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ABSTRACT

The genesic, method of operation, and accomplishments of the Refrac-
tory Metals Sheet Rolling Panel are described in the report of the main
Panel, alung with reflections on the conduct of such a program and recom-
mendations for future activities in this field.

Summary reports of the eleven subpanels and one special ad hoc sub-
panel are included in the body of the report. Longer discussions of ac-
tivities of the Subpanel on Alloy Requirements & Selection constitute an
appendix to the report.




FINAL REPOKT

REFRACTORY METALS SHEET ROLLING FANEL

RECOMMENDATIONS

Introduction

The refractccy metal sheet rolling program was originally established
by the Department of the Navy, Bureau of Naval Weapons, to identify the
variables anc causes responsible for variation in refractory metal sheet
and to develcup remedies for these difficulties, 1t was intended, in gen~
eral, to develoy a comprehensive technology for making high-quality, re-
producible, widely usable material, with all the implications therein,
responsive to the establishcd requirements of weapons and vehicle designers,
The program subsequently was expanded through tire Department of Defense to
ruciude the other Services, and National Aeronautics und Space Administra-

tion .4 Atomic Energy Commis.ion in a broadly based, integrated effort.

Av this writing, $iX years later, the refractory uwetal sheet industry
in the ruited States is a going business, 1In the last few years there has
been avaitable: & choice of strong alloys; wide and thin sheet produced
te <lose tolerances; a background cf property data and formability experi-
ence, and finally, sufficient production know-how to permit reasonable
deliveries and realistic quotations. Several of the currently available
alloys were unknown at the start of the program, It is believed that the

sheet rolling program has made a significant contribution to this progress.

Although the coordinated program is well along and it is clear that
the general objectives havz been achieved, some of the contractor programs
need to be completed. Othier program recommendaticns should be implemented

as outlined in the body of this report in Table &,

With the ending of the formal program, the following recommendations

are offered:




1. a. Collection and dissemination of Phase I and Phase II
data should be accomplished for the columbium alloys FS-85,
D-43, and Cb-752 and for the tantalum alloys T-222 and
GE-473 in limiced-scope programs as defined in Table 4.

A single summary document should be prepared that will in-
clude all pertinent reliable property data (Phase II data)
along with the mill-processing history (Phase I dat=) for

each of these materiala,

b. Advanced tungsten alloys of both the high-strength aud
room-temperature ductile classes have shown exceptional
prornigse., After additional labecratory optimization has been
completed, a seleried Luugsten alloy or alloys should be
scaled up to the pilot level for demonstration of production
feasibility and for determination of prelimingry design data.

2. A coordinated coating program should be continued as described
in the Coating Subpanel report, page 632; additional detailed recommenda-
tions will de found in this subpanel report.

3. A coordinated tubing program should continue as recommended in
the Tubing Subpanel report, page 111,

4. A "working forum'" or a standing "Refractory Metals Requirements
& Selection Panel' (RMRSP), including Government, consumer, producer, and
B&D groups, should be created to review progress regularly, in the area
of refractory metal developments leading to all needed product forms. The
"minuted'of such meetings should be available to all to provide maxiwum
information for guidance of both industry in-house and Government programs,
It nas been prcved that proper action will follow 1f objectives can be
clarified and made known to those who must respond. It is deemed an es-
sential feature of such activity that an "Alloy Selection Group'" would
impartially select specific compositinns to be recommended for Government

support for process developments, The Panel suggests that this apprcach




Z2y, indeed, be appropriate for a wide variety of materials required in
Government programs, particularly where there is critical need and a small

market,

9, Some additfonal recommendations will be found at the end of

geveral of each of the subparel reports in this document.



PANEL ACTIVITIES AND CONTRACT PROGRAM

Formation of the Refractory Metals Sheet Rolling Panel

At the inception there was a need for refractory metal sheet for cer-
tain research and development vehicles or devices such as the X-Z0, ramjets,
and solid rocket components plus, certainly, the knowledge that with the
constantly upward trend in operating temperatures, requirements would be
present if quality sheet of the proper alloys could be provided. At that
time very few refractory metal alloys were available, surface and dimen~
sional control was poor, and worst of all, product quality was extremely
variable., This was the era when unalloyed nolybdenum was beginning to be
replaced by the Mo-~0.5Ti alloy, Cb~lZr was the columbium alloy, wher there

were no tantalum alloys, and no sizeable tungsten sheet.

A major quality problem was lack of uniformity, Variable formability
and tendency to delaminate or crack during shearing and forming (Ref. 1)
were persistent problems in attempted appiications. These problems were
most pronounced with Mo- and W-based materials. All of the refractory
metals considered in this program, W, Ta, Mo, and Cb, are body-centered
cubic metals and at least W, Mo, and Cb exhibit a ductile-brittle transi-
tion temperature as temperature is lowered. It is desired that this DBTT
be below roor: temperature to facilitate handling and forming. Molybdenum
sheet was found to have an extremely variable DBTT, usually above room

temperature,

In the "Report of the Committee on Refractory Metals'" (Ref. 2) in
1959, it was stated:

"The principal deterrent to the use of molybdenum sheet
is its unreliability in mill products produced today, and the
limited technology that has been developed to fabricate it into
engineering structures, Quality variations, ranging from un-
acceptable to acceptable, are serirusly retarding the final "




development of this metal as an engineering materiai. Fabri-
cation problems such as fusion welding and protective coating
are also a deterrent to its application. The great potential
moilybdenum sheet metal has for extending presert airframe and
engine structural concepts to higher operating temperatures,
thereby resulting in the simplest, lowest weight structure,
cannot be taken advantage of until the metai cam be reliably
produced and fabricated.

“In addition to the required improvements in metallurgical
behavior, a considerapble cffort is necessary to provide rolling
equipment, furnaces, and supporting xquipment. Thease must be
capable of rolling large (3€-inci wide), flat, thin (down to
0.010 inch) sheets, with thickness tolerances tie same or one-
half those for steel, of the Mo-0.5Ti alloy and advanced al-

loys for structural application in airframes and engines.”
(page 146)

This report concluded with a strong recommendation ti:at a molybdenum

sheet rolling program be instituted.

Surface contamination was another persistent problem. Columbium and
tantalum alloys are particularly prone to contamination from oxygen and
nitrogen when heated, and some Mo alloys are also susceptibie. Such con-
tamination reduced bend ductility and formability. The lack of uniformity
also affected mechanical properties, and as a result many designers felt
that refractory metals were not ready to be specified. These difficulties

with refractory metal sheet have been described in morz detail in Reference 1.

In an attempt to confirm the existeace of applications for refractory
metals, the Aerospace Industries Association (then the Aircrafc Industries
Association) polled the members of its Aircraft Research and Testing Com-
mittee. The three questions asked were: Which metals were of interest;
yearly quantities required; and the desired characteristics in the metal.
Returns from eiguteen companies showed strong interest in molybdenum,
columbium, and fungsten (totaling 15,000, 12,500, and 1C,000 pounds of
mill products), and lesser interest in vanadium, rhenium, chromium, and

tantalum, With hindsight, it would appeuar that the limited interest in




tantalum (a total of 660 pounds was the estimated requirement for the

eighteen companies) was not justified.

Ob jective of the Program

In the words of the 1959 Molybdenum Panel quoted previously, the
objective was to '"develop the technical information necessary to trans-
pose previous limited processing . . . into a high-quality production
sheet product suitable for use in aircraft and missile manufacture, and
to evaluate the resulting material." It was decided not to restrict the
scope of molybdernum. In practice, nearly equal emphasis has been given
to all four important metals, molybdenum, columbium, tantalum, and tungs~
ten. The program was not one of research but one of identification and

development of alloys of promise.




Method of Operation

The Refractory Metals Shkeet Rolling Fanel decided that the program

should be divided into three phases for each alloy:

Phase 1 -~ Development and documentatior of a production practice
for high-quality sheet and production of a quantity of

sheet to demonstrate and establish quality and uniformity,

Phase I1 - Measurement of preliminary design data for the "pedigreed"

sheet from Phase I.

Phese III - Establishment of limits of formability and dezinition of
forming and joining procedures for sheet, fcllowed by
tests of fabricated structural elements. In some cases
prototype aerospace vehicle or propulsion system com-

ponents were to be designed, fabricated and evaluated.

During the tenure of the main panel, twelve subpanels were created
(Table 1) to aid in guidance, to provide standards, or to survey the state
of the art and recommend needed research. The activities of each has beer
summarized in the main body of the report following this description of
panel activities; they are highlighted herein, as necessary, to illustrate

their specific functions in the activity.

Alloy Selection

0f major importance was the decision as tc which refractory metals or
alloys should be fed into the program. This portion of the activity was
the responsibility of the Subpanel cn Alloy Requirements & Selection. This
group has repeatedly surveyed the requirements for these materials by con-
sulting the consumers and by referring to the product of the Aerospace Ap-

plications Requirements Panel of the Materials Advisory Board (Ref. 3).
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They conducted, at the initiation cf the program, a survey to learn the
statug of refractory metal slloy development in this country. Based upon
these surveys, they decided it was desirable to set target properties for

8ix specific classes of alloys:

l, Tabricable molybdenum
2. High-strength molybdenum

3. Fabricable high-strength columbium (originally separated into
two classes)

4., Tantalum
5. Unalloyed or dilute tungsten
6. High-strength tungsten

The targets are described in the table on page 133, These targets
served two purposes: (1) they provided the industry with specific objec-
tives permitting them to focug their efforts for alloy development, (2)
they listed specific test data that should be obtained to permit valid
comparisons to be made. The stimulus for response by the industry was
the opportunity for Panel endorsement and for Government support for
Phares I, II, and I1I for the selected alloys.

An example of the philosophy in creating the targets can be seen by
comparing the ''fabricable" and "high-strength' molybdenum classes, The
significant difference appears in high-temperature strength and room-
temperature ductility requirements. The high-strength alloy was to have
a comparable strength but at a 400°F higher temperature. This strength
was to be obtained at a sacrifice in room-temperature ductility and

ductile-brittle transition temperature.

An important point of philosophy can be illustrated for columbium
alloys. It was stated (by the targets) that, to be of interest, columbium
alloys must retain a major attractive characteristic of columbium =- good
ductility in the welded condition at room temperature. Molybdenum alloys
having high strength but lacking weld ductility were already available.
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The targets were submitted to the industry and candidate alloys were
screened. Following selection of candidates, the Government agencies could

fund development through the three phases as deemed necessary.

The making of reliable cormparisons of alloys requires dependable and
comparable data. An iwportant role was played by the Army Materials Re-
search Agency which established a laboratory facility specifically for
providing a uniform evaluation of candidate alloys. The mechanical prop-
erties of most alloys, as measured at AMRA, checked producers' results
rather well with only occasional controversies. This reflects continued
coordination and cooperation of participants in improving and standardiz-

ing testing techniques during the course of the program,

Alloy selection has been an intensive process spanning several years.
It required an estimation of future (and vnknown) requirements, a knowledge
of present capabilities, and a need to balance producibility against high
properties. Those involved in the program were impressed with the manner
in which industry responded to the challenge. Once clear oijectives had
been established, producers, whether under contract or not, made rapid prog-
ress so that within a few years several alloys in gach class were available
for selection, It is significant to note that at this date the target prop-

erties have been achieved for all classes except high-strength molybdenum,

As will be appreciated, it is a long road from 3 laboratory sample to
commercial availability of large sheet with good surface and flatness and
close tolerances and reproducible properties. Largely, this is what the
refractory metal sheet rolling program was all about. During scaleup, the
composition may change, mechanical properties do not always hold up, segre-
gation is often a problem and so forth. Nevertheless, in this period, we
have seen the process development accomplished for alloys of molybdenum,

columbium, and unalloyed tungsten, with tantalum alloys not far behind.




Contractor Programs

The alloys and contracts of all three phases of the program are indi-
cated in Table 2, The first column lists by classes, the alloys that have
been selected for scale-up by the subnanel, and the other columns list the
contractors., Additional contracts have been recommended as will be de-

scribed in a later section,

It is beyond the scope of this summary to detail the technical details
of the 14 or 15 contracts of the program. The contractors regularly docu=-
mented their progress, however, and DMIC has issued reports (Ref, 4) sum-
merizing all contractor achievements. A report summarizing all contractor
progress to date will be released by DMIC in 1966, Highlights will be de-

gscribed later herein,

Molybdenum

The fabricable molybdenum alloys Mo-0.5Ti and TZM (Mo-0.5Ti~
0.08Zr-0,03C) were supported in Phase I and this phase is complete.
TZM is proceeding through the subsequent two phases,

The status of development of high-strength molybdenum alloys
was revfewed April 1963 and TZM (M0-1.25Ti-0,3Z2r-0.15C) was iden-
tified to be of interest., Because of a lack of a definite require-
ment for such alloys and because development of production processes
would be costly, development scale-up has not been recommended at
this time,

Tungsten

In the case of unalloyed tungsten, two production routeg have

been investigated, powder metallurgy and arc cast, in Phase I. The
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TABLE 2

Contracts of Primary Interest to the Refractory Metalg Sheet Program

Pilot

Fabricable Mo

MO-O.STi
TZM

Unalloyed W
Powdar Met,

Arc Cast

Tantalum

30Cb-7.5v

T-222 Westinghouse(BW)

GE=-47"~ GE In-House
Funded

Fabricable (and
weldable) Cb

D-43 (X110}

B-66, FS-85 Fansteel and
Westinghouse(BW)
Cb-752 Haynes=-Stellite(AF

Foil Contract Metals & Controls
(AF)

Phase 1

Universal
Cyclops(BW)

Fansteel (BW)

Universal
Cyclops(AF)

Wah Chang (AF)

Crucible -
duPont {AF)

duPount (AF)

Sponsors: PW - Bureau of Naval Weapons
ac = Alr Force Materials Laboratory

Phase I

Southern
Res. (BW)

Southern
Res. (BW)

Phase III

McDonnell (BW)

Solar and
Super-Temp (BW)




powder metallurgy material is being investigated in Phase II and

iII programs also., The Panel has not endorsed support of unalloyed
arc-cast tungsten beyond Phase I although some evaluation of Phase I
naterial would be expected. Phase I is complete for the powder metsl-
lurgy tungsten, but not for the arc-cast material. Phases II and

111 are nearing completion for the powder metallurgy material.

Taantalum

iis tantalum alloys the Panel has recommended no additional
support for the Ta=30Cb-7.5V alloy but has urged continued effort
on the T-222 alloy (Ta-9.6W-2,41f-0,.01C) developed by Westinghouse
under BuWeps support and the GE-473 alloy (Ta-7W-3Re) developed by
the Gencral Electric Company. Thesc latter alloys have been through
pilot programs (GE-473 with company funds) to demonstrate their
producibility and outstanding properties. Because establishment
of quality and uniformity in production is deemed straightforward
and simple, a modest Phase I program, has teen recommended. This
would be followed by a Phase II program to determine properties of

the pedigreed sheet., Phase I1I has not been recommended.

Columbiun

For columbium alloys, the Panel recommended FS-85 (Cb-28Ta-
10W-1Zr) and B-66 (Cb-5Mo-5V-1Zr) for "pilot" support with two
producers investigating both alloys. From the results of those
programs, FS-85 was recommended for further development in a pro-
gram similar to that recommended for T-222 and GE-473 (see above).
The Air Force Phase I shset program on D-43 (Cb-10W-1Zr-0.1C) was
eadorsed and the panel regularly reviewed the Air Force “pilot"
program on Cb-752 (Cb-10W-2.5Zr). Although formal Phase IT and
Phase IIl programs have not been conducted on D-43 and Cb-752,




material has been distributed to those who may obtain such d:ca.
The Panel has recommended that all of this information for each
ailoy be collected and published by DMIC.

Foil

The last line on the table describes work on production of
refractory metal foil of tungsten and certain columhium and tantalum
alloys. Poil to 0.002-inch thickness has been produced in szome of

these materials,

The progress of the coutracto.s has been gratifyiog from the techni-
cal viewpoint. Without Government support the contrsctor generally can-
not afford to explore alternate routes to achieve a high-quality sheet
product in the face of an uncertalr market when material costs may be, say,
50 dollars a pound, Figure 1(a) and (b) show the many alternate proces-
sing routes explored for one material in the Government-funded program.
Given this opportunity, the producer has explored enough azlternate proc-
esses to devise one capable of achieving a consistent reproducible high-

quality product,
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General Program Achievements

To highlight the progress under the program, we may compare in Table
3 the current status of the allays for high-quality sheet with their
status when the program began in November 1959, This table shows that
several of the alloys which have advanced within the time period of the
program to a print where sheet can be produced in large sizes with good

Quality and uniformity were unknown at the start of the program,

Another point of interest is to compare the properties of the selected
materials that have been investigated in the scaleup program with the more
significant targets of strength, ductility, and weldability, Figure 2.

For each of four classes, the bar graphs compare the high-temperature ten=-
sile strengths of the selected alloys to the targets (shaded bazs). The
tabular data at the top of the figure compare the ductile~brittle transi-
tion temperatures with targets and also compare the ductility at room
temperature after welding with the target.

For the fabricable molybdenum class, the selected alloy, TZM, exceeded
the strength targets at 2000° and 2400°F but of more significance is the
ductile-brittle transition temperature comparison. Early in this summary,
problems in molybdenun. were described with emphasis on the fact that the
only consistent feature of the DBIT was that it was almost always above
room temperature, As a result of the program, attention has been focused
on an alloy, TZM, having much better strength that now consistently dem~
onstrates a DBIT below minus 60°F. Room temperature weld ductility was,

of course, not sought in molybdenum and not achieved,

Unalloyed tungsten was pursued for use at very high temperatures and
met the targets for tensile strength at 3000° and 3500°F. Capability of
producing large sheet with good quality and uniformity in flatness and

in gage control was sought and generally achieved. Ductility at room
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TABLE 3

History of Alloys Identified for Production

Development by Sheet Rolling Panel

Alloy Class

Status
November 1959

Status - 1965

Fabricable molybdenum
Mo-1/2Ti

TZM (HO'G eSTi"'O. 121""0 . 030)

Tungsten
Unalloyed

Fabricable & weldable columbium
D-43 (Cb=-10W-12r-0.1C)

Cb-752 (Cb-10W-2.52r)

FS-85 (Cb-28Ta-10W-1Zr)

Tantalum

T-222 (Ta-loW-2.5Z¢-0,01C)

GE-473 (Ta-TW-3Re)®)

(a)Development funded by G. E.

Large sheet

poor quality
Small sheet

Lab, size
sheet

Unknown
Unknowm

Unknown

Unknown

Uknown

Completed production
program (24 x 72" sheet)
Completed production
program (24 x 72" sheet)

Complr:ted production
proyram (18 x 48" sheet)

Completed production
program (24" wide)

Completed production
program (24" wide)

Cocmpleted pilot
production (13" wide)

Completed pilot
production

Completed pilot
production
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temperature was not expected, However, recent presentations to the Alloy
Requirements and Selection Subpanel indicate .hat room-temperature ductile
tungsten alloys may be achieved when moderate rhenium additions (approx.

5%) are present,

Columbium alloys were sought having good strength but with major
emphasis on the requirement that they should be ductile when welded,
(otherwise they would have little advantage over molybdenum alloys.) The
resultant alloys describted in Figure 2 are of high strength, have a GBIT
of lower than minus 250°P,and FS-85 and D-43 after being welded will sur-

vive a bend over 2T radius at rocm temperature,

Tantalum alioys were sought having a higher use temperature than
columbium alloys and with even better ductilities, These have been

achieved,

Ancther indication of progress is to note the formability of the sheet
product of the Phase I programs in contrast to the earlier status presented
in the first paragraphs of this summary. The determination of formability
and formability limits has been the responsibtility of Phase III contractors
with objectives and progress guided by the Phase III Subpanel. These
studies are underway for the molybdenum alloy TZM at McDonnell (e.g.,

Ref. 5) and for tungsten at Solar (e.g., Ref. 6) and at Super-Temp (e.g.,

Ref. 7) under sponsorship of the “ure<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>