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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 “ureau of Nava. Weapons,

Fori:ed parts of TZM are shown in three figures: a curved channel,
Figure 3, corrugations formed at room temperature, Figure 4, and a dimpled
corrugation, Figure 5, All of these figures are from the contract of
Ref, 5.

Formed parts from powder metallurgy tungsten are shown in Figure

6(a) and (b) and show the apparatus for hot forming a corrugated test
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CORRUGATION - 0,015 INCH TZM MOLYBDENUM
FORMED AT ROOM TEMPERATURE

B . MCDONNELL

FIGURE &4
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DIMPLED SKIN AND CORRLGATION - 0.016 TZM

MOLYBDENUM DINPLED AT 3000 F
Role Diameter - G, 03¢

P

SKIN AND CORRUGATION McDONMELL
WERE DIMPLED SIMULTANEGUSLY

FIGURE 5
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13) CLOSEUP OF 43T CORAUGATING DIE SLILF FOR FORMING

CORRUGATED SIMPLE LLIMENT 1EST PANELS

(0) Fabricated pane's

Fi

1]

+ 6 - Corrugated Test Panels from 0,020-inch
Tungsten Sheet
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panel, Figure 6(a), and finish pieces, Figure 6(b). Deep drawn cups

that were drawn at about 1650°F are shuwm in Figure 7. These figures are
from the contract of Ref, 7. Clearly, i: has been shown that proper
procedures can produce quality parts of these alloys., This was expected,
An important product of the Pbase III contractors will Le the provision
of guidelines for the forming of these materials,

A particularly important contribution of the panel activity has been
the output of certain of the subpanels. The Test Methods Subpanel has
provided guidelines for testing of refractory metals where none existed
before, The Coating Subpanel similarly provided needed recommendations
for standard tests for coated refractory metals. The Quality Specifica-
ticr~ Subpanel has provided targets for refractory metal sheet quality and
outlined sheet sampling methids. All are being widely used., The Analysis
Methods Subpanel has guided round robins for measurement of capability of
analysis methods in refractory metal alloys. Several of the panels have

recommended needed research that has been supported by the services.
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DEEP DRAWN CUPS MADE FROM 0,06 AND 0, 10C iNCH
RMSRP TUNGSTEN SHEET

SOLAR

FIGURE 7
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Summary of Status

The following alloys have been involved in the refractory metul sheet

rolling program:

Alloy Base Involved in RMSRP
Molybdenum Mo=0,5Ti, TZM ( 40-0.5Ti~0,08Zr-0.02C)
Columbit: FS-85 (Cb-28Ta~10W-12r)

D=43 (Cb~10W-1Zr-0.1C)

Cb=752 (Cb-10W=-2,5Zr)

B-66 (Cb=5Mo-5V~-1Zr)
Tantalum T-111 (Ta=-8w-2Hf)

T-222 (Ta-10w-2.5Hf-0.01C)

30Cb-7.5V (Ta=30Cb=-7.5V)
Tungsten Unalloyed

Available Quality

It has been demonstrated that large sheets of high-strength

refractory metal ailovs can be procuced to meet consistently the following

specifications:
Thickness tolerance 1/2 AMS 2242
Edge camber 3/16" max, in 8'
Flatness 47 (half-chord) to 6% in the case of
thin-gage tungsten
UTS +7% about the mean (+5% in one lot)
Ys +157 about the mean (+8% in one lot)
2000°F UTS +107 about the mean
2000%F YS +15% about the mean




Transverse bend transition not more than 50 F in one sgheet;
temperature variation not more than 50°F in one lot
(150 F for tungsten)

Transverse and lonoltudinal bend transition tempetature var1at1on
not more cian 100°F in one sheet or lot (except 150°-200°F in the
case f tungsten)

Property Data

The meciianical properties (strength (both room and elevated
temperature), creep rvpture, recrystallization temperature, transiticn
tenperature, nd berd ducility) have bea2n obtained using standardized
test techniques on “pedigreed" sheet on molybdenum alloys (TZM and
Mo~1/2Ti) and unalleyed tungsten. In addition, considerable but less de-
tailed data are available on FS-85, D=-43, Cb-752, and B-66 coiumbium alloys,

and on several tantalum alloys.

Formability Limits

The producibility of hardware made from tungsten and molybdenum (TZM)
has been demonstrated by work carried on ai Solar, Super-Temp, and McDonnell.
The types cf fabricating operations, forming limits, temperature and strzin

rate restrictions, etc., have been established,

Production Know=How

A sufficient number of production variables have been explored so that
optimized reproducible methods have been established. Thousands cf pounds
of several of the allcys have been produced, lending confidense in the

chosen methods,

These accomplishments are the result of industry-government cooperation
generally within the framework of a coordinated progzram guided by the

Refractory Metals Sheet Rolling Panel of the Materials Advisory Board.
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Subpanel Functions

The elaven subpsnele were indicated in Table 1. Thelr accomplishments
and recommendatiors are desceribed in Part II of this volume and highlighted
in the following paragraphs. The roie of the Alloy Requirements and

Selection Subpzanel has been described previously.

Steering
This group, as the name implies, channeied thz main panci delibera-
tions toward particular problem areas and pianned the agenda for the main

panel meectings,

Consolidation and Procesging

Cousclidatien and Preocessing are the focus of the Phase I activity.
A subpanel was created early in the program to review this problem area,
looking separately at the problems of consolidation, hot working, and cold
working. Specific research and development projects were recommended
(MAR~179-M, Ref, 8) which could lead to improvements in quality, rzcovery,
and cost, It has been most gratifying that this report has been useful
to the responsinhle representatives of government agencies who have initiated

research and development in most of the recommended areas,

Joining

The Joining Subpanel conducted s similar state-of-the~art study
(MAB-171<M, Fef., 9) in its area,

Quality Specifications

The Quality Specifications Subpanel provided guidance on targets for

quality (flatness, gage, uniformity, etc.) in Phase I production programs
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and provided 2 report describing methods for sampling of sheet znd
measurement of quality to determine whether these targete had been met
(Ref. 10). After the tungsten sheet bad been produced, they esaluated

the quaiity and provided reports on recommended quality specifications for
tungsten plate (Ref. 1l1) and tungsten sheet (Ref. 12).

Phase II Guidance

The subpanel outlined the data to be obtained in the Phase 11 program,
The decision as to which data were to be obtained was based upon recom-
mendations of the Aerospace Industries Association upon which the judgments

of t..e panel members were superimposed.

Phase 111 Guidance

The Pnase III Subpanel is a guidance group that ovutlines specific
ob jectives and a general method of approvach for those programs that have
as their purpose to determine formability and to fabricate test components
from the "pedigreed" sheet.

Test Methods

The Test Methods Subpanel has outlined recommended testing methods
(Ref. 13) for refractory metal sheet, Guidelines for evaluation of these
highly reactive and expensive materials have not been available previously
and thus many laboratories are following the recommendstions of the Sub-
panel, The test procedures were developed following ASTM guidelines for

other materials as closely as practical., Methods are described for:

Tensile Tests at room and elevated Shear
temperatures

Compression Bend
Notch tensile Bearing
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3tress rupture Fatigue

Creep Thermal conductivity
Weld evaluation Thermal expansion
Delamination Specific heat
Recrystallization Modulus of elasticity

Analysis Methods

Another major p-oblem area in refractory metals has been to achieve
high precision and accuracy in chemical analysis. Three groups are pursuing
this area, the Subpanel on Analysis Methods of this program, the ASTM, and
a ccmmittee under the Advisory Group for Aeronautical Research and Develop-
ment of NATO (AGARD). The Subpanel dealt specifically with the important
materials (usually alloys) of this program. The methods used in this
country were surveyed and the state of the art was assessed (Ref., 14).
Based on this survey it was decided that round robins were needed to im-
prove the quality of the analysis and to better define the areas needing
additional research, The round robins are directed specifically at alloys
of importance in the sheet rolling program and include a material from

each of the four refractory metals, The alloys are:

Molybdenum alloy TZM; Mo-0,5Ti-0.08Zr
Columbium alloy F$-85; Cb=-27Ta-10w-0,7Zr
Tantalum alloy T-lll*; Ta=-8wW=-2Hf
Tungsten Unalloyed

The Bureau of Naval Weapons contracted with the Bureau of Mines Laboratory
in Albany, Oregon, to produce homogeneous standard "reference materials"
of each alloy for the round robin. The results of the round robins will
be published by DMIC as Report 220, and by MAB (Ref, 15). This summary

*
T-111 is an early version of T-222, 1Its analysis problems should be
similar to those of T-222,
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will indicate the levels of precision achievad and the methods used for

both interstitial elemente and major alloying elemeats.

The National Bureau of Standards has agreed to provide a repasitory
for the remaining ‘'reference material" of each alloy, to distribute this
material to cthers who wish to compare their methods to those of the ori-

ginal round robin, and, finally, to publish summaries of any such additional
analyses,

Coating

Many of the important applications requiring the high-temperature
strength of the refractory metals also involve the use of these mecals in
an air environment. Unfortunately, none may be used without coating and
the provision of satisfactory coatings has been possible to date only for
some limited (though important) short~time and/or relatively modest tenpera-
ture situations. A major responsibility has fallen upon the Coating Sub-

panel to investigate this problem area.

The first act was to evaluate the state of the art with the aid of an
intensive questionnaire, circulated to all organizations active in research
&dd development or production of refractory metal coatings. These results
vere summarized in MAB~181-M (Ref, 16). It was immediately obvious that a
major difficulty in assessing coating progress was that similar tests were
not being run for various coatings -- test results could not be compared.
The Subpanel devised and recommended standard tests for coating evaluation
(MAB-189-M, Ref, 17), Currently, coating specialists are utilizing these
recommended evaluation procedures for evaluating their coatings when ap-
plied to certain refractory metals of the sheet rolling program. The Sub~
panel has reviewed this progress and recommended further studies for sponsor+
ship (Ref. 18).

The Subpanel has repeatedly emphaszized that a major problem with coat-

ings is the interaction upon the properties of the base metal (with the
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effect usually detrimental). The coating must be tailored to the base
metal composition (and vice versa) the coated refractory metal should be

treated as a2 new composite material.

It is recommended that this cocrdinated coating activity continue

beyond the lifetime of the main panel,

Tubing

In the judgment of the Panel, one of the more important product forms
for the use of refractory mectals will be that of tubing. Of particular
significance is that the characteristics required of a material for righ-
quality tubing are those of a material for high-quality sheet. The sheet
program hags attempted to identify and to develop those refractory metal
compositions having tue uighest strength concomitant with a capability of
being formed into high-quality sheeting. Compositions capable cf being
formed into high-quality sheeting are also the best candidates for fabri-
cation into high-quality tubing. For space power systems, the tubing
should be weldable and should be ductile after welding. These same require-
ments were imposed upon tantalum and columbium alloys in this sheet rolling
program, Finally, the high-strength tantalum and columbium alloys contain
zirconium or hafnium., It has been fourZ that these same additions provide
resistance to corrosion by alkali metals proposed for Rankine systems,
Thus, the alloys of the shezt program are being investigated for high-
strength refractory metal tubing. In many of the applications for tubing,
e.g., Rankine and Brayton cycle space puver systems, coatings will not be

required.

The Tubing Subpanel has publiched a state~of-the-art review covering,
for tubing: requirements, methods of manufacture and our capability in
manufacture, methods of nondestructive testing for small-diameter thin-

wall tubing, and experience in production of such tubing from refractory




metal aliuvys ¢f iaterest., (Ref, 19). Based upon the state-of~the-art re-
view, specific recommendations are offered for future research and develcp-

ment,

It is recormended that the Tubing Suhpanel activity continue beyond

the life of the main panel.
Ad Hoc Infadb

Although operations in Infab kad been carried on since 1961, uncer-
tainty existed as to the actual inertness of the atmosphere, and the metal
processing functions which the facility might best perform, Because of
the possible importance in molyhdenum alloy sheet production, an ad hoc
committee reviewed the probiem., A specific program tv measure contamina-
tion was recommended., Two reports of tha Subpanel discussed technical and

economic advantages of processing in Infab.
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Introspection

Because this operation may be imitated in tine future, it is important
to review the method of operation in rotrospeci, while the experience 1is
still fresh, to illuminate the shortcomings and difficulties as well as
the good features. As pointed out in the scctior "General Program Achieve-
ments", the industry developcd the capability of making sheet of the re=~
quired quality of the needed 2lloys with minimized duplication and within
a relatively short period of time, This measure would indicate that the
operation, as a whole, was a success. Though the program is not complete,
the objectives are being accemplished, Favorable comment can be made
about the operaticon from the point of view of flexibility, the manner in
which it was not tied to a weapon system, or to a service, the manner in
which producers and users were brought together, aand to the effectiveness
in which the requirements for refractory metals and the ftarget properties
were publicized, The operation also was quite economic in that coordina-
tion between services was excellent. The outstanding manner in which the
Phase I1II Subpanel heliped the fabrication contractors in clarifying and
maintaining the primary objectives is an example of the operation at its
best, It is the Panel's opinion there should be no hesitance about recom-
mending this type of operation in the future where an important class of
materials will be needed, where the technical problems are severe, where
interaction between prodiu.er and user is important, and wnere the time

scale for development must be compressed.

The general format used (originally developed for the titanium sheet
rolling program) is deemed to be sound and important to success. This
format consists of 1) setting targets for alloy selection based upon a
consideration of requirements and potential capability; 2) selection of
ali vs, from all candidates offered, for scaleup development; 3) providing
technical guidance for the three phases (development of production capa-
bility, design data, and evaluation of fabricability), and 4) continuous

review of contracted programs to insure compliance with objectives.
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Ti2re were, liowever, some problems and shortcomings. he criticisms
relace more o operating details within the forma* and ot 2 quarrel with

tie format, Specific comments follow:

Success in Gaging Requirements

The point is made in another part of this repert that frequent digcus-
sions covering rz{ractory wmetai she:t requirements were held. At an early
stage, a Table of Alloy Target Properties was issued, based in part on an-
ticipated requirements., The impression may have been given that an accurate
estimate of quantity requirements was at hand. Our very preoccupation with
the problem may have led some producers to assume that a substantial market
was present or imminent. This estimation of technical requirements should
not be confused with an estimate of a market. It is possible that a con-
fusion of this kind did occur on the part of some producers. While the
Fanel cannot be blamed for promising a market, possibly they should have
done more in differentiating between technical requirements and quantity
requirements., Looking back, it appears that the property targets estab-
lished five years ago as required and attainable were a remarkably good

projection,

Phase 1

Coordination and Monitoring

Phase I involved development and documentation of a production
practice for high~quality sheet of the selected alloys and as such was the
cornerstone of the contractor programs. At the beginning, the Panel spent
an inordinate amount of time going over the details of performance of Phase
I contractors, It was learned that it is imperative to induce the contrac-
tors to confine their presentation to the major problem areas. Being in-
volved in the details of their problems, a few contractors tended to pre-

sent every such detail to the Panel, inundating them in tables and charts,
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The very variety of difficulties which the contractors got into led the

Fanel to spend more time on this phase than was warranted.

The preoccupation with reviewing contractor performance in detail,
however, was not mereiy due to curiosity. It is important that the major
probiems be identified and attacked, but it is not always obvious in advance
what these major problems will be. Many difficulties arise only after work
is well underway., The time spent with contractors, therefore, was a direct
outcome of the recognition of unexpected roadblocks, for which recommended
courses of action were needed. Some examples of these, from the early years

of the program are:

The unsatisfactory alloying of molybdenum in powder metal-
lurgy processing. Program returned to a research phese,

Problems with utilizing Infab, including limitations of
impactor capacity, feeding into rolls of the mill, and
initial uncertainties in measuring the contaminants in
the atmosphere.

The difficulty in flattening roil-formed tungscen cylinders
to make sheet.

Twe alternatives are possible:

Assign specific Panel members responsibility for certain
contracts and ask them to report (along with the contractors)

to the main panel, This has been tried recently with only
modest success,

Provide a small guidance group for the Phase I contract

program in the same manner as was 8o successful for Phase III
activities, This is the preferred solution,

Investigavion of Process Variables

The mechanical properties of refructory metzls are influenced
greatly by ccld work and by dispersed-phase chemistry and morphology which

are controlled by processing variables. Clearly the control of processing




variables controls quslity ard reproducibility. This was the basis for the
Phase I programs and studies were conducted as necessary to develop the
needed quality. It is thought that more effort by trained "researchers’

to explore tiis opportunity earlier in the program would have oroduced ad-

ditional knowledge that could have been factored into the program.

Scope

Early in the program, the Panel became involved in review of
"research-type'' contracts seeking new methods of purifying refractory me-
tals, It soon became obvious that results of such research, even if suc-
cessful, could not be reduced to practice within the time scope of the pro-
gram, Such diversions should be avoided in a development program such as
this,

Improvement of ''Statement of Work' for Contracts

The "monitoring'" of contracts was made considerably more cumbersome
because the work statementg occasionally did not conform to what the Panel
felt should be done, usually as a result of difficulties in timing (the
long~time cycle in agency procurement had required initiation of contracts
prior to Panel consideration). Nearly always the Panel was faced with a
fait accompli, ofter with contracts on which the work was well underway.
The agency contract manager was always receptive and responsive to the rece-
omuendations of the Panel; but it was generally difficult, and sometimes
impossible, to correct situations when they became apparent because of the
contract wording by which tﬁe contractor was committed to other tasks.
Strong expressions of dissatisfaction with this situation were made as
early as the August 1960 meeting. In the future, every effort should be
made to have the recommendations of the Panel prior to initiating the re-

quests for proposals.
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Panel Membership

Contract review may have worked out better had representatives of pro-
d:icers been on the Panel. The philosophy adopted was to assembla a group
of design and metallurgical experts from airframe and pcwer plant companies,
aud from individuals with competence in powder metallurgy and forging, as
well as non-industrial metallurgists. No one from among the producers of
refractory metal gheet was included. It was felt that sufficient compe-
tence on production problems was present, and that to ask one producer o
review the work of another would have been an intolerable situation. After
about a year, a regular practice was adopted of inviting (usually two) pro-
ducer repregentatives to attend the regular meetings as guests. Many who
did so were outspoken and helpful in the discussions, but naturally had no
vote. The practice worked out satisfactorily, and was probably a reasonable

compromise solution.
Timing

It was naturally difficult to keep the output of the subpanels and
other assisting groups, such as the AMRA Evaluation Laboratory, abreast
with the main panel, Standardized test procedures and analytical methods
were needed from the very stert, but these tasks generally took a few years
to accomplish, The full effectiveness of the AMRA Laboratory was not
achieved, because generally the selection from competing candidate alioy.
became mandatory before the AMRA tests cculd be completed, While the out-
puts of the subsidiary groups were occasionally 'late", the products were

reliable without exception, and no essential task was overlooked.

Time Schedule

A" *hough an initial formal schedule had not been planned, this pro-
grar has not adhered to the time schedule envisioned by its sponsors at
the program initiation. Although most delays were the results of con-
tractors' technical problems, some delays could have been avoided by in-

creased emphasis on timing and by '"pressure" from the Panel.
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Concluding Remarks

This activity nominally has been a coordinated effort to achieve high
quality refractory metal alloys in one product form, flat sheet. Because
these same alloys are of interest for forging and tubing forms and because
consolidatior and ingot brzakdown studied for aheet are prerequisites of
all wrought forms, it can be said there has been considerable spin-off that

has aided these other product forms.

The accomplishments were results of coordination among the military,
the consumers, the fabricators, and the metal producers who became ac-~
quainted with each other's problems. Requirements were well publicizad.
The Services cooperated with each other to a high degree. Most important,
the effort was focused, Only a few carefully chosen alloys were selected
for development; only a limited number of the most important properties
were measured, but in a way to permit needed comparisons, and a real ef-
fort was made to avoid unkncwn or unneeded duplication. Certainly the
Government saved much money and time because of this selectivity and co-
ordination. As a regult there now exists a production base that can turn

out a quality product. This was the prime objective of the program.

It would be difficult to say with conviction that the job is finished.
The major objectives have been met but the Panel has recommended a modified
Phase 1 and Phase 11 activity for several materials {see Table 4) that
remains to be implemented. The Panel has recommended that specific respon-
sibility be assigned for collection and dissemination of such information
beyond the formal lifetime of the Panel.

Major benefits were devived by the focusing upon objectives, by
narrowing the list of alloys for suppnort, by getting people tcgether to

reveal and attach common problems, Ia an area such as high-strength
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refractory metals, where the costs of the produci and of development are
high, the market small, and where the Governwment in the end is the major
consumer, it seems imperative that the production industry and the consumer

continue to get together in some working forum to provide mutual guidance.

Thke recently completed studies of the MAB Aerospace Applications
Requirements Panel (Ref. 3) outiined requirements for all materials for
propulsion systems (turbo jet, turborocket, turboramjet, ramjet, liquid
rocket, solid rocket, and electrical propulsion) and vehicle systems in-
tended for operational capability in 1970, They reviewed devices, com-
ponents, operational and enviroumental regime of components, and looked
at faorication requirements. For the propulsion systems alone they
specified four sheet and plate requirements, thres tubing requirements,
three forging requirements, four coating requirements, and two thermionic
device requirements for refractory metals, In reviewing fabrication re-
quirements, it was found that 18 of 44 were due to the use of refractory
metals, It was concluded that refractory matzls will be a pacing item,
The report broke down the problems of priority and came up with seven
items on refractory metals in priority I, By identifying requirements
so that orderly alloying and process development can proceed, it should

be possible to avoid an expensive, inefficient crash program later,

In the Table, the Panel has not recommended further work in high-
strength tungsten and molybdenum, This is because requirements were not
specific enough to justify production development at this time, The AARP

report suggests that such material will be a firm requirement soon,

Ductile tungsten alloys containing about 5 per cent rhenium recently
have been reviewed by the Alloy Requirements and Selection Subpanel. It
was recommende( that additional laboratory optimization be conducted, and
that a selected alloy or allovs be scaled up at ieast to the pilot level

for demonstration of feasibility and determination of property data.
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Some have proposed that whereas the Sheet Rolling Panel has concerned

itself with bringing along process development of the required sheet, the

Panel or future activity should concern itself with R&DL in refractory
metals as well. If a "working forum" concept for future activities in
refractory metals can be developed, a2 forum where less time-consuming
concern with contractor problems can be displayed, more attention to
selected applied materials reseavch and process development would seem

proper and necessary.

The Panel clearly sees an immediate need for refractory metal tubing
of the same ailoys of columbfum and tantalum endorsed in the sheet program,
This coordinated activity should continue ~-- the preferred method is to

continue the Tubing Subpanel.

Coatings of the refractory metals ara the key to successful application
of refractory metals in many propulsion and vehicle systems, The Coating
Subpanel has established testing standards and is now evaluating specific
coatings in several temperature-time spectrums. A coordinated approach in
this area has been a major need for years. It is recommended that this

activity also continue,

Specific recommendat sns are summarized at the beginning of this

document,
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TABLE 5

Publications.of
The Refractory Metals Sheet Rolling Panel

Title

164-M (1-20) Progress Reports of the RMSRP

171-M
172-M

176-M

178-M

i79-M

181-M
184-M

188-M
189-M

190-M
192-M

196-M

201-M

208-M
210-M

212-M

216-M

Joining of Refractory Sheet Metals

Report of Activities of Refractory Metals Sheet
Rolling Panel, Superseded by 188-M

Evaluation Test Methods for Refractory Metal
Sheet Materials, Superseded by 192-M

Report of the Subpanel on Analytical Techniques
Refractory Metals Sheet Rolling Program

Report of the Subpanel on Consolidation and
Fabrication, RMSRP

Report of Subpanel on Coatings, KMSRP

Report of Subpanel on Quality Specificationms
RMSRP

Status of Refractery Metals Sheet Rolling Fanel

Evaluation Procedures for Screening Coated
Refractory Metal Sheet

Quality Sampling Specification for Tungsten Plate

Evaluation Test Methods for Refrac.ory Metal
Sheet Matevials, Superseded by 216-M

Recommended Quality Standards for Tungsten
Sheet Produced in the Refractory Metals Sheet
Rolling Program

Procedures for Evaluating Coated Refractory
Metal Sheet, Supersedes MAB-189-M

Status of Refractory Alloy Tubing - 1964

Coating Technology =~ 1965, Oxidation-Pesistant
Coatings for Refractory Metals-

Final Report -~ Refractory Metals Sheet Rolling
Panel

Evaluation Test Methods for Refractory Metal
Sheet Material, Supersedes 192-M

3/20/61

5/22/61

9/6/61

11/15/61

13/1/61
6/1/62

6/8/62
12/1/62

2/15/63
3/15/63

4/22/63

1/22z/64

8/10/64
8/16/65

11/65

3/66

11/65
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TABLE 5 (continued)

Publications of

The Refractory tfetals Sheet Rolling Panel

No. Title Date
217-M Cooperative Analysis Program on Refractory Metal

Alloys 2/66
99-LM Processing of Materials in INFAB 3720/63
100-LM Final Report of the Ad Hoc Infab Subpanel

Refractocy Metals Sheet Rolling Panel 3/26/65
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Alloy Requirements & Selection Subpanel

Cb jectives

The duties assigned to the Alloy Requirements & Selection Subfanel
were the following:

l. To dctermine the technical requirements for refractory metal
sheet alloys in advanced defense and space systems,

2. To establish the state-of~the-art capabilities for refractory
metal alloys,

3. To establish target properties which would be both achievable
over the state of the art and also represent a sufficient advance
to warrant the development effort within the program time frame,

4, To establish minimum development status to qualify a new alloy
as a candidate for developmental support,

5. To review candidate alloys and recommend selected candidates for
tie sheet rolling program,

6. To follow changes in defense and space requirements and state-
of-the~art alloy development and recommend modifications of and
supplement to the sheet rolling program as needed,

Accompiishments

State of the Art

A meeting with producers of refractory metals at the outset of

the program, December 1959, revealed that there were many more producers

than the market warranted, alloy development was advanced only for molyb-

denum alloys, and strong production of large, thin-gage, aircraft-quality

sheet of alloys was nonexistent. However, the energy and enthusiasm of

the refractory metal pr- ducers, and their professed intentions to invest

in major eguipment to produce high~quality sheet products and alloy




development programs suggested to the ARS Subpanel that substantial im-

provements in the state of the art could reasonably be expected.

Requirements

Reviews of present and proiected requirements for refractcry
metals in aerospace applications indicated that the projected requirements
were much greater than present ones. The projected requirements depended
upon authorizations of future aerospace systems, which were not firm,
Present requirements were for systems that did not require large quantities
of refractory metal sheet. The only requirement for refractory metal al-
loy sheet was in re-entry systems, where quality and fabricability weve
somewhat more important than strength at elevated temperature. A projected
requirement for large tungsten sheets for liners im solid propellent rocket
nozzles did not materialize because of technical difficulties. Thus, it
was apparent that estzblishment of a capability for producing qualicy,
high-strength, large-size, thin-gage slieet would be useful chiefly as a

standby for future aerospace requirements,

Target Properties

Seven classes of refractory metal sheet were estatlisied: fabri-
cable and high-strength classes for molybdenum, coiumbium, and tungsten,
and a combined high-strength fabricable class for tantalum. Target prop-
erties were set up for each class and circulates to the producers and
development laboratories. These served as a uniform basis for presenta-
tion of alloy candidates for consideration in thz sheet rolling program.
Perhaps more importantly, the refractory metal target properties provided
guidelines for alloy development. The exchange of property information
on candidates provided comparative information upon which alloys under
development might be evaluated. The fact that the RMSRP alloy targets
were substantially met by alloy candidates during the existence of the
program may have been as much the result of the existence of the targets

themselves as of the alloy development effort,

’




Recommendations of Alloys

The following alloys were recommerded to be supported unaer the sheet

rolling program:

Fab, Mo: Mo~0.5Ti=-0.8Zr(TZM)
Rab, Cb: Cb-27Ta-10W-1Zr (FS-85)
Fab. Cb: Cb-5Mo-5V-12r(B-66)"
Fab. Cb: Cb-104-12r-0.1¢(D-43)""
Ta: Ta-9,6W-2,.40£-0,01C(T-222)
W: jee below
*Pilot-scale program **ﬁndorsement of Air Force support

In addition to the above recommendations, the RMSRP guided sheet rolling
programs on powder metallurgy and arc-cast tungsten sheet, Cb-10W-2,5Zr
(Cb=752), Cb-15W-5Mo-1Zr(F-48), and Cb-10Mo-19Ti(D-31). The Alloy Re-
quirements and Selection Subpanel was not involved in recommending these
compositions for the program. They endorsed the tungsten programs, but
did not endorse F-48 or D-31,

A review of ductile tungsten alloys in July 1965, indicated that
there were some alloys at the laboratory stage of development., These al-
loys were recommended for continued development in sheet form, at least

to the pilot level.

A comparison of the Subpanel targets with the properties of the
selected alloys as presented by the producer is given in Table 6., The
dates li..ed under the alloy composition refer to the date of the presen-

tation, Data on other candidates are given in the Appendix,

Recommendations to be Implemented (See Appendix)

Molybdenum

The Climax TZC alloy should be considered as a candidate for pre-
production sheet rolling when the requirements for high-strength molybdenum
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warrant, At the same time, Sylvania TZM alloy prawduced by powder metallurgy
should be considered, since it has properties vomparable to those of arc-
cast TZC.

£alumbium

The Fansteel F$-85 alloy (Cb-27Ta-10W-1Zr) and the duPont D-43
{Cb~10W-12r~0.1C) alloy were considered to be the two outstanding colum-
bium allny candidates, and both should be suppnrted by production sheet
rolling programs, Specifically, an evaluation-type sheet rolling program
on F$~-85 was recommended to the Navy (December 13, 1963) with sufficient
material to be produced according to Fanste¢l's cptimum schedule to the
MAB quality specification for Phase I (Evaluation and Peproducibility
Demonstration), Phase ITI (Design Criteria), and Phase III (Component
Fabrication).

Tantalum

The GE=-473 alloy (T2-7W-3Re) and the Westinghouse T-222 alloy
(Ta-10W-2,54£-0.01C) were idzatified as the two outstanding tantalum al-
loys so far developed., Because of no present or known future requirement
for high-strength tantalum sheet, no recommendations for support were made.
When and if such requirements appear, consideration should be given to
sheet rolling programs on both alloys. (Note: The main panel recommended

a "modest" sheet rolling program on T-222 and GE-473.)

Tungsten

Advanced tungsten alloys of both the high-strength and ductile
classes have shown exceptional promise, After additional laboratory op-
timization has been completed, a selected tungsten alloy or alloys should
be scalec up at least to the pilot level for demonstration of feasibility

and determination of design data,
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Analysis Methods Subpanel

introduction

The task of the Analysis Methods Subpanel was to determine whether
the precision znd repeatability of chemical analysis of the refractory
metals and alloys with existing tecnniques was satisfactory for the pur-
poses of the Shkeet Rolling Program, tr, ascertain the existence and nature
of problems in analysis of these alloys, and to recommend courses of action
to remedy such problems. As a first step, a review of cooperative analyt~
ical studies and government-sponsored research was conducted in 1961, as
well as a survey of the experience of producers, users, and interested
government agzencies in analysis of refractory metals, in order to deter-
mine the state of tne art, and identify problem areas in analysis. These
studies, which are reported in detail in MAB-178-M, November 15, 1961,

led to the following conclusions:

1. Analyticul techniques for major alloying constituents in
Li.c refractory metals were probably adequate. However,
this fact needed to be confirmed by interlaboratory coop-
erative programs on selected alloys. The main problem area
in analysis was the determination of the intersiltial
elements oxygen, nitrogen, carbon, and hydrogen at low

levels,

2. There was a great need for standard or reference samples
of refractory metals and alloys to permit interested

orzanizations to check their analyti:al methods.

3. Several interlaboratory comparison programs under way, or
planned, were concerned with analytical techniques for un-
alloyed tungsten, tantalum, molybdenum, and columbium, but

no similar activity for alloys existed. Therefore, the




Refractory Metals Sheet Rolling Panel should institute coop-
erative pregrams on specific alloys of interest to it, in-
cluding analysis for both major alloying constituents and

impurities.

4.  An agency such as the Defense Metzls Information Center, or
the National Bureau of Standards, should be appointed as a
clearing house for the collection and dissemination of in=-
formaticn on he availability of standard samples, status

of cooperative programs, validated methods of analysis, etc.,

for reiracte y metals,
5. Further government support was justified for research which
might lead to new methods for determination of low levels of

the interstitial elements in refractory metale and alloys.

laterlaborator, Comparisorn Program

A. Prevarction of Reference Alloys

It was clear that an interlaboratory comparison program was es-
sential in order to ascertain the precise degree of agreement which was
being achieved among laboratories in analysis of refractory alloys, define
more specifically the problems in analysis, and improve the levels of agree-
ment. Therefore, a cooperative program was initiated in 1962, The National
Bureau of Standarcs at that time was not in a position to furnish refercnce
materials. Consequently, the Albany Metallurgy Research Center of the Bu-
reau of Mines, under contract with the Bureau of Naval Weapons, was assigned
in 1962 to prepare highly uniform samples of unalloyed W, T-111, TZM, and
FS-85 to serve as referunce materials representing alloys of the four major
refractory metals. Details of the preparation and characterization of the

reference alloys are given in the Albany Metallurgy Research Center Final
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Renort USBM-U-116U, February 10, 1964, as well as DMIC Report No. 220*.
Approxiwately 25 pounds of 1/4" diameter rod and 25 pounds of machined
chips of W (rod only), T-111, TZM, and F$-85 were prepared and analyzed.
Tue alloys are all of nominal composition with the residual interstitials

at the lower end of the spectrum of levels occuring in practice.

B. Round Robin Testing

Early in 1964, the first round robin analysis of the reference
materials was organized with 25 laboratories participating, including the
analytical laboratories of all the organizations directly involved in the
Refractory Metals Sheet Rolling Program. This round robin, completed in
August 1964, confirmed an adequate degree of interlaboratory apreement in
analysis for the major élloying constituents, with the possible exception
of Zr in FS-35, and much poorer agreement in analysis for C, 0, N, and H
in most alloys. A second round robin for the interstitial elements was
then decvided upon with more closely specified procedures, and finzlly a
third for ox_sen along in F$-85 and TZM, the latter particularly to confirm
the homogeneity of the reference materials. Im addition, samples were is-
sued to a number of laboratories for analysis of interstitials by mass
spectrc..etry., Details of the procedures and results of these operations
are reported in MAB Report 217-M and in DMIC Report 220*. A sumnary of
the results and conclusions from the round robins is presented in the

. . kR
following section

c. Conclusions from Round Robin Testing

1. The level of agreement amonz most laboratories with existing
nrocedures foo «wajor alloying constituents is adequate for practical pur-
poses, except possibly for Zr in FS-85, where a coefficient of variation

of 10% at the 1.07% level is racher high., (Part of this variation may be

*

"Comparison of Cheuical Analysis of Refractory Alloys" by D. L. Chase
kk

Mass spectrouieter results were not yet available at the tiwme of writing.
These will be collected by D. L. Chase of DMIC.
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due to inhomogeneity in the reference material. See Report MAB-217-M.).
Average compositions, standard deviations and coefficiente of variation
are given below, Methods used include X-ray spectroscopic, emission

spectroscopic, and wet chemical methods,

FS-85 . TZM T-111
Ta W z= T z= B W
Average (%) 27.67 101} 0,92  0.50  0.089 1.75 7.88
std. Dev. (%) 0.67 0.22  0.092 0.013 0.0955 0.09 0.21
Coef. Var. (%) 2.4 2,2 10,0 2.6 6.2 5.1 2.7

2. With only little standardization of procedures, most labora-
torias can agree within reasonable limits in the determination of C and H
in refractory metals, even at quite low levels, using existing techniques.
A summary of the round robin data for the interstitials is given in the
table below. The results for C and H tall on or near the C. V. goal line,
meaning that far these elements at 10C ppm the achiaved coefficient of
variation among laboratories is 10%; at 10 ppm 20%; and at 1 ppm (for H)

4O%. This level of agreement is considered to be ratisfactory for almost
all purposes.

— Carbon Uxvygen
¥ T-111 FS=85 TIZM W T-111 FS-85 TIM
Avg. {ppm) 9.1 17 10 230 7.3 14 68 7.1
Std. Bev. (ppm) 2.1z 2,82 2.74 16 3.42 3,85 11.5 2,44

Coef. of Var. (%) 23.4 16.6 27.4 6.9 4€.9 26,9 16.9 34,4

Nitrogen Hydrogen
Avg, (ppm) 6.3 18 43 16 0.47 24 1.3 0.49
Std. Dev, (ppm) 4.09 6.25 5.8% 4425 0.30 5.81 0.51 0,28
Coef. of Var., (%) 65.0 34,7 13,6 26.6 63.9 24,2 39.2 57.2

3. Interlaboratory agreement in the determination of low ievels

of 0 and N with ecxisting techniques and equirment is much less catisfactory
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than for C and H, out probably adequate fcr most practical purposes. At

10 ppm, the achieved coefficient of variation is about 40%, or twice the
desired variation. The methods in use for the determination of O and N

are inherently capable of the desired sensitivity. Reasons for lack of
agreement reside in the details of the analytical procedures. At low levels
of 0, the surface oxide on gpecimens leads to high results. The auwount of
surface oxide present will vary widely with minor changes in surface prep-
aration. A second likely cause for lack of agreement in O analysis is high
and variable vacuum or inert gas fusion blanks in some laboratories. On
the encouraging side, agreement between neutron activation and vacuum or
inert gas fusion results for 0 is reasonably good, lending confidence in

the basic accuracy of the fusion methods.

The method of sample dissolution is an important source of
error in the determination of N. Excessive time required to take samples
into solution leads to contamination from the a2tmosphere. Refractory ni=-
trides, such as ZrN, which occur in many of these alloys, may be difficult
to dissolve completely. Once the sample is in solution, the isolation and

measurement of N can be easily and accurately accomplished.

Recomueendations for Future Work

The principal recommendatjons for future work are concerned with anal-
ysis for O and N at low levels., While some dis~—epancies among laboratories
might be resolved by a continued testing program entailing a close scrutiny
of all steps in the analysis, more importance is attached to further research
on analytical methods. Continued research to improve the precision of the
vacuum and inert gas fusion methods for levels of oxygen and nitrogen below
20 ppm is recommended. Attention should be given to reducing the O content
of the blank as well as to establishing optimum sample and bath sizes for
precision at low levels, In particular, it would be desirable to explore
the determination of 0 in low-oxygen materials by hard gama irradiation.

which produces 015. (Oxygen 15 decays with a half-life of 2.1 minutes

which permits cleaning of the surface before counting, and thus allows
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determination of the core oxygen without interference from adventitious

surface oxide.)

Methods that assure the complete and rapid sciution of bulk samples
for nitrogen determination need to be developed and proven. Special at-
tention must be given to the disposition of refractory nitrides in alloys

and their influence upon the accuracy of chemical analysis.

Future Disposition of Reference Materials

Cne of the goals of the Subpanel was to prepare and have available for
distribution a number of reference materials which could be used in the
future by interested organizations to check their analysis methods. Re-
maining quantities of the four zlloys used in the round robins have been
turned over to the National Bureau of Standards for this purpose. NBS has
agreed to announce the availability of these reference materials through
its standard media and i3sue samples to qualified requesting laboratories,
with a copy of DMIC Report No. 220, Data obtained by groups requesting
samples will be repcrted to NBS and the Bureau will issue an annual report
for a period of at least two years.
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Coating Subpanel

Introduction

The Subpanel on Coating of the Refractory Metals Sheet Rolling Panel
was established in 1960 for the purpose of reviewing and coordinating
coating development programs and to make recommendations concerning coat-
ings for the sheet alloys of molybdenum, columbium, tantalum, and tungsten,
which are of interest to the Sheet Rclling Program. While the applications
of refractory metals will involve many types of environments, the Subpanel
decided to concentrate its efforts on oxidation resistant coatings for use

in air atmospheres,

Early in the Subpanel's deliberations, it became apparent that coat-
ings could not be discussed apart from the metal substrate. Coated re-
fractory metal systems must be optimized and evaluated for specific ap-
plications. 1In this xeport a coated refractory metal system is defined
as a composite material involving a coating of a particular composition

on a specific metal substrate applied by a specified process.

The results of the Subpanel's initial review of the state of the art
and its recommendations for coatings research development were tabulated,
analyzed, and published in 1962 in Report MAB-181-M. In order to evaluate
and recommend development and scale-up of specific coating systems for the
sheet rolling program on the basis of significant and uniform prooerty
measurements, it was found necessary to formulate criteria for the evalaua-
tion of coated refractory metal. The Subpanel then proceeded to solicit
and collate proprietary evaluation procedures from a dozen coating vendors
and users. These procedures were also correlated with those developed by
the Subpanel on Standardization of Test Methods of the Refractory Metals
Sheet Rolling Panel, published in Report MAB-192-M. 1In 1963, the Subpanel
on Coating published its "Evaluation Procedures for Screening Coated Re-
fractory Metal Sheet" in Report MAB-189-M. 1Industrial acceptance and ex-

perience led to a refinement of these procedures and the development of
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more advanced tests whicn appeared in 1964 in Report MAB-201-M, "Procedures
for Evaluating Coated Refractory Matal Sheet". Although these test proce-
dures were devised primarily to enable the Subpanel to evaluate and compare
coating systems, they have alsc been accepted by many i{n the industry as
standard tests, thereby tentatively satisfying an important need.

Sufficient time has not elapsed since the introduction of its test
procedures and issuance of a final report to enable the Subpanel to make a
_comparative evaluation of all available coated refractory metal systems.
However, because the Refractory Metals Sheet Rolling Panel is terminating
its activities in 1965, the Coating Subpanel recently conducted its final
review and evaluation of the state of the art of coating systems., The re-
sults of this review and recommendations for future coating activities are
presented in Report MAB-210-M, "Coated Refractory Metal Technology = 1965",

The purpose o>f this summary report is to 1) briefly recount the Sub-
panel's activities, 2) summarize the state of the art, and 3) make recome

mendations for future coatings research and development.

State of the Art

It can now be concluded that a technology exists to coat columbium
and molybdenum for short-time oxidizing applications where temperatures
are as high as 2800° and 3000°F, and for substantially longer times :/c
lower temperatures. Several promising developments are being pursued Zor
tantalum and tungsten. Disilicides of the four refractory metals, applied
by diffusion of silicon into the metal surface with such modifiers as Al,
Cr, Ti, 3, V, or the refractory metals themselves, currently represent the
basis of most coatings. Aluminides offer thz only practical alternative
to the silicides, but are primarily used on columbium and tantalum alloys.
The silicides are generally superior in performance to the aluminides, but
the latter have been favored for fabricated hardware vhere slurry techni-

ques have the advantages of simplicity and impose fewer restrictions on

component design,
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Aside .icn siiicides and oxides, other refractory materials may be
considered as candidate coating materials. Recent work has indicated that
certain alloys of refractc.y metals possess sufficient oxidation resistance
to be considered as candidate coating materials, Hafnium-tantalum alloys
have been studied which show promising oxidation resistance at temperatures

o
in excess of 3500 F.

In addition to the slurry techniques, pack cementation and the fluid-
ized bed represent the most commonly used processes for production of coated
refractory metal components. A review of the state of the art of this tech-
nology indicates that coating systems being used today can be best described
as first generation. The full potential of available coating materials
has not been achieved. A greater emphasis on processing should add great
improvements in reliability, reproducibility, and end-use practicability.

Slurry-diffusion techniques may meet these goals.

An important conclusion that cannot be over-emphasized is that a coat-
ing system must be selected and optimized for each alloy, component design,
and the mission it is to perform. Optimi:.:d coated refractory metal sys-
tems will be produced only when there is a simultaneous integration of an

alloy, component design, manufacturing sequence and coating system.

In order to minimize the expensive and destructive evaluation of
coated hardware, a great need exists for non-destructive testing techni-
ques. Current techniques are not adequate. Development of such inspec-

tion procedures is under way, but more effort must be undertaken.

In regard to the properties of coated refractory metals, the following

conclusions reflect the state of the art:

1. Coated refractory metal will almost always exhibit a degradation
in mechanical properties as compared to uncoated material when

before-coating dimensions are used in the comparison,
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A given coating composition and associated coating process can
be modified to minimize the detrimental effect of the coating on

the mechanical properties nf a given allcy.

A given coating system can have appreciably different effects on
the different refractory metals. No single coating chemistry or
applicacion process can be selected as the best availablza coating

for all or even the majority of applicationmns.

The oxidation protective life of coatings for refractory metals
is significantly affected by alloy, temperature, pressure,
temperature-time profile, strain and coating thickness. The ef-
fects of these influencing parameters are interdeperdent upon
each other and all parameters will usually be present simultane-~

ously in any given application of coated refractory metal,

The minimum coating life is considerably less than the average
coating life at any given temperature if a statistically signifi-
cant number of specimens is tested. The early coating failures
are "defect failures" and the probability of a serious defect
increases with increasing surface area and linear inches of edge
(or increased number of specimens). Thus, the probable life of
coated hardware 13 much less than the average life of coated

coupons,

The use of current state-of-the=-art coatings on refractory metal

foils of less than ten mils thickness appears to be impractical.

most significant shortcomings of the state-of-the-art coatings

Lack of reliable oxidation protection on hardware particularly

at edges.

The increase in the ductile-to-brittle transition temperature

due to coating.

Insufficient life at reduced pressure (below about 10 mm Hg)

and high temperature (above 2500°F) in oxidizing atmospheres.
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Pinally, the review of the state of the art of coating technology has
indicated that very few examinations have been made of diffusion effects,
microstructure, and phase compositions and their relationship to mechanisms
of coating protection or failure. The thermcdynamics and kinetics of dif-

fusion are closely related to coating life.

Each of the refractory metals systems has its own advantages and

disadvantages, Conclusiors pertinent to each follow:
Columbium

The foregoing statements apply equally to all the columbium alloys
emphasized by the Refractory Metals Sheet Rolling Panel. There are more
coated columbium alloy systems available today than there are for the
other refractory metals., Coating chemistry is better understood for col-
umbium and, therefore, mure coating types are available. The favorable
mechanical properties of columbium, such as low brittle-ductile transition
temperature, weldability, and shop handling characteristics make columbium
of greater interest to the industry. Columbium components requiring coat~
ing will tend to be larger and more complex than components of molybdenum
due to the greater ductility and weldability of columbium, There are cer-

tain disadvantages, however.

Weldments (TIG) in high-strength columbium alloys such as D=43,
F$-85, Cb~-752 may he brittl: at room temperature after coating.

Most columbium alloys, particularly the high-strength alloys,
undergo an elongation and bend ductility minimum between about 800° and
1800°F. When coated, the elongation and bend ductility may be substantially
reduced in this temperature range and within a very narrow temperature

range these properties may be zero.
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Molybdenum

Coated TZM and other molybdenﬁm alloys have strong competition
from the high-strength coated columbium alloys. Advantages for the coated
molybdenum alloys are their greater resistance to creep, better fatigue
life, and lower rate of failure propagation abeve 2700°F because no liquid
oxide forms to slag the coating. Disadvantages of coated TZM are the
delamination tendency, high ductile-to~brittle transition temperatures,
notch and strain-rate sensitivity, fusion weld embrittlement, and embrit-
tlement after recrystallization and grain growth., At the present time,
the very low and unpredictable ductility of coated TZM at room temperature

is the principal disadvantage in its use for components,
Tantalum

There are little data at this time for coated T-222 alloy. Coat-
ing technology for other tantalum alloys is in an early stage of develop-
ment., Available test data for the behavior of coated alloys are incomplete,
scarce, and often ambiguous., The best developed coatings are the modified
Sn=-Al and silicides. Their use is limited to temperatures up to approxi-
mately 3000°F in air at normal atmospheric pressure and to lower tempera-
tures at reduced pressures. These temperatures are usually not high
enough to utilize the desirable high temperature mechanical and thermal
capabilities of tantalum alloys. No suitable high temperature diffusion

barrier materials or concepts have been developed.

Modified Sn-Al coatings are presently favored over silicides for
use in air at atmospheric pressure, They are generally resistant to oxida-
tion at higher temperatures; possess better ductility and withstand greater

plastic deformation.
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Tungsten

The use of silicide coatings for the protection of tungsten is

reasonably well established, Marginal improvements may be expected in

this area, but coatings to be used at temperatures at which tungsten

promises most usefulness (35000-4000°F) cannot be clearly defined.

The use of oxide coatings appears to be the only reasonable

choice for the protection of tungsten in oxidizing environments at tempera-
tures in excess of 3500°F,

Recommendations

1.

3.

4.,

Currently available aluminides and gilicides ccating systems
for columbium and molybdenum should be further developed for
greater applicability, and reproducibility, directed at high
reliability particularly for hardware. The approach should

emphasize improvement of process control, inspection methods,

and elimination of defects particularly at edges.

Research should be conducted leading to new coating systems
for temperatures up to 3000°F, having high reliability on
hardware., The approach should emphasize mechanism of coating

failures and the role of coating composition and wmicrostructure.

The slurry and gas plating processes should be emphasized

over pack cementation and vacuum pack processes in new coating
developments,

New coating concepts should be identified and encouraged for
protecting tantalum and tungsten well beyond 3000°7. Basic
research is particularly needed here. For example, kinetics
of diffusion in pure and mixed oxide systems need to be
studied as well as in barrier materials, refractory alloys, and
inter-metallic systems. Progress, particularly in coatings for

tungsten and tantalum,is seriously being hampered because of a




3.

6.

8.

10.

11.

o7le

lack of knowledge in this area., Additional information is also
needed on mixed oxide-phase diagrams, free energies of all pos=-
sible reacticns in coating systems, mobility of anions and cations
in oxides, the defect structure of oxides, low temperature oxjda-
tion of pest phenomenon, and the high-temperature interactions of
coating materials and substrates. The capabilities and interests
of the universities should be utilized in these basic research

~reas,

A broader program for developing non-destructive testing tech-
niques should be undertaken, New techniques are required for
detecting and determining the detrimental influence of cracks,
compositional inhomogeneities, and variations in coating

thickness,

The development of new or modified coating systems should give
greater attention to attaining and stabilizing high emittance

values,

Uniform screening and meaningful simulated environmental tests
should be devised for the evaluation of coated systems for pro-

pulsion and power generation systems,

Lmprove ients in the compatibility of coatings and braze alloys
should be investigated.

Research should be conducted on the reasons for the increase of
the brittle-ductile transition temperature of coated alloys and
weldments over that of the uncoated alloys to find a method to

avoid the emurittlement;,

Research to improve the life of coating systems of reduced pres-

sures and temperatures above 2500°Flis needed.

Studies on th: re-use and re-furbishment of coated refractory
metal syste. s should be conducted. Such investigations should
include techniques of inspection after one or mcre use cycles

and coating repair,
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The memberg of the Goating Subpanel recommend that the Materials

fdvisory Board estatlish a new panel on oxidation resistant coat-

ings for refractory mszerials., The objectives of this panel

would be to:

(a)

(b)
(c)

(d)

(e)

()

Define the current end future applicaticns for coated high-
temperature superalloys, refractory metal alloys, and

graphite.
Define the performance requirements for these applications.

Formulate meaningful evaluation procedures with respect to
the requirements to assist in the development cf non-
destructive tests to disclose defective coatings. This is

a3 major curreant requirement,

Review the evaluation procedures of the current Coating Sub-
panel and either revise them to make them more meaningful
and acceptable, or make a strong recommendation to the DOD

that the established procedures be closely followed.

Continually review and advise on the technical value of
funded R&D programs on coatings, end make pertinent resom-

mendations regarding their future status.

Recommend new action by the DOD on the key technical prob-
lems of the state of the art,
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Consolidation and Processing Subpanel

Obje:tives

Many subpanels of the Refractory Metals Sheet Rolling Panel were
formed because of their importance to some facet of the overall problem--
Analysls or Test iethods, for instance. Recognition that consclidaticn and
processing were the heart of the problems involved in making high-quality
sheet reproducibly, and that the topics were too brorsd to be handled by
the main panel led to the establishment of this group. The Subpanel was
formed in February, 1961, and disbanded after a final meeting in July 1961.

The Subpanel was specifically asked to:

1. Exanine existing procedures used in manufacture and identify

problem areas resulting in poor quality and low recovery;

2, Explore possibilities for small and large modifications of
} erfsting practices which might lead to improvement in quality

and recovery;

3. Recommend areas of research and development, which present

judgment would indicate to be profitabie, for support by the
Department of Defense.

In addition to the six-man subpanel, numerous guests were invited to
participate in the discussion. These visitors were selected because of
their direct experience with the aspect being considered. The first meet-
ing was devoted to consolidation, the second to hot working, and the third
to cold working. In the discussion and the writing of the report, no at-
tempt was made to provide a cookbook-type solution tec the operations,
Rather, the problems were approached broadly so as to determine the factors
invoived which affected quality, as the products are now being made and as

they could be made under other circumstances,
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For the consolidation phase, both the pressing and hot sintering of
powder and the arc-casting route are routine commercial operations. The
value of modified procedures such as sintering over 2500°C or the casting
of slab-shaped ingots was discussed. Other conceivable metnods of consoli=-
dation discussed are centrifugally cast thick-walled tubes, subsequently
split and rolled, or shear formed to a thin-walled cylinder and then split
and flattened,

Both furnace capability, as well as a desire to avoid oxidation and
contamination, tend to restrict the temperature used for extrusion or
forging. Problems in lubrication and with die materials are additional
complicating factors. Nevertheless, higher temperatures may be needed,
especially when limited machine capacity 1s coupled with newer alloys with
high hot strength, The specific choices in hot breakdown are more closely
related to economic factors than technical ones; processes such as forging
which are appropriate for small orders are more aptAto be choscn at this

stage in commercial development.

Cold processing is emplcyed when possible because of avcidance of
contamination and because cf the relative ease of obtaining dimensional
control, In rolling, problems of gage control often reflect variations
established during hot working. For maximum corrective action, 4-high
cluster mills with frcnt and back tension are indicated. Due to small
orders and small-size sheets, relatively primative hand mils are apt to
be used. The report discusses the corrective grinding of sheet for gage
control and contamination removal. The problems of laminations and tex-

turing are also covered.

Assessment of Results

Following some broad recommendations (calling for government-supported
research on lubrication and on deformation) eight specific projects are
proposed, which could lead to improvements in quality ot"i?nomics of

refractory metal sheet,
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