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DIRECT OBSERVATION OF LIQUID-PHASE SINTERING
IN THE SYSTEM TUNGSTEN CARBIDE-COBALT

Leonard Froschauer and Ri;hard M. Fulfatb
Iﬁorgaﬁié Mafe?iéls Research Division, Lawrence Berkeley Laﬁoratory
and Department of Materials Science and Engineering,
College of Engineering; University of California,
Berkeley, California .94720

S&nopsis | |

..? The hot-stage of a scanning electron’micfoscqpe‘has been used to
6bserve~liQpid;phase éintering in the'systém tungsﬁe; carbidé;cobalt.
 _Densificati6n_behévior and the mechanism for the first, fast stage of
sinﬁering have been determined; the influénce of particle size and the
vaﬁount of liquid phase has been investigated.'.in éll.samples the densi-
'fiéation kinetics is that ofka rearrangemgnt»proceés; direct obse;vation :
confirmea'this result. | | | |
1;;71ﬁ;rodﬁctionvb

Liquid—ﬁhése sintering.is an -important fébfication procéss. 'It_is

: necesséry that the relation betwéen.the ﬁroperties éf a system and.the
fdevélbping density and microstrﬁcturevbe nhderstood;. The aVaiiabilitj of
a hot stagé for the scanning electron'microécope §ithvthe necesSa:y
vtemperatﬁfé cépability [;] é;10wed_a geﬁ app?oach tb thé:study.of densi—‘
:ficatidn in many systems. A>discﬁssioﬁ of the advéntagés and prqblems 
encountered‘in this techhique can be foﬁnd in [21.

WC-Co ig gﬁ interesting syétem for-éﬁ examinétion of liquid pﬁase-
sintering -from two diffefent pqints of.viéw:v it_ig‘a material of gféat.
practical importance and it is theoretiéally_interesting begaﬁse it is
one of the systems where complete»&ehsificétion is'féaéhed in»vefy“short

times. This is due to the propérties of the system that are essential
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_for good sintering behavior: complete wetting, zero dihedrel angle,vand.
solubility of WC in the liquid metal phase. For a discussion of the.
proposed densification mechanisms in liquid phase sintering and of the
- possible influences of the properties of the system on‘the.densification;
see [3]. o
The fast densifitation (rearrangement) efter the first appearanceiof
the liquid-phase in this system is an obstacle forba determination of
sintering kinetics. The very few shrinkage measurements for the early :
stage, using dlrect optical observation of the sample, by KINGERY et al.
| [4], CECH [5], and EXNER [6] find a time-proportional shrlnkage that leadsi
to nearly theoretical den51ty within 2 min of sintering for samples with _
' more than 7 wtZ cobalt and tungsten carhide particle sizes of.less‘than
3 um. vFor lower amounts:of liquid phasevor-for coarser-particles,‘e_
second, slower densification region foliows.' KINGERY [4] found for thlS
part of the dens1fication curve a time exponent ‘of 1/3. These observed‘
kinetics correspond with KINGERY s model calculations [7] for rearrange-
ment and diffusion—controlled solution-precipitation. 'These mechanismsi
have been accepted. |
There'are, however, problems;in this interpretetion.;‘EXNERat6]

relso.measured linear shrinkege for WC-10 wtZ Co sintered below the .
: eutecticitempereture. He found an_actiyation energy for.densificetioniin
- this stage of 60 kcal/mol. This same activationlenergy was also deter-ﬁd
mined above the melting point. This seems to suggest that the presence
of the liquid/phase has no influence on sintering and so EXNER doubts

the validity of KINGERY s model without propos1ng_another mechanlsm. o

N
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For the second densificaﬁion stage (solution-precipitatidn), a.
sioée of 1/3 in the AL/Lovvs 1n time;plot is suﬁjéct‘to’question. “PRILL
et al. [8] and EXNER [6] argue that a solution—precipitétion process
starts only.after the rearrangement has ceased so that the time zero and
initial denéity have to be qﬁ;sen at the end of stége‘I. A replot of
KINéERY's da;é under this assumption changes the s1dpe significantly;'
This_replot seeﬁs‘t6>bé véry sensitive to the choice of.time zero, be-
cause the two authors'get different resulﬁs for the same curve repdrted
by KINGERY (1.0 [6]) and .5 [8]). | |

A third pdint is that KINGERY's method of separating ;hebdenSifiéah
tion.curve'into'at least two pgrts with constant time exponents doesvnot
seem to be necessary. Shrinkage measurements for these curves shﬁﬁ'é
"confiﬁuoﬁé change of slope'[3,6]l

Thisvwork was undertakeﬁ to apply the new technique_of hot-stage‘
5canning'electron_micrdscdpy in order to get a céntinuous determinatién
of shrinkage aﬁd a parallei pbservation of microstructure. This should -
be especially-helpful to obtain new results-for‘tﬁéAfirsﬁ, fast part of
the dengification. | |
| 2. Expérimental Procedure -

.The stafting powders  were cdmmeréial tungsten cérbide and c&Balt,
"sieved into differént size fractions. The WC pa;ticle-size”ffacti@ns.“
- were <10 pm (Fischer SSS 2.2 pﬁ), 10-26 pm, and 20—30 pym, the éobéit' 
wés]always‘ip the Saﬁe size rahge."Mi#tures of the tﬁb powders with |
bi 2, 4,.6, and 10 wt?% cobalt were prepared by mixing in‘élcohdl:for 24 h.
Samples 3/16 in. diameter werérgold-preSSed to green densities of about

60% theoretical density. 1In éddition, commercial samples with the same
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Co content$ have been used. The WC~10 wt% Cp was provided by Plansee
Werke, Austria; the particle size of the WC before 120 h of milling'was'r
.:éported as 2.5 Hm. fhe‘samples with 2,‘4, andv6 wt% Co were proQided
by Friedr. Krupp GmbH, Gérmany; the ﬁC particle Size.of this materiai
_wasv.8 Hm. o

To remove oxide films from the surfaces, all éamples were préfired
for one h at 800°C in helium-47% hydrogen. The sintering was_cafried out
in the hot-stage of a scanning microscope; the details have been descriﬁed
previously [2]. For éontrolled heating experiments, the sampleS'wére_
heated to 1150°C in about S,ﬁin, held isothermélly for another 5 min and
theﬁ heated to_1380°C at ‘a constant rate. In an experiment to determine
isothermai.sintering, the sampies were heated from 1000°C. to abOUt;1386?Cb
in ab&ut .8 min and held at this temperature. | o
.3" Results énd DiscusSioﬁ'
13.1. InflueﬁCevof liquid-phase vélume on shrinkage

.To find the inflﬁence of diffefent parameters (éoﬁtent.of_liéuid'!
phasé,ipar;icle size, temperature);va series of expéfiments'Was péfformed;_
Figs. 1 and 2 show densification curves fp; the cbﬁ@efcial samples ..‘
WC—Co 2 to WC—Co_lO for a héatingvrate‘of:4°0/min and the very fast .
heating. . | - ‘

Ffom the‘expefiments withfcontrolled heatipg-#ate (fig.Ll)‘itiis
observed that below the eutectic temperature of'abbutj1320°Cftﬁe shrinkégé
.ig not very §gnsitive to thé amount of cobalt. Assuming that for the‘idw
densities in tﬁis regioﬁ_dgring the heating the densification rate is:

independent of density, we_éan»calculate the denSifiéation rafe

 d(AL/Lg) /dt and plot its logarithm as .a function of 1/T. Below the
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eutectic teﬁperature this plot results in a linear function with an
activation energy of‘abqut 80 kcal/mol. This result is in reasonable

agreement with EXNER's result of 60 kcal/mol,*but the absolute value of

‘the densification rate was much higher in EXNER's experiments.

At the eutectic temperaturé the different samples show different

-behavior. The specimens with 10% Co (i.e. about 22 Qol% liquid phase at

1350°C) show a marked increase‘in densificatidnfrate'énd reach nearly

. theoretical density within minutes. This change in densification rate

‘at the melting point is different to EXNER's result of a constant activa-

tion'enérgy above and below the eutectic temperature. The plot log:
(densification rate) vs 1/T results in a marked increase in the densifi-

cation rate compared to the solid state sintering. The curve cannot be

‘respresented by a straight line and an activation energy cannot be deter-

  ﬁ1ﬁed., The specimens with 2% cobalt (roughly 5 vol%'liqﬁid phase) show

hardly any influence of the formation of liquid bhase;

Fig; 2 shows the densification for the fast héatingvexperiments;
Starting at time zero the sample cup Qas heated ffdm l0O0°C to about
1380°C within .8 min; the shrinkagé_fesults suggest‘thatvthe samples

reach thevmelting point with a delay of about .1 to .2 minutes. After

‘melting, all specimens show fast shrinkage; “The relative volﬁme'change

in this stage is nearly proportional to the amount of liquid phéée;

'To'find-the time-exponents of the densification, the logarithmlof'

vvlineaf shrinkage for the fast heated samples has beén'plotted vs. log

;time (fig. 3). At time zero the time of the sharp increase in density

from fig. 2 has been chosen. The curve for'WC—Co 10 is nearly identical

~ with the results of EXNER for a similar material. The first part of the
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densification.curves can be well represented by abtimefexponent of 1 in
agreement with the linear shrinkage reported in the.literature and with
KINGERY's model for rearrangement. The linear densification rate\-
(AL/Lo/rih) depends slightly.on the amount of liquid phase (.23/min for
WC-Co 2, .35/min‘for WC-Co 6). The slower densification for:WC—Co,lo is
due to the larger particle size. |

The second part of‘the densification curves has a slope.of»aboﬁt'.z,
Replotting the data after subtracting the contribution_of the first'part;k

' changes this slope to .5 in good agreement with the results of PRILL [8]1
: 3.2;- Influence of particle size on shrinkage o

In figs. 4 to 6 the density for WC—Co 10 with different particle
Sizes has been plotted for two different heating rates and the fast heat-
ing'experiments. The fastest densification has always beeh‘recordediin”
the commercial samples (with a particle siée of 2.5 Hm before 120 h of
milling), the densification decreases with increasihg particle size.

The samples with the larger particles shoo hardly ahy densificatioh
in the’solid state. - At the eutectic point, 'in all_samples a regidniofd'
fast.densification is found. The kinetics in this‘region can be repre-.

.sented by a 11near relation hetween shrinkage and time. The densifica—
tion rate: decreases s11ght1y with 1hcrea51ng particle 51ze; but 1t.is
-very difficult to establlsh a functlon for this parameter from the avail-
able data;i,To find an actual partlcle size dependence of ' the densiflca-"
tion rate, a series of experiments with narrow size fractions of particles
would be neceSSary.

The important result of these experiments is that for a constant

amount of liquid phase the shrinkage during this linear stage is very
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dépendentvon particle-size. Densification curves_for‘WC;Co 4 and WC-Co 10
of two,parti¢lé sizes (fig. 7) show that tﬁis.particle Qize influeﬁce.is
very strong and that the fine material with about 9% liquid phase densi-
fies féster than a coarse material with 22% liqﬁid phaée. It is quite:
.difficglt tb find a quantitative relationship from the availablé data, but
it can be:proposed from these results thét for WC-Co iO fhe exponent in a
relation AL/Ld = k,d_n for Stagé i is between .S'agd 15

3.3. Densification mechanism |

'The~shrinkége measurements lead_to the conclusion.that the mechanism.
rfor the first'densification after melting is a ;garrangeﬁent process.

‘For this mechanism the determined kinetics aré in agreement withvv'
KINGERst model caIculations. The influence of thé‘émount of liqﬁid'
phaséﬁand thé particle size on the densification ;éteiand ové:ali densi-
fication can be qualitatively :ationalizéd.

.Isiié known from earlier investigationé that the densificatioﬁ'
kinetics do not necessarily allow'pne to make cqﬁclusions oh'the actual
lﬁeéhanism. In the system Fe-Cu it has been showp #hat in spite of gr
, time-proportionél shrinkagevdensification does noﬁ occﬁr'by a reérrange-
men?.brocéss [ﬁ].; |

iﬁ ﬁhe'system WC-Co, hcwever,_directxbbservatibﬁvof thg melting,: .
b;ocess'and thé éubsequent sinfering_cbnfirms the preséﬁce'bf a ;eafréngef
.‘mént stage. The available magnification of the’SEM with the hot stage - .
did hot allqw the resolu£ion of the small particle sizes, bﬁt the re-
.arrangement process can be observed in the Sampies with 10 to 201ﬂm
particles. Iﬁ'is reasonable to aséuﬁé tha£ the pfocess is_evéh m@re

(

"probable fqr'smaller particles.
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Figs. 8 and 9 show samples WC-Co 10 and_Wcéco“;S (10—20'um) during
sintering. In fig. 8 CRT pictures from the SEM are displayed; the pic-
' tures of fig. 9 are single frames from a continuous movie film taken

from the TV screen of the SEM with a fraﬁing speed of 2 franes/sect It
can be seen in these flgures, and even better in a continuous f11m, that
for a short tlme at and after melting, a strong movement of the partlcles
: relative to their neighborsvoccurs.v This movement leads to a more
effective packing and thus to an overall densification. ' The degree ofvb
- rearrangement:on-a quantitative basis has not been made, but it canrbe _
observed that this rearrangementvprocess is respbnsible for the densifié
cation ‘during the period immediately after melting. | |

The properties of this systen make rearrangement pqssible. in'a
'completely wetting system, only interfaces'soiid-solidé'solideliqgid,f
and liquid-vapor should be present; the energ& ofbthe liquidévaper inter-
face (the snrfacesvof’the pOres)'is forvthe driving force for sintering.
The.capillary.pressure»bf the pores acts like a hydrostatic pressurehon
the whele system. This pre55ure 1eads.to a_viseous fiowuand to shrinkf
age, if one of two conditions are fulfrlled:"either the diffusion in
the solid phase is so 16w_thatvno-necks between adjacent'solidrpartieles_:

are formed during the heating, or the dihedral angle is zero andvafterb

interfaces are eliminated. It is reasonable to assume that in add1t10n
to the zerozdihedfal angle some solubillty‘of the solid in the liquid
‘phase is necessary in order to dissolve the material at the points'ef
contact. 'Either of these conditions helps to aVoid the formation.of'a

‘rigid skeletpn of the solid particles that is not able to rearrange.
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WC-Co fulfills all of these réquirements. The melting point of WC
;s relativel& high (Tm(eutectic)/Tm(WC):= .6), so that below fhe melting
point litfle aiffusion is poséible, the ‘dihedral angle is probably 0°
(see aiscussion in [9]) and theré.is solubility of”WC,in the liquid
phase. _.‘ . - S R

| fhe dénsificétion resqlts described in 3.1 and 3.2 can be understood
for a rearrangement process.‘ As deécribed, the system behaves as if
under hydrostatic compreésion due to.the capillary pressures of pores.
The iﬁflﬁenge of different parémeters‘éhoﬁld be similar‘tovthe fééultsbk.
fogndifor:the behavior of suspensions under stress.:‘Unfortunatély, there
are no'eXaétftheories‘for suspensions with’hiéh amouﬁts‘éf soiid phase.
The presenée éf pores is another complicatipn, but a qualitative explana-
tidn for'many phenomena can be found.

" The viséosity of a suspension inéréases with the'amount of Solid
phase [10],  This means fpr:our;systemAthe densification rate fbr a con-
stant driving.forée (i.e. consﬁént pore éize) decreases with deéreasing
amount of.iiduid phase. - | o

The decreasing'aﬁount of dénsification with décreasing amounts of
.liquid phése has beenlpfediéted_byiKINGERY; he assuméd aflinear.felatioﬁ—_
'ship; . The described model would explain this result asqul16w5:' thé

viscosity increases not only with increasing amounts of solid phase, but

!

also wi;h decreésing poroSityQ. Therefore, the defbrmability of'tﬁér
' syéteﬁ decreases wifh inéreasingvdensity. There isﬁa point Wﬁe£e>the '

nearly constaﬁ; compreésioﬁ force does'ﬁot result in a measurable_viscoﬁs

fldw;!the feérrangeﬁentIStoés;» Becaﬁse thé'compresSive forcé dependsv'

only sligﬁtly,on the amount of liquid phase, the samples with low amounts
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of liquid, i.e. highef viscosity, reach this point at lower density. '
The effect of particle size can be explainedvby:a change in driving

force. The pore size in the composite is roughly equal to the particle

size; with increasing particle size the pore size increases and because -

of the caﬁillary force of a pbre being proportional 1/r, the compressive
pressure‘on tﬁe system decreases. Thiskdecrease in driving force is
apparently étrongér than the increasihg deformability with increasing
particle éiie'found for suspensions [1i].

4, Conclﬁsions

Difécf qbservation'of liquid phase sintering in the hot:stage of é‘

scanﬁiﬂg électfon microscope could prove that the'firsf; fast densificae-
 tion observed in WC-Co atvthe melting point of the eutectic phase is
‘cénheéted with avrearrangemeﬂt procésé.A This confirmsvfhaf this
mechanisn postulaﬁed’earler is actually éccurring..‘The microstrﬁcturél
,pérgmgtefs (liquid #olﬁﬁe aﬁd.solid particle size)'efféct on'dénsifica- 
. tion rate éndrshrinkage in fhis étage_agree.witﬁ the féarrangemeﬁ;_'
process. ‘ \
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"Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

l.

Densification of commercial WC-Co mixtures as a function of

/

temperature and time at 1380°C when heated at 4°C/min to 1380°C.

"Densification of commercial WC-Co mixtures as a function of time

vhen rapidly heated from 1000°C to 1350°C in approximately .8

min. Time zero is taken at the start of rapid‘heéting.

Log of linear shrinkage vs log time for the data givenvin fig. 2

for commercial WC-Co mixtures.

Densification of WC-10 wt% Co compacts heated ,at- 11°C/min to

- 1380°C then held-iéothermally; Particle size is for WC.péftic1e$

in the green compact.

Dénsification of WC-10 wtZ Co compacts heated at 4°C/min,fp :
1380°C-thén héld isothermaily.: |
Densification of WC-10 wtZ Co COmbacts as avfunction ofitime -
when rapidly heated frpm’1000°C‘to 1350°C iﬁ[approximateiy .8
min. Time zero is taken at the start of rapid heating. o

Densification of WC-Co compacts heated at 490/min'to 1380°C

then heid isothermally.

Photographs of a_WC—lO'Co_compéct taken at the indicated tempera—

tures while heating at a constant rate tq?1415°c. VThe'WC;ﬁérfv

‘ticles are betweeﬁ 10 to 20 um in size.A

Phbtographs taken from the SEM television moni tor durihg"con— :
tinuous filming of ‘the liquid phase formation in a WC-Cb‘iS

compa¢t. The liquid phase formed between the top left and top.. .

‘right photographs. The WC particles are 10 to 20 ym in dia-"

meter.
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LEGAL NOTICE
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States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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