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Title of Project: Rola of Binder Phaco in Cemented Refractory Alloys

Object: To noe a detailed study of the action of the binder phaso
in cemented alloys of the refractory mtallic substances
with the objective of oxplaininrG tho several factors which
control tho phyaict,.l and machnnical proportion of the sintored
parts, and to provide a basis for the proper soloction of tho
best binder materials nd sintoring techniques for specific
situations.

Sum---ary:Tho role of tho binder phaso in comontcd rofractory alloys has
bon investigatod with primary emphasis on tho Wolfram CArbide
(or Tungsten Carbido, .C)-Cobalt alloys. Ono aspect of the work
has boon to proparo a reasonably complete tornary phase dingrom
of tho system W-Co-C. This has made it possible to :how what
phases exist at a sintering tomporaturo of l400CC. and how thoso
phasos rcact on heating and coolinG.

Thr. results have shown t-;o existence of three ternary phases,
nomoly ota which in approximately Co1q3C, theta which is approx-
imatoly Co3W6C3 and kappa corresponding to the formula Co3W10 C1 -
The phase boundaries of thoso single phase regions have boon
determined with reasonable accuracy and the two anl three phase
boundaries located approximately. It has bon possible to show
the most probably voetical section on the WC-Co line and predict
the equilibrium phaso relations for alloys made from IIC and cobalt

at various compositions and tomporaturos. This work has established
the fact that this vertical section cannot be considorod as a
1t4uasi binary" phase diagram, and that therefore, only a tornary
diagram will furnish information regarding the number of phases
and their composition during the sintoring process,
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It is also possible to mvkeo cncrnl predictions about the probable
sequonco of oventi during the heating and cooling cycla of tho
sintering operation. An important observation is that tho two
phase field, in which alloys having cobalt contents of commrcial
interest can ovist as WC+ cobalt solid solution, is quite narrow
ad emphasizos the necossity of careful control of sintering
atmosphero to prevent carburization or docarburi:ation. A very
limited amount of work has boon done in roplacing cobalt with
nickel or iron.

A further study of the sintorin mochanism has been maddo by
obsorving the shrinkago or donsification wnich takes place during
the sinterinC optiration.

A high temperatura sintering dilatomotor was built, capable of
following the changes in length of carbide somplos from room
temperature to 15000C. The visual micrometer gaugo, now used,
is being replaced by a continuous automatic strain recorder. The
sinteripr furnace temperature is controlled with ± 20 C.

Sintcring curves were aotorminod, at a constant rate of heating
from room tcperaturo to 15000., for cvrbido sa-plos containing
fret 0 to 25t Co. Isothermal sintoring curves at various tcmpura-
turcs from 1200 to 1400 also w ore obtained. Sintering of carbidos
in the presence of other motals than cobalt has boon investijatod
in a preliminary fashion. The results of the abovo cxporiments
are now being analyzed for their theoretical significanco. It is
hoped that a continuous record of the linear dimensional changes
during hcntirn, coolinW and isothermal holding, combined with
measurements of hardness and strength, and an observation of the
microstr'icturc at room t~e-rtuxii, will -~to a doter-- nat ion
of the optimum sintering temperatures, heating rates, holding
periods and other related factors.

As a result of the work so far, it is possible to state what phases
are dosirablo in a strong alloy and what ranges of compositions
will yield these and only those phases. It is further possible to
propose a tentative picturo of the sintoring mechanism which dofinas
the role of the binder phase and indicates the physical distribution
of the carbide and binder phase which would be expected to give
the best strength propartios. The establishment of the phase
diagram has dotorni.ned the conditions of the sintorine atmosphere
which are necessary to obtain the desirable structure.
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Introduction

Thic report r-pr,:zcnts a zu.-ar of -york don in inv otittirq; th6
rolu of tho binder phas% in cezntcA r.~rictory rlloyu arnd outl~nus
tho pror-rets =.do up to the ternination of thd prdunt contract. Althou~h
much has b,;n l.arncd, the picturo Is still far fro4 a co .. luto Qot u.A
the work is to bg continued under a new contract. Conccquently tho prusont
discussion will include certain speculations as yet uiprovnn end cor.clus-
Iona which arc not yet verified cozylutoly by dta iri i=Ar-ntal facts.
It should be r ard,4 as a report of progress.

It has been co-on prnctica for nony yars to priparo useful bodit.
fro= rafrcctory nctmals and alloys by powdor notallurgy ttchniquus in which
the powdered -ntorial was sintcrcd toother by heat treatment into stronG
and dense shapis. It has also been co.on practice to add to the rofract-
ory material a binder or auxiliary motel wlc.h lowercd the teppratmiro of
sintarinC to a ropsonablo valuo and assistcd in the procass of donsifica-
tion. In the field of thu refractory curbidos, n rrcat doal of work has
bc%:n done in an attcp. to fin& the =ost saitablo co.biwtions of curbide
e.nd binder for sa~cific purposes end the c-n-orcial production of specific

cumbinationa is ihly dovoloixd.

It has boon cluarly recogni:cd for son ti=o that the rolu of the

,indcr phase is considerably core thnn Just a cumint or adhotivo which
sticks the carbido particlas torther, but in spito of all thu wor. done
thure is still no r.ally clear picture of the cechazif w~dch would pornit
one to inprovo the jroportios of the co=QntcA carbide& ocept in an ozson-
tiAlly empirical fashion. The prccent work wos undortokofi with the hope of
clarifyin& this picture.

-fforts havu baon diroct± primaril:y to a study of tho syst'.3 of& wolf-
rem =onoc.arbidu end cobalt sincu thuso nlloys arc of considerable induc-
trial i portance and it was expectcd that principles lcarane from this
cystm would be koplicable to more complex alloys. The copooitions of

co--crcial interest in this oyotom cover the re nia of from 5 to 25' by
waiGht of cobalt.

In the past nearly all discussions of the behavior of this systm have
assuud that it was in offect r pseudo-binrxy syste in which th 0hs

0 wore wolfram carbide and a cobalt rich solution. The praaont work has

chown that in tha case of compositions in the commcrcial rango, Vhich have
boun sintored to equilibrium, the assumption of . two phaso alloy is
probably correct but that this raprosents r. spucial or limiting casu. Tha
consideration of this as a general case may be very misloading.

la-. . . . + . 1 ++1,. ..+. + . ".+ - l.-1 1 " _1 +y _ l +.: - ' . ' .'1l + r+-_
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durnr oitrntepoutwl tur ftre;. Scrnlv h

i t'.lt zth@a ofc st. ercGo=y r4 n a theoravtien of thre n y he

aon is t0= i the allzo zi carr r dcar:.* beymch=r caUIo Ilaont

;,reivilv believed.

A: a. rrvalt of theof, conziderationz, the cajor 7.rt, of thv work a
procceed along two lines. The first hat teen concerned with ob-ining
a picturo of the ternrmy phane dialri-s V-Co-C In sufficient details to u~r
zt, n- wlhat r~v V~"c place chemically durinr, the zintr'rini, of VC-Co, :klloys.
W-hilo thero are still rnwe points to be fixed, the 1-Ortnnt avecta of the

~ia~nm ave bon-tabliched. Thin in doscribc4 in P-trt I of the rirrt.
Tho second aspect of the workc has been directea toward betto- uniero".rndinf;
of the oclunihm of tinterint: of the WC-Co alloys or rmther th~e =ezlhanism

ofdencifi*ntion of then* alleys and is daccribal in Fr I hshsbo
a tudiel principally by =cins -)Jr the ointcrint; dilateoer with which it
has bcvn potaitlo to follow in. a continuoug cnz1on, the shrirkr.4z of pressed.
cc-m-acta no a function of tmperaturo and ti~o. From an analysis of those
thrinkua,@ curves it is hoped to obtamin ocme inoirht into the kinetico of
the ointorinG prococo and to detor--ino whether one or severa procr:zra i-re
involvel. The work )-o not yet Trorrozocl far cncuGh to ;porit Cenoral
conclusions to be drawn.

Part III contnins a diccuttion of the mechrnicn of sinte-rinj; in the
WC-Co alloys und cf the rcle of the binder phase torrthr with the rcnral
conclusions,

Thus the work of thin prorram has bek-n direztrd. to'r*.r4 invent.-z'tinr,
the constitution nnd the mechanism of ainterinG of the t. -Co aflov. Cnly
on the basis of knewledgo such as this car. one :znkc intelligent predictions
concerninr, the moot ouit-*'e cc-ositions and the most offective me~nn of
processinG to obtain the desired properties of the finishel body.

NGTM: The nomenclat%.ro ucezl in this report conforms to tWho recc-.mend. tionc
0 of the Cosiosion on Inorganic Nomenclature, International Union of

Chemistry, which, at its 1949 meetinC, chanted the~ ni = of the eccmnt
TunGs ten to Wolf ram.

-2-
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1. _h T--t-- -z DI~rmdScC

In ore o-lrIIii h ooo he'i.t ~toi it- AAly

C- wich o rz ou~o the roleric of I. mmr e diam- Ivv n int.'4loy
'by Fvon :cnvctarint. m ar ccb ,lt in th ^.S.H Peal hr-cot9-
xitin in qulhri c t o e t'** nC szther e t c-aiire rv no ti

The tvIyc nvar-z at law nur o to n-a itr inr, ttinterturr -C th -Co btr

ari~a h,-vte teon fixetI by a apc-cil prc-cicion deti-nir.ition which will tb.i re.-

ribyv Zrcwnee INTle i*. Goncral qualit~tive arruzent, tlhey* differ
Can V oibly .*P-. a q~intitative -koint. oil vic-d stnd inlicato vi~ry clC~rly
thAt additionn) work iz ncccucar,.r to clarify the pictuire. --oth inveatt toms
identifiel the tcrzary* intecdiato pohAzo callcA eta, which includesu tho
Collozition corrrz2on~in:: to W!~ for~ula Cc-.W C btdtsroa * t
co::mosition linits. The, atructuro of thin jh;,zo has b"en dotor.ird b**
Wes tcron(V' K ethe'r inmoliatc 'phtiooa havo boon rportedi. Tho data. on
thc structure of t he phace; Imoun in the tcrnarl dia.~rm prior to the
be~inninC; of the prruent war.< atir riven In table 1.

A~ll of the a~lloysc used1 in the present invi-ati&-tion were =ado from
yodn4of wolf rr=, wolf r-., rxnacarbidc, cob !lt and ca~rbon an.4 teere of the

~radc uced in the =manufrtcturc of ccr-crcial cc~ontea wolfrim carbide.

Theh wolfrar r'n4 volfrar, carbidc~ were ebtaincl fren Fntccl Yetallur~ical.
Corporation. The Carton c~titrent of the volf rar carbid- was shown b:; analyzis
to be 6.15y cnr~cn by wcirt

Thc cobalt tewacr was obtained from. Cn'rboloy Ccmra^ny and its, analysis
* is rq-.ortL~t in table II.

The cakrbon was carbon black with very low ach content. In come canes
anoctrographic, carbon %-an crushed and used a- additions. Nlo diff, rrnces

*betwee~n theca two carbons could be observced.

(.1) Sco Table VI for Literature RIefeorencesn



In ntath-~ ayzi=Fnz hal a wei&Ivh of ten I~,-.P.An thi- ;cvdtr
wcro virh~d cut to thi! nkmrtt =411tin. They vcc c~,ni anni =Ixe
in =11l ztainlet: otr'cl tAll ztlln, uziri; lall; of thi vc-mf ril .
-nzitnu vctz us-1 as a diz-Lrzinr, ccnt. T7ho Crinling r._ rio-1 V.- umually
I tmr zinc thic %mc chcyn to give auffciently rovl =W nr of thr YSAr
without tcc cr'.vt a centAminnticn ,,rcz thv =ill. Aftcr ball Millinr', thc

4peznaw % .4. enc in. q;ilrct *for~ rctnpwt4~ dic . i

or cth%*.r lub vc-nt wnta uzred ani the =-,%! cc-_;cctz 1,44 autficit rrccn
stren~th to bi r3Ic withoTa. difficulty.

SeveraI cir lrinn fuirric" vtro =loyr~d. In th ! hirh ~n:furmftce.
Fig. 1, thr :ia vcru placc4 in a ti&tly csvi rel gri-hiti cr.cible

whc. %a* cczrttii turtbicii In ca rbon bh--ck. t%; Cteduda racnl" 'Ir-
turiziria AO-Ch--ri ani alac had thizI. zr ;U nn! uniform
cc;1inj; rater. varvz not ;coite. A : ol Ybdt~'u- wc-nd rralst_-nce furnace.
-ic. 2 wat :pt up to uc a ccntroll,- cz atmc.,,-hrr t. znce th,2 acti £ U on
of cvrtca in th v-rloue ralcya wi~ not L-on, it nz not ::zzibc: to cztnb-

lihin nny zj unq, n tr-Aly nf.iti'iI -qr, e

Thc =cot vc tivrector/, r.rr.x,,rn v at a visnrz f-rrt= b..%sc on the
Arsm rrinairlt% -1ich ot-,loci, a. grialhto hplix a tuO reziztanco ht'tinn
olv=At. Speimn*n weo pIacJ on cdth r j-rn 7!te or zircont.h atanig and
there wna 1; zzrly a alirht carburiantion of th i-c1 T.rfac. The
evaoration of the cob-It nt a ointrrinr, terrorauri- ef 1,rtO T-n not

cigrnificant. 'This furnieft hml a vafficintly ra-id coolirv: rmt, Pvbout
300*C in tho~ first zinute, to rctrin thc- h~rh t~u. t~t~e.Tho
cinttirini- ti=( Wvu kpt con~t-nt at 2 hrz. at te-=-vture nd 1nv,-c.tii.-tIon
chowea that v.4tl. pror r r.nfn znd mii& covl. 'Ct hcmornnit-tton ce-1l
tc cbtain*Ai in thit length of time ant tccpiratrc in th rarec of l1.00-WOJOG.

Spc 1ront o." high cobilt contr-nt mr~ m 2 tiLd at th-.ze tt"y.cv~turrc and
in ouch cane* a Crahite crucible lincl with -_-nMsin cce'nt provo vatin-
facteryi in provtnting cxcecnive carburizationi.

LI? rincip!A mthin~ :f inv..sti -%tinr th.- cint rel alloyo t-cro x-r
aiffrnction rni m-icrcscoi( exainatuion. St %Ir~ mclifications of thr nft-er
diffract ion tchnuipine wt~ic tzployei, ti't most us~fal ,ring th" 1or.vlco

* reacrlingray sptLctrccetor. Tht: uc4v of th*-is instxriirnt revalt- d. In a
tro~zundoun cavinr of timeu in the idtntif Ication of plrtnes nnml m'kinj,- an ceiti-
maite of the amounts of vach precent. Approximante 1-utcrMinvations of Ithr 'Ohnse
bounin-ri';a wan mado by the dis-ppraring plrtsc mcthol. liflnn prccicc mcanure-

- - rnts of lattice constants wcre rquirrd, the oymctric-l ba-cl rcflalction
- focucsinG c'mmcra v~an employci.

Af
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In toe pr ;araticn cf z;!eci~ena for ricroocoric e=i-rinatien, the special
probli =a cf rtlizh1; aroe .1r= thn comb ratic~n of relatieW cof t ani -. cry
harA, 3!Liz. A tranufar-mmatien of the cobalt cc,14I also tr in!'ce! b:' the
Folizhing cpe.tic'nz. Still anoth-r difficulty %iaa encunt, rcd. in tho, case
cf cr, c" the trrarr 7h-%cc in which the apcci=cn w'~s -. ry frti~1c trA

*cc.itinrl manyV. Tors c. in recral, &.he r-athol of polichini- described by
Taraocv(~) asr~o dio.mon1 hcne proved quite zatisracto,

Pr~ic-10 to herninr,, the specirens were =.ountedi In lucito an.4 CrouAnd on
a belt crinl1er vith a rcu&h carboz~rud belt. The horno uct-A was a tEOO grit
; .artcn dincn hont-. Tr hono clcani-.4,. boron carbide of 6,00 Gra~in 01--o van
used cr. h-ardencl steel plaite. Az a lubricn~nt korozcne -rovc-1 =aticfactonv.

She next step of -clisthin-r v-.: -rfcr-ed c.%a =le icrcloth coviored
* vhc"l With a 1.-hah i~.t- r' pali chine c=9van.A. rrado 1, dia~ond.

;articlo si:e o' =J icronz. Li~t~-rxfluWc t,?z used as a lubricant.
Tor the: f inal tolithir.C -a Dinret-.-(v--rex tolishinsr cruni o" IGr.-dc OCO
(Tarticir~ zitse C - 1/2 ricron) was used. on -:' =L-Z-oth c'c.' rr lcw speed
whre] with th.w vie 1 .bricant.

VSM ,cniu of dinln honinir and pcliahiw- -1-oved very 1oeI bt
the prcvicuz ztrr. on th,- carbo rundun belt !a untatisractory, bccaune the
Grindlinr caus s car!-ir of t.teriul and lent; Grrnin.C tinzrc duc to the
fact tha-tw the griniing r.aterial is softer than the Opcci:zn. It would be
decirnbl.- to use a dix-ond cut off whool, which undou-btedly would yield a
cufficivntl.*# gooi surf.ace for honing;.

Th~~ etchant used for the idontification of th& several 7zhasuowngnr
ally aDi linc oot-nasiu f rricyanido (10 Gr K-1 :-i(G) 6J and tho 10 g~r KOH
discolvcd in 100 O of water). A cold otchant was used, because it was

ansior to control the ctchinp timL. -or etching of two-phlase cobalt wolf ram
* carbide ailcys the ctchinf, time van usually tyo -minutes. Cobalt otchan yol-

lowich and carbide g:ray with a lig~ht shade to lilac. if doublL carbides are
procrent the otchinr, tine must be reduced to habout 1 acc~nI oths.,reiao heavy
black tarnishinG occurs. Thin otchant aUscs en thi ea pb.so a wide scale
of colors dcrnaning; on otchinrg time. 11he colorimp cffuct off.crG aositive
identification of eta.

Because tht- etchant ae+ticed does not atack the rai on iso

cobalt, a standard forric chloride otchant was usci for sone hi-h cobalt
* alloys whrere the first precipitatio. of the accond phise on Grain4 boundiries
4'was examinel. The otching of these high cobqlt alloys vas difficult, and no

entirely stis'actory micthod war, fcund.



Th2 Ternary° Is thrm,.tl Section at 1400*C.

:.ho ternary diagram was developed by firct m-ikini a dotailce curvey
of the phacc exiting at the 1400*C. inother-al section. This data Was
then cc=bined with the known information on the three binary djaCramr and
with additional data which i= gra4ually accumulating based on x-ray, micro
acopic and thr-al analysis. The combination, of course, cmat be Mde in
accordnnce with the theoretical, principles which determine phase reactiont
in alloy oystmc. ig. III shows the isothermal soction at 1i000G. while
TiG. IV is the basal section of the tornary diagram at room temperature.

The atpects of principal interest in the l400' izothermal section are
firct the torminal phaces of the line connocting Go and %. Tone are the
cobalt solid solution phase (0) ana the wolfram monocarbido WC which arc
the oquilibrium phazes of no.rmlly sintorcd comsositions. Of next interest
are the Intermediate ternary phaze: eta, (71) which has proiously boon re-
portc and theta (0) And kjpa (X) which hive not been observed prior to the
present work. The boundary phase W G may alzo take part in the zintoring
process under cortnin circumstances.

There is considerable dicagroezont in published work as to the extent
of colubility of Co in 'O, and ostimates vary from 3Vb to practically zero
at the outectic t-operature, The limit is difficult to determino since
sr-all aounts of Co ih a Co + WO mixture are not revealed by x-rays. An
atterpt was made to chow the extent of solubility by the precise measurement
of the lattice constants of puire WC as compared to a preparation of WC +
Go, rapidly cooled frcm approximately the ctectic temorature. The 'values
obtained, usinG copper radiation, were:

Pure WO - a=2.9060 A c = 2.8371 A

+ 5Co - a 2.906o A c = 2.8370A

Sven though the sizeo of W and Co atoms are nearly the sn-.c, this excel-
lent agreement muot mean that the solubility is quite small.

-he solubility of IM in Co, considered as a quasi-binary cituation has
been investigated on several occasions and these results are in agreement
on the fact of an increasing solubility with increacing temperature but the
values of mnximum solubility varies between 5 and 16 per cent by weight.
An attempt was made to determine this value more exactly. This involved the
orelparation of a series of alloys lying on the Co-WC line of the diagram
which were malted and quenched from the neighborhood of the outoctic temper-
aturrs. The specimens were then homoCenized at 1200, 1100 and 1000°. and

exiamined microscopically for the appearance of the second phase. The results

.4 . ..~ .* . . . - *, . .. . -. . .



v ra co=.licated by several difficulties. in the first pl,cc the "pure"
cobalt showed the existence of a second phlus-, probably the stable cobalt
oxide. Secn4ly, the possibility of decarbura tion of the spcci=cns compli-
c~tos th nterprotation. The results have boon reported in detal by .

Levintcr S' and are shown schematically in Fir, V. The significant fcaturos
of the result are that the raximu= solubility of the carbide is apnroximatoly
?, and that the microstructures indicate that at 100*. thn first phase to
precipitate from the solid solution is not 'C but is eta. At hithor tepor-
atures the second phase formed appears to be 'C. The interpretation of thesc
results, however, in questionable and a not clearly establinhed the conai-
tions under which the eta phaoe or WC is precipitated from the cobalt corner
of the diaGram. The investigation was started on what now coers to be a mis-
taken premise, nanely, that Co and iC formod a quasi-binary system. The co-
balt c)rner of the diagra must be carefully roinvostistcd and it seems de-
sirabl, to choose series of alloys in which the carbon content vrrios sy:stoe-
atically but the ratio of cobalt to wolfrn.- r emins constant.

The Intermoeiate Fh.isec

The Intermediate phases which have been observed in the W-Co-C systen
are of interest in ostablishing a ccpleto ternary dingram but from the
prac.tical viewpoint, thoy are it-ortant as structures to avoid in the final
product. This is beciuse they appear to be very brittle or perhaps fragile
and probnbly are detrimental to the ctronGth properties of the alloy.

The eta phase, at seen in Table I has cubic cy-metry and includes the
composition Co3''3 C. Its structure and atom positions have been determined
by VfestGren(3) and iccmorphous phases are fermcd when iron or nickel replace
the cobalt. At present, the moltinG point of this phase is not known nor is
it certain how its composition boundaries channo with 'cv,-erature. Limited
ovidence indicates that this chance is small. Brownloct2) investigated
thic phaco but it appears that he did not differentiate clearly bet eon ota,
theta, and kappa. A comparison of his range and that found in the present
work is shown in FiG. VI. FiG. XI illustrates the microstructuro of this

phase in a high Co alloy.

The thota phase, whose coamosition corresponds to Go3W6C2 is also of
0 cubic symmetry and its structurL must be closely related o the eta structure.

The lattice constant is 11.25 A and the unit cell is face centered cubic.
The order of the diffraction lines is similar but the relative line intensi-
ties are different. It should be poossible to place the atoms in this struct-

ure but this work is not contemolated in the near future.
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The kappa phase as a ve., narrow range of homooneity and corresponds
to tho approxi=to forular Co3W1 oC1 . Its diffraction pattern is quito dif-
ferent from eta and thet&. and I st tructure is unknown at present. It seems,
however, as if the structure of thoea three phases rcv be ralm-ted in that they
form a progression from eta to V1p0 and that the clue to the structure of kaurna
=V- ba found in this relationship. The theta and kappa. piano have not been
reVorted in thc literature prior to the present work. The diffraction pat-
terns of these double carbidos are shown in Table III and Fig. VII.

In the ta=erature range of about l4O0CG. these intormediato phases can
be formci readily by solid diffusion of the constituent powders, 6o, WO, and
W and this for-ation is accom.-nicd by a slight expansion, leaving quite
porous and fritilo specimens. Upon heatinG to hiher tmparatureu, however,
in the range of 1700 to leOOC., considerable shrinkage takes place and
relatively dense and fairly stronc apecimens are obtained. Thus diffusion
an dencification are not rynony=Mous in those alloys.

nGoneral Observaticns on the Tornarv Dia.rat

Although a l.ro =ount of data has bron obtained, it is far too little
to establish the complcte tern r ,y diaCr,,m. Howovor, it has boon possible to
obtain a tentative modcl. A photograph of this model is shown in .ir. VIlI.
The actual position of the liquidus and solidus lines zan be placed only
approxic.atoly but certain limiting conditions can be fixed. It is possible
to show, as in FiG. IX the probable projection of the liquidus lines and
indicate what sorts of transformation may ta.ke place.

The nature of the diaeram may be visualized by considering the nossible
forn of the vertical section of the dian=.- drawn through the cobalt-C line.
Since the surfaces of the diagram cut this vertical section at ver oblique
anGles, a small displacement of the corners of the three phaso fields causes
a considerable chanGe in the appe. Arnco of the vertice'l section. On the
basis of the thermal analysis and the microscopic work done so far it is
clear that the "quasi binary" section cannot be correct. Figs. X and XI
illustrate the effect of excess or dWficiency of carbon on the phases present
in a high cobalt alloy, leading to the appearance of free graphite or of the
carbon poor eta phase. The most probablo vertical section seems to be
section B of Fig. XII although undoubtedly this will have to be modified some-
what as more expnrimental datn. is obtainrd. If the 'IO-Co system cannot be
trrnted as a "quaai binry" more than two DhIsos must be involvd in any
rcaction betwern WC and Co, even if the co=oosition of the alloy as a whole
lies In the two phase field. The solubility relationships and the number
--nd conposition of .articipatir.g nhasos can only be .iown if the ternary
equilibrium diagram is determined.
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II i~latcnotric Invti, ntion of the Sintorinr Procnoa

This part of the nroject in concorne. with the Investi .tion of the
sintnring . chanic= of the refractory alloys WC-Co. Althnugh road sintered
carbide parts are produced industrially, very little is known about thn
phenoenrn that takc place during the heating and coolirw cycle. The indus-
trial heat treatment is carried out in a neutral or reducing atmosphore.A linear shrin argo of 12 to 20% occurs. The shrinkge is acco.'aniod by a

crrtain amount of Crain growth, the fCine grains tend to dizapprar and the
.arger ones become coarsoned. GintorinG temperatures are uzually within the

ranCe of 1350 ° to i500°0.

It is known that a liquid phase forms between 1300 - 1350cO., oven below
the molting point of cobalt, and that this liquid phrioe c,nsista of a solu-
tion of wolfram carbide in the cobalt binder. The suporiority of cobalt
over other binder .%aterials is attributed to the high solubility of WC in Co
at high tcmporaturec, and its relative insolubility at low t,"pt-raturas, so
that on coolinr, the carbide precipitates from the binder u-on the existing

Some exp.rimental work on the mechanism of sintering has been roported
in the litcrature. By leaching out the binder matcrr.l with acid, Dawihl
and co-workers( 6 ) showed that a continuous skeleton of carbide exists in an
alloy of 6; Co after sintoring at tomporratures as low as 9001G. In fully
sintered specimens the skeleton bocoms more and more discontinuous as the
bindor content increases over l0%. Below 10% Co the coefficient of expansion
of the aintored carbido varies only little with increasing binder contents.
Above 10 Co it eventually becomes equal to the cumulative expansion of the
constituents. Dawihl reports that W(C-Co alloys can be co.plotely sintored
at a trmperature as low as 12500C., if given a sufficiently lonG timo.
Mantlo(?) examined the effect of the sintoring temperature upon the proportion
of sintered carbides. He concludes that 130500. is the lowest toeporature at
which sintering can be carried out; it is therefore dependent upon the pres-
once of a liquid phane. Some dilatomotric studies of the sinterinG process
were undertaken at Krupp in Germany (8). The curves (shrink e vs. tcmpcra-
ture) were not evaluated in detail, but they indicate that shrinkago begins
at 900 - 1000*C., and attains greatest speed at barely 140000. The alyP of
the shrinkage curve increases with cobalt content. Sandford and TrentkYy
also followed the shrinkage during sintering. They observed the sca-le
through an opticRl pyrometer and reported that contraction starts at approxi-
mptely 115000. and is complete at approxi=.tely 13200C. for Co contents of 6
and 10.5%. They conclude that sintering, commences before a liquid phase
appears, but ic not complete until after it is present.

-9-
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A grcat number of problcms concerning the role of the binder are still
unsolved. Sene of then are hero noted:

a) Is the shrinkage producing force due to the attrctio.A
between the carbide particles thensolvcs, or to the
surface tension of pores, or to other factors?

b) Is the presence of a liquid phase osential for complete
dencification7

c) In r skeleton of carbide particles formed during heating
to tezperaturo, at the sintering tomperaturo, or on
cooling?

it is thought that an investigation of there problems will lend to CL
better knowledge of the sintering process, an important factor in the
production of bettor carbides.

Dnacrintion of B-Gent

The dilatometric method was selected because it is able to supoly in-
formation on the aintoring process, while it h-knpons, at any tcmporaturo or
time during the heating cycle. A sintering dilatomotbr was thorcfore Iutlt.
It consists of a closed end 'McDanoll High Temporaturo Refractory porcelain
tube, 18 in, long, 0.5 in, internal diameter, into uhich the pressed un-olo
is incortcd. The samplo is a bar of the following diincnsions: l" x lp/n x
1/W". The tube stnnds vertically in the furnace, the simple supports a
synthetic caphiro rod which transmits it oxpansion or contraction to an
'Arec' micronctor gauGe attached to the top of the porcelain tube. The LaugC
is Cr.duated in 0.001 in. and has a raeo of 0.5 in.

This assembly is inserted into a vertical tube furnace whnro the s-mple
is in the constant temperature region of the furnace. Approximately 611 of
the dilatomotor tube protrudes from the furnace so th.t the dial eauge is
essentially at room temperature. The Joints, from furnaco to tube, ani from
tube to gaugo, are water cooled rubber compression seals to assure C-,Is
tiChtneos. The temperature of the scmple is measured by a platinm -
platinum rhodium thermocouplo, protected from the reducing atmosphoro cf the
furn.ce by a porcelain tube. The thermocouple is part of the te .er ature
control system which consists of a variable transformer regulating the power
input, a potentiometer by means of which the temperaturo can be casurcd,
and an electronic ter.crature controller which maintains a constant tenoera-
ture by activating a relay which inserts a resistAnce into the heating cir-
cuit. Most of the equipment used is shown in Figs. XIII and XIV.

-10-
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Separate L7s atmospheres can be provided inside the furnace and inside

the dilatonotor tubing, if the experimental conditions require it. Usually,
'?ornin Cas' (2Oj 112 and 80 111) is used in both. It protects the
molybdenum windinc of the furnace and the sample from oxidation without
boinG at subject to the dnngor of explosion an pure hydrogen would be. Oxy-
Cen and water are removed from the Ca-s by passing it over heated copper
chips and through 'Drierite' dring reiGent. To prevent docarburizatien of
the cample, small graphite ringa are introduced into the tubc; their direct
contact with the specimen is prevented by a crall refractory spacer ring.

The mncasred temperaturo is checked periodically by a reference thero-
couple, inserted in place of the sample into the dilatomotor tube. This
thermocouple is standardized against the molting points of gold and silver.
AlthouGh the te-,-poraturo can be naintained constant within ± 2C. over .
period of days, the absolute temporature is known only to within the inherent
accuracy of the thermocouple and measuring potentiometer, arproximately ±50.

At first, a thin, hollow porcelain tube was used as a dilatoemter rod,
but, at high temperatures, a small amount of irreversible bending occurred.
It was rcplaced by the synthetic saphire rod, now in use, which stands up
very well at the tcperatures in question. The dilatometer system is
standardized by means of a one inch long piece of metal, usually wolfram,
the tnormal expansion of which is known. ?rom such a st:=dardization run,
the expansion and contraction with temperature of the porcelain and saphiro
parts can be calculated, and this correction is applied to each aintoring
run.

The present set-up requires the operator to read and rccord the position
of the pointer of the micrometer gauge, the accuracy of the results depend-
in( greatly upon the frequency of such readings. A continuous rccording sys-

tem is now boinG installed. It consists of a 'Sclzevil~t linear differential
transformer activated by the motion of the oaphire dilatometer rod. The
transformer indicates a mochanical position electrically, the electrical im-
pulses are fcd through an c-plifier-rectifier, to a 'Brown' recording poten-
tiometor, which draws a continuous record of chano of lenGth versus time at
tcmporature. This arrangement is shown in the block diagram of :-if. XV.

A Sinterine 'Runs at Constant Heating R.te

A serins of scarles, containing from 0 to 100, cobalt, were heated at a
constant rate (100 per minute up to 1000*0 ., 5* per minute from 10000 to
150000.). The cha.'es in length were plotted against temperature; . typical

curve is shown in Fig. XVI. Table IV cunmarizes the epcrimental data.
SDocimens of binder contents from 1 to 15; have curves very similar in slhpe
and range. The sam le first exands on heating, shrinkage becom s noticeable
at 80000., becoming increasingly more rapid up to 130000. - 13500. at which
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te-orturos shrinkape is co-plctcd. Y'urthor heating produceo a alirht
expansion. On cooling, the sao-;lc chrinks linearly with tc-prature. 1ith
incre ,in , amounts of Co, from 1 to IR, the not a=ount of% lintar shrin-meo
increases frcm 17 to 19.3%. Shrinkngo in incczploto with cobilt content3 of
less t.n 1. . A zazplo containinG 23% cobalt did not support its own woiGht
.nd dcformed at high temporatures. Tho sinterin of puro cobalt in co.plated
at 950C., and that of wolfram carbide is insignificant oven at 1500*C., lost
than 1% linear chrinkace. Similar experiments with copper, iron And nickol
binders (5% binder + 95% WC) showed, rospectively, 4.6, 11, and 12-; shrinkago.

Sinttiring Runs nt Cont.ant Temnor.turo

Isothormal dilatomotor curves, uhrinneo versus tito, wore taken for
various compositions at tcmporatures fron 1200C. to 14O0C The cot of
curves corroapondinC to a binder content of 7.-5, is reproduced in .- ,It.
Table V indicates the time recuired to reach the fin l longth at various
te-paratureo, also the total holding time of cach rnmplo at tcnmper.ture.
After roaching thp indicrted dimension the sample did not shrink any further
durin.G the r-aining time at temperature.

Theco curves are to be corrolated with necch.anicil tots end with
microscopic =-ination of the structures of the specimons.

The purpose of those experiments is to find a mithea.tical reproesntation
of the rate of chrinkace and the variation of shrinkago rate with tcrpeoraturo
and with ccm.ocition. it is hop ed, tht the cnorimcntal d%t. can bc fitted,
to . theoretical ahrirk ge mochanim.

12.
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111 Conclusions ana Rncor- endntions

The Mechanism of Sintering

Many details of the sintering mechanis are still obscure but the
recults to date aik.e it possible to present a tentative picture of the
process. Starting with the intimoce mocharical mixture of WC and cobalt.
the first effect of hcatinG in the tendency of the cobxlt particles thwm-
solvos to sinter. This taikes place in the ranrc of 800 - lQ00°C. and
probably accounts for the strengtheninG observed in the co-crcial presir-
taring operation. Very little densification occurs in this tc'-pera.ture rnngo.
There may be come solution of WO in the surface of the cobalt Grains.

As the temperature is raised to the vicinity of 1200 to 12r000.. the
solubility of WC in cobalt increases both in rate nrd in amount and soze
donzification is observed. At this t pra ture n-nd after long periods of
time, approximtoly one half of the tota1 possible shrink-iGo can be obtained.

Sozewhere in the region of 1300CC thp most hithly saturated portions
of colbilt begin to melt and the solubility of the liquid p.aso incre-ses
rapidly. Since this solubility is at the erpenso of the "G grains, the
sm.llct Grains and the sharp points of the larger Grains are dissolved
first. This permits the remaining grains to rearrange t)hcoselves, the pores
diffuse outward and marked dcnnification of the specimen takes place. The
driving force for donsification is the strong surface tension of the liquid
binder and its tendency to eliminate tho pores.

If the to.nperaturo is =aintaine, at about 13501G., the liquid phnso
rc..idly reaches saturation with WO. H .oevr, the equilibrium is not co-loto
since the solubility depends upon the radius of curvature of the YV surfaces,
and wolfr.-m and carbon are dissolved from the points and rcdo.sited on flat
surfaces. This process is complicated by thc fact that deposition is marked-
ly preferential in WO, certain crystallographic planos being favored and the
growing grains h-vew a characteristic anGular appcmrnnco with flat faces
rather than a cphorical shape. Thus at the sintering tu.perature, the liquid
phase acts as a sort of transfer igent for .oving *KC fror points of trains
to surfaces and from small ,wains to larger g-r.ins. After Pbout 1 hr. sin-
toring, for instance, the grains are of more uniform size and scmewhat larger
sizo than the oriGinal O powder. All of this rc.rranac-mnt combined with
the high interfacial tension acts to climinato the pores and dencify the
specimen.

Whilo at temperature, therc seems to be very little direct sintaring
of WO grains to one another. The chief evidence for this is the fact that
the specimens at temperaturc are plastic and have little strength.

13



If the te*eraturo in row reduced, the liquid phnoo starts to precipitate
!:C nd at ths frcczinZ point. zinco the solubility dropt from about 35,- to
-%bout 10' * X, P. c~naidexable ,nount of WO in deposited. The texistinG X
rrtina rzust nucleata this precipitation nt it ic bel1ieved tla-t tht prociri-
t, tod 10 develop- the contnct nreas bctvccen the CxUina on-1 thus formo the
stronE a'-eeton of carbide. The stronrth of n ca-rbilo zpcin(Cn frol, which
the cob~lt han be-n dissolv-4 in the princi;!il -Aviderco for the existence
of wich n. cnr'bid. okale ten.Mo

Trcn the frw -inG point down to roor t --Orm.ure, the aslid solubility
of '43 in ccbilt ducroasea cozowhat and. therceoxit the ponsibilit:, of
prccippitntion, nnd consequent hardeninC, of thi bindcr -31ne by thin :)recess.
At pr ,cent therc is no microucopic ovidence of tuch nrecioit.-tion within
the v.olume of thk; cobrlt 1grAnsan. tomo -prulirinar.; cxpcrinintz on cobalt

-4rich -illoys have indica.ted no cienificannt channcn i.- hardnnss.

Frew the above it can be seen thmt tho binder phaneto rrast play severral
roles in dtnining tho finnl propertion of tho cintered carbide alloy.
In ths- first rlacc, it is neconnar-i for m~tx!i=- d!ensificrttion to havea
binder phmcc which is molte'n at thr, sintorinj; tc=_ncraturo. Sec-,ndly, the
surfnce torsion of the molten binder pbrtsa must be hiph in order tc provide
thu forces O)'ich dinoify tho cozzynct an&. e-pol the pores. Thirdly, the
binder phft.:e cl.?uld havo -a hiih solubility' for *v.G wiwen =oltcn anU n r-.thcr
low solubility whf'n solid co t*at it provides a l~rgc rccervoir of !;,C which
can bt prcipitnted to forn a strong c-arbide ckeleton. In addition, tho
docrreainr solid solubility with decreanning tt-parature offers the possibil-
ity of irprovini: tho physoicrtl properties but it is not cleatr Pt prrpsont that
this cc.tiuna apyrccinble contribution.

Tht importntnco of the actual adhusion but-carn th,. binatr phmse and. tho
WC suriaccn is still opcn to question. If it is true thit the princip:%l
cnntribution to the strienlth of the cctrnt6d allo. coze rmtesrn

4carbide skeleton, then thin adhooion n!%v plN' i very ninor rolci. Theo vcry
n -rkt:A "craturinn" riction, observed on cC_':ntcd wolf r-M cnarbiao cutting tools
suf-gCeta that this adhesion is rather vweak By tho rnase token, if thu strong
earbide skeleton in of porime impnortrnce, thu actur~l mcch,-nic-al proportios
of the bindcr phasce would ba eypected. to be rel-tivcly unimportnt, The
elastic modulus of the skeleton in very much hit,-hcr than that of th. bindor

A phase aund because of its brittleness the skoleton would bt, brokcn whcn
doform~stion takcen plnce before thc oromcrti.-z of the binder -tould have an
oppsortunity to rrnike ther~nolvos felt.

14 -
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On the oth-r .nd, the presence of a bind-,r plzo is an ooscntil.1 feature
of the cc.cnod carbide from a different point of vic.. The carbido to
brittle and. thus undoubtedly very notch sensitive. Tho akolet,-l structure
is, of course, largely =%de up of notches. If the porbs of the skeleton
-re co-plotely filled with bi.er, it soc-s r.t if the ztrcus concentrations
at the carbide Grain boundaries would be co.siderbly reduced and the
strength of the cemnnted alloy, at least as mcmurad by a transverse bond
toot would be incrcaned.

Tho do'inito cuporiority of cobalt no a binder motml over nickcl PnA
iron i m -.. tter of considerable interest. At prcent it se-os -s if this
difference it directly related to the solubility of WC in the molton binder
ns co-pircd to the solubility in the solid, t.hat is, the anount of WC which
is prccipitated during free:ing and is used in building up tho stronr bonds
of the skeleton. It appears that the phso dingrnn of WC with nickel and
iron are escentially aiilar to tht with cobr.lt, but that the solubility
of WC in the binder met-l ncreascs in the order of Cu,f,'i,

Conclusions Concerning Cnrbides of Sunpr.or Proaorties

On the basis of the work done up to the prosent timc, certain concusiont
can be drnwn a s to the conditions which must be fulfilled in order to pro-
pare cemented wolfram carbides of suporior proportieo.

There are variables oatorinG into the act -l production of com.nte4
wolfrvm carbide articles which have boon recognized in cor.orcial production
as being important. These include the production of the original WC powder,
its Gize and size distribution, the variabloc involved in the milling, the
distribution of cobalt, conditio.s duo to pressing and the like which Pavvo
not been invostir.ted as a part of the current program. Successful combina-
tions of these variables have boon worked out by the several carbido M-viu-
facturoro.

The present work has shown that the most dosirablo structure for a
cemented wilfr-m carbide in a two phase structure consisting of W'O gr.ins
and the cobalt rich solid solution binder phase. The tcrnar. ph:se diagram
has indicated that this two phase field is narrow Pund that oven s.mnll amounts
of carburization or decarburization load to the presence of other p-ases in

* the structure which are undesirable. This cmpha;szes the importance of a
vory careful control of sintoring atmosphere. If the econovic aspects are
disregarded it appears aG if vacuum sintaring or sintering in an inert ga
offers cortain advantnges in this direction.

-15-
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Tho conclucions concerninj the desirable plase content of tho cecented
alloy place very definite rostrictiont upon pounible ranges of co-pouition.
The alloya should lie in the W'-Co two phae field of the diagran and the
ra nto of cobalt content between ebout 5 and about 15% by waight. A binder
content lower than 5% does nnt supplv enough precipitated U to for= otronG
bonds In the skeleton anr values higher thsn 15; result in the beginning of
a discontinuous carbide ckeleton with a concequent decrease in strongth.

The fallac of adding notallic wolf ram to tho co-position in the hopo
of strengthening the binder phave in obvious alpca thin simply =oves the
alloy into the three phase field, WO + eta + - which is undesirable.
The only possible reason for adding wolfram vou "o to counteract coce
carburi:ation during cintering and it sem %l c- to prevent this rothir
t)vn tr" to compensate for it.

The use of nickel to roplaco part of the cobalt in the binder should
not be overlooked as n possibility, particularly in view of the frict that
nickel appear to accolorato the diffusion and permit noro rapid hcoconiz.a-
tion. If the presence of nickel does not reduce the solubility of the
binder for *4O, it miGht have a beneficial oftoct and this aspect should be
invostit tcd further. Most other olements added to the cobalt ap.0 r to
reduce the solubility for G or wolfram and carbon in the liquid state.

If the two phase structure lu the correct one, then the only variables
at the control of the oxperimentcr are the binder contcnt and the extent
of the skeleton fornation between the carbide grains. Even r=ll binder
cententn (lo than 5 ) will permit a close packed carbide skeleton in
which tho intercticos are completely filled with binder. As the proportion
of the binder increaces, the number of junctions between carbide particles
must deereace but at the ae time a creater quantity of carbide in precipi-
tated on freezing and the fewer bonding points become stronger. Thus there
are two opposing tendencies at work as the binder content increases and the
atrongth should show a maximum. At this highest strength one could not
,excct any degree of ductility because the carbide bonds would break and the
failure would be catastro-hic.

With higher binder contents, the carbide bonds become fewer, but
perhaps stronger and the carbide skeleton becomes more and more tenuous,
pnrhaps fcrminG islanAG of strong skeleton in the binder mnatrix which are
only occasionally bonded together. Here it would be oxpecte'd that tho
properties of the binder itself would begin to play a role and somo measure
of ductility observed by the breaking of a few carbide bonds but without
cormplete failure. The properties then would be strongly dapendent upon the
state of aggregation of the carbide.

- 16-



Thus it appears that if comntcd carbidos oa cupprior qumlity nro to
be prc-Ared, one must know on thf one h-.A exactly what cozbi.-tion of
proportlos it desirable while on the other hand one muct u.n r%.tnd cc-lotoly
the mechanis of sinterin because only in this way cn pro;or distribution
of the carbide and binder as well no the zost favorable carbide bondin-g be
achieve .
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TABLE I

Lattice Constant, A. No. of space,*-*Approx. Formula Lattice Typ a C e/a atomc*U Group.

Go F.c.G. 3.545 -- 4 oA - Y

SHex. C.P. 2.507 4.072 -- 2 D4 C6/m c

W B.C.C. 3.158 -- 2 -In m

c(grapht )) Hex. 2.456 6.696 -- 4 D -6 c/h

4e.

" (hob. .95 Xz 30.410 13

4 --

w2c Hex. 2.995 " 4.72?7 - 3

WC Hex. 2.906* 2.837* 2
CoC (F) F.C.C. 11.04"  112 O 5 -F

21 *+Specific parameter values were measured during the present work.

.ou
[5

! .°-"T A B L E I I

h,.@ Chemical Analysis of Cobalt (PM 122 Carboloy)

... Per cent by weight

SCo - 98.6 C - 0.045HFe - 0 2.07 . n - 0.05
W BN. - 0.28 Si - 0.15
C- Cu - Trace S - 0.044

* -
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'; Figuro II

Vertical Tube k urnace

. Molybdenum Wound
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* ~~~~ ~A IX I I * . .. Ir.*,.

?I!nnar Soacinga (d) and Relative Intensities (1) of 'Ref!octiona

T], 0 nd K - p.&ccc

1 #ace 0 phauo*" x Phase*"

Rolative Relati ve Relative
Mel d Intencit h(.d ! d Intensity Sracinr) Intnity,

40o 2.740 .24 400 2.813 .09 (d) I
331 2.514 .36 331 2.581 .4.
420 2.450 .00 420 2.516 .00 3.34 .10
422 2.237 .65 422 2.296 .51 3.12 .14

511,333 2.109 1.00 511,333 2.165 1.00 2.57 .75
1440 1.937 .50 41O 1.989 .44 2..45 .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
1.34 .56
1.31 .35
1.29 .50

In equilibrium with 8

AvoraGe valuc, becauso this ph- a very limited solubility.

-8-

S::
ASo

*% * *S.SS°

:::-::.S . . . . . . . . . . . . . . .

S. --: - S ~ S S S S ~ . S S S S

, - - . S . - .



ft9 -
qlUL

'IAV

tt

Figure VII (a)

Powder Diffraction Patterns of and phasiei

o,

v - -.- .; . . .* -... ...---.. - - -- . . . .. - • - 4 -. . . . . . . .



-'LS7

''I

I. IwA%% I- ' - -

S.C~z - - .

A a- C

=::-

Agur __II_(b)

PodrDfrato aten fKan Cpae

- - ~Jjj I _____



, *

.!i i

d0

I



0

+0 + 0-+'0
+~ 0- + + C)~

CN l

wrU

WZq

* ~z

00

L

00

ci -- -.

Wk.WQ COW~

+ -12-

-j 3:. S . S - .S * ~ .

3 3. . . ..:.. . - - - - -+ - .S
t ~ +5* + +*~ 5* 555 .SS*

C)~.. . ... C -. .. A55J ~
3: Sc *



,0#

. 4,I I I. ,

Figure X

Wolfram carbide and gr.phite ueles in Co matrix
Composition of alloy 76.5 at. % Co, 8.5 at. % W,
15 at. % C. Furnice cooled from molt (1450eC.) x 250

* h. L"

A , • r 961

Iiif

*" t"Fieure XI
Eta phase dpdrites (black) and Wolfram Carbide grains

[* in Co matrix.
Composition: 40% WC, 60% Co. Fuinace cooled from melt
(15000C.). X 1500 approx.
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L+C+WC++W

LL
L+WC +WCLC

Co WC Co WC
8ie L C 14C L

L+C+WC LC+W

Ac ~LL
L +WCL+LW

.8+17L+C++C-.lX

+9P. L+WC +WC

co L+IWC .8L
f'B+L+WC

C. Co W C C o WC
POSIL VETCLSCIN oWCI oWCDARM
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Sintering Pun at Constant HeitinK Rate

Coba.It Content % 0.5 1 5 7.5 10 12.5 15

linear Shrinkage % 1.6 17.1 16.9 16.8 17.6 18.0 19.3

Sttart o" Noticeable
h Srinkage, oC. 800 800 800 800 800 800 800

End of Rapid Shrinkage
oC. 1350 1350 1350 1300 L300 130

TABLE V

Isothermal Shrinkage

Sample .o. 19

7.5% Co

Time Required for Total 'rime at
Temperature Maximum Shrinkage Maximum Shrinkage Temperature

oc. HRS Percent HPS

1200 -- 8.3 28.5

1250 -- 13.4 144

1300 47 14-9 70

1350 5 16.7 8

1400 0.75 17.5 2

- 20 -
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