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ABSTRACT

Procedures were developed for preparation of tungsten-3 percent
molybdenum extrusion billets by arc casting and by pressing and sintering.
Round extrusions were made to evaluate die lubrication and die coatings
in temperatures ranging from 3200°F to 4000°F at reduction ratios as high
as 17:1. Efforts to obtain wrought extrusion billets by extruding large
cast ingots at 2300°F and 2.6:1 were not successful because longitudinal
cracking developed in the extrusion.

Efforts to meet program target dimensional and surface requirements
with arc cast tungsten-3 percent molybdenum were unsuccessful. However,
extruded tungsten "T" sections up to 138 inches long having surface
finishes better than 100 RMS and dimensional run-out within .010 inch
were successfully produced from pressed and sintered starting material,

The extrusion conditions necessary to achieve the program target
dimensions resulted in a hot-worked microstructure which has a high
ductile-brittle transition temperature and relatively low strength. Because
of the undesirable microstructure achieved and the lack of requirement for
tungsten extrusions of the target configuration, the program was terminated
at the end of the Phase III effort.

* * * % * * * * * * * * * * * *

This final technical documentary report has been reviewed and is approved.

MELVIN E, FIELDS, Colonel, USAF
Chief, Manufacturing Technology Division
AF Materials Laboratory
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I. INTRODUCTION

The recent development of the space and aircraft industry calls
for structural materials which are serviceable in the temperature range
of 3000°F to 4000°F, Among all refractory metals, tungsten and
tungsten alloys are believed to have the highest potential for this
application, due to the high melting point of tungsten. The objective
of this project was to develop techniques by which tungsten and
tungsten alloys could be extruded into a target section with the
following configuration and property requirements:

1. Maximum "T" section circumscribed within a 2-inch
diameter circle.

2. Minimum length of 10 feet.
3. Width of flange equal to twice the depth of section.

4, Thickness of flange and stem of 0.250 inch £0.010
inch.

5. Surface finish of 150 RMS minimum.
6. Target mechanical property of 0.2 percent creep
deformation at 3750°F after 100 hours under siress

of 20,000 pounds per square inch (psi).

The program to develop a "T" extrusion process was divided
into five phases:

Phase I. State-of-the-Art Survey

The evaluation of the current state-of-the-art of tungsten
extrusion and the recommendation of the materials to be used
for the program.

Phase II. Billet Process Development

The establishment of tungsten billet production processes
to achieve satisfactory uniformity of billets.

Manuscript released by authors 16 May 1964 for publication as an RTD
Technical Documentary Report.



S L b TR

Phase ITI. Development of the Extrusion Operation

The extrusion of tungsten billets to establish process
parameters.

Phase IV. Verification of Process Uniformity and
Development of Post-Extrusion Operation

The verification and optimization of the process
developed under Phase IIT and the establishment of post-
extrusion conditioning.

Phase V. Pilot Production of the Target Section

Minimum pilot production sufficient to demonstrate the
reliability of the billet process and the extrusion produced,

The state-of-the-art survey was conducted by Battelle
Memorial Institute under the direction of Wah Chang Corporation.
In conducting the survey, use was made of a questionnaire, plant
visits, and extensive research of the literature and the Defense
Metals Information Center.

A resume of physical and mechanical property data and
present industrial capabilities for ingot production and exirusion
practice was presented. It was reported that conventional extrusion
experience on tungsten and its alloys had been limited primarily to
round bar at reduction ratios of less than 10:1. The major problem
areas which should be overcome before a successful tungsten "T"
extrusion could be obtained were the limitations in die materials,
lubrication, and billet heating capability.

On the basis of the findings of the survey, the following
recommendations were made:

1, That unalloyed tungsten be selected as the base
material for Phase II,

2. That consumable-electrode arc melting, alone or in
conjunction with electron beam metlting, be used to
prepare ingots from which the extrusion billets are to
be prepared,




3. That the usefulness of grain refining additions, preferably
2 percent molybdenum, be considered as part of the
Phase II evaluation.

As a result of the melting evaluation program carried out in
Phase II, tungsten-3 percent molybdenum was selected as the best
alloy to achieve cast grain refinement while maintaining the high
melting point of tungsten.

After attempts to achieve the extrusion target requirements
with arc cast billets were unsuccessful, fine-grained sintered billets
were used to achieve the program target requirements. The high
temperature required to accomplish the extrusion resulted in a com-
pletely hot-worked structure with accompanying low strength and
ductility. Lack of requirement for high tolerance tungsten extrusions
in Air Force systems made continuation of the program into the
production stage unnecessary. Therefore, work was terminated at
the end of the Phase III effort.
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II.

SUMMARY AND CONCLUSIONS

A,

Billet Process Development

Parameters for consumable electrode arc melting of
tungsten-3 percent molybdenum and unalloyed tungsten have
been established., Twenty-two 4.5- to 5.0-inch diameter
ingots weighing up to 170 pounds were produced, thirteen
of which were cast using mechanically joined sintered bars
as electrode, Direct current {DC) straight polarity was
utilized at a power above 7,500 amperes and 30 volts, under
a vacuum generally less than 100 microns. Magnetic stirring
coils were successfully used to control arc stability and
prevent excessive grain growth. Chemical analyses showed
low interstitial content with oxygen and carbon bheing well
below 100 and 50 parts per million, respectively.

Pressed and sintered billets of tungsten-3 percent
molybdenum and unalloved tungsten 5 inches in diameter by
11 inches in length were also produced. They were sintered
seven hours at 4350°F under hydrogen atmosphere, A density
of 90 percent theoretical was achieved.

Solid Round Extrusion

In an attempt to produce wrought extrusion billets,
two 6.55-inch diameter bhillets were extruded at 2300°F at
an extrusion ratio of 2,.6:1. Although the extrusions were
successfully accomplished and precautions were taken to
prevent post-extrusion cracking, longitudinal cracks running
the entire length of the extrusions prevented use of the material
as extrusion billet stock. Since higher temperatures could not
be attained using existing extrusion facilities, attempts io
obtain wrought billets were discontinued.

A series of round extrusions was accomplished to make
a preliminary evaluation of die materials and lubrication.
Extrusions were successfully made in the temperature range
between 3200°F and 4000°F at reduction ratios of approximately
17:1. These extrusions demonstrated the feasibility of
achieving the required extrusion ratios within the limitations
of available tooling and billet heating equipment,
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"T"-Shaped Extrusions

Full length "T"~shaped extrusions were made within
target requirements from sintered unalloyed tungsten billets at
3720°F with a reduction ratio of 19:1. High liner pressures up
to 222 kilograms per square inch (ksi) at an initial stem speed
of 100 inches per minute were required to accomplish these
extrusions.

Extruded "T" shapes of arc cast tungsten-3 percent
molybdenum exhibited laps and folds perhaps related to billet
cracking during entry into the die orifice.

To evaluate the efiect of fine grain size, a series of
extrusions were made using pressed and sintered tungsten-3
percent molybdenum billets. The folds and tears characteristic
of the arc cast extrusion were minimized when the fine-grained
powder metallurgy product was used, Since microstructural
examination revealed evidence of inhomogeneity in the sintered
tungsten-3 percent molybdenum alloy, a series of unalloyed
tungsten extrusion billets was sintered. No substantial difference
was noted in the maximum resistance to deformation of tungsten-3
percent molyvbdenum or the unalloyed tungsten. However, the
minimum resistance to deformation was higher for sintered
tungsten-3 percent molybdenum than for arc cast tungsten-3
percent molybdenum or unalloyed sintered tungsten.

Arc cast tungsten-3 percent molybdenum exhibited greater
resistance to recrystallization than sintered tungsten-3 percent
molybdenum or sintered tungsten. The grain size of the extruded
unalloyed tungsten was slightly larger than the sintered tungsten-3
percent molybdenum. WNone of the extrusions examined had the
wrought microstructure desirable in a tungsten product for
structural use. rhe exfrusion temperatures necessary to
accomplish the target dimensions were too high to allow
retention of a wrought structure.

One of the most significant contributions to the successful
extrusion of tungsten "T" shapes was the development of a high
quality die coating. An undercoating of nichrome about 0,002 to
0.003 inch thick and a final coating of about 0.040 inch thick of
stabilized zirconia were applied by the oxyacetylene flame spray
process with solid rod feed.
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Another factor which contributed to successful extrusion
of tungsten at high ratios was the development of an extrusion
tooling arrangement capable of withstanding extrusion pressures
in excess of 200 ksi.
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ITI. BILLET PREPARATION

A,

Arc Melting Practice

1,

Starting Material

Both unalloyed tungsten and tungsten-3 percent
molybdenum starting materials were utilized as a check on
the grain refining effect of the molybdenum addition on
tungsten. The starting materials chosen were C-10 tungsten
powder with an average particle size of 3.5 to 5.5 microns
and molybdenum powder with an average particle size of
approximately 1.5 microns. Typical analysis of C-10 as
compared to C-5 and C-40 tungsten powder is given in
Tablel. The materials were weighed and fed into a rotating
blender to obtain a homogeneous mechanical mixture.

Two methods of pressing were used, i.e., isostatic
and mechanical. In the case of the isostatic pressing, the
blended powders were sifted into a rubber sock surrounded
by a perforated aluminum can. While the powder was being
added, the entire container was vibrated to allow a maximum
fill density of the material before starting compaction. After
the sock was filled, the top of the rubber sock was sealed
with a rubber stopper and evacuated through a rubber tube,
The tube was then sealed with & clamp and the entire
assembly loaded into a hydrostatic press where a water-
soluble oil-water mixture was utilized to apply a pressure of
40,000 psi. After attaining the desired pressure, the pres-
sure was released, the compact removed, and the rubber sock
stripped from the compact. A view of the 16-inch compacting
facility is shown in Figure 1,

Square bars were pressed to approximately 3/4 inch
by 3/4 inch by up to 30 inches in length by mechanical
compacting. The material was blended in the same fashion
as before and fed into an open-top die. Pressures of up to
50 tons per square inch were applied to the bar. The as-
pressed bar had sufficient green strength to allow subsequent
handling.
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2.

Sintering

Because of the increased cross-sectional area
obtainable by isostatic compaction as opposed to mechanical
compaction, different sintering methods were utilized,

The mechanically pressed square bars were direct-
resistance sintered in a hydrogen atmosphere at 4170°F for
a minimum of two hours. The isostatic pressed bars were
sintered by several techniques which included indirect-
resistance hydrogen sintering, electron beam vacuum
sintering, and electron beam drip melting operations.
During indirect-resistance sintering, the pressed bars were
introduced slowly into a hydrogen furnace at 2000°F. The
tungsten bars were placed on molybdenum slabs and covered
with a molybdenum sheet to prevent surface contamination
which may occur within the furnace, The bars were exposed
to a hydrogen atmosphere for one hour at 2200°F, raised to
2900°F over a period of seven hours, and held between 2900°F
and 3000°F for a minimum of twelve hours, After the completion
of this cycle, the bars were slowly removed from the hot zone
of the furnace and allowed to cool under a hydrogen atmosphere
at the water-cooled entry port of the furnace. After sintering,
densities up to 87 percent were obtained on bars with a 2-inch
diameter. The as-sintered bars were then sandblasted to
remove any oxide discoloration which formed on the surface
during cooling.

For vacuum sintering in the electron beam furnace,
it was necessary to presinter the green bars in order to
increase their strength whereby they could be hung in the
furnace for sintering. Several bars were presintered in
hydrogen at temperatures up to 2500°F for six hours, Some
degree of purification was obtained, as shown in Table 2.
The presintered bars were then sintered in the electron beam
furnace. The bars were fed vertically at a constant rate of
4 inches per hour through a hot zone at least 3/4 inch wide.
At this feed rate, the bars were subjected to sintering
temperature for a period of about fifteen minutes. Due to
the very high surface temperature attained, a surface glaze
was formed which effectively restricted complete purification
of the bars. The density obtained was not sufficient to
allow successful welding into the final arc melting electrode




configuration. In many instances due to the difficulty of
maintaining a uniform circumferential heat zone, melting at
random positions on the rod resulted in considerable warpage
of the rod. These warped electrodes were unsuitable for

arc melting,

In order to fully assess the purification potentials of
electron beam vacuum sintering, several hydrogen presintered
bars were hung in the electron beam furnace and the power
was increased sufficiently to drip melt the material at the
rate of about 4 inches per hour, The resulting material
consisted of irregular globules of tungsten metal. Excellent
purification was obtained by this technigque as may be seen
by the data of Table 3., However, the drip melted product
could not be consolidated into a satisfactory arc melting
electrode. A schematic diagram of the electron beam, drip
melting setup is shown in Figure 2.

Melting

a. Arc Furnace

The melting control room is shown in Figure 3a,
and the furnace is seen in Figure 3b. This furnace has
the capability of producing ingots of from 2-7/8 inches
to 8 inches in diameter. It may be noted that the furnace
has a bottom-tap ground which produces a symmetrical
magnetic field, reducing the possibility of sidewall
burnthrough. A stirring coil on the furnace allows
reversal of the molten pool to minimize collar buildup
during melting of the ingot. In addition, the stirring
coll functions as an effective deterrent to large grain
growth during melting of the ingots. The furnace is
water cooled under a pressure of 120 psi and is equipped
with periscope observation ports which project the
electrode-pool image onto the ground glass screen in the
front of the control room to allow visual observation of
the pool geometry, arc stability, and electrode centering.

The stinger can accomodate an electrode up to
90 inches in length and of any diameter which is com-
patible with the crucible size to be used on that specific
melt. Thirty thousand amperes of DC power are availlable



at 40 volts in this furmmace. However, on sintered
2-inch diameter electrodes, the maximum power which
was required was on the order of 7,500 amperes at

35 volts.

Electrode Preparation

To prepare elecirodes suitable for melting, the
sintered bars must be joined by welding or mechanical
means. A density of 92 percent was found to be the
minimum density necessary for welding on sintered
tungsten. It was extremely difficult to avoid cracking
as the weld areas coonled behind the hot zone. Therefore,
mechanically joining by threading appeared to be more
suitable in joining the material for proper current con-
duction to obtain the desired ingot size. Each end of
the sintered bar was drilled and tapped. A nipple was
then made up of similar material with suitable threads
to connect the sintered bars. The faces of each of the
sintered bars to be joined were machined parallel so
that a flat, uniform surface contact was obtained at the
interface. A sketch of a mechanically joined electrode
may be seen in Figure 4. The tungsten electrode was
then joined through a tantalum coupling device which
had two male threads, one to fasten directly into the
top of the electrode and the other to the stinger head.
This arrangement allowed a gradual temperature buildup
from the stinger to the tungsten electrode and minimized
the thermal gradient caused by water cooling of the
stinger head. Excellent success was obtained with
tungsien electrodes using mechanically joined sintered
material with a density of about 85 percent.

Melting Parameters

A major effort in this investigation was the study
of arc melt variables which include:

1, Hydrogen versus vacuum sintered electrode
stock.

2. Sintered electrode density.

10




3. Melting rates.
4, The use of stirring coils.
5. Electrode polarity.

6. Any other parameters which may prove to
be effective.

Wah Chang Corporation's experience supported
previous reports by Noesen (Reference 1) and Foyle
(Reference 2) that the diameter of the electrode should
not exceed half the diameter of the crucible mold, or in
the case of larger crucible sizes, there must be a mini-
mum of 1 inch clearance on each side of the crucible to
prevent arcing to the crucible wall., To further control
the arc during melting, it was found to be desirable to
have a cylindrical electrode rather than clustered square
bars. This minimized point arc discharge from the
electrode and reduced the possibkility of crucible
burnthrough.

It was found that very little difference in the
final ingot was obtained whether starting with hydrogen
sintered or vacuum sintered material. However, the
vacuum sintered material was limited in cross-sectional
area to about 1 square inch due to power limitations on
the vacuum sintering vessels; whereas, indirect-
resistance sintering in a hydrogen atmosphere furnace
easily accommodated electrodes up to 4 inches in
diameter.

In the melting of the sintered and mechanically
joined electrodes, it was found that material which had
sufficient strength to be threaded and joined and did not
have a density of above 30 percent was the most satis-
factory. The lower densgity material made bhetter electrode
stock because of the increased electrica) resistance
during melting. This increased resistance caused the
electrode to be significantly preheated. In many cases
the electrode was white-hot, which distributed the
electrical current more uniformly, maintaining a more
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uniform arc during the actual melting of the electrode,
A density of approximately 85 percent of theoretical was
used for melting most of the ingots in this program,

Direct current power with straight polarity was
used for melting all of the ingots used in this program
with the exception of the 8-3/4-inch diameter ingot
purchased from Climax Molybdenum Company.

The stirring coils were used on continuous,
intermittent, or full reversing operations as ingot collar
buildup and arc stability dictated. For best arc stability
and minimum collar buildup, it was found that reversing
the coil at the rate of 12 times per minute produced the
best results, although the sidewall condition was
slightly inferior in ingots melted with a reversing coil.

Some purification of electrode stock during the
melting can occur. The extent depends on the vacuum in
the melt chamber at the top of the mold and the melt rate.

Melting data for all ingots obtained for thig
program are summarized in Table 4, In Heats 2 and 3,
vacuum pressure rose to 1,000 microns near the end of
the melting run, which was believed to be not due to the
outgassing of the melt material but due to the outgassing
of the furnace induced by excessive heating of the body
of the furnace. After Melt 3, modifications to provide
additional cooling water to the furnace shell and crucible
walls were employed. Also, a larger capacity pump was
installed to maintain the desired vacuum of 100 microns
maximum during melting.

Among all seven initial heats, only two gave high
yield ingots without electrode failure or other difficulties.
They were: {1) Heart -, in which case direct-resistance
gintered bars with 94 percent density welded into elecirodes
were used; and (2) Heat 6, in which case indirect-
resistance sintered bars with 83 percent density
mechanically joined were used as the electrode.

In most cases the welded electrodes fractured
causing interruption of the melt. Therefore, for all ingots
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which were prepared for extrusions through this program,
indirect-resistance sintered bars, mechanically joined,
were used as electrode stock.

The power required to melt the electrode was
quite uniform regardless of the density of the starting
material. The only variation in power which was
attributable to the electrode was directly coupled with
the cross-sectional area of the electrode. An electrode
which was made by welding six 1/2 inch by 1/2 inch
sintered bars required 6,500 amperes and 36 volts to
obtain a melting rate of 2.4 pounds per minute; when
the crogs-section of the electrode was increased to an
eight-bar cluster, the power was increased to 7,500
amperes and 33 volts, although the melting rate was
approximately halved.

Ingot Evaluation

Among the first seven ingots melted, one ingot was
lost through electrode rupture and crucible burnthrough, two
sound ingots were extruded at an 11:1 reduction ratio to
generate preliminary extrusion parameters, and the remaining
four ingots were destructively evaluated. Their physical
parameter data are given in Table 5, and the chemical
analysis of the four ingots plus the analysis of Ingot 5-3770
which was fractured during handling are shown in Table 6.

Comparing the hardness traverse data of Table 5, it
may be seen that the sidewall is predominantly softer than
the center.

Rase material cropoff to obtain sound ingot varied
from 1-3/8 inches to 2-3/8 inches, This variance was a
function of the rapidity with which the operator increased the
power during start-up operations. If the electrode was
allowed to play an arc over the base for at least three minutes,
a very sound base with minimum loss was generally obtained,
However, there was an ever-present danger of arcing through
the base and sustaining crucible burnthrough. Therefore, it
was found that nominally 2 inches of base was cropped to
obtain a sound ingot. '
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The depth of shrink pipe obtained varied from 1 inch
to none. During melting operations on production ingots, it
was possible to produce several ingots with no shrink pipes.
This was accomplished by a five-minute simmer operation at
about half power while reversing the stirring coil every
thirty seconds.

It may be seen from Table 6 that the chemistry of the
evaluation ingots was extremely consistent, considering the
variety of starting electrode materials utilized. It appears
that single arc melting of tungsten supplies excellent
purification so long as the melt rate is maintained low
enough and high speed pumps are utilized.

Powder Metallurgy Techniques

The starting materials for powder metallurgy billets of
tungsten-3 percent molybdenum were C-8 or C-10 tungsten
powder and those for unalloyed tungsten billets were mixtures of
C-8 and C-40 tungsten powder. The chemical analyses of the
mentioned C-8, C-10, and C-40 powder used in this program are
shown in Table 7.

After the proper percentage of powders were weighed and
blended, they were sifted into a rubber sock and pressed iso-
statically at a pressure of 40,000 psi. The procedure was the
same as that mentioned in the previous section for preparation of
sintered bars for electrode.

The green compact was indirect-resistance sintered under
a hydrogen atmosphere. The sintering furnace was heated from
room temperature to 2750°F within one-half hour, held for one
hour, and then raised to and held at 4350°F for seven hours. A
sintered billet about 4 inches in diameter by 5 to 2 Inches long
with a minimum density of 90 percent of theoretical was generally
obtained. The sintered billets were then machined to size for
extrusion (see Tables 13 and 14}.
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IV. EXTRUSION OF SOLID ROUNDS

A,

Extrusion of Large Ingots to Obtain Wrought Billets

Round sections were extruded in the preliminary stages of
the program for two reasons: (1) to attempt to obtain wrought
tungsten extrusion billets for subsequent extrusion at high ratios,
and (2) to determine extrusion constants and study lubrication
and die materials at ratios and temperatures necessary for the
production of the "T"-shaped extrusions required in the program.

Two tungsten-3 percent molybdenum billets prepared by
Climax Molybdenum Company were extruded with steel cans at
Canton Drop Forge. These billets were obtained from a single
ingot, 8-3/4 inches in diameter weighing approximately 5489
pounds. The starting material for this ingot was 97 percent
tungsten powder and 3 percent molybdenum machine chips which
were blended before compacting into electrode. Table 8 gives
starting material analysis as well as ingot chemistry for the
Climax material.

The melting electrode was continuously formed within the
meltin