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FOREWORD

This report covers the State-of-the-Art Survey of Refractory Metals
welding. It is published for technical information only and does
not necessarily represent the recommendations, conclusions, or
approval of the navy.

D. J. Seman of the Development Group, Refractomet Division,
Universal-Cyclops Steel Corporation was the Engineer in charge.
F. D. Seaman was the consultant representing the Astronuclear
Department of the Westinghouse Electric Corporation.

Since the nature of this work is of interest to so many fields of
endeavor, your comments are solicited as to the potential utiliza-
tion of the information produced under this contract. In this
manner, it is felt that a full realization of the resultant
information will be accomplished.

PUBLICATION REVIEW

W. A. McNeish

Assistant Technical Manager
REFRACTOMET DIVISION

Approved By | ' éi"i
. Bianchi

Technical Manager
REFRACTOMET DIVISION
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ABSTRACT

Contract NOw 63-0043-c

This document includes a literature and industrial ”State—of—thg
Art" Survey of Refractory Metal Welding. The report (1) summarizes
the number and types of facilities engaged in refractory metal
welding, (2) summarizes the nature of Refractory Metal Welding,

and (3) pro jects the current methods and limitations in terms of
future needs.
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I INTRODUCTION

The survey reported in this document is one phase of a
program aimed at establishing optimum production techniques for
the welding of refractory metals such as columbium, tantalum,
molybdenum, tungsten, or alloys of these metals. The scope of
the survey included all methods of joining where the base metal
is joined through fusion or through the use of forms of energy
such as ultra-sound, friction, or explosion. The objectives of

the survey can be stated as follows:

1. Determine what facilities currently constitute the

refractory metals welding industry.

2. Determine what the industry produces, what methods
the industry has adopted to carry out this production,
and what limitations have evolved as the result of any
special requirements associated with the fusion welding

of refractory metals.

3. Project current abilities into the future and determine
what effort must be put forth to assure that refractory
metals welding capabilities will be adequate to meet

future needs.

4. Evaluate progress to date and make recommendations for
future efforts to assure that future capabilities will

meet future needs.

This report has been prepared to determine what constitutes
the refractory metals welding industry today and what factors may
influence the industry in the future. With this information the
reader may determine what resources are available to assist him.
It is also possible for him to compare his approach and other
approaches to, for example, quality control. Finally the report
is aimed at pointing out the possibilities for welding refractory




metals in terms of thicknesses, types of material that have been
welded, processes that have been used (and some pitfalls associated
with these processes), joints that have been designed, etc., in
order to assist in the application of these materials to specific
uses. No attempt has been made by the writers to comment on the

correctness of any given approach.

In order to assist the reader in using the information the

report has been divided into three independent parts as follows:

Part I Determination of the number and type of facilities
currently engaged in the welding of refractory metals.
Facilities engaged in the systematic production of
engineering data have been included as a part of the
industry because much of the information required to meet
the second objective (e.g., methods for welding these
materials and the associated limitations) exists exclusively

in the form of engineering data.

Part II Analysis of the nature of work carried out by
these facilities in such terms of equipment employed, metal
thicknesses joined, form of base material, techniques,
limitations methods of evaluating results, etc. Where
possible, the analysis has been set forth in at least a
semi-quantitative form. Since individuality appears to

be a major characteristic of the industry, no attempt has
been made to use the statistical data to produce a typical

facility or production item.

Part II1 Projection of current methods and limitations in
terms of future needs to permit an evaluation of progress
to date and recommendations for future efforts.




I1I PART I - FACILITIES ENGAGED IN REFRACTORY METAL WELDING

At least forty-nine industrial and research facilities are
or have engaged in the welding of one or more of the refractory
metals (tungsten, molybdenum, columbium and tantalum) or their
alloys. This group does not include organizations in the

electronics industry.

In eliminating the electronics industry, recognition was
given to the pioneering efforts of this segment of industry in
the welding and brazing of refractory metals to form such items
of production as filaments, filament support, cathode devices.
A limited amount of non-proprietary technical information has
been successfully solicited from such sources as an aid to the
experimental portion of this program. However, such techniques
have become largely a matter of routine in, for example, the
electric lamp industry and it was felt that current engineering
effort could better be directed toward production improvement
associated with welding in the more recent areas of application
as represented by the analysis of the forty-nine company sample

shown in Table 1I.

In proposing these forty-nine facilities as largely
representing those facilities engaged in the welding of one or

more refractory metals, the following sample procedure was used.

A gross sample of one hundred seventy-two (172)
questionnaires was mailed. Recipients included twenty-seven (27)
organizations associated with primary aerospace contracts. This
included major air frame and engine manufacturers as well as
organizations associated with solid and liquid rockets, ramjets
and nuclear propulsion units. A second sample of sixteen (16)
was directed at major subcontractors to the air frame and engine

industry (particularly if they had engaged in a systematic,
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VI

NOTE:

TABLE 1

ANALYSIS OF SURVEY SAMPLE WITH RESPECT
TO APPLICATIONS

No. of
Areas of Welding Application Facilities Involved

Air Frame Components and Weapons Systems 16
Engines (Power Sources) 5
High Temperature Testing Devices 8
(Liquid Metal Loops, etc.)

In addition, certain companies appear to 8
be qualified as general fabricators of

refractory metal components for any of

above product-oriented contractors.
Equipment producers that have refractory 7
metals welding experience for example,

through application demonstrations or

through the production of parts on their

equipment.
Research organizations engaged in systematic 5

welding programs of refractory metals.

In addition to the above listed facilities, nine other
organizations (part of the 108 polled) provided
information. Six of these were metals producers and
three were electronic equipment producers. 43.5% of
the organizations returned completed questionnaires.
Another 21.3% indicated that they had no applicable

experience. The remaining 35.2% did not reply.




documented technical program or had entered into significant
production contracts). A third sample of twelve (12) was aimed

at research facilities. Eleven (11) manufacturers of arc, electron
beam, resistance, flash and ultrasonic welding equipment (as well
as some manufacturers of welding chambers) were contacted and also
asked to provide references to customers in the first category.
Twenty-four (24) metal producing organizations (ten of which
specialize in refractory metals production) were contacted and in
turn asked for references to other organizations working with the
welding of their materials. These above lists were made up of
organizations that had exhibited an interest in refractory metal
developments on at least two previous occasions and could, by
nature of their products, be expected to have an interest in
fusion welding. Finally, eighteen (18) organizations that had

not been identified in the above categories were contacted. These

included twelve (12) government agencies.

It was recognized that within large complex corpogétions
several facilities might be closely enough associated with one
of the categories I-VI (Table I) to possess pertinent information.
Fur thermore, such corporate facilities might exhibit significantly
different viewpoints and capabilities. Therefore, as many persons
or divisions as appeared applicable were polled in the larger
corporations. Additionally, persons in staff positions were
contacted and asked to refer the questionnaires within their
respective organizations. This "'shotgunning'" in the interest of
completeness resulted in a small amount of duplication within the
172 items mailed. This duplication has been recognized in the
returns and is factored out of the above sub-samples, the classi-
fication of respondents and any other statistical references

hereinafter referred to.

Unquestionably organizations with special capabilities in

the field of welding refractory metals have been overlooked.




However, the number of such oversights is believed to be small.

In all questionnaires a request for references to persons or
corporations with refractory metal welding experience was made.

In the course of analyzing fifty-nine (59) separate questionnaires
forty-five (45) references were encountered. Thirty-eight (38)

of these references had already been contacted. The remaining
seven were contacted during the course of the investigation. Any
organizations as yet unpolled would, therefore, presumably be
unrecognized by a sample of eighty-six (86) persons* (respondees)
directly associated with the field of refractory metals welding,

design and materials production.

While the above discussion is concerned with the number of
technical organizations potentially interested in any production
studies, it does not consider the nature of current production.

An understanding, at least semi-quantitative, of the nature of
production is necessary to provide substance to any study that has
as its objective, production improvement. Finally, it is necessary
to consider future production as a source of direction. Studies

of the nature of current production and a projection of the future
needs of refractory metal welding constitute Parts II and III of

this report.

Part I - Conclusions

1. At least forty-nine research and industrial
facilities are or have engaged in the welding of refractory
metals. This group does not include the electronics

industry.

2. The forty-nine facilities represent a reasonably
complete listing since they were identified by polling a
group of eighty-six persons directly associated with the
field of refractory metals welding, design and materials

production.

* Often a questionnaire would be answered by more than one person.




I1I PART I1I - NATURE OF CURRENT REFRACTORY
METALS WELDING OPERATIONS

In reviewing the information obtained from the 49 facilities
identified as comprising the refractory metals welding industry,
attention has been directed to six major areas:

A. Materials used in current refractory metal weldments
including findings related to the thicknesses welded,
metals and alloys involved and dissimilar metal

joining experiences.

B. Welding processes employed (both in production and in
organized engineering efforts) and determination of the

relationship between processes and products.

. Reported combinations of materials and processes.

C
D. Size of refractory metal weldments (arc and resistance)
E Techniques for welding refractory metals.

F

. Methods for evaluating welds destructively and

non-destructively.

A. Materials of Current Refractory Metal Weldments

1. Relative Welding Experience of the Four Major
Refractory Metals: Columbium, Molybdenum,
Tantalum and Tungsten

In reviewing reports from designers, metallurgists, and
welding engineers it appears that there exists an appreciable
amount of welding experience for each of the refractory metals
and most of their alloys. These are shown according to frequency
of reference in the Figure I. This tabulation shows that the
welding of columbium and its alloys was referred to in the answers
to the survey approximately twice as often as molybdenum or

tantalum and their alloys. Columbium welding experience was noted
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three times for each reference to fungsten. Each reference, as

used in this figure and the following figures in this section,
related to a specific product, experimental application, or
systematic welding program identified by welding engineers responding
to the questionnaire. Each was, in the respondents mind, signifi-
cant enough so that such details as thickness, type of joint, method

and inches of weld involved could be set forth.

Using the same references, the data were reviewed to
determine if there was a discrepancy between the number of times
an alloy was used (as indicated above) and the actual welding
experience in terms of inches of weld. The latter data had been
reported by category, that is, respondents had been asked whether
the referenced application involved less than 12 inches of weld;
12-24 inches of weld etc. 1In order to display the data each
category was assigned a single value usually midway between the
range. This technique was also used to display the information in

the remaining figures of this section on materials.

From Figure 2 it appears that the relationship between the
materials is the same when experience is stated in inches of weld
as it was when experience is stated in terms of the number of
products, programs, etc., to which the material has been applied.
This relationship indicates that columbium and its alloys are most
frequently welded while molybdenum or tantalum alloys have been
welded about half as extensively. Tungsten welds total only about
one third the length of the columbium welds.

The above values are relative and not absolute. One reason
for emphasizing this point is the inclusion of one or more
references to applications involving "over 200 inches of welding',
in the data for each material. Recognizing that such applications

might involve several thousand inches and thus change the
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relationship where a particular metal had been subjected to a
large proportion of such applications the data was re-examined.
The dotted line was calculated using 200 inches when over 200
inches was indicated and the solid line 400 inches for over 200
inches. Behind this re-examination of the data lay recognition
of the production welding that has been applied to tungsten
rocket nozzle components. This particular application appeared
to be the closest approach to production, as the term is commonly
used, yet tungsten appeared to be the least welded of the four

refractory metals.

Figure 2 indicates no significant change when the '"over-
200 inch' category was reweighed. This has been conservatively
interpreted to mean that each material has a similar proportion

fo "over 200 inch" applications to its credit.

The observation, from Figure 2, that each material involves
a number of '"over 200 inch'' applications is in itself an important
point for the following reason. As will be noted in other sections,
components produced from refractory metals tend to be small
involving only a few inches of welding per unit. However, the
special nature of refractory metal welding is such that even the
smallest welds require the application of a considerable amount of
engineering skill. According to interviews, welds are often
carried out under the supervision of engineers otherwise assigned
to research or development programs. Special equipment (such as
vacuum chambers, purged chambers and electron beam equipment) is
often applied. Furthermore, as the care in selecting personnel
and equipment might imply, the risk of something going wrong is
still considered high. For example, nearly every respondent to
the questionnaire specified a desire for greater shielding
reliability. If something should go wrong, the value of the

material involved may exceed the value of an equivalent component

-11-




of a more common material such as aluminum by a factor of
two-hundred. Therefore, if production improvement implies
improvements in process reliability, simplifications, etc., then
the potential for effecting an improvement in cost and delivery
on even a few inches of weld is considered where refractory metals

are involved.

In addition to the insight gained into the relative usage
of the refractory metals and their alloys several instances were
noted where the various metals and alloys were joined (by
processes other than brazing or diffusion bonding) to dissimilar
metals or alloys. These are listed, along with the joining method,
in Table II. It is assumed that the joints were satisfactory for

the intended application.

2. Properties of Refractory Metal Welds

While the above information has been generalized with
respect to materials, the literature provides the means for
obtaining specific documented information concerning the weldability
of the various refractory metals and alloys. In many instances the
specific properties of welded material will not be given since some
of the data was fragmentary and in the reported results the
variables of welding and testing were significantly different so

that the results were not usually comparable.

a. Molybdenum
The ma jor commercial molybdenum based metals are
commercially pure molybdenum, Mo-0.50Ti and TZM. The nominal
compositions and normal interstitial levels are shown in Table III.

The three molybdenum alloys have all been fusion
welded. Difficulty is often encountered in producing sound, crack
free, porosity free welds. These defects are caused by material

-12-




Mo

Mo

Cb

Cb

Co

Cb

to Cb Alloy

to W

to Cb Alloy

to Ta

alloy to Ta

alloy to

Ta alloy

Cb

Cb

Ta

Ta

to W

alloy to W

to Ta alloy

to W

REPORTED DISSIMILAR METAL JOINTS

No. of
References

2

TABLE 11

Thickness
(Inches)
.005 - .010
.030 - .050
.050 - ,100
.005 - .,010
.010 - .030
.030 - .050
.050 - .100
.100 - .150

-<.250

.030 - ,050
.150 - .250
.250

.010 - .030
.030 - .050
.050 - .100
.010 - .030
.030 - .050
.030 - .050
.005 - .010
.030 - .050
.005 - .010
.010 - .030
.030 - ,050

Method of Joining

Resistance
TIiG, EB, Resistance
TIG, EB

Ultrasonic,
Resistance, EB

TIG, EB, Ultrasonic
Resistance, TIG, EB
TIG

TIG, EB

TIG

TIG, MIG
TIG, MIG

TIG
TIG
TIG
EB

TIiG
TIG

EB

Resistance
Resis tance

EB
TIG
TIG

All thicknesses TIG, EB

listed in the
survey

(<005 thru

> .250)

-13-




NOMINAL COMPOSITION AND INTERSTITIAL LEVEL
OF COMMERCIAL MOLYBDENUM ALLOYS

ALLOY

Molybdenum
(Powder Met)

Molybdenum
(Arc Cast)

Mo - 0.50 Ti

TZM

QQ(Egm)

50
10

10

10

TABLE III

Composition

Nzgggm)

20

-14-

C ppm Ti(%) Zr (%)
40 -
200 -
200 0.5 -
200 0.5 0.100




defects in some cases and by poor processes at other times. The

process difficulties will be discussed in a later section.

The interstitial elements oxygen, carbon and
nitrogen have a marked effect on weld ductilit§l’ 2, 3, 4)of
molybdenum. The effects of these residuals in the molybdenum
alloys should be similar to the parent metal. Welding of powder
metallurgy molybdenum often shows centerbead cracking and porosity.
These effects are blamed on the high gas content of powder
metallurgy product(4) as shown in Table III. Generally,arc cast
molybdenum contains a low enough gas content so that cracking and
porosity is not as great a problem. Throughout the industrial
survey no great difficulty was noticed in the welding of commer-
cially pure arc cast molybdenum with respect to cracking and
porosity. Some early welding reports show the difficultyfl’ 2)
however, arc casting techniques have been developed such that the
gas content is low enough so that porosity and cracking is not

normally a problem.

The results of the investigations of the effects of
interstitials on the weld ductility of molybdenum is shown in
Figures 3, 4 and 5. The effects of these elements on cast
molybdenum are shown in Figure 6. Some correlation should be
able to be made between as welded and cast material. The results
show some differences mainly in magnitude probably due to variances
in base material grain size, grain shape, impurity distribution

and testing procedures.

Oxygen in both cases seems to have the greatest
effect on bend transition temperature with 0.009% raising the
transition temperature from -150° to about 100°F (strain rate
0.003 "/"/min). The effect of nitrogen is somewhat less (0.12%)

raising the transition temperature in a welded specimen from 0°F

-15-
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to 500°F. The as cast study shows 0.01% nitrogen raising the.
transition temperature from -100°C (-148°F) to 100°C (212°F).

The effect of carbon on weld ductility is somewhat
controversial. Figure 6 (as cast material) shows a detrimental
effect of carbon from 0.001% to 0.025% while Figure 5 on welded
materials shows a slight increase in weld ductility in the range
0.01 to 0.06. Monroe et al found a decrease in weld ductility
(6) in the range 0.15% to 0.82%. The question

of the effect of carbon on weld ductility is still unresolved.

with increase carbon

Titanium in cast molybdenum shows an increase in
(6)

ductility in amounts to about 1%.

Mo-0.5Ti has also shown little difficulty in

welding(S’ 9)

with respect to soundness. In the survey of the
industry no great difficulty was encountered in producing sound

welds using proper welding techniques.

Reference to the welding of TZM has not been found
in the literature, however, in the Industrial Survey several
organizations have indicated the ability to join TZM. Difficulty
is sometimes encountered in cracking. Porosity is not generally

a problem.

Mechanical properties of commercially pure and
molybdenum alloy welds are generally reported in bend transition
temperature and/or tensile properties. Bend transition tempera-
tures are generally between 100° and 300°F, however, some
references indicate transition temperatures as low as room
temperature and as high as 400°F. The range of indicated transi-
tion temperature is not surprising when the great effect of the
interstitial elements are considered. Small variations of starting
material and in welding techniques could easily account for the

range of reported data.

-20~




Tensile data on welds of molybdenum base materials
have been presented by several authorsfs’ 11, 15) Typical
strength properties of the parent metal and of welds in Mo-0.50Ti
are shown in Figure 7. This material was electron beam welded.
Again it seems difficult to compare these results with other
investigations both with respect to welding process and properties
due to the testing being non-uniform and the starting materials

being different.

b. Columbium

Formal investigations on the weldability of the
commercial (or semi-commercial) columbium based alloys are shown
in Tarle IV. Specific parameters of welding will not be given
nor will all the data presented in the referenced material. The
discussion is presented to indicate the relative properties and
welding problems relative to the columbium alloys discussed in

the literature.

Cb-1%Zr when welded in a controlled atmosphere
chamber with TIG equipment showed capabilities of a 180° bend at
room temperature.(13) No difficulty was reported in the Industrial

Survey. Ductile, resistance spot welds have been made with this

material.

FS82 is another columbium alloy which gives little
difficulty in welding. Transition temperatures of -100°F have
been achieved using TIG welding in a controlled atmosphere chamber.
An overaging at 2000 to 2800°F improved weld ductility and

(155 Electron beam

prevented embrittlement on aging at 1800°F.
welds showed a transition temperature of -280°F for this alloy.
A second investigation also studied the weldability of FES82.
Room temperature bends of 105° over a 4T radius were possible

(14)

after a post heat treatment of 2200°F for 1 hour. Spotwelds
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TABLE IV
COMMERCIAL COLUMBIUM ALLOYS

INVESTIGATED FOR WELDABILITY

Commercial Designation Nominal Composition
Cb-1Zr 1.0Zr
FS-82 33Ta - 0.7Zr
D-31 10Ti - 10Mo
F-48 15W - 5Mo - 1Zr
D-36 10Ti - 5Zr
Cb-752 10W - 5Zr
FS-85 27Ta - 12W - 0.6Zr
B-66 5V - 5Mo - 1Zr

X-110 1Zr - 10W




were formed and a heat treatment similar to the TIG treatment was

necessary to restore ductility.(l4’ 15)

The alloys D31 and F48 reacted similarly to fusion
welding. The transition temperature of D31 and F48 TIG welds was
reported to be about 600°F. Transition temperatures of electron
beam welds were somewhat lower at about 250°F. Post weld heat
treatments and preheating reduces the transition temperature,
however, the best set of conditions showed F48 TIG weld transition
temperature at 350°F and D31 at 450°F.(14)

Both D31 and F48 have been resistance spot
weldedgl4’ 15) Both have shown brittle welds at room temperature.
Cracking is prevalent in the fused nugget type welds, therefore,
the recrystallized type weld is generally preferred. Foil insets
of titanium have shown some improvement in properties. Tensile
shear properties were somewhat improved, however, brittle failure

was still prevalent.

Cb752 has shown tungsten arc welds capable of a

180° bend over a 3T die at room temperature.(lz)

The remaining alloys listed are at present being

(16)

investigated. Some of the preliminary results will be given.

D36 showed a bend transition temperature of
-250°F for TIG welds while electron beam welds were ductile to
-320°P. Some cracking was observed in the D36 welds at speeds
at 15ipm. Higher or lower speeds eliminate the cracks.

FS85 electron beam welds showed a transition
temperature of -200°F to -173°F.

Cb752 TIG welds gave a transition temperature of
-140°F compared to -275°F for electron beam welds.
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B66 gave electron beam welds with transition
temperature range of -150 to -100°F. Center bead cracking was
observed in TIG welds when the clamping pressure was high. Very

light clamping pressure eliminated the cracking problem.

B66 was reported weldable with room temperature
(17)

minimum bend radius of 2.5T.

X-110 showed TIG welds with a transition temperature
of -150°F and electron beam welds with a transition temperature of
-150°F, '

c. Tungsten

Ductile - brittle transition temperatures of welds
in powder metallurgy tungsten have been reported in the range of
600° to 1100°F, (3: 18)

assumed due to variations in starting material, testing techniques

Again the wide range of values can be

and welding techniques. Cracking is a problem and careful preheat
and fixturing practices should be used. Porosity is sometimes a
problem in the powder metallurgy product whether electron beam or
TIG welding is used. Arc melted tungsten should eliminate most
welding porosity, however, the mechanical properties should be
similar. Tensile strength of welds in tungsten are generally
lower than the base metal up to a temperature of 2800°F. Above

(12)

these temperatures the strengths are comparable to base

material.

d. Tantalum

Welds of tantalum and Ta-10W can be bent at room

(3)

temperatures to 180° bend over a 1T radius. Tensile properties
show the welded material somewhat lower strength than the base
metal up to temperatures of 3000°F;at this temperature the tensile

properties are similar.
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All of the four major refractory metals, molybdenum,
columbium, tungsten and tantalum and most of their alloys have been
fusion welded. 1In all materials the necessity of an inert
atmosphere is emphasized. In a future portion of this document a
section is devoted to the impurity content of the welding chambers

in use today.

3. Thicknesses of Refractory Metal Welds

Having reviewed the type of material involved in
refractory metal weldments, the same data were re-evaluated to
establish the thicknesses with which the refractory metal welding
industry had at least some experience. Figures 8, 9, 10 and 11
set forth the findings for tantalum, columbium, molybdenum, and
tungsten respectively in terms of both frequency of reference and

the more quantitative value of reported inches of weld.

Tantalum, molybdenum and columbium show a marked
predominance of experience in either the .010 - .030 inch or
.030 - .050 inch thickness ranges. Columbium appears to be most
of ten applied in the .030 - .050 inch range. All have been welded
a significant amount in foil thicknesses and in thicknesses in the
.150 - .250 inch range as well as in the catch-all range of over
.250 inches. The trends in terms of relative length of weld
parallel the number of reported applications in almost all instances
leading to the observation that the number of welding experience

per application is about uniform.

Tungsten does not exhibit a marked predominance of
experience in any thickness range. Based on inches of welding
experience, the tungsten weldments have been heavier than the other
three materials with very slight peaks observed at .050 - .100
inches and in the over .250 inch categories (closely following the
frequency of reference). In the .030 - .050 inch range only 250
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inches (relative) of experience is reported. Thus it appears that
the applications in this range involve significantly less welding
experience per application than that encountered in other ranges.

The reported ability to weld heavy (over .250 inches)
tungsten suggests the advanced nature of the welding skills that
exist within the industry sample represented by this survey. Such
welds involve immense heat input and generate very high welding
stresses, while the welding technique, at the same time, must
successfully accommodate the stresses generated by these welding
conditions through sophisticated fixturing, careful alignment,
preheating, etc. Furthermore all of this must be accomplished
on a material that requires careful shielding and is extremely

brittle up to temperatures approaching 800 - 1000°F,

B. Welding Processes

As noted in the introduction, this program is concerned
with those processes wherein the individual base materials are
joined directly. The scope, therefore, involves fusion welding
but has been arbitrarily extended to cover joining under the
influence of ultra-sound, or similar energy forms. Bonding, using
extended time and temperature, or brazing through the addition of
a third material to the joint, has not been considered. Table V,

shows the frequency of reference to the various joining processes.

Non-consumable electrode inert gas welding (TIG) appears
to be the most commonly used process in terms of frequency of
reference in replies to the survey. However, of considerable
significance is the indication that the refractory metals welding
industry, as defined by this survey, has in its relatively short
existence explored nearly every applicable welding process. That
is, the refractory metals welding industry has attempted to apply

nearly every process that appears to be capable of joining
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TABLE V

JOINING PROCESSES SHOWING

USAGE IN WELDMENTS-BY FREQUENCY OF REFERENCE

Process

Arc, Inert Gas Non-Consumable Electrode

Arc, Inert Gas Consumable Electrode

Electron Beam
Resistance
Ultrasonic
Flash
Explosive

Laser
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materials and still maintaining the metallurgical integrity of

a material with the characteristics of brittleness and sensitivity
to contamination exhibited by the refractory metals. This suggests
that the level of technical sophistication is high and that the
breadth of knowledge of the technical personnel associated with

refractory metals joining is considerable.

One trend that was strongly evidenced in the survey is the
close relationship between non-consumable electrode inert gas
welding and electron beam welding. Of the 37 respondents that
indicated experience with non-consumable electrode inert gas
equipment, 20 also indicated experience with electron beam
equipment. When asked during discussions to express an opinion
regarding the relative advantage of each as applied to a given
weldment, all facilities interviewed, that had both available,
considered electron beam welding to be applicable only where their
first choice, TIG welding, did not appear to meet all of the
requirements. Several refinements over TIG are available through
the application of electron beam welding. Two organizations apply
electron beam welding to reduce stresses in the welding of complex
shapes, one of these facilities emphasized the desirability of this
approach when tungsten is involved. One other organization
definitely felt that an improvement in the properties of columbium
and its alloys could be achieved (if an improvement over the
normally acceptable properties of properly produced TIG welds was
required). Improved shielding reliability was cited by four
facilities, but the improvement is a matter of degree and depends
upon the TIG welding chamber that is available. In each case,
however, electron beam welding was considered as capable of
producing a process refinement that would not be achieved by TIG,
which was in each case, the first process considered when fusion

welds are indicated.
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The need for very good fitup, tooling to permit remote
manipulations and a vacuum quality chamber are limitations that
are always present for electron beam application but are not
always required for TIG. These limitations are not always of
negative value since they force the facility to provide good fit
and tooling (both of which are essential, for example, on complex
tungsten weldments) when there might be a tendency to overlook
these elements in the interest of cost or delivery. While the
TIG-electron beam relationship was carefully probed in four
interviews no attempt was made to evaluate the relative merits

of high or low voltage electron beam equipment.

No similar relationships were observed for other processes.
Currently other processes are applied on the basis of unique
abilities or limitations. In the future the ability to produce
spot welds between surfaces may require an evaluation of
resistance and ultrasonic methods. Only two facilities were
found actively working with both at present and the interest in
spot welding is generally less than that encountered in arc welding

so that a meaningful general statement could not be obtained.

C. Materials and Process Combinations
for Reported Applications

A listing of the various weldments reported in the survey
(Table VI) provides, perhaps, a better insight into the nature of
the refractory metals welding industry than do the foregoing semi-
quantitative statements regarding composition and thickness of the
base material or a description of the equipment, since an intangible
degree of complexity and reliability is implied by most of the

weldment descriptions.

In reviewing the process-weldment relationships in Table VI
the limited application of the electron beam process appears to

refute the earlier statement made regarding the large number of
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TABLE VI

SPECIFIC REFRACTORY METAL WELDMENTS REPORTED IN SURVEY

Maximum
Description Service Material Process
Temperature Used
Exhaust System Components
Rocket Nozzle & Nozzle
Components
Nozzle (Assembly) 4000°F Tungsten EB
Nozzle (Radiation Cooled) 3000°F Molybdenum Resistance
Nozzle (Uncooled skirt) 3000°F Molybdenum EB
Nozzle - Columbium EB
Nozzle - Columbium Alloy EB
Nozzle 4000°F Tantalum EB
Nozzle 3000°F Tantalum TIG
Nozzle (Liquid metal cooled)2000°F Mo-Mo Alloy-Ta EB and TIG
Other Rocket Exhaust
Components
Hot Gas Valve 3000°F. Molybdenum TIG
Manifold 5000°F Tungsten TIG
Elbow 5000°F Tungsten TIG
Blast Tube Inlet 5000°F Tungsten TIG
Components for Exhaust
Systems in Other Type
of Engines
Vane 2000°F Columbium Alloy TIG
Sound Suppressor 3000°F Molybdenum Alloy EB and/or
TIG
Structural Components for Aerospace Vehicles
Leading Edge 4000 °F Tantalum Alloy TIG
Leading Edge 3000°F Columbium Alloy TIG
Double Reversed 3000°F Columbium Alloy Resistance
Corrugated Panels
Air Foil Surface 3000°F Molybdenum TIG
Corrugated Panel 2000°F Molybdenum Alloy Resistance
Honeycomb (Core) Molybdenum Alloy EB
Honeycomb (Core) Columbium Resistance
Molybdenum Resistance
Tantalum Resistance
Fitting 2000°F Columbium Alloy TIG
Heat Shield 3000°F Columbium Alloy TIG
Heat Shield 2000°F Columbium Alloy Resistance
Heat Shield 2000°F Columbium Alloy TIG (Spot)
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TABLE VI (Con't)

SPECIFIC REFRACTORY METAL WELDMENTS REPORTED IN SURVEY

Liquid Metal Systems & Components

Loop 2000°F Columbium Alloy TIG
Loop 2000°F Columbium Alloy TIG
Loop (Small) 2000°F Columbium Alloy TIG
Loop (Large) 2000°F Columbium Alloy TIG
Loop, Sodium 2000°F Columbium Alloy TIG
Container-Liquid Metal - Columbium TIG
Liquid Metal Pump - Columbium Alloy TIG
Liquid Metal Sump - Columbium Alloy TIG
Liquid Metal Pressure Vessel - Columbium Alloy TIG
Connector Loop 2000 °F Molybdenum TIG
Connector Loop 2000°F Columbium Alloy TIG
Heat Exchanger 2000°F Molybdenum TIG
Heat Exchanger 2000°F Tantalum TIG

Other Applications

Wave Guide 3000°F Columbium Alloy TIG
Pitot Tube 4000°F - TIG
Calorimeter 2000°F Tantalum EB
Thermionic Emitter 2000°F Tantalum EB
Thermocouples 3000°F Tungsten-Tantalum EB
Vessel Liner under 1000°F* Tantalum TIG
Furnace Liner 3000°F Tantalum TIG
Heat Exchanger under 1000°F* Tantalum TIG
Agitator under 1000°F* Tantalum TIG

* Used in chemical industry
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applications reported for this process. It appears from Table VI
that electron beam welding has been largely confined to the
geometrically simple welds associated with nozzles. The need to
manipulate the workpiece very accurately may have limited the
application of electron beam welding. When more complex shapes

are involved, TIG appears to have been preferred. 1In some instances
problems associated with fitup may have precluded the use of
electron beam welding. Resistance welding seems to play a more
important role than electron beam welding when actual components

are considered.

Finally, it is believed that the relative use of the processes
as reflected by Table VI is somewhat less current than the remainder
of the information taken from the survey or from interviews since
these refer to components already built and indicate past capabil-
ities rather than present or future. In discussions with two major
refractory metals welding subcontractors, emphasis was placed on
the one-of-a-kind nature of the orders that they encounter. To
illustrate the influence that the one-of-a-kind nature of the
market has on process selection, one vendor cited a particular
component that had been repeatedly fabricated by his organization
but emphasized that a process such as MIG was still not attractive
for this application because some variance was always encountered
as a result of fabrication problems and engineering changes. A
single TIG welding procedure accommodated these variations. Several
MIG procedures would have been required in the workpiece. The
joint thicknesses would have favored MIG over TIG under normal

production conditions.

D. Size of Refractory Metal Weldments

The tendency to weld refractory materials in a chamber in
order to achieve reliable shielding conditions suggested that the

size of weldments might be important to any discussion of the
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current capabilities of the refractory metals welding industry.
Tables VII and VIII show this relationship in arc and resistance

welded structures.

Over half of all the applications reported appear to have
dimensions less than one foot. This predominance of small
weldments may be associated with the comment of many facilities
that their output was largely in the form of test specimens
or test assemblies since the environmental testing facilities for
refractory materials rarely can accommodate full scale components.
It also reflects the tendency for heat shields, a major item of
prototype production as noted in Table VI, to be limited in size
in order to minimize the effect of temperature gradients on the
structure., Rocket exhaust system components with their current
dependence upon tungsten may also contribute to the limited
component size encountered by the industry since weldable (and
formable) tungsten material is not available in large sizes.
Liquid metal systems, one of the largest of the current refractory
metal components are limited by the economics of environmental
chambers. If one or more of the limiting situations suddenly
changed (particularly in the area of rocket exhuast components
or liquid metal systems), severe arc welding chamber limitations
might result. The effect on resistance welds would be less
noticeable providing processes were available to produce the

welds in most thicknesses and without excessive electrode wear.

E. Techniques for Welding Refractory Metals

Having reported the materials, equipment and weldments
involved in the welding of refractory materials, the survey in
this section undertakes a discussion of how refractory metal welds
are made for any given process. For the purpose of the survey,

the term '"technique'" has been chosen to define all of the elements
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TABLE VII

LARGEST WELDMENTS CURRENTLY PRODUCED BY ARC WELDING

Number of Responses

<1l ft. 1-2 ft. 2-5 ft. 5-10 ft. >10 ft.
Max. Length 15 4 6 2 1
Max. Width 17 6 0 0 0
Max. Depth 18 4 0 0 0
Max. Diameter 13 5 1 0 0
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Max .,

Max.

Max.

Max.

TABLE VIII

LARGEST WELDMENTS CURRENTLY PRODUCED BY RESISTANCE WELDING

Length

Width

Depth

Diameter

<1l ft.

4

Number of Responses

1-2 ft.

4
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of equipment and tooling that may influence the final weld.
Specific items of technique that were included in the questionnaire
were:
Shielding
Importance
Methods
Gas Purity Limitation
Methods of Monitoring Purity
Power Supply
Special Equipment Controls
Underbead Chill
Underbead Shielding
Carriage Travel Requirement
Tool Rigidity
Clamping and Alignment Requirement for Fixtures
Resistance Welding Electrode Materials
Rating of Resistance Welding Equipment
Material Control with regard to:
Surface Finish

Levels of Contamination

The survey approached the gathering of information regarding
the importance of these items of welding technique from a
comparative viewpoint. By determining where the techniques varied
from some rather well-established basis of reference (both
austenitic stainless steel and high temperature alloy welding
practices were used) a dual purpose would be served. First, a
semi-quantitative value could be provided (i.e., the importance
of a particular parameter was higher or lower than that used to
weld stainless steel) so that trends would be more readily and
reliably established. Second, since changes in practice are one
likely source of production limitations it was felt that comparison
would best highlight potential problems. In short, the questionnaire
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was keyed to establishing the existence of any trends or variances
from contemporary practice that might ultimately result in

production limitations.

Actual procedures in terms of amperages and voltages were

not solicited because:

a. This information would be difficult to correlate.
the degree of optimization for a given procedure

would not be known. Further such conditions as fit-

up, chill etc., which vastly influence these parameters
could not be easily classified. Proper clarification
of conditions is essential when discussing parameters

such as current.

b. Data of these types would not be apt to suggest
limitations in production.
The techniques applied to and problems associated with each

process are discussed in subsequent sections.

1. Fusion Arc Welding Techniques

Identified shielding methods include the use of auxiliary
nozzles attached to the torch (19 to 39 responses from facilities
working with TIG). In 27 of 39 answers, chambers were identified.
Sixteen of the 27 facilities using chambers also used auxiliary
shields without chambers in certain applications. Twelve
respondents indicated that special welding parameters could also
be used. Of the 27 facilities reporting the use of chambers, 12
were identified (or observed) to be of the type that could be
evacuated and backfilled with inert gas. The report evacuation
3 mm and 1 x 10_6.

and backfilling is employed at least one facility also reported a

levels ranged between 1.5 x 10~ Where evacuation

systematic procedure for periodically checking on the leak rate
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under vacuum and also had applied specific techniques for rapidily
backfilling -- both techngiues aimed at minimizing the introduction
of contaminants during the low vacuum portion of the purging cycle.
The diffusion of water directly through rubber gloves during welding
was cited as a source of contamination. In three instances, double
evacuation-refill cycles were employed. At least sixteen facilities
that use chambers (including six that are known to use vacuum
purging), also produce a weld on a reactive metal prior to initial
production. Titanium is frequently used. The appearance (and,

less frequently, bend behavior) of the scavenge weld are used to

establish the purity of the chamber atmosphere.

The appearance of a weld in a reactive metal is
frequently used in setting up auxiliary shielding equipment on

welding torches that are not to be used in chambers.

Nine facilities of the 27 that commented on monitoring
the shielding environment actually used instruments to analyze the
chamber gas. Fourteen others relied on the certified purity of
the gas in the container. Twenty-two specifically noted the use
of weld appearance. Eight facilities (each with experience in all
four refractory metals) were questioned regarding the use of open
welding with auxiliary shielding versus the use of some type of
chamber. In each case, satisfactory open welds had been made.

In all but one case a welding chamber was preferred. Reliability
was cited in each instance as the reason for preferring a chamber.
There was general agreement that, in theory, at least moderately
pure atmospheres could be obtained from an open torch equipped
with properly designed auxiliary nozzles. However, process
reliability is a big factor in the one-of-a-kind experience that
characterizes the production welding of expensive refractory

metal subassemblies. Estimates of the reliability of the open
(non-chambered) torch with auxiliary shields ranged from good, for
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one application where the welding was in a deep trough-like
configuration, to very difficult and expensive to achieve, in the
case of outside corner welds where the gas could fall away from
the joint causing a directional flow across the weld. Even under
the best circumstances, the open torch does not permit monitoring
and welding could not be discontinued in the event that the
purity level started to drop during welding. Secondly the
commonly used technique of using a scavenge and preweld observa-
tion in the same batch of gas that will be used during welding is

not possible as it is in chamber welds.

In 22 instances, the facility had considered gas purity
in sufficient detail to define it in the questionnaire. Table IX

gives these results.

It appears that there is a wide divergence of limits
for the individual contaminants. However, 13 out of 21 facilities
in the above table indicated a preference for less than 50 ppm

total impurities.

It should be noted that contamination effects both
mechanical properties and corrosion resistance so that varying
attitudes for different applications would be anticipated. Further
the effect appears to be related to the amount of contamination
so that different applications could tolerate different welding
conditions. However, there does not yet appear to be a trend
toward the establishment of common limits for a given segment of
the industry (for example a common agreement among facilities

building loops).

No data were reported for helium. Only twelve references
were made to helium while at least 25 references were made to
argon. This result is difficult to explain on a technical basis
since helium provides greater penetration and, when processed, is

capable of achieving less than 1 ppm total impurity levels. The
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