500 1725 1100F, 1he AC 2450F, 1hr, SCto 1050F, AC
SAl-1.5Fe-%.4Cr- 1850-17590 1650 1755 1200F, 2 &;, AC 12C0F, 410 24 ki, AC
-l -
SAl-SV 1750-1900 1400-1750 1820 900 10 1Z00F, 1104 hr, AT 135010 1550F, 1t 8hr, SC
1750 (inax) {Usual: 1hr, 11G9F. AC) 1o 10506 F, AC
641-4V {low O) 1750-1900 1400-1750 1826 Ditto Ditwo
18a1-6V ~2Sn- 172 1550 1735 1100F, 2 hr, AG 130010 3400F, 130251, AC
1{Fe. Cu)
721-3Mo 1800-1950 1550-15€0 1840 900 1o 1300F, 1to 8 hr, AC 1450F, 1w Bk, SC
1059 F, AC
BETA ALLOY GRADES
iAl-6V-~-5fe 1500 145C 15825 180010 1100 F, 1 hr, AC 1250F, ihr, FC109RIF, AC
3A1-13V-11Cr 1800-2150 1400-18C0 1325 Solution treating is syponomocs wath amealing for this alloy.

{2) Abbreviations: AC = 2ir cool, SC = slow cool, FC = fumace cool, WQ = water queach, CR = cold rolied.
(b Nambers in parentheses refer to heat reatments used 1o generate the dawa given 1a later tables. See Cordition ¢camns.
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Typicat Tensile Properties

Room Extreme
Temperatue 600 F Temperatures Normiaal
menu; (3 E, £, Test Composition
[}
Solution Treatment Fornl Conds 107 Jus.; s, mi us, zi - T;mp’ :’Si. :’s' Et' (Balanccc:;i).
p [-4
(Aging Tteatment) ormpl-oaditiog pet ks fusa [ yP r‘m ® b pere
NOt heat treatable S Ann 14,91 384 27)30112,1% 203 1015 93 .8
Not heat ucatabie S Ann 15.9 ] 60f 45[28§12.3] 28{ 13]as}l -423f195{-- | -- 99.2
.
Not heat treatable S FY 15.0 | 751 60]2s{12.51 33; 19lasf -221 f165)-- | -- 93,0
S 7w 15.1 ] sof 75§20112.57 43| 27}28 -321§175}-- | -- 93,0
Not Leat treatabie S Ann  f115.5 hoo) 8sfili2.6§ 47| 30j2s 93.9
Not beat tr2atable S Ang i 14.9 ] 62] 45f27[32.3] 28] 13]30 0.1510 0.20 Pd
H
Not heat treatable S Ana 16.0 [125N1171gh13,4 § e21 65419Y] 1000 75! 56§ 18 5a1-2.550
b |Acn 15,0 {115fi10 {20
Nct beat rrearabie S Arn 16.0 1110} 95f2613.4 § 781 60]20] -423 223 bos 13 -2
Not beat ireatable S Ann 15,0 125 j120}18]24.2 ] 34§ 24]20] 1000 seferln2 531-560-8
Not heat weatable S (1) Ana f 16.0 335 ;130 }15]14.3 102 85 1] 10003 93115]23 741-122¢
b [P Amw J -- fiesf159114] -- |130110]1s
b |Amn 17.7 126 120 }iTps.1 {100] s1ies TA1-2Ch-1Ta2
producers for other ueatmenss) s (1) Aan § 18.5 160|150 {18 1000 1 85170020 | 8al-1a0-1V
1/4 ht, AC (Dupk -, S 1<) Ann I 18,0 1145 138 {15
Smin; AC+ 1375F, 1/4hr. AC 1S 1¢3)Aan §j -- ji50]142113
Bhi. AC b (3) Ann J| -- ji41{130f18) -- ;207§ e5}193 1000} 88 71 ]20
Solution treat not recommended S Ann 15.4 |137]12515%14.4 ] 881 95 lfﬁ 800§ BOY 53 113 ENL
360010 1480F, T hr, WQoraC | 16,7 1374125018114, 7 } S51 &5 BOQ LTS ISS I3 3 2Fe-2Cc-o0r.
900 to 950 F, 2 to 8 br, AC) b |Aged -- 19N 3g -- §136 hazlis
135010 1400 F, 1010 30 min, WQl s SHT -~ NSt 45hs 2.5a1-15¥
(95010 930 F, 4 hr, AC) S Aged 11 15.0 [180{165) 6]13.5 |155 {140} 8¢ 500 f140 h25 § 20
| Solzion et potrecommended | S 1Ann 15.5 pood §5020012,04 504 50 3AL-2.5V
140010 1500 F, 3/2t02hr, WG | b Acn 16.4 }145{135 15113.9 j120] 901178 800 licol 8s j21 4A1-4Ng
| (80010 1000F, 320240z, ACY {1 h | Aged o= 21143164 -- nos poa)
82, g Q. S ARD 16,5 jisot120hisli4. 03 -- --1-- sAl-DMo-sy ]
(Y25 F, $10 12 hr, 3C) S == S 8] -~ mﬂzo i has 15§ &
| 135Ct0 ISCOF, 2 hs, WO h Ao 16.8 145 51122 2 SA1-1,25Fe<2,75Cry
(500 10 950 F, S 10 € hr, AC) n 17,6 190]135} 6{16.2 xgjuq_
1650 10 1625 F, 1 hr, WO b Ang 16.5 154 1145 116 15,6 335 hooly 00 1118 000 {20 [5A1-1.5Fe-1.4Cr-
(3000 F, 24 hr, AC) b 17,0 1195 1184} 9hi4.5 {256 12518 1. Mo
i
1550 1v 1750 F, Sminto 1 hr, WO{ S, b Ann 16,5 i%8 531651951118 eoslapizalas SAl-4vV
(9500 10 1000 F, 4 10 8 &r, AC) s Aged 1701155] 8 1205051 <8 soo heohoog 8
Solution treat not recommended S Ann 27 hslias 1105 24 .20 Pog » Sal-4V Qax Q)
160019 1655 F, 1 hr, WO o3 Ann 15.2 has 15413 4 1132 zle =001 35 1 5A1-6V-28p-
{80520 1100F, 420 8hr, AC) b Aged 16,5 f1sci1sofrohy s s i ls 1Fe. Ca)
185010 1750 F, 1/2to 3-1/2hs, | b | Aun 18,2 11601350 {i6 e, 2 1123 oy anp b= 1S 2A1-4Mo
WQ (900 10 1200F, 420 16hr, AC) | b | Aged 16.9 185 }175 hioj15, 0 J15€ hi2si12)
1375 10 1425 F, 1 br, WQ b [ Am 15.5 177}170] slis. 7 fiza lachie! soo 32 | 1A1-8V-SFe
{92510 1000 F, 2}z, AC) b | Aged 16.5 £2211215 l10j12.5 uoﬁza 128 s00 j120 poo
1430 to 1S00F, 1/4101%r, WQos AT S | Amn 14.2 1351130 16{13.2 800 fu1s hoo J35 | 3r-wv-n1Cr
(300F, 2 10 95hs, AC) 1450 F, S A I 14.5 {185]375] sh3.8 175 has}f s 800 h1eo poo fro
173 tr, AC + CR+ 800F, 2Ahr, 2CJ S [CReAged || -- psoj2as] 4 1
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:i-: Mominal L ~ Creep Date Stress Puptue Data
3 Comyosiina ! ; Tex Total Test
& 1Baiance Ti), Temp, { Stress, ; Time, |p1astic Temp, | Stress, | Time, e
i pes cant ’Fonn c:wumi F | bt ipefs {| Form| Condith F kai he | Factor
5.5 1
__ » ui
3 = :{L
lgg g Ll h Ann AGO 23 1 100 1
N 199, 0 S Afa l# 9250 8 150 0.15 R Ana 800 17 430 1
- 92,9
h 1025 10 0,20 94
X il
- A ALLOY
SA3-2.55n 3 48 80¢ 62 ) 1002 1
S Arn 1020 8 1000 19 1009 1
941-2.5Sa (jow O)
SAl-550-52r s as 1000 60 | 99 1
4a1-1221 S {(ann (I 1000 } 30 1000 60 | 330 1
b {1) Ana (1:4,1] 20
1 1A1-2CH-2T3 1 s | Apo 1000 12 1052 32 | 1000 1
BA1-1Mo-1V s [()Ana §i 1000 18
S | (3) Ann 00 Lo 23
b {§) acn 1009 1 25 1000 50 40 1
A -
fan s | Aa “ 896 s 400 | 100 {1000 | 1
2Fe-2Cr-2hio
v -
500 90 100 1
BAL-2.5V
Eudm b Ann 400 | ¢9 220 47| 1060 1
£00 20 (1,4 3
Bal-ao-tv
s Aged 200 | 43 809 T2_1_ 500 1
SAl-1.25Fg-
2,95C:
lsarasfe-race- [ b Asn 800 43 830 1% 150 1
1.2Mo
: b Ann 800 70 1600 0. i0 b Azn 880 68 100
i b Aged 850 72 | 100 1
PG_LI-S\L@ b Aan 690 100 150 0.20
e Cr) b Aged so¢ {160 191 § 6.2
[7A1-$Mo b Ann 1000 14 150 | 0.20 b Ann 800 117 153 1
5 Aged 1000 s0 | X5 1
A C_ CRADES
~ [LAl-RV-SFe. b Ann 500 1110 310 0,78
b Aged 800 45 212 5.8
g BAL-1V -11x S Ann 300 197 500 0.201 ) Ans 500 197 500 1
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fatigue Dats RT
Stress, 1K, Factor Charpy Nominal
Test ksi. and v Composition
Temp) 10° | (Suess |{ impact, | Hard~ (Balance Ti),
Fomm|Conditiond] F | Type Tex {Cycladrange)® ] ft-1b | peud® Usage Rematks per cent
Aon_ 120 8 | Highest formability grade 93,5
b | Ann i] 25-40 |} 200§ JAcmospace, 3.2
2258 chemicsl, and
b 1A fou beam | 22 11 20-35 | 2658 jMaae spplicadions 29,0
b ] Aon URT }Rot beam | 63 11 11-1% 59.0
P 295 B |Eupioe forgings 9.9
A 2008 §Corzosion cesdvant grade 0,15 10 0.20 Pd
||
s | anmp  Ditectaxial] 93 lifa=,9%1 3BRc | sa1-2.550 |
An [ Rot, beap | 27 } 3.2 jho good oxidation resistance
N 1119 36 Re {Cryogenic grade $A2-2.5S0 (Jow O)
1 creep swength grade SA1-5Sn-5Zr
—4igh creep strength grade 2AL-322y
A | Bot, beam 1 81 | R 7al-2Ch-1Ta
High strength pius loag time ~iAD.
stecp relgtagce
§_1(3) Aan :
b 1(4) Ann
1
s Direct axial] 96 | 11A=§1H Good formmabiliy with moderate sueagh § EM2
s Reverse bendl ¢4 14,5 12-15 2Fe-2Cr-2Mo
b g-10
(3 Excellent formability as annealed | & 5a1l
s Ciectaxali 32 l1(A=1) Heat treatable (o bngh streagth
T Tuhing alley 3A1-2.5V
b Rot. beam 80 11 30-15 i 4A1-4Mp
b R bearp 1105 | _including fasteners
< _ S2CERCIGood formability. Heat trsatable 4A1-Mo-1V
5 D.ectaxial{ 124 1{a=6) |10 bigh smengih, Stakle
= | Rot, beary 1 88 11 10-15 Airframe componenn Sal-1.25Fe- |
b Rot. beam §105 |1 2.75Ct
b Rot. bearn | 100 {1 10 JTRC Jairframe and orénance compeoents SAl-1. Fe-1.4Ct
b Roi. beam {116 {1 1.2Mo
b %ot. beam | 75 1 16-20 | 36 RC lwide versauility grace. Hea: SAl-4V
b Rot. beam 92 i1 treatadle to high strength
b 16 % *¢ |Cryopenic grade SAL-4Y (o OV
b 15 Océgance apolicatigpsand 0 | SAI-SV-2Sp-
aircraft components 1 {fe, C)
) Ror. bearn {100 {1 18 33RC Eagiae and 2irframe TAl-IM0
b 10 applications
“ Fagteaer iags U 1a1-sv-sre
b Aged HRT Direct axjal} S0 Th:udcﬂ“
_boln -
3 Excellent formahility andheat 1 3A1-13v-3
b A RT Rot. besm 34 j3.¢ 8 ireatable to very high strength.
11 Advanced 2€10530e COMPORETTS. . i
(3) A = Aliemating stress/mean stress. (b) Srincll(B) o Rockwell{R-).
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¥
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)
¢ Physical
§ Thermatl Expansion
i Nomissl Mean Coefficient Thermal Coa- Elastic
Y] Compoatsior per F (10°6) ductivity, Btu/he Nodull,
w (Balance T1), 3 (43 T #2/E /e
per ceat to 300 = | 10 1000 F| T 800 F G
0.5 5.2 s5 U9 6,5
~
W2 5.3 5.5 9.5 6.5
9.0 5.2 5.5 [9.51011.5 6.5
99.0 5.2 5.5 §9.81010.1 6.5
38,9 5.2 5.5 19.8 6.5
0.15 t0 0.20 Md s.1 5.4 §9.5 6.5
ALPHA ALLOYS
LS A I T.3 53§43 180 R 16.0 | 7.0
SA1-2.55a (low 5.3 S.4 J4.5 -- 16.0 | --
R RSk - - f- - 16.0 | --
RND L, ra— = =)= — Y les [
7A1-2Ch-1T2 == —~ k- - 1.7 | --
BAL-1Mo-1V 5.0 s.6 §-- 203 § 1851 --
ALPHA-BETA ALLOYS
{1 5.4 6.0 Js.3
et iMo |
2.5A1-16Y
IAL2.5V
4Al-GMa 5.1 5.4 4.2
<Al-W0-1V 5.3 5.5 §3.9
faAT-1. 25 53 5.5 J--
2.,78Cs
oAT-1 SFe-1. 401 3.5
1.5M0
E;_-wga-q 5.3
- 5.2
+ {Fe, Cu)
fTAT-4Mo 5.2
SETA ALLOYS
AA13V-3Fe 0.168
a
t FaT-isv-Ticr 6.135 5.2 | s5.6 5.9 R.o 8.0 No.120 | 0.198{}153 - 14.2 6.2
: r to.176 12 — el
; Approximate Magnetic Permeadility at KT foc sbove alloys = 1.00005 at 20 Oensteds.
-~ -
200




L Ty

Nomiaal
Beineld Cumposition
Harduess, (Salance T9).
Kg pes ceat
i o
201 95,0
99.0
217 229 1
217 0,15300,2094
— | ]’j
21 16.0 [140 11 % [ OMC 166-A 5A1-2.5Sa
| Aircaft
| SALGY
| 6414 (low OB |
201
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