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Introduction

. bver the pést decades the usage of the term réfractory material
.has beeﬁ extended to inélude - in addition to the oxide§, éilica£es ana
gravhite - an'expandiné variety of compounds among which may be noted
the metal carbides, nitrides, bbrides and silicidesf The 'importance
attributed to these compounds is indicated by the ﬂumber and scope of the
studies being reported in the literature. Among the first of them to have
a significant impact on industrial practice'was the carbide of tungsten
in.the field of high speed cutting tools. Now they find maﬁy‘applieations
involving exposure . to severe abrasion and high temperatures. Recentl
their electrical properties have commanded attention, for it has been
found that g number of compositions, particularly the carbides and nitrides
cf some transitién metals, exhibit highvcritical temperatures and magnétic
. field strengths at the transition between their supercdnducting and
normal states.

' These compounds are characterized by such properties as high

melting éoint, great hardness, high strength'aﬁ elevated temperatures,

and varying degrees of resistance to attack under corroding and oxidizing

conditions. Most are quite brittle. This property, together with the highb

meltihg poinﬁs, gives rise to a need for spééial fabricating techniques,
whether from the sténdpéintlo% production in industry or of the preparation
of test samples for ﬁse in the research laboratory. |

A procéss that has had a long period.of successful appliéation is
that of'powder metallurgy. Historically, this process.may'be considered

to have evolved from the early experiments of Wollaston on the preparation

of wrought forms of platinum from chemically prepared platinum éponge.
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Modern technigues had their inéeption in the solﬁtion of problems
Apecﬁliér to the growth of the incandescent lamp industry, Tungsten had
been foﬁnd to be the beSﬁ choice as’a material for filamentsf Large -
scale praduction of tungsten wire became pbssiblé as a result of
Coolidge's de#élopment of a pow&er metallurgy process ét the Gegeral
Electric Company. ZEssentially, the process corisisted of compressing
tﬁngsten powder in steel dies, and then heating the cbmpacted bars in
hydrogen to high temperatures by direét vassage of heavy electric currepts.
The bars Aevelopedvconéiderable strength, fully adequate to withstand hot
working.operations. In a carefully controlled sequgnée, the area of
cross section was gradﬁallj reduced to a degree where conventional wire
drawing could be employed. .Because of the hardness of tﬁngsten, it was
necessary to use diamond wire draﬁing dies. The high cost of maintaining
these dies léd to a search for less expensive materials possessing the
.nécessary wear resistance. This effort was rewarded with the development
of the "sintered carbides", a mixture of tungsten carbide and cobalt
powders, pressed iﬁ steelbdies and Fhen heated in a reducing atmosphere,
usually hydrogen, to 1350-1400°C. The sintered carbides, which now often

contain the carbides of.tantalum and titanium in addition to that of

tungsten, found many other applications, particularly in the manufacture

s

of tools for cutting and shaping, and of components required to withstand’
severe abrasion. -Aé'a result of.the demand for these products,'powder
.metallurgy bécaﬁe an important industrial process and consgquently was
the subject of intensivévstudy., As techniques imprdved witﬁ'continued'
research, the methods of powdertmetallufgy were applied to other high

melting metals, alloys, and compounds. Prior to the introduction of
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electron beam melting, practically all production of tantalum, niobium,
molybdenum, and tungsten commenced with sintered bars of compacted metal

rowders.

&

Some obvious iimitations of preparing the‘compacts'by compressin
| vowders 1in steel dies'are the restrictions to.simple, symmetrical shapes;
to a narrow renge of length to diameter ratio; and to materials having
'some degree of ductility. The admixing of lubricants and binders (in

the case ofvthe sintered carbides the relatively ductile cobalt may be
considered a binder) such as stearates and paraffin, improved matters
considerably.v By reducing the friction between the die walls and the
powder, lﬁbricants permitted & much greater uniformity of density through-
out the compact, and reduced substantially the required pressure. Binders,
on the other hénd, made it possible to obtain adequate strength after
compacting even with quite brittle materials. The choice of lubricants

and binders must be limited to thosé substances which not only fulfill the
intended function but which also leave behind no complicating residue to
interfere with sintering.

The problem of length to'diameter ratip and the restriction to
simple shapesvwere both appreciably resolﬁed by the development of hydro-
static pressing. This techniqﬁe\consists ofvloading the powder into a thin
elastié membrane having the desired form. ~“The membranes mey be of
intricate desién and contain réétrant angies. The loaded membrane is
suspended in a sultable fluid contained in an hydraulic apparatus by
means of which tﬂe necesséry pressure can be transmitted. Since the
pressure is applied equally in all directions, compacts with‘great uniformity
‘of density are obtained. This method has been used successfully with a

wide range of materials.
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TheAmethod‘of hot pressing\— though providing only limiﬁed
latitﬁde in length to diémeter ratio‘or.in‘vériety of form - isiespecially'
advantageous in cdping witﬁ fhe‘very brittle compounds. Geﬁefally, pressgxe
is applied whiie ﬁﬁevmafefial i§ at a high enough‘temperatufe to ﬁndergo
plastic flow. ‘Ho;efer;vsinéé the reguired temperatures vary from about
1000°C for aluminum oxide to»25009C for some of th¢ metal cﬁrbides, there
re very few substances avaiiable for the constfuction of dies. Graphite
is the one most commonly employed and generally is quite ade@uate, except
for compositions adversely affected by the presence of carbon. Hot
pressing is frequently carried out in vacuum, aﬁd one of the great virtues
of the method is that, under févorable conditions, with no binders or
lubricants, very nearly the theoretical density canlbfﬁen be attained.

One interesting solution to the problem of length to;diameter
ratio 1s the procedure of sheath-rolling, wherein a ducfilé métal tube 'is
. filled with powdér, sealed off, and then swaged or rolled to effect :
conpaction. Invthis manner wife of small diameters has béen mad¢. This
process is uéefulvfor‘powdered materials containing at least some duétile
constituent to aid in coﬁpaétion. The method is not satisfactéry, howéver,
for use with brittle materials of high melting point, and especially

vwhere reaction between the shgath'and its contents must be avoided.

Extrusion: General Description

Since situations are encountered with brittle and refractory

i3

materials wherein none of the powder compacting techniques described is
really convenient, a versatile extrusion method in use at this
laboratory will be described. In its essential féaﬁures,'the method

consists of coating the .particles of a powdered material, either metallic

‘4
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or not, with a selected thermoplasticvsubstance in such a manner and
proportion that the mixture as a whole takes on the characteristics of
a typical, thermoplastic. The preparation ﬁay then be subjected to the
forming methods édmmonly employed with plastics such’as moiding,A
extrusibn, and heat forming. Brittle materials may thus be shéped into
rod, ribbon, or wire. The parts so formed are subjected to a programmed
heating cycle in an apprqpriate atmosphere, during the course of which
the thermoplasfic substance is volatilized, and sintering of the'powdered
material takes place with retention of the ofiginal shape. Under
favorable conditions sintering maylproceed to a point where‘nearly
-theoretical densities are attainéd. Among the materials processed by this
method are the carbides of tantalum and niobium; carbon nitrides of
niobium; tungsten carbide-cobalt mixtures and aluminum oxide.

It is preferred, in general, to ﬁork with powders of fine ratheé
than coarse particle size. If the material is sufficiently frangible to
make particle size reduction by ball-milling effective, it is customary
to commencé with this operation. This is especially desiraﬁle where‘two
or more constituents are involved becaﬁse of the effiéient nixing
.accompiished. With ductile ﬁaterial ball milling is not,practical; it
is therefore advisable to use powders of & size cdrresponding to at least
325 mesh. |

Polystyrene was selected as the thermoplastic. After experimentation
with a number of giternatives, a conclusion was made to avoid formulations
containing oxygen, to minimize the residué left when samples were heated
for the purpose of volatilizing the‘plastic. The choicé_was narrowved to
polymerized hydrocarbons and amoﬁg them polystyrene was considered to

have the best overall combination of properties. It was found expedient,

however, in order to have better cdntrol overvextrudability to modify the



ﬁropertieé:of polystfrene-by tﬁe addiﬁion of diphéﬁyl, gr_the evtectic
mixture of diphéﬁyl and diphenyl gthér.. Toluene'is;uSed as the sdl&ént
for both the polystyréne and'thé diphénYl. The former is made up as a_B%
solutioﬁ, and th; Iéfter; as é'lO% éolution'(lQO‘cc of éolutionvcontainin
3 grams and'lO grams respectively). Tﬁe solﬁtions are mgdé up sevarately
" rather than as a compbsite for a reason that will be indiéated in ﬁhe
following section.‘ The diphenyl.or ghé'diphenylfdiphenyl ethgr eutectic
will be referred té as the plasticizer, a funcfion ¢ither performs
satisfactorily. | |

Inlthe section that folloﬁs; extrusion of the‘ﬁonocarbide of
tantalum as 1/8" diameter wire will be described in some detail to illustrate
the probedure. The poinﬁ of view will be primarily that of a research
laboratory concerned with oﬁly the relati?ely small quantit;es of material

reguilred for specimen preparation. Appropriate variations may of course

be made to accommodate larger quentities.

Procedure for Extrusion.of Tantalum Carbide

A quantity of tantalum cérbidé is ball-milled for about L8 hours
in a.steél mill, uéing steel balls; and toluene to f£ill the.ffee space. .
The milled powder is then tfeated in boiligg‘h&drochloric acid to convert
©o soluble chlorides”the iron.and othef contaminants picked up during the
ball-milling. The acid is decanted and the powder is waéhed in & |
sufficient number of_changes of distilled water to give a test indicating
freedom of thdride. A wéigﬁed portion of dry.poﬁderiis piaced in a largev
__evaporating dish, and to it 1is addéd_a volume of fhe 3 pefcént polystyrene
solution such that the weight ofxpolystyféne will_Be ﬁ—l/2 ?ercent of the

total weightvqf the bétch being prépared.' Heat is applied by means of an



electric hot pléte to eveporate the toluene, with continuous stirring

of the mixture being maintained, to'assure a uniform distribution of the
polystyrene that'is precipitating from the solution. The evaporation is
allowed to proceed until only enough toluene rémains to keep thé miztﬁre
from thickening. At this point tﬁe plasticizer is ad@ed iﬁ such quantify
that its weight is reléted to the weight of polystyrene ﬁy the ratio of
one to five. The plasticizer is added at this stage rathe? than

: simultaneously with the polystyrene to pfevent excessive loss during the
evaporationlof the bulk of the toluene. Sinée the vapor of toluene is
both flammable and toxic, suitable safety precautions must;.éf course, be
observed.

The evaporation (andvthe stirring) is continued until the mixture
beéomes rubbery in conéistency. Further stirring being impractical, the
mixture is then oven dried for about 1/2 hour at 110°C to remove residual
solvent. As a result of this treatment the powder varticles are coated
with polystyrene and the éntire'mixture will behave as a thermoplastic.
The batch ﬁay then be extruded as 1/8" diamefer wire (or other diamefers
or cross-sections as:desired). Since only moderate temperatures and -
pressures are involved, the extrusion apparatps may be of simple design.
In fact, a die set énd heater assembly of the type used.for mounting
specimené fdf metallograpﬁic work can ﬁe used quite satisfactorily, it
being necessary only to substitute an extruéion die for the base plug. Fig; 1
.sﬁowsva typical set-up. A tempereture in the range of 160° to 175°C is
suitable for extrﬁsion. Pressures are usually well below 20,000 psi and
can be less thaﬁ 4000 psi, depending on such factors as the amouht of
residual solvent present, a greater or lesser proportion of polystyrene,
and the diameter of the wire beiné extfuded. Whereas a proportioﬁ of poly-
styrene corresponding to.h—l/2 percent of the total weight makes

possible the extrusion of tantalum carblde, other proportions will be



required for différent subgtances;‘vlﬁ practicaliy all_cases it has
been found a éufficiéntly,cldsevadjustméﬁf (assuming the partiéle size
o; the ?owders to bé aﬁprokimatel& in the same range) to increase the
percentage of Qolyétyfene invéfsely-wi£h'tﬁefépécific gravity of the f:
materiaito bef-extruded,'maintaininé a five to one ratio between the
polystyrene and.pigsticiier.-‘ |

The seléction of a prqpér‘sintering temperaﬁﬁre is inflﬁénced by
a2 number of factors, and is treéﬁed adequétély in the literature on
powde?‘metallufgy. ,Especially.in'wbrking with'unfamiliarvcomposi?ions,'
it isvlargely a matter of empirical-determiﬁation and conéidératién of
the properties desired. For éxample, if meqhaniéal properties are the
primary concern, it ié_important to aporoach as closely as possible the
tﬁeoretical density. }pﬁ the other hand, cerﬁaiﬁ stﬁdies involving gas-

.
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metal diffusion or reaction may be more expeditiouslyvcarried Qut on
specimens having a controlled residual poroéity. Whéﬁvtemperatures
higher than abdbout lhOO°C-are:required, it has been found convenient to dov
the sintering in two stages. With ail of thé ﬁaterials»ﬁhus far
éncountered, sufficient strength is developed after heating to 1&0050 to
permit the handiing necessary to transfer the épecimens to a high tempera-
ture furnace. Pfoblems relating'tolsupport pf the épecimens and to
reactions with suppdrt materials differ so markedly in the two temperature
ranges they are best‘managed separately.

Sintering at'ih00°c will be considered firét. The extruded tantalum
carbide is cut (wi%h a scissérs -~ or simply snapped between the fingeré)
into conﬁenieﬁt lengthé of aﬁout'h inchés, and placed on a graphite
support of the form sho&n in Fig;\E. In the ektruded cohdition; machining
is easily accohpliéhed, and if desired, small hoies may ﬁe drilled in the
ends of the:specimens so ﬁhat'they may be later suspended by tﬁngétenlwire'

4



.hooks during the'second stage sintering. The support is set in position
in a horizontal glébar tube furnace, having a gaé-tight, closed-end .
mullite‘c§mbustion tube. The arrangement, as shown iﬁ Fig. 3, provides
facility for working in vacuum or with controlled atmospheref With the -—
combustion tube rigidiy supported at the open‘end‘by_means of a brass
manifold, the furnace, mounted on roller bearings and riding on two
sections of track, may be easily moved along its'aiis, making for
convenience in loading and unloading, and changing tubes when necessary.
‘The two smaller diameter'mhllite tubes, one ser?ing as the gas inlet and

the other containing.a thermocouple, are also independently mounted in

the same manifold and carry the specimen support.v AApositioning peg‘is
so placed that when the furnace is brought up against it, tﬁe specimen
support is centered iéuthe not zone. With this arrangement, all of the
components are readily placed in the corfect relative position for eaqﬁ

“run. The gas inlet and specimen support are positioned at the end of the
compustion tube, and in the hottest part of the furnace, in order to évoid
recirculating over the épecimens any of the distillation products of the
polystyrene and plasticizer. Another advantage is that the last contact
with the distillation products will occur while the speciﬁeﬁs are at the
lowest possible temperature.

It is important that the réte ofvdisfillation be controlled. If it
is too rapid, internal pressures can develop sufficient to.split the
specimens. An aﬁtomatically pfogrammed'heating ¢ycle that gives satisfactory
results ié as follows: from & cold start to 375°C in four hours;.hold at
375°C for four hours; increase to lhOOOC_iﬁ four héurs; hold at 1L00°C
for three hours; furnace cool to room temberature. The heating rate is
approximately linear. Poésibly a shorter cycle could‘be used, depending

mainly upon the diameter of the specimens. However, this cycle is convenient
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in that a run can be ;térted in the morning aﬁd be comple£ed, with the
furnace cool and ready féfvanoﬁﬁér charge, thevfbilowing mornihg. The
choice of:proteétive‘atmOSphefe ﬁusﬁally.iﬁé?t gaé of vécuﬁm).ahd composi-
tion of ﬁhe.specimen,suﬁporf Vill'ﬁatufaily béideter@ined ﬁ;th respect
the particdiar ﬁaterial beiﬁg treated.. | | CT

It will be noted from Fig. 2 that the test ;amples‘are su@ported
‘over théi; entire length.' This is necessary becaﬁée, as the temperature
risés.above approximately SSOOC, gﬁd distillation Qf the thermoplastic
progresses, there will be a periéd during Wﬁigh the samples lack -
'.sufficienf mechanical sﬁrength,tq sustaih their own weight.l Support cen,
of course, be provided in a number of waﬁsg for example, the.sambles may
‘be imbedded in powdered graphite or alumina conteined in a suitablg boat.
Where avqidance of conﬁamination is criticai, they may be supported on
matérial of the same compdsition as the samplgs themselves. |

Upon completion of this heating cycle éertain compositions? such
aé'tﬁngsten carbide —_cobalt-mixtureé; will have been adequately éintered,
and are readj for use.-.Other materialé, tantalum_cérbide, niobium, and
aluminum oxide for example, require much_higher témperatures and must be
transferred to énofher furgace. TFor this purpoée a vertical graphite
tube furnace; resistance heated aﬁd designedvto'obefate under vacuum or
controlled atmosphere, has given satisfactory service, although any of
several other-types would:do just'as'weli. _Proﬁérusupport of the sp§cimens

during this high femperature treétment poses no particular problems other

than the usual precautions taken to avoid undesired side reactions.

. Discussion of Results

A few observations of a general nature may be in order. Since the

material undergoing extruSiohvis in a thermoplastic condition, it cannot-

to .-
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supvort any appreciéble oressure gradient; therefore, uniforﬁ density
throughout the compact would be expected. This behavior is in contrast
to the case of cold preséing in steel dies where bridging due to
friction betﬁeén‘the ﬁbwder and die walls can oceur; With respect to the
minimum residual porésity attainable,»extrusioﬁ, cold pressing, and hydro-
pressing are all similér, but differ from hot pressing. - This is‘a
consequence of the fact that only in hot pressing.(or some variation such
as high temperature extrusion without benefit of additives) is pfessuré
applied while the material per se is undergoing plastic flow.

Whenever additives are employed, either to facilitate compactioﬁ or,
as in the present'case, to render a material gxtrudable, the possibility
of contamination by a residue must be considered. One of the principal
reasons for selecting polystyrene was the fact that in the event of some
dissociation, the small amount of residue would be carbon; and carbon in
many instances can be tolerated, or even made useful. In working with
any of the metal carbide systems, for example, the effect of a small
carbon residue woﬁld generally be minimal. On the other hand, it sﬁould
be noted that one'of the most pfevalent imfurities in metallic powders is
oxygen. Especially in the case of refractory metals, where temperalures
encountered during sintering are hiéh enough to make favorable the kinetics
of the feaétion between carbon and oxygen, the deliberate addition of
carbon can yieid a product lower in both carbon and oxygen than the starting
material. Thus a residué of carbon will often have a purifying.rather than
contaminating‘effect.l This is illustrated by the following expériment.
A sample of niobiuﬁ powder was prepared for extrusion in accordance with
-the proceduye described herein.{ The extruded wire was heated to 135000_
“under coﬁditions considergd favo}able for some dissociation of the poly-

styrene: :reéirculation of the distillation products over the heated samples.
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The carbon content was determiﬁedvfpr_the niobiumvpowder_(supp}ied.by
Kﬁﬁécki Cheﬁical Company); for the extruded rodafter’heatipg.toilESCbé;.'
and after heatiné'for bné ﬂQur in_yacuﬁm af 205Q°C.-fThe oxygen éontenﬁ
was determiﬁed f&r thé;ofiginal powdér and fortthe extruded samples after

2050°C treatment. The results are shown in the following table.

Teble I.. ‘

Chemical Analyses (weight percent)

Niobium Powder Extruded Niobium Rod - Extruded Niobium Rod

as received heated to 1350°C - heated to 2050°C
Carbon , 0,.11 o - 0.29 _ 0.001k
Oxygen R o - 0.20

A number of exfrusions prepared by'fhis teqhnique are shown iﬁ Fig. k.
They illustrate the applicabilify oflthe methoa té a variety of materials,
and inaicaté the facility Wifh which complex férﬁs may be-prepqred. Coils
and twists were.made frqm pieces‘of extrusion warmed over an electric hot
plate. Sampies are shown bqth'in the_aé egéruded_condition aﬁd after varying'
- degrees of sintering; The nidbium specimens ﬁere,;intered only partially, 1o}
that advantage could b¢ telen of the residual porosity in the gas-metal
?eacinn studies for which tﬁey were intended.~'The exfrusionsvof a tungsten
_carbide-cobalt mixtﬁfé and the flatvstrip‘of aluminum oxide'Were sintered
fully. The flat strip of aluminu& oxide included in Fig. 4 developed
considerablé transpafénéy after oniy one hour of firing at 1960°C. This is

shown in Fig. 5. As would be expected a substantial decrease in physical
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dimensions occurs as sintering progresses towards completion. Table IT

shows the reductions in diameter observed at several sintering temperatures

for an extrusion of aluminum oxide rod.

Table IT

Reduction in Diameter as a Function of Sintering

Temperature for an Extrusion of Aluminum Oxide

’

Diameter _ Condition Percent Reduction
0.0805" ‘ as extruded ‘ _—
0.0755" 1 hour at 1k00°C - 6.2
0.0662" /1 hour at 1800°C 17.8
0.0640" 1 hour at 1920°C 19.8

The progressive consolidation with increasing sintering temperature

is indicated for aluminum oxide by the photomicrographs of Figs. 6, 7T, and

8. These photomiérographs suggest that at temperatures up to about 1700°C

the specimens are fairly porous. As the temperature is increased above

Pr

1900°C there is a rapid reduction in residual porosity.

In conclusion it may be said that since extrusion involves a somewhat

more defailed prgparation précedure, its use would be recommgnded
especially for applications involving eithér intricate shapés, or high
ratios of léngth to diameter. 1In thesevsituations where.cbnventional
techniques are inadequaie; the e%trusionﬂproqedure described has proved its

usefulness.
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. Figure Captions
Fig. 1.  Section through extrusion epparatus.

Fig. 2.  Shape of the graphite form for supporting extrusions during

initial sintering.
Fig. 3. Plan view of apparatus for initial sintering.

Fig. &,  An assortment of unfirea aﬁd fired éxtrusions.  The pairs on the .
ieft from ﬁ@p to béttom.éfé‘niobium, nioﬁiumvcarbide, énd tantalum
carbide.e.the lower ones are“ﬁnfired. Middle group (white):

.aluminum éxide - the twisted piece on the right is uﬁfired; the
other piecés:afe‘fired. Group.on_thé right: tungsten‘carbide'

3

cobalt mixture - the three pieces on the right are unfired.
Fig. 5. Transparent piece of extruded alumina fired at 1960°C.

Fig. 6.  Extruded aluminum oxide fired 1 hour at 1750°C. Dark areas

are residual porosity. X250,

b

Fig. 7. Extruded aluminum oxide fired one hour at 1850°. X250.

’ .

Extruded aluminum oxide fired 1 four st 1960°C. Etched

&}
-
0
o]

with phosphoric acid. X250.
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Fig. 1
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MUB-4577

Fig, 2
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Fig, 3
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ZN-4977

Fig, 4
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ZN-4978

Fig, 5
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ZN-4981
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ZN-4980

Fig, 7
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may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








