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Titlo of Projoct: Rolo of 3inder Phaco in Cemontod Refractory Alloys

Objoct: To make & dotailed study of tho action of tho binder phaso
in cozeonted nlloys of tho rofractory =metollic substancaos
with tho objoctivo of explaining tho soveral factors which
control tho physicel and mochanical proportios of tho sintored
parts, and to provido a basis for tho proper sgloction of tho
bost dindor matorials and sintoring tochniquos for spocific
situations.

Suzmary:The rolo of tho bindor phaso in comonted rofractory alloys hes

: been invostigetod with primary omphosis on tho Wolfrem Carbido
- (or Tungsten Carbido, %C)-Cobolt alloys. One aspoct of the work
: has boon to propery a reoasoncdly complotc ternary phaso dingrea
of tho systom W-Co-C. This has mado it possible te chow woat

: phases oxist ot & sintering tosporaturo of 1400°C. and how thoso
e phasos rcect on heating and cooling. - -

The rosults have shown %o oxistonce of throe ternary phescs,
nenely ota which is approximatoly Co,},C, thota which is approx-

A inatoly CogWgC, ond koppa corrosponding to tha formula coawlocu.
:’f Tho phoso boundories of thoso singlo phasc rogions have boon

- . dotorningd with roasonable accuracy and the two and throc phese

- bounderics loceted epproximatoly. It has beon possible to show

o0 the moat probably vortical scction on the WC-Co lino and predict
L the oquilidrium phaso roletions for alloys made from 1C and cobalt
:if at various compositions and tomporeturos. This work has ostablished

the fact that this vertical scction cannot be considored as o
"Quasi binery" phesc diecgrem, end that therofore, only a tornary
diegram will furnish informetion regarding tho number of phasos
and their composition during the sintoring procoss,
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It is clso possidlo to mnke genoral prodictions oboud tho probadle
soquonco of oveats during tho hoating and cooling cycla of tha
sintoring oporation. An izportsnt obscrvation is that tha two
phasc fiocld, in which alloys having cobalt contonts of cozzorcinl
intcrost can oxist as WC+ cobalt solid solution, is quitec narrow
ond cnphasizos the nocossity of coreful control of sintcring
atrosphere to provent corburization or docardurization., A very
limited amount of work has boen done in roplaocing cobalt with
nickel or iron.

A further study of tho sintoring sochanissm has doen mado by
obscrving tho shrinkago or deomsification wnich tokes place during
the sintoring oporation.

A high tomporaturp sintoring dilatozotor was duilt, capadle of
following the changes in longth of cardido somplos from roon
tooporaturo to 1500°C. Tho visual micromctor gavgo, now ucad,

is bdoing roplocod by a continuous automatic strain rccorder. Tho
sintering furnacc temporaturc is controlled with + 2° C.

Sintering curves wore detornined, at o constant rate of heating
fron rooa taiiperaturo to 15000C., for cordide semples containing
from 0 to 25% Co. Isothermel sintoring curves at various tcapuro-
turcs from 1200 to 1400 also w oro obtoincd. Sintering of cocbides
in tho prosonco of other motals than cobolt has beon investipated
in a prolininary fashion. Tho rasults of the cbovo cxporiments
oro now boing anelyzed for their thoorotical significence. It is
hopcd thot o continuous reocord of tho lincar dimonsional changes
during heating, cooling ond isothermel holding, comdined with
mecasurcacnts of bardnoss aand strength, and an obscrvation of the
microstructurs ot room Leoporaturc, will loed to 2 dotaormination
of tho cptinua sintcring tomporcturos, heating rates, holding
periods end othor roleoted factors,

As o rogult of tho work so for, it is possidlc to statc whol phasos
cro dosireblo in ¢ strong alloy and whet ranges of compositions

will yiold thesc and only these phasos. It is further npossible to
propose & tentotive picturc of tho sintoring mechanism which dor'ines
the rolo of tho binder phase and indicatos the physical distribution
of tho cerbide end binder phaso which would bo expocted to give

tho best strongth proportics. Tho ostablishment of tho phase
dicgrom hes doteruined tho conditions of the sintoring atmosphore
which arc nccossary to obtain tho desirable structure.
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Introduction

Thig regort ropresents a sumsary of work donc in invcetigating the
rolu of tho bindor ghasy in comented rufractory alloys and outlines
tho progress =ado up to tho termination of the prescnt contrict. Although
=uch has buun lgarnod, theo picturs is still for fros a conyleto eno und
the work is to Y% continu~d undsr a new contract, Consnﬂhﬁntly tho prusant
discussion will includs certain spoculations as yot uagroven cnd conclus-
fons waich arc not yob vorificd cosglutely by dotatled cxpurimentad facts.
It should bo regardcd as & roport of prosress.

It has bdeon cozzon prnceicc Ior zcay years to proeporg useful dodics
from rofroctory metals and alloys by powder zmotellurgy techaiquus in which
tho powdered =ztorisl was sintered tccathar by heat troatnent into strong
cnd donso shapes. It has 8lso bocn coxzzmon practico to add to the rofrect-
ory tsatoriod £ binder or ouxiliory amgtel which lowered the tesporatiure of
sintering to a rarsonsblc value and assisted in tho process of densifica~
tion, In tho fiold of thu rofractory cardides, a zreat danl of work hus
been donc in an sttesp. to find the most suitadlu coxdinations of curbide
end dinder for spocific purposcs and tho commerceisl production of spscific
cumdbinations is hizghly dovoloped,

It has boon clearly rocognized for somo time that the role of the
vinder phase i& consideradly rmoro than Just 2 cesont or adhosive which
sticks tho cordids particloe toguthor, dut in epite of all the work dono
thuro s still no really claor picturo of tho machanism wuich would porait
onc to iaprove the proportics of tha comunted cardides oxcept in an osson-
tinlly oapiricel foshion. The procent work wes undertskon with tho hose of
clorifying thic picturg.

=fforts have boon dirccted primarily to & study of thu systen of wolf-
rez conocardbidu and cobelt since these nlloys sre of concideredble induc-
tricl imsortence and it was oxpocted that principles learncd from this
cystes would be opplicadle to more complex alloys. The cohrositionc of
commercial intcrost in this systom cover thc rungoe of from 5 to 259 by
woight of cobelt.

In the past noorly cll discussions of the behavior of this systea have
essuwavd thot it was in offoct & pscudo-binery system in which thoe phocos
woro wolfrenm coarbido end & cobolt rich colution. Tho prosant work has
chown that in tho cose of compositions in the commerciel range, winich hevo
been sintered to oquilibriuam, the cssunption of o two phase alloy lo
probebly corract but thot this roproscnts ¢ spuciel or limiting casv. Tho
consideration of this as & gonercl case moy dbo very misleeding,
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Actually tho aysten must ®o cinsidered as a ternary cystes and the
sestion containing codalt and wolfram cardide, while twe-phase in part,
actually fg quite narrew and is cressed %y threoec prase flelds. This
=eans first that i the alley 15 cardurized or decardurized by czall arcunts
durinz sintering, the preduct will conalst of thror phases. Secendly, the
intermediate stages of sintering zoy invelve the formation of three phase
alloyg and thus the mechanicn of cintering =oy be zuch more coxm—lox than
grovicusly bolieved.

Ag a vrgult of these considerations, the major part of the work has
procecded along two linec. The first hac teen concerned with obtaining
a pleture of the ternary phase diagmn ¥W-Co-C in sufficient detalls ts uwnler-
stand what cay to%e place chemically during the sintering of NC-Co nallova.
Walle there are otil) manye polints to bte fixed, the i=mortant as-ccts of the
diapran have beoon ostabliched. Thiz fs doscribed 4n Zart I of tha revart,
The sccond aspoct of tho work hagc been dirccted toward o detto- unilersianding
¢f tho zechanisn of sintering of tho Wl-Co alloys or rather the mechanien
ef densificnticn of those alleys and ic deserided in Fart II. This has doen
studicd principally by =esng of the sintering dilatometoer with vhich 1t
kas been possitle to follew in & continucus fasilien the shrinkace of precsed
co=pacts as a funciion of tesperature and tize., From an snnlysic of those
shrinkare curves it ic hoped 20 oblain sexe ingsight into the kinetice of
the cintoring precess and to dotermino whothor cne or several processes rre
inveolved. The work has not yet yrogrossed far encugh o permit general
conclusions to d¢ drawn.

Part III containc a digeussion of the mechrnicy of sintering in the
WC-Co alleys and ¢f the rcle of tho dinder phase toprther with the poncral
conclucions.

Thus the work of this vrorran has bern ddrectrd tovard invesiisnting
the constitution and the mechanizs of sintering of the ¥WC-Co alleys. Cnly
on the bacis of knewledpe such as this can one =ake intelligent predictions
cencerning the most suitable coznositions and the mest effective mesns of
procescing to obtain the desired pronerties of the finiched body.

1Q75:  The nemenclature used in this report conferms to the recommend~tions
of the Cozzicsion on Inorgenic Nomenclature, Internationzl Union of
Chemistry, which, at its 1949 meeting, chanred the nome of the clccent
Tungsten to Wolfrem.
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1. The Dranry Bhaze Dlnrran Walo-0

In order to understand the role of ithe dinder phasc in sinter~d alloys
£ velfros m=enciardide and ccbalt, it is eosentisl to ¥Pnoe what rhrecs
exizt in equilidrius with one ancther and how three phases resct during
keating and ceoding. Tor this parpose &t wvac consider 3 necessary to deter-
cine a rcasonadly cozplete tornary phase diagras of the cvstes W-Cna-C,

The significant features of the three dMnary diagrasg, ¥-G, W-Co »nd 3
Cc~5 which Term the howndarics of the ¢mary dlazme fave been det reinad :
Yy provicus investiipaters and are given &n the ».5.K. Netals Handbeok, 1948
Zdition. In the case of the W-0 graten, tho prase deundarics were nod riven
a* teoperatur~t as low 22 the norzal sintering $exvemture anl thige dound- j
erirs have teen fixed by a special precision dotersminstion which wil) t¢ re-

rorted separately. :

sl b

2o imrortapt stulles of the ferpaxy cysten hava heen z=ale by T:t!r:cda(l)
and by 3rewnlee'd!  Wnile in goncral qualitative geresment, thew differ
consideradly frex a quantitative peint of vice and indieate vary clearly
that additions) vaorx 13 necessary te clarify the plcture. Zoth investizators :
fdentified the ternmary intevmcdiate phase called ola, which includes tha
cermasition corrsanending to tho formuia CeaiaC  Hut dieagroe an Lo its
conrosition linita. The siructure of thig phese has beon deternined by
k‘estgrcn(33. Yo cther intormeilate phacsces have teen reported. The data on :
the structure of the phases known in tho tcrnary diazme prior to the
bteginning of tho prescent work are given in tadle I,

Luvdartd

CINTHTORTINTRYN

Goneral Zxperisental T, chalouns
All of the alleys used in the present investipation were zade from :

povders of wolfram, wolfram menccarbidc, codalt and cardbeon and wore of ths :
grade uvged in the =anufacture of cezzercial cecented welfran carbide.
o The wolfmx nnd wolfran carbide werce obtained fres Fanstecl Metallurgical
. Gorpor&tiog. The carton eantent of the wolfres carbid. was shown by analysis
s to Be 6.155% corton by welpat.
e ? w
o :
b The cobalt rowder was obtained from Cnrboloy Ceapnny and its! gnelysis -
- is reportcd in table II. :
s The cearbon wng carbon bdlack with very low ach content. In seme coses
T socctrogravhic carbon was crushed and uwsed ge sdditions. Xo differences
i between these two carbons could be oboerved. :
@
o (1) Sce Table VI for Literature References
:§2§§; -3 -
- ]
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In roneral, the specimens had a woight ¢f ten gm~e nrd the powders ;
wore welpghed out to tha nearest =illigmn, Thew wore ground and sixed i

in c=all stainlece siecl ball =i)ls, using dalls of the g==e =t risl,

. F-nzeno was us«l as a dispersing egpent.  The grinding peried wmg uaunlly |
. 1 rar since thic wac shewn o glve sufficlently gord oixing ef the povders |
. without tce great & contaninaticn fren the mill,  After ball =oilling, the

. spesizune o o preeacd in cxlindrical er rectanpular dies. e paraffin

¢r cther lubrisant was uszed and the gzald cozpacts had sufficiunt rroen
strongth to te hendled withsout éifficulty,

Several sintsring furraccs werd explorad. In the hRiph fregueasy furaace,
Flpe 1, the speaimens wore placed in a tightly caovered gramhite crusidle

> vwhick waa ceaplitely Turicd  in cardon dlack. This -reducced a streonzly car-
. arizing atzesyh-ro and alac kald the dlazadwantase thet mapid and unifom

- geeling rater ware not pescitle. A amall) melyddenum weund resistance fumace,
Tin. O was oet up o usu a centrollel pas atzesphore dubt sinco tho activities
f carden in the v-rious rnileys was not movn, L¢ wac not peasidle to ostnd-
ek in any sizpl- wny, 5 truly neutml atzeoyd- ov.

1
]
|

The meet zaticfactory arrans-ment vag o vacuus furnace bascd on the 1

Arses rrineirle ~iich espleycd a prathite helix ms the yesistance heating

- clement. Sperelzmens were placcd on cithor graphite or sircenia st~ndz and
¥ thire was gponerally a clirzht cardburization ef th: specinmen eurfaer. The
. evaperation of the cod 1 nt a sintering tesporature of 187473, vas not
. cirnificant, Thic furnece had a cufficiently ra»id coolinm rate, shout

300°C in the first =inute, te retnin the Ripgh tespermture structares. Tho
siatering time wag koept constant at 2 hrs. at temmorature and iavestismtion
- showod that with proper griniing and sixing, commis t¢ hezmerinizntion ceuld

- tc obtained in thic leagth of time at tetperature in the ranre of 1300-1420°C,
b Specirene of hish cobalt content wire melied at thuese tuoperaturerc and
" in guch cascs 2 gravhite crucidle lined with mesia cezent proved entis-

= factery in preventing cxcecsive cardurizaticn.
- N Thr principsl metieds of investi miings the cint red alleyc tvere x-ray

difsraction »nl micrescepic cxaminntion. Several ncdificentions of the newder
diffroction technigque werc ezployed, the most us-fal wring the Forelco

‘@ roscraing »-ray spectremetor. The use of this instrusment rosuléd fnn

o tremondous saving of time §n the identification of phaces nnd mnking on esti-
‘. zate of the amounts of ¢nch present. Approximnte detcrminntions of the phase
o boundnri- s was made by the disrpprering phasc method. VWhen precice mcacure-
S centg of lattice conctants were roguired, the svemetricel back reflection

focucsing enrmcra vac coploycd.
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In the preyaration ¢f specimens fer microsceric exaninatien, the special
proddizs ¢f rellishing arcse frem the coxbinmaticon eof relatively geft and vory
kard ghases. A transfoermaticn of the cedalt ce:ld alse B¢ indueced H¥ the
rolishing cporations. OStill anothrr dSfficulty wvas cnceunt: red in th» cnse
¢l soza ¢f the tornary phacoe in whick the spocizmen wos vory fregile and
ceatsined canye roerve. In peneral, the methed of polisking deacrided by
Tarasev %) uging a disszend heno proved quite satisfactors,

Provicas to hening, the specizens were =cunted {a lucite and ground on
a belt grinder with a rough carborundus belt. The kene uaed was a £00 grit :
Yorten dlazend hene. Tor hona clcaning, doren carbide of 602 praln sizo vas
used cn hardened oteel plate.  As a ludricant koresene =reved zaticfactory. 1

The next atep of pelishing was porfersed on a Suchler sicreclosth covorcd
whorl with a Buchler Diamet-Horex polishing cespeund, rrade 1, dimzond
article size of & - B microns. Iiazet-yprex Zlusd vas used a2g a ludricant.
Tor the fimal pelicshing o Diemel-Hvprex polisking croreund ¢f prade 60D
(particle size of € - 1/7 nicron) was used on ~ aira-sloth ceversd lew spocd :
wheel with the osmo lubrlcant.

This tccknique of dinmend hening and pelighing yueoved vory geod but
the previeus step on thr carborundusm delt ic unzatisfacstory, becawse the
grinding caver e cmcaring of materiul and leng prinding timec duc to the
fact that the grinding material ig sefter than the opccizmon. It would de
desirable to uce a diamond cut off wheel, whick undoubtedly would yicld a ]
cufficiently gocl gurface for honing.

e d

The ctchant used for the identification of thu several nhasuc was gener-
ally alialine potassius ferricyanide (10 gr ¥y [ Ta(ci)g) and tha 10 gr XoH
discolved in 100 £r of water). A cold ctchant was used, because it was
cagier te control the ctching time. Tor otching of twe-phase cobali wolfranm
cardide allcys the ciching time wac usunlly tvo minutes. Codalt ctchos yol-
lovich and cardide gray with a light shade to lilac. If doudlc cardides are
prescat the etching time must be roduced to adout 1 cecand, othurwise heavy
dlack tarnishing occurs. Thic ctchant causcs on the ¢ia phuse a wide seale
of ceclers depending on ciching time. The colorins cffuct of furs o positive
fdentificction cf ota.

Because the etchant cesticned doec not attack the prein boundarics of
cobalt, & standard forric chloride ctchant was usci for come hirh cobtalt
alloys where the firct precipitation of the sccond phase on grain doundaries
- was examined. The ctching of thesc high cobalt alloys vas difficult, and no
’ entirely satisfactory nmcthod woe found,

-5 7J




The Tornary Isothormal Section at 1L00°C,

Tho tornary diagram wag devoloped by firct making a detafled survey
of tho phacee existing at tha 1400°C. igothormal section. Thic data wos
then cesblined with the known information on the three dinary diegrass and
with additional cata which 12 gradually accumulating based on x-ray, nicro
scopic and thorzal analysis. Tho combination, of course, =zt be mede in
accordance with the thooretical principles which determine phase reactione
in alloy systeme. Fig. III shows $he isothermal soction at 1L00°C. while
Pig. IV ia tho basal scction of the tornary diagrem at roox temporature.

The aspects of principal interest in the 1400° izothormal cection are
firgt the toerninal phaces of the line connecting Co and WG, These are the
cobalt solid solution phasc (B) and the wolfram monocardide WG which are
the oquilibriun phasee of normally sintored corpositions. Of next interest
are the intermediate tornary vhases ectn, (M) which has proviously been re-
ported and thota (8) and kappa (X) which havo not been observed prior to the
Prepent work., The boundary phagse Wol may also take pert in the sintering
procoss under cortain circumstances.

Thore ic connidarsble dicagrocmont in published work as to the extent
of colubility of Co in WC, and estimates vary from 30% to preciically zero
et the cutectic temperoturs, The limit is difficult to dotermine since
small azounts of Co in a Co + W¢ mixturc arc not revenled by x-rays. An
sttempt was made to show the extent of solubility by the vrecise measurcment
of the lattice conctants of pure WC as comparcd to a preparation of ¥C + 5%
Co, rapidly cooled frem aporoxizately the cutectic temwerature. The values
obtained, using copper radiation, were:

Pure W0 - & = 2,9060 A c=2,8371 4

W0 + 5% Co~2=29060s c¢=2,8370a4

Zven though the sizes of W and Co atoms are nearly the snme, this excel-
lont egreenent muot mean that the golubility is ouite small.

The solubility of WC in Co, considercd as a quasi-binary oituation has
been investipgated on several occasions and these results are in agreement
on the fact of an increasing solubility with increasing temperature but the
velues of maximun solubility varies betwren 5 and 16 per cent by weight.
An attempt was made to determine this value more exnctly., This involved the
vreparation of a series of alloys lying on the Co-WC line of the diagranm
which were melted and quenched from the neighborhood of the cutectic temper-

aturss, The specimens were then homogenized &t 1200, 1100 and 1000°C. and

examined microscopically for the appearance of the second vhase. The results




wora cooplicated by several difficultiec., In tha firgt plece the "pure®
cochalt chowed the existence of a sccend phase, nrovadbly the stable cobalt
oxide. Socomdly, tho possidility of decardurization of the specimens compli-
cates thf §nterprntatien. The rasults have been renorted in detall by B.
Lovinger'5! and nre shown schonatically dn Bip. V. Tho significant features
of tho rosult are that the naxizmum solubility of the carbide is apnroximately
175 and that the microstructures indicate that at 1000°C. the first phasec to
prceipitate from the solid solution ic not WC dbut is ota. At higher tesper-
atures tha sccond phase formed appcars to dbe WC. The interpretation of thesc
rosults, however, is quaostionable and hac not clearly ostablished tha condi-
tiong undor which tho ota phase or WC ig procipitated from the cobalt sornor
of the dlagram. The investigation wag started on what now seews to bo a rmic-
taken prenmise, namely, that Co and WG formed o quasi-dinary systesm. The co-
balt caracr of the diagram nust bo carcfully roinvestirated and it gseems de-
girabl « to choose series of alloys in which the carbon content varies systor—
atically dut the ratio of cobtalt to wolfrem rexmaling constant.

The Inteormedinte Fhasac

Tha intormediato phases which have been observed in the W-Co-C systen
are of intorect in ostadliching a cezplete temary diagms tut {rom the
practical viewvpoint, thoy are imortant as structures to avoeid in the final
product. Thig is bocauce they eppear to be very brittle or nerheps fregile
end prodvsdbly are detrizental to the ctrength proporties of the alloy,

The ote phace, az seen in Tadle I has cubic syzmetry and includes the
compesition CgSWBC. Its structure and atom positions have deen determined
by Wcstgren(3 and igomorphous phascs are feormed wher iron or nickel replace
the cobelt. At present, the melting point of thic phase is not knewn nor is
it certein how its composition bhoundariec chanmo with {cuperature. Linited
ovidence indicates that this change is gcmall., Erownlee 2) investigated
thic phage but it appears that he did not differentiate clearly betr cen cta,
theta, and kappa. A comparigon of his range and that found in the present
work is chown in Fig. VI. Fig. XI iilustrates the microstructure of this
vhase in a high Co ailoy.

The theta phase, whose compositien corresponds to CoqligCs is nlso of
cubic symmetry and its structuru must be closely related to the eta structure.
The lattice constant is 11.25 4 and the unit cell is face centered cubic,

The order of the diffraction lines is cimilar dbut the relative line intenci-
ties ere different. It should be poscible to place the atoms in this struct-
ure but this work is not contemovlated in the near future.
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Tho kappe phase has a very narrow range of homogenoity and corrcsponds
to tho approximate formular Cog¥yoCy. Itc diffraction pattern is quite dif-
forent from ota and theta and 1tg structure is unknown at prescent. It soems,
kowever, as if tho structure of these threo phases cay do related in thet they
fora a prograssion from ota to WaC and that tho clue to the structure of kapma
mey 30 found in this reletionship. The theta end kapza phaso have not been
roported in the lltorature prior to tho present work. The diffroaction pat-
terns of these doudle carbides are chown in Table IIX and Fig., VII.

In the tezpeoraturc range of adout 1lLOGC. those intormcdiate phocen can
be formed readily by solid diffusion of the constitucnt powders, Go, WG, and
W ard this formation i¢ accompanicd by a slight cxpansion, loaving quite
porous o£nd fraglle specimens. Upon heating to higher tesporaturss, bowever,
in the range of 1700 to 1800°C., congideradle shrinkage tokes plece and
relatively denge end foirly stronf; cpocimens arc obtained. Thus diffusion
and dencification are not synonymous in these salloys.

Goneral Observaticns on tho Tornary Diagron

Although & largo esount of deta hos bren obtained, it is far too little
to cctoblish tho complete ternary diagrem. Howavor, it has deen possidle to
obtain o tentative model, A photogroph of this model is shown in Fig. VIII.
The actual position of the liquidus and solidus lines can de placed only
cpproximately but certein limiting conditions can bde fixed. It ic possidlo
to show, as in Tig. IX the probedle projection of the liguidus lines and
indicate what gorts of tronsformatien may take place.

The nature of the diagranm muy be visuclized by considoring the =mossidle
forn of the vertical scction of the diagram droawn through the codali~iC line.
Since the surfaces of the disgram cut this vertical section at very oblique
angles, o small displecesent of thoe corners of the three phece fields couses
e considorabdle chonge in the appearunco of the vertical section. On the
basis of the thermel ennlysis end the microscopic worl: done so far it is
clear thet tho "quasi binary" scction cannot be correct. Figs. X and XI
illustrate the effect of excess or deficiency of carbon on the phases present
in a nigh cobelt alloy, lcading to the epveerance of frae graphite or of the
carbon poor etz phase. The most probable vertical scction scems to be
section E of Tig. XII clthousgh undoubtedly this will have to be modified some-
what o5 more exprrimental datn is obteined. If the UC-Co system cennot be
trrnted as & "quasi binary" more then two pheses must be invelved in any
rcaction betwern WC and Co, even if thc comnosition of the alloy es & whole
lies in the two phase field., The solubility relationships and the number
snd composition of particinatirg mhases can only be mown if the ternary
cquilibrium diegrem is determined.
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Il Dilatcamotric Invostirntion of the Sinterins 2rocass

This part of the nroject is concorned with the investimtion of tha
sintoring anchanica of tho refractory alloys WC~Co. Althrusth gond sintered
carbide parts are produced industrially, vory little is Jmown adout the
vhencamena that take place during the heating and coolins cyele. The indug-
trinl heat treatmont is carried out in o ncutral or reducing atmosphare.

A lincar shrinkage of 12 to 208 occurs. The shrinkage is accorpaniod by o
crrtain asount of grain growth, the fine grains tond to dicappear and the

arger ones dbecome coarsened. Sintering tcoperatures are usunlly within the
range of 1350° %o 1500°C.

It is Jnown that a liquid phase forms batween 1300 — 1350°C,, oven below
the melting point of cobalt, and that this liquid phase consists of a colu-
tion of wolfrnm corbide in the cobalt bdbinder. Tho superiority of cobalt
ovor cther bindor materials is cttriduted to the nigh solubility of ¥C in Co
ot high teoporaturns, and its relativo insoludility at low teomprratures, so
that on coolins, the carbide precipitates from the binder unon the existing
graine,

Some exporimental work on the mochanisa of sintering has been roported
in the literature. 3y leeching out the binder materisl with ncid, Dawihl
and co-workers(6) chowed that a continvous skeleton of carbide exists in en
alloy of 6% Co after sintoring at temporatures as low os 900°C, In fully
sintcred spocimens the ckoloton beocomis more and more discontinuous es tho
vindor content increasss over 10%. Scolow 103 Co the coofficient of oxpansion
of the sintored carbide varios only littlo with increasing binder contents,
Above 10% Co it oventunlly becomes causl to tho cumulative expansion of the
constituents. Dawihl roports that WC-Co alloys can be completely sintored
ot a trmyorature cs low as 1250°C,, if given a sufficiently long timo.
Mant1o(? exanined the effect of the sintering temperature upon the propertics
of sintercd carbides. Ee concludes that 1305°C. ic the lowest temporature at
which sintering cen be coerried out; it is therefore dependent upon the prec-
cnce of o ligquid phase. Some dilatometric studies of the sintering process
were undortrken et Xrupp in Geroeny (8). The curves (shrinkege ve. tempere—
turc) werc not evalusted in detail, but they indicate that shrinknge begins
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< at 900 - 1000°C., ond attains greatest speed at barely 1400°C. The 61?8? of
[ - - the shrinkage curve increases with cobalt content. Sendford and Trent

X also followed the shrinkage during sintering. They observed tho somple

- through on optical pyrometer and reported that contraction starts at approxi-
s nately 1150°C., and is complete at approximately 1320°C. for Co contents of 6
*~‘: and 10.5%. Thoy conclude that sintering commences before & liquid phase

T appears, but is not complete until after it is present.
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A great nunbar of prodleas concerning the role of tho binder arc still
unsolved. Seme of then are here noted:

n) Ic the shrinkege producing force duo to the attraction
betwoen the carbide particlos themselves, or to tho
surface tension of pores, or to other foctors?

b) Is tho prosencod of o liquid phoso ossontiel for complete
dencification?

c) 1Is n skeleoton of carbide particles formed during heating
to tesporature, ot the sintering temperature, or on
cooling?

It ig thought that an invectipotion of those problems will lend to o

botter knowledge of the sintering procoss, an important factor in the
production of better carbides.

Doscrintion of Zquisment

Tho dilatometric mothod was seleocted because it is pble to supoly in-
formation on the sintoring orocoss, while it hononsg, at eny tooperature or
time during the heeting cycle. 4 sintering dilntometbr waa thercfore built.
It consists of o closed ond 'McDanecl! High Temporature Refrnctory porcelein
tube, i8 in, long, 0.5 in, internal diameter, into vhich the pressed somple
ig insortcd. Tho camplo ic @ bar of the following dimensions: 1f x 1/4% x
1/6", The tube stands vortically in the furncce, the sample supports o
synthetic cophire rod which tronsmits it oxpansion or contraction to an
'Aces! nicromctor gouge attached %o the top of the porcelain tube. The gauge
is gredueted 4in 0,001 in, and hes e rengs of 0.5 in.

This asscably is insorted into a vortical tube furnace wharo the somple
is in the constant tomperature region of the furnace. Approximately 6V of
the dilatomotor tube protrudes from the furnace so thet tho disl govge is
cocentinlly ot room temperaturc. The Jointo, from furnczce to tube, and fron
tude to gouge, ere weter cooled rubber compression scelc to assurc g2s
tightness. The tempercture of the sample ic measured by o platinun -
platinum rhodium thermocouple, protected from the reducing atmosphere ¢f the
furnnce by o porcelein tube. The thermocourle is part of the termerature
. control cystem which consists of & varieble transformer regulating tho power
-;% input, a potentiometer by meens of which the texpereturo cen be memsurcd,

A and en clectronic terperature controller which maintains & constant tempere-
-t ture by activating o recley which inserts o resistance into the heating cir-
cuit, HMost of the cquivment used is shown in Figs. XIII and XIV.
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Scparato pac atnosphoras con be provided insido the furnsce end inside
the dilatenctor tubing, if tho exporimental conditions requiroe it. Usunlly,
'Torning Gas' (205 Hp and 80% M) ic used in both. It protocts tho
nolybdenin winding of the furnnce and tho somplo from oxidation without
boing as oubject to tho danger of oxplosion as purc hydrogen weuld be. Oxy-
gon and water are reaoved from the gas by vassing it over hected coppor
chips and through !'Driorite! drying reagont. To provent decerdburization of
tho canple, onall graphite rings aro introduced into the tuba: their dircct
contoct with the opecimen is provented by o smell refractory spacer ringe.

The ncasuraed teaporeturc is checked poriodically b7 a roferonce theorsio-
couple, incorted in place of tho sarple into the dilmtomotor tube, This
thermecouple is otandardized agringt the molting points of rold and silvoer,
Although the Yesperature can be meintainced conatant within ¥ 2°C, over o
veried of days, the absolute tesperature is known only to within tha inherent
eccuracy of the thermocoupleo and measuring potentioneter, epnroximately *5°C.

.
-
.

At first, a thin, hollow vorcolain tube was ueed a2s o dilatometor rod,
dut, ot high temporaturas, 2 smnll ecount of irrevarsitle bending occurred.
It wac rcpleced by thoe synthetic copnire rod, now in use, which stands up
vory woll at the tomperatures in question. Tho dilntonmcter system is
stondardized by mesns of o one inch long plece of metel, ususlly wollron,
the thermel cxponsion of which is known. From such ¢ stondardizetion run,
the cxpension and contrection with temperature of the porcelsin and spphire
parts can be celevlated, end this corrcction is applicd to each ointering

@ run,

Ll N i A
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o The present set-up requires the operator to rend and rccord the position
e of the pointer of the micrometer gauge, the cccurccy of the rosults depend-
- ing greetly upon the frequeoncy of such recedings. A continueus rccording sys—
s tea is now being instnlled. It consists of o 'Scheevitz! lincor differonticl
t2~ trensformer ectivated by tho motion of the saphire dilatemeter rod. The

] trancformer indicates a mocrenicel position electrically, the clectrical io-
E?: pulsec ere fed through an emplificer-rectifier, to & !'Brown! rocording voten-
e tionmeter, which drews & continuous record of change of length versus tinme at

o temporature. This orrengenent is shown in the bdlock diagram of Fige XV.

. Sinterinz Buns at Constant Heating Rate

r

[~ A series of samples, contnining from 0 to 100% cobalt, were hented ot o

» constent rate (10° per minuto up to 1000°C., 5° per minute from 1000° to
1500°C.). The chanves in length werc plotted agninst tempereture; o typical
: curve ig shown in Fig, XVI. Table IV cunmerizes the experimentel dete,

e Spocimens of binder contents from 1 to 15% have curves very similar in shape
= and range. The sample first expands on heating, shirinkege becomes noticeadlo
et 800°C,, becoming increasingly more rapid up to 1300°C., - 1350°C. at which
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temnerntures chrinkaga 1o completed. Furthor heating preduces a clizht

Tadle V indicates the time required to reach the final length at varicus
to-peratures, nlso the toterl holding time of cach samplo at temperature.
After ronching the indicrted dimension the semple did not shrink any furthor
during the remaining tinme at temperature.

expansion. On cooling, tho somple chrinks linenrly with tespersture. With i
increacing amounts of Co, Irem 1 to 153, the not amcunt of lincar shrinknge h
ircresscs fron 17 to 19.3%. Shrinkego is incomplito with cobalt contents of R
leas than 1%. A caople containing 25% cobalt did not guprort 1ts own wolght N
~nd deformed at high teoporatures. The sintering of pure cobdalt is completed K
at 950°C., and that of wolfres carbide is insignificant oven at 1500°C., less !
than 1% lincar shrinkage. Similar experiments with coppor, iron, and nickol i
binders (5% dinder + 95% WC) showed, rospectively, 4.6, 11, and 124 shrinkage. :
Sintering Runs nt Constant Tespornturo B

Igothermal dilntonotor carves, shrinkage versus tisg, were token for i
various conpositions at temparatures fron 1200°Q. to 1400°C. The sot of z
curves corrosponding to o dinder content of 7,55 is reproduced in Fig XVII, .

These curves are to he corrolated with nechanical tegts and with
microccopic exa=ination of tho structures of tho specimens.

The purpose of those experiments ic to find o mathematical raprosentation
of the rate of chrinkage and tho variation of chrinkage rate with temporature
end with ccoposition. It is hoped that tho exporimental datn can be fitted
to n theorcticel shrinkape mochanion.
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I1I Conclusions and Hncoc=ondntions

Tho Hechanisn of Sintering

& F¥any dotoilc of the sintering mechonisa are still obscure but the :
. resulis to date make it possidle to proscent a tontative picture of the
o procoas. Starting with the intime.co mechanical nixture of WG snd cobnlt,

tho first offect of heating is tho tondency of the cobalt particles Shes-
solvos to sinter. This takes place in the rangc of 800 - 1000°C, and
orobably cccounts for the strengthening observed in the comrercinl procin- :
toring operation. Very littlo densification occurs in thic terperature rongo.
Thore =ay be come solution of WC in tho surfoco of the cobalt graing.

4s tho tesperaturce is ralced to tho vicinity of 1200 to 1250%C., the
golubility of ¥C in cobalt increases both in rate and in amount and sone
donsification ig observed. At this temporature and after long poriods of
tirze, spproximately ono half of the totrl possibdle shrinkags can be obtpincd,

Somowhare in the region of 130C°C. the most highly scturated portions
of cobalt begin to aclt and tho colubility of the liguid phase increoasec
repidly. Since this colubility is ot tho cxpenso of the WC grains, tho
ganllest groins ond the chorp points of tho largor groins are dissolved

- first. This permits tho remaining grains to rearrange themselves, tho pores
. diffuse outwrrd and merked densification of the specimen takes pléce. The
- ‘ driving forco for densification is the ctrong surfece tension of tha liquid

binder end its tendoncy to climinnto the pores.

If the temperature is meinteined ot absut 1350°C., the liquid phase
repidly reoches caturction with WC.  Howover, the equilibdriun is not completo

- sinco tho solubility depends upon the radius of curvature of tho ¥C surfocas,
3 and wolfroa ond cerbon are dissolved from the points end rcdeposited on flat
,i surfaces. This process is complicated by the fact that deposition is morked-
- 1y prafeorentiel in WC, cortain crystellographic plencs being favored end the

groving greins have o cheracteristic angular appeerance with fiat foces
rether than o cphericel shape. Thus at the sintering temperature, the liquid
phese acts as o cort of trancfer agent for moving ¥C fror voints of rreins

to surfeces end from small grains to larger graine. After sbout 1 nhr. sin-
tering, for instance, the groins are of more uniform size and scmcwhet larger
size than the originnl WC powdor. A1l of this rearranescment combined with
the high interfacial tension acts to climinnte the pores and dencify the i
specinmen, '

[ B
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¥hile at temperature, therc coenms to be very little direct sintoring :
of W greins to onc another. The chief ovidence for this is tho fact that ‘
the specimens et temperaturc are plastic and hove little strength,
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If the tesperature is now reduced, the liguid phoeo starts to prccip!tato

W0 ~nd at the freczing point, sinco tho selubility drops froa adout 3545 to
1bout 107 3C, a considerable snount of WC is deposited. Tho existing ¥
rraing sust nucleate this precipitation and 4t Lo delioved that the procipi-
trtad WG develepsz tho contact arcns detuecn tha grodng snd thug forms tho
strong o'-cleton of cardide. The strength of a cardbide specizen frox which
the cobnlt has been diasOIVSg ig tho princizal eviderco for the exictenca

of rich o carbidc skeleten. )

Tren the fregsing point down to roos tezpmernlure, the aslid soludility
£ WG in ccbelt dcerences somewhat nand there oxiets the nossidility of
preclpitation and conscquent hardening of thoe dindcr nicso by this nrocess.
At prosent there iz 1o alcrogcoplc evidonce of such nrocipitation within
the wolume of the codrlt grainc and seme predinminary cxperizunts on cobalt
rich 2lloys have indicated no sipnificant chonges i hardnrnss.

Frox the above it can bo seen thot tha dindor phage must play sovernl
roles in dotermining tha final propertics of the sintered cardide slloy.
In the firet nlace, it is nccessory for maximum densification to have o
binder phace which is molten at the sintering tezpereature. Secondly, the
surfnce tonsion of the molten binder phnso must be hirh in order tc provide
the ferces vhich deneify thoe compact and erpel the poras. Thirdly, tho
binder phase should hovoe o high coludidity for W0 witen zolten ond n rather
low soclubility whon golid ce that it provides o lrrgc reserveir of ¥WC which
can be precipiinted to forn n strong carbide ckeletoen. In eddition, the
docrenaing solid celubility with decrcasing temperature offors the possidil-
ity of irproving the physicnl propertiec tut it is not clear at prosent that
this censtitutes nn epprecindble contridution.

The izportance of the nctuszl pdhusion Betweon the dinder phase and tho
WG surfncces is still open to question. If it is true thnt the principnl
centridution to the strength of the cemuntid nlloy comas frox the strong
carvide gkeleton, then this ndhosion moy plar 4 very minor role. The very
marked Yeratering” nction observed on cemontcd wolfram cnrbidoe cutting tools

surgests that this adhesion s rather weak 3y the same token, if the strong

corbide ckoleton is of prime importence, the actunl mechanical pronortics
of tha binder phase would bo cxpected to be relntively unimportent. The
clastic modulus of the skelcton is very much higher then that of the bindor
vhase and beenuse of ito brittlenoss the skoleton wouwld be troken when
doformation takces place before the propertizs of the binder would have an
opportunity to nmnke themsclves folte
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Cn tho oth-r khand, the prasence of 2 binder phose is an esscentinl feature
of tho cexented carbide from o differont point of view. The carbide is
britile and thus undoudtedly vory notch sensitive. The gkelotnl structure
is, of courscy, largely made up of notches. If the pords of the skeleton
»ro complotoly filled with dinder, it sccns ne i tho stross concentrmations
at the cardide grein doundorios would bdo consideradly reduced and the

strenzgth of tho coapnted nlloy, at lenst 2s ncosured by & trensverse bond
test would de increpsed.

Tho detinite cuporiority of cobalt ns o bindor notal over nickel end
iron ia o matter of considereable intnrest. At oresent it scens ns if this
differcace is dircctly rolated to the solubility of WC in the molten binder
oo comparcd to tho solubility in tho solid, that is, the nmount of WC which
ig procipitated during froezing and is used in bullding up the strong bonds
of tho skoleton. It appecars that tho phrso dingrenms of WO with nickel ond
fron arc osscntinlly similor to that with cobalt, dut that the solubility
of W0 in tho binder metsl {ncrenscs in the order of Cu,se,Mi,

Conclusions Concarning Cnrdidos of Suporior Propertios

On the besis of the work done up to the praosent time, certain conclusions
con be drawn as to the conditions which must b fulfilled in order to pro-
pare ceacnted wolfram carbidos of superior properties.

There are variebles catering into the ccturl production of ceannted
wolfram carbide articles which have been rocognized in commorciel production
as being iaportant. These include the production of the originnl WC powdor,
its sizc ond sizo distritution, tho varisbloc involved in tho milling, the
digtridbution of codelt, conditions duc to »ressing end the like which havo
not been investifnted as o part of the current progren.  Successfvl conmbinn-
tions of these verinbles have boon worked out dy the seversl cardbide manu-
facturers.

The precent work has shown thnt the nost desiradle structuro for o
comonted walfram carbide is o two phese structure consisting of WG grains
end tho cobrlt rich solid solution binder phanse. The ternary phnse diegranm
hng indicated that this two phose fiold is norrow and thant ovon small amounts
of carburization or decordurizetion lead to the presence of other phrses in
tho structure which cre undesirables This emphasizes the importance of &
vory careful control of sintering atmosphere, If the cconoric ecspects are
disrogarded it nppears as if vecuun sintering or sintering in en inert gos
offers cortain adventages in this dircetion.
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Tha conclucions conceraing the desiradle phase ceontent of the cemented
allcy place very definite restrictlons upon possidle ranges of co=position.
Tho alloys should lio in tho W0-Co two pha:c fiold of the diagran and the
range of cobalt contcnt betweon shout 5 and about 15% by wo!ght. A dinder
content lower than 5% doos nat supply enough nrccipitntad C to form strong
bords in the skoleton ard voluos highor than 15% result in tho beginning of
& digcontinucus carbide ckeleton with a congequent docrease in stroagth.

The fallacy of adding notallic wolfram to tha conposition in tho hepo
of atronpthening the binder prasc is odbvious slbca this sizply =oves the
alloy into the three phace field, WC + ota + ii:a.d, which is undesiradle.
The only poscidble reason for adding wolfram vou -6 J0 to counteract some
carburization during cintering and it scems veiler to provent thic rothor
than try to compensate for it.

The use of nickel to roplaca part of tho cobalt in the binder should
not be overlooked as a possibility, particularly in vicw of tho fnct that
nickol appears to accolerato the diffusion and pernit norc ropid honogeniza-
tion. If the prosence of nickel does not reduce the solubility of the
binder for WC, it might have a benoficial offuet and thie aspect should bo
invostimated furthor. HMost othor olcments added to the codelt appoar to
rcduce tho goludbility for ¥C or wolfram and carbon in the liquid state.

If the two phaso structure is the cerrect one, then the only variadles
at the control of the oxperimenteor are the bindor content and the extent
of the skeleton formation betwesn the carbide grains. 3Zven omall bdbinder
centents (less than §%) will porast a close packed carbido skoleton in
whkich the intersticos arec completoly filled with binder. As the proportion
of the binder increaces, tha number of junctions betwecon carbide perticles
sust deercase but at tho some time a greater quantity of cerbide is precipi-
tated on freezing and the fewer bonding points become stronger. Thus theore
are two opnosing tendoncios ot work as the binder content inercases end the
stransth should show a maximwa., At this highest stronsth one could not
expect any dogrec of ductility bdeceuse the carbide bonds would break and the
failure would te catastronhic,

with highor binder contento, the carbide donds becoae fewer, dut
perhaps stronger and the cerbide clzeleton becomes more and more tenuous,
perhaps ferning iclands of strong skoleton in tho binder matrix which are
only occasionelly bonded together. Here it would be oxpected that the
nropertics of the binder itself would begin to play a role and somec measure
of ductility obgerved by the breaking of a few carbide bonds but without
complete failure. The properties then would be strongly dependent upon the
state of aggregation of the carbide,
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Trus ¢ appecars that if comeated carblidos of superior quality are ¢o
be preparod, ong sust know on the one hand oxactly what cosbination of
proportics is desirable while on tho other hand one zuct understand ce=ploteoly
the acchaniesn of sintoring dbecause only in this wey can propor distribution

of the carbido and bindor as woll as the most favorable carbide honding de
achiovdd.
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TABLE I
Lattice Canstant, A. Mo. of
Approx. Formula Lattice Type 2 c c/a a e

-------------

.
>

Co

C(graghits)
co ¥ (d)
LR

xC

Co,¥,C (7)

F.C.C. 3.545

u@xo CoPo 2.507 4.072 ——
B.C.C. 3.158 — —_—
KOI. 2.‘56 606% ———

Fhomb. £.95 &= 30.41°

H.x. 20%5* 4 0727. ———
Hex. 2.906% 2,837
F‘c oc. 1.1 OOA* ——— —

13

3

2

2

Space,
Group.

7

%

- Fd3m

#Specific parameter values were measured during the present »ork.

TABLE II

Per cent by weight

CO - 98.6 C
Fe - 0.07 M - 0.05
Ni - 0.28 81 - 0.15
Cu - Tracs S -~ 0.044
0 - 0.83

- 0.045

Chemical Analysis of Cobalt (PM 122 Carboloy)

------
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Yertical Tube Murnace |

Molybdenum Wound
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FIG. IIT

COBALT-WOLFRAM-CARBON DIAGRAM
ISOTHERMAL SECTION AT 1400°C
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TASLE 11X

Blanar Spacings (d) and Relative Intonsitios (I) of Refloctions

N, 6 and K - phases

7 phace* 0 phaco** K prase**
Relative Relative Relative

hel 4 Intensity hil 4 Intensity Svacing Intansity

Lgoo 2,740 .25 400 2.813 .09 (a) 14

331 2.514 36 331 2,581 L2

120 2,550 +00 420 2,516 .00 336 .10

422 2.237 «65 L22 2,296 + 51 3.12 Jd4

511,333 2.109 1,00 $11,333 2,165 1.00 2.57 «75

440 1,937 50 L%0 1.989 J 2.k5 .80
2.27 36
2.18 &9
2.15 1.00
2.08 57
1.96 36
1.84 «10
1.76 .18
1.70 27
1.56 .15
1.43 23
1.36 .25
l(3u .56
1.31 ¢35
1.29 .50

* In eouilibrium with 0

“$  Avergge values, becpuse thic phase has very limited solubility.
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Powder Diffraction Patterns of ? and & phases :
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Powder Diffraction Patterns of K and WC phases
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14 Figure X

E Wolfram carbide and graphite needles in Co matrix :
: Composition of a1loYy 76.5 at. § Co, 8.5 at. £ W, i
- 15 at. £ C. Furmnzce cooled froa melt (1450°C.) x 250
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e Figure XI

ol Eta phase dendrites (black) and Wolfram Carbide grains

. in Co matrix. '
o Composition: 40f% %C, 60% Co. Fuinace cooled from melt 3
2N (1500°C.). x L1500 approx. |
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POSSIBLE VERTICAL SECTIONS Co-WC IN Co-W-C DIAGRAM.
"QUASI-BINARY" SECTION IS THEORETICALLY INCORRECT.

FIG. XII
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A Figure XIV
4

Sintering Dilntometer und Auxillary Equipment )

r
" From Left to Right: Sintering Dilatometer, Wariabis Transformer, .
, Potentiomster and Termperature Controller, Gus Purification Train. -
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t DILATOMETER
DISPLACEMENT

A-10V 60 CYCLES AC SOURCE

B- LINEAR VARIABLE DIFFERENTIAL
TRANSFORMER (SCHAEVITZ COIL}

C- LINEAR AC AMPLIFIER —RECTIFIER
D- BROWN POTENTIOMETER RECORDER

FIGURE XX-COMPONENTS OF CONTINUOUS
DILATOMETER RECORDER.
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Tabus IV

Sintering Punz 2t Constant Heating Rate

o D Dud SN Frg¢ T 14
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PO 2 SV S

Cobzit Content ¥ 0.5 1 5 7.5 10 12.5 15

Linear Surinkage % 1.6 17.1 16.9 16.8 17.6 18.0 19.2

-

Sturt ol Noticeable
° Shrinkage, °C. 800 800 800 800 800 800 800

(gt gkt bl et A e T
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gnd of Rapid Shrinkage
°C. —_— 1350 1350 1350 1300 1300 1300
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TABLE V

e
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Cat
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Isotheranal Shrinkasge

Sample No. 19
7.5% Co

Time Required for Totel Time at
Tenperature Maximum Shrinkage Maximum Shrinkage Texmperature
°C. HRS Percent HRS
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H et T T e
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i) 1200 -— 8.2 28.5

e 1250 — 13.4 144
i 1300 47 14.9 70
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