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PHASE DISTRIBUTION IN SOLID-LIQUID;VAPOR'SYSTEMS
].Zlha.n A. Aksay, Carl E. Hoge and jTosepi; A. Pask
Inorgasnic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering,
College of Engineering; University of California,
Berkeley, California 94720
ABSTRACT |
The development éf microstructure in a solid-liquid-vapor system is

highly dependent on the relative interfacial teﬁsibns of the phases
involved. Under chemical non-equilibrium/conditions; interfaces are in
a state of cohtinual change.' During this transient stage, the classical
Young's and the dihedral angle equations are only vaiid in térms of the
" dynamic interfacial tension values of the chemical non-equilibrium con-
ditions. The thermodynamics of non-equilibrium éonditions invg solid-
1iquid—vapor system are discussed. Spreading and sﬁbsequent pull-back
bhénomena, which are often observed in wetting studies, are successfully
explained by the dynamic interfacial tension. Such pheﬂomena play an
important role in the initial particle arrangement and solution-
precipitation stages of liquid phase sintering. Sessile drop experiments
and permeation studies of liquids into poréus compacts provide a means |
in understanding the nafure of phase distribution in the presence of

chemical non-equilibrium conditions.
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I. INTRODUCTION
Spatial distribution of phases in a solid-liquid-vapor system are
‘ , A :

described by the classical Young's equationl

Yy = Ygg T Yygy ©O8 6 ;:.: Q)
where -y ié the interfacial tension between solid—vapor (sv); éolid—
liquid (52),.and liquid-vapor (f&v) phaéés, YSV;Y;Q is the dri?ing force
for wetting, and 8 is the contact angle at a-solid-liquid-vapor triple
boint as measured through the liquid phasé. Furfhérmore, in systems
where the-sélid phase is poly;ryétalline

o -3 S : g v
. vass_zst COSZ Y ‘ (2)

where Yqs is the interfacial tension at the solid-solid gfain boundary,

Ygp is either Yo or-st; and ¢ is the dihedral anglee-at a solid-fluid-

H

"so0lid triple point measured through the fluid phase. Both of these

equations have been éxtensively used in various fields to describe the
conditions of mechanical equilibrium of a capillary system undér chemical
non—equilibrium conditions, without explicitly conéidering the effect of

chemical reactions on the interfacial tensions. Récéntly; it has been

. shOWn3 that an interfacial reaction'o; diffusion of a éqﬁponent from one

‘bulk phase to the other across an interface results in a transient

decrease in the co?re§pondiﬁ§ﬂiﬁt§fﬁ§¢iai-tension,by an}amount equal to

the free energy of thefefféétive chemical reaction per unit area.at that

interface. As a consequence of this transient loweringiof interfacial

|
|
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tension values; phenomena such as spontaneous spreading and permeatién'
6f a liéuia phase along ;lsolid-solid interfaée followed by a pull-ba;k
~may .be observed. |

' . Iniﬁhis report,,the thermodynamicsbof.a solid-liquid—vapor system
and phe mechanics of wetting ﬁhder chemical non-e@uilibrium conditions,
based on the model of Cibbs,h are briefly discussed; These se&tions are

followed with discussions on the effect of chemical reactions on phase

distribution in iiquid phase sintering. In the lastvséctions, the

results of some sessile drop and permeation studies in the Mg0 (solid) +

Ca0-Mg0-510,-R 0 (A1,0_, C , or Fe 0_) (liquid)'system are discussed

103 W03, Cry05 273 |
in order‘té illpstrate fhe effect of interfacial chemical reactiéné on
microstruéturé develppment; | | |

| II}‘ THERMODYNAMICS OF A SOLID—LIQUID-VAPOR SYSTEM ,
' The simple but elegant model.of Gibbsh for surféces has been used
in the treétﬁént of the_ther@odynamics of various interfacial phenomena.

In this_sectipn, once again, this model is utiliiéd_tb’shcw the effect
of chemiéél.reactions on the interfacial fension. |

Let us first considér 8 systém with'twd hbmogépepus phases, o and
B. The iptérphhse betwéen these two phases is n6t g two-dimensional
boundary b§t one of finite thickness which ihcludééfﬁhe‘regions that are
influenced b&'surfacé forces and whose.prdperties gféde into the bulk.

However, fbr'simplicity in mathematical éxpressions, Gibbsh assigned any

property of the interphase to the interface, a diViding plane or surface,'

and assumed the bulk rhases to be hbmogeneous and ét-équilibrium up to
this interface. USing this approach,vit_can be shown3 that the total

differential, dG, of a two phase system (o and B), assuming an isothermal

7
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end isobearic process, is

o aB aB ,
z aGa an® + I aGB anP + T 8Ga6_ an® | (3)
i \3n; g 3n, 1 3n," N '

where subscripts of the partial derivatives are omitted for brevity, ug

and uf are fhe chemical potentials of componenf i in the o and B phases,

.» and

(ac“s/aA)T’p,ni = (aG_/aA)T,p,ni'é Yoa
is the surface teﬁsion of the of interface. The last three terms reflect
the effect of compositional variations in the bulk and the interphase -
fegiéﬁs‘on‘the interfacial free energy. ‘
The relationship between the inteffaciai'or sﬁrfaée tension, YaB’
and the spec1f1c interfacial free energy, gaB, can be: shown by expressing

(BGGB/aA) in terms of the surface excess F as

' HOLB B \/rs -
: _aGT G ol'i }_ »
Yog = oA T .Z< o7, )( BA>_).:
. 1 1 1

and

Fi > ‘ S | _ (]"')
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where u?B = <3ga8/81‘i> = <8Ga8/3ni> is the chemical potential of com-
ponent i at ‘the interface. At the first instant of formation of a sur-

face by mechénical‘means; the composition of the Sufface is identical to

that of the bulk; and thus, since Zuas Fi =0, YaB =g 0, GB, where YOB
i
and SO,aB are the pure dynamic tension and spec1f1c free energy of the

1nterface,'respect1vely With time, as adsorption takes place and the
| 1nterfac1al. region approaches equlllbrlum conditions, the 1nterfac1al
tension dec_reasess’6 towards a static value as shown. in the upper Qu’rve_
of Fig. l;fand it diffe;s-from thekcorresponding'interfaéial specific
free energngqe'as expressed in Eq. (4). ?;k

Now, the éotalcﬁfferential of the free energjbaffa solid-liquid-
.vépor system (at constanp temperature and pressureijéfter neglectihg the

effect of curvature on the pressure and assuming that the interfacial

‘tensions are independent of orientation) is

s 2 L v. Vv ' :

fu dn * ful i * fuidniv+ YsldAsl * stdAsv Y2v lv

. af : o -
: . /. OB aB .

!z aGa dnl + Z<3GB )dnf + E(aGaB> fd.n?B' ’ (5)
a,B i \3n, on i \on. ey ‘
, i : i i o
where the summation I is taken over all three inteffaces.

a,B :
At total thermodynamic equlllbrlum, 4G = 03 then since the varia-

tions of mass are independent of the variations of area,
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YsldAsl * stdAsv'+ YlvdAlv =0, ' i (6)
and v
S. s L. 2 V. Vv
Zugany * Iugdng + Dugday +

S e o8 LB\
3 'Z‘<8G.’>dng+2<a(} ><1n‘.3 N > a0, (D)

. a . i . 0B i
o i \on, i \9n. i on. - :
:8 1 O i . ) i

L]

t

These two equations outline the conditions for mechanical and chemical

equilibrium of the system, respectively; at this point the Yy values cor-°

‘respond to those for static interfacial tensions. :Eqﬁation-(6) directly

yieldshiYIYoung;s equation as presentéd invK. (l), wben a flat and rigid
SOlid sufféce'is assumed, and the effect of the‘gravitational field andA
the cﬁrvatureion the preséure in the liquid and theJ#aéor is neglecfed.
Similarly, when Eq. (6) is wriften in terms of ss aga s interfaces, the
dihedral equation, Eq. (2), can be shown8.to outline the conditions for
mechanical equilibrium of a solid;fluidfsolid system.

When the.conditions of‘Eé. (7)_aré not satisfied throughout the .

systém, the phases of the solid—liquid—vapof system will react with each

other through the interfaces to achieve a state of chemical equilibrium.

During these non-equilibrium dyhamic -conditionms, the'Y's éhange, and the

- areas change.corfespondingly in an effort to maintain mechanical

equilibrium, as represented by Eq. (6), until 4G becomes zero and the

systém reaches a state'of chemical equilibrium. Volume changes occuring
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| ' ,
during the reactions, if significant, will affect the physical configura-
tion of the system. -

Mass transfer across the interfaces must result in a net decrease

K

. ofvthe free'énergy of ﬁhg system at aﬁy times; othérwiée, the reaction
Awill not proceed. At thg'first instant of forhatién'of an interface,
.. however, onlyithe.interfacial rggion is involved in the chemical.reaction;v
andithus the correspon&iné initial decrease in the free energy pf the
.syétem is totally attributed to the decfeaée.in th§ ffée energy ofvthe
interfaciai fegion since the free'ene:gies of thefbulk phaseé are not.
~ affected. Thé magnitude of the decrease in the specific interfacial
free energy, (-)qus, then is directly equal to (fQGQS/A). The corres-
pdﬁding intérfadial tension ié'similarly reduced py?An amount equal to
.(-)AgaB (Eq. (4)), as schematically shown in Fig.;;}. If it is assumed
- that thé freeuenergy of the reaction between the phﬁses in the intér-
facial region‘is comparable but not necessarily eQual‘to that between
the bulk phases, fhe value of (—AGQB/A) COuld'be'szStantiall& high, and
for an apéroximate interfécial region thickneés bf~26‘z, a decrease of:
as ‘much as l,OOO'e:gs/cm? could be realized in tﬁé-magéitude of the

specific interfacial free energy and thus the interfacial tension.3_~

_ Experimentally, negative inferfacial.tensions are oftén measuredg--ll
v duri'.nv.g' such éhemical reactions that result in spon’fax;eous spreadin
or emulsificatioﬁ phenomena..l | | |
Undef.chémical,eQuilibrium conditions, howevér; specific inteffacial
free energiésvand;stafic inferfacial tensions are’aiyays positive since

‘the bulk phasés are more stable than the interfaces."Thus, after the

9-17 h
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completion bf the reaction at the interface followed by its continuation

into the bulk regions by diffusion, the incremental contributions of the
B

i

z (aGaB/ang‘) .dn-g and I (BGaB/Bn?) dn
i i '
Yog

the contributions of these terms will decrease and‘become minimal because

increases towards a static interfacial tension value. With time,

of the decrease in the chemical potential'or comﬁosi#ion gradient from
the interf#ée'into the bulk phases as they approach chemical equilibrium.
Therefore,'afﬁer the initial dgcrease; Yas.increasés and gradually |
approaches'the static iﬁtérfacial tension of the reﬁcted bulk phases
(Fig. l)g which could be higher or lower'than’the‘dynémié interfacial

tension,.YO,.of the unreacted phases but should not differ from it

drastically. In comparison, the top curve in Fig. 1 also shows the

©  variation of the interfacial tension with time for a pure adsorption

process.,

I1T. MECHANICS OF WETTING UNDER CHEMICAL NON—EQUILIBRIUM CONDITIONS

Let us now considef'theispecific effects of several typﬁs of

- reactions on the solid-liquid—vapor'system, assuming that chemical

equilibrium exists between the vapor and the condenséd’phases but not

~ between the solid and the liquid. The reactions to be considered are

those that reéult because (i) only the solid is not Saturated yith some

or all of the components of the liquid, (ii) only the liquid is not

‘saturated with some or all of the components of the solid, (iii) both

phases are unsaturated with respect to the other,-and’(iv)va compound .

forms at the interface.

terms in Eq. (5) must be such that .

i}

SeR om oty

a4
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Several dynamic stages aeeociated with the fdrst‘type of reaction
are shown»scnematically in_Eié. é, At time t_, fig.f2a illustrates the
instantaneous. quaslchemical equllibrium involving no interfac1el
reaction between the liquid and the solid. Young s equatlon (Eq. (l))
ma; then be expressed only in terms of the 1nitial -dynamic surface ten-
sions. Now, as the solid solutlon reaction proceeds ‘at the 1nterface,
the dynamlc spec1f1c 1nterfac1al free energy,' O,sl’ w111 change by an
amount Ag 2 due to the free energy of the reaction & correSpondlng
change in Ysi'= Y:Q ,f Agsz with time occurs, as'shown_in Fig. 1f When
‘the diffusion‘rateé of the reacting components andrthﬁs_the growtn rate.
of the reaction product are slow enough relative to the flow rate of
tne liqUid.drop, the liquid at the periphery of the.drop will remain in

.contact wlth unreacted solid that has an unaltered Y as long as AAsz

is p051t1ve, the dr1v1ng force for wetting Y (&sz Agsl) which is

increased.by the amount (- )Ag s% remains constant. If the maximum driving

‘force at t:.(Fié. 1) exceeds Yoy? then sPreading'occurs;lT and if the
force does not exceed Yl s the contact angle contlnues to decrease until
a tran51ent mechanlcal equlllbrlum is reached as . represented by tl
Y-Fig. 2b. At_thisvpoint, however, diffusion in the solid continues as
shown schematically in Fig;.2c; Y:v ahead of the-iiqﬁid periphery then
is also decreesed by an amount gﬁ(-)Aé?z.lg The driVing:force'for
wetting therefore decreases, and the contact angle:increases to a new

value of Be_corresponding to the one for mechanieel and chemical equi-

libria for the system (Fig. 2d). During‘tn;s‘pullfpack stage, the drop

Vmay break into isoiated smaller drops if the thickness of the original

drop decreases considerably during the‘transient”spreading stage.17
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On the dther hand, when the diffusion ratés,@f.the reacting com-
ponents in the solid afe faét relative to the flow rate gf the liquid
drop,3 bdthvygv and Y:l will simultangously decrégse by an amount
(-)Agsg, and the liquid at the periphery of the d;bp_will recain in con-
tact‘with-reacted_solid,‘as represented schematicél;y in Fig. 2b'. The
driving force for wetting in this case does nog chanéé drastically frém |
that due to.the initial dynamic surface tensions (Fig, 2a) and remains
essentially.éoﬁstant while the system mcves to chémical equilibrium
(Figs. 2b', 2c', and 24).

Thrqughout'these entire sequences, shown QchematiCally irn Fig. 2,
the amount of material dissolved by the soiid was ééﬁSidered to be small’
endugh to be ﬂeglected so that the solid surface rémﬁined flat. However,
if the sﬁecific volume of tﬁe'solid solution phaée_at,the interface
differs appreciably from thatvof the unreacted solid, analysis by use of
Young's equafion as applied to éxperimentally measured contact angles
could be misihtérpreted because of the résulting nonfexistence.of_a flat

"solid surfacé}. |

-Sevefal dynamic stages associated with a reaéﬁion of type (ii),
where only_the-liquid is_not’saturated with the_solid; are shown
schematicéllyiin Fig. 3. Figufe 3a shows the'cénfiguratioﬁ_at’to when
the liquid phase first comes into qcntact with ﬁheAsoiid'and Young's
equation may be used td éxpress the condifions fof‘mécﬁaniCal eqﬁilibrium '
in tefms of the dynamic‘interfacial tensions. Affer fhe initiai reaction
the composition of the.liquid around the perfphery ahd at the sclid-

‘liquid interface rapidly approaches equilibrium compositions relative
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to ihe solid; correspondiogly, Y:z and'Y:v decrease because of the free
energy contribution of the reection,_but then they.rapidly apprecach their
static inteffacial tension values Y_, and Yiv (Fig..1).  During the

initial reaction stage, thus, an instantaneous lowerihg of the contact

: . . 17 _ :
angle or spreading may be observed T which is immediately followed by

 the drop pulling back to an equilibrium contact angle Gé which is retained

until the sysfem }eaches equilibrium (Figs. 3b and-jc), With high-
viscosity liquids end fast diffusion rates, however;.the initial spread—‘
ing may not'be.realized‘becauSe thelstaxic interfacial;tensions are |
attained faster than the liquid can spread. Again, eeiin the previous
case, the amount of solid dissolved by the liquid was considered to be

small enough to be neglected. In actual fact, however, as the reaction

-proceeds, the solid-liquid interface will drop below the solid-vapor

-;surface,eo complicating the analysis of mechenicalfequilibrium.

A type (iii) reaction is expected to be similar in behavior either

- to type (i) or (ii) reaction depending on whether ean increase~or decrease

of volume of the solid occurs at the 1nterface but the kinetic analy51s-
of the reactlcn and determination of the nature of the phy51cal configu-
ration become-more complicated. The formation of a compound at the
interface (type (1v) reaction) is also expected to cause the mechanical
behavior of the system to be-31milar to that for one w1th type (i)
reaction. The analysis in this case could be even more compllcated

particularly if the compcund should isclate the lquld from direct con-

tact with the reacting solid.
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IV, LIQUID PHASE SINTERING.UNDER
. CHEMICAL NON-EQUILIBRIUM CONDITIONS

It has been reported21 that llquld phase 31nter1ng‘kinetics can be
divided 1nto three densification_sta.ges: rearrangement, solution-
precipitetion; an@ coalescence. Upon formation of é liqﬁid phase in a
porous non-sintered compact, relative motion of péfiicles occurs by
feairangemeﬁt; if‘suffiCient liquid is present,»fccmplete densification
may occur by this process aicne‘with the kinetics of densificaticn being
those of visccus flow.zl’22 With insufficient liquid, residual porosity
remains.. When the pore shape reaches a steady stéte configuraticn, the
reafrangemenfcstage is completed. Further deneification must occur by
another mechanism. ‘The second stage, solution-pfecipitation, is charac-
terizec by a zero dihedral angle which causes licuid to penetrate along
solid—sOlid-contacts. Due to cepillary preésure effects caused by
porosity, a solubility'gradient of the componente.cf,the sclid phase in
the liqgidvie establiehed'causing difoSionbof maferiel through the
liquidf The final stage, coalesceﬁce, ie chafacterized bj the formation
of a finite dihedral angle and eolid-sclid contacts.r'Deﬁsification is

then due to diffusion of material through the solid'phase because of the

_ex1stence of a vacancy concentration gradlent establlshed by the curva-

'ture of the Solld-llquld and the llquid—vapor 1nterfaces It can be

shown, however, that in systems ‘at bulk chemical equlllbrlum only two of
the three proposed densification stages can be reallzed; i.e. when the

equilibrium dihedral angle, @E, is zero only the rearrangementland the

‘solution-precipitation stages exist, and when ¢€>o, only the rearrange-

 ment and coalescence stages exist.
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Kinetics of liquid phase sintering are deter@ihéa by the relati&e
magnifudes of the interfaciél tensions and pore shaées. Compécps éoh—
taihing lafgeivqlume fractions of liquid have no sv.surface; and form
sphericalipo;bsity within fhe liqﬁid éhase directly,ﬁpon completion of

the rearrapgement stage. On the other hand, compacts with insufficient

liquid normally have sv surfaces and form toroidai shaped porosity after

the rearrangement stage; as‘solution—precipitationbfroceeds, liguid is
Uvsqueezed into the void space; ahd eventually sphéficél porosity forms.

Therefore, if one defines a stage in sinteriﬁguéé an interval dur-
ing which the pére shape remaing éonstant, és well.as an interval during
which the sintering méchanism remains cdnstant, ﬁhere are clearly two
stages of solution-precipitation for coﬁpacts céntéining'smal; liquidi
volumes . The'firét stage is characterized by tofoidal shaped porosity,
and the second stage is cgaracterizéd by the presencebof spherical
porosity. | | B

| vKingefyzl_has_presented a kinetic analysi; for the sécond stgge of

solution-precipitation. His method has been extended by Hoge and Pask23
to describe the'kinetics of both stages of solution-?recipitaxion.
Results for depsification as a function of time aﬁd the ihifial volume
are given in Table I. !

If Yss < ZYSQ; an equilibrium dihedral angle.gfgéter than éero
" degrees ang sclid-solid contacts are formed. Under these ébnditions
solution-precipitation can cause surface rearrangement, buf does not

lead to densification. Sintering kinetics are then characterized by

solid state diffusion mechanisms, either bulk or grain boundary.
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However, the liquid as well as the magnitude of the’dihsdraliangle
affect the sintering kinetics. Hoge and Pask23‘hsVe presented a kinetic
analysis for the non-zero dihedral angle case, corresponding to small

llqu1d volumes and bulk dlffu51on.  The values of the time exponent, x,

are given in- Table I for several ratios of Y /YZ 'An analysis for
2L

_ graln boundary diffusion has been given by Ge551nger, et al.

All-klnetlc analyses dlsoussed above assume statlc interfacial

tensions. In real compacts, interfacial tensions initially change con-

' tinuously;.as do'corresponding dihedral angles, as“ﬁhe system moves to

chemical equilibrium. Under such conditions, the dihedral angle
equation, Eq. (2), is only valid in terms of the dynamic interfacial
tensions.

Iet us now, as in the previous section, consider the specific'effects

-of seVeral types of chemical reactions on the dihedral angle, assuming

that chemical equilibrium exists between the Vapor and the condensed

- phases but not between the solid and the liquid. The first type of

reaction corresponds to the case where only the soiid.is not saturated
with.soﬁé'or all of the componénts of the liquid; .Tﬁo.dynamic sequenoes
associated with this type‘of reaction are shcwo'SChematically io Fig. k.
Let us assuﬁe firstly that the‘diffusion rates of thé reactiné compohents
in the solid are slow compared tovthe penetratioo.fate of the liquid
along the solid-solid interface. Under these conditions, the solid-

liquid interfacial tension is reduced by the freé enefgy of the inter-

facial reaction (Section II), but Y:s is unaffected since the reaction

product has not moved ghead of the triple point. Thus, if the contribu-

tion of the interfacial reaction is 1arge enough in'magﬁitude, the
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reduction in the solid—liéuid interfaciai ténsionzéégvbe sufficiently
1argé to cause a dynamic zefo.dihedral angle, as‘éhdwh in Fig. lLa. At
this instant,:it is thermodynamically favorable forvthe solid;solid
inferfaceffo be .replaced by twojsolid-liquid intérfacés. As this
happens, the liquid ié'cpntinuously exposed to anfﬁnréacted_solid-solid
interface and continues to penetrate it.

On the éthervhand, when the diffusion rates of éhe reacting com-
pénents in the solid ére fast relative to the penetration ;afe of-the
liquid élong the solid-solid interface,vboth Y:£ énd:y:S are affected
simu;taneouély by the interfacial cheﬁical reaqfioﬁ.- Thus, tFe combined
reduction of Ygl and Y:s by the interfacial reactiogs can cause the |
dihedral.aﬁglevto be relatively'unaffected by the réaétion, resulﬁing in
a finite d;hedral angle as the system moves to cheéiéél eqUilibriuﬁ, as
 shown in Fig. lb. ‘

* During these réaction stages, if the sintering_cémpact contains very
small amounts“of liquid relative to the solid, complete diésolution'of
the liquid in the bulk solid can result as the ihté?facial reécqion con-
tinues, causing the liquid to be entifely-eliminétedf At this point, a
finite dihedral angle, determined by.thé.resultiﬁg.yév andfys;, would
appear. On the other hand, if the amount of matefial going‘into solid
solution is large, volume éhanges of the solid aiSo‘have to be considered
in the-analysis. -, - -

The second type of reaction correépoﬁds to the.caSe where oﬁly the
liquid is not saturated with the solid and dissolutibn of the solid )

oceurs until the liquid is saturated. The dissolution reaction at the

so0lid-liquid interfacevcauses‘ysg'to be reduced instantaneously relative



-‘transient period. 1Imn this stage, thelpenetramioh of the liqﬁid along
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‘to Yss’ which in turn causes the dihedral angle to be lowered for a

1

the SOlidfsolid interface is further aided by the preferential dissolution
of the solid at the grain boundaries if they are poorly formed and thus
are high energy sites. Liquid then will tend tolpenetrate the grain -

boundaries as long as the liquid is unsaturated with the solid. Upon

saturation, the equilibrium dihedral angle will fbrm;”recreating solid-

solid gontacté, and possibly trapping liquid in isolated pockets.

Wheﬁ both phases are unsaturated with respect tro. the other, the
dynamic reaction sfages are similar in behavior to either.one of the
above reaction types depending on whether an increageibr decrease of the
volume of the solid occurs at the interface. vaa campound forms due to
interfaciai reactions, the mechanisms are similar»fg those for‘the first
type of reaction. | |

It was stated earlier that the magnitude ofbthe dihedral angle
determines‘thé sinteri#g mechanism and influgnces fhé_sintering kinetics.
In’thé absénce ofvbulk.chemical‘reactions, aftervfhé»initial Viscous flow
rearrangément, the densification kinetics willvbe,éither those of
solution-precipitation'(zero dihedral angle) o% those of solid phase
sintering in the présénce of a liquid phése:(non zéfo dihedralvanglé),

Table I. In the presence of chemical reactions, however, a transient

penetration of the liquid along the solid-solid boundary may occur in all

of the chemical non-equilibrium cases discussed above. All three densi-
fication stages can then be realized as the system approaches chemical
equilibrium. As shown in Table I, the sintering kinetics will differ

markedly during this process. During the coalescence stage, however,
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the effecf of interfacial reactions on the vy 2/1# ; ahd thus the. sin- -
terlng klnetlcs, is not 31gn1f1cant since for practlcal purposes, the
time exponent, X, is not apprec1ably affected by the Y /Yl ratio,
Table I.v o - . .
v. WETTiNG OF MAGNESIUM OXIbE

wetting of megnesium oxide by Ca0-Mg0-SiO,- 0, (A1,0,, C 203,'or
Fe 0] ) llqulds has been studied by Aksay, et al.}7 Experimente to be .
discussed and evaluated were performed at 1550° 1J1air on cleaved (001)

surfaces of‘MgO single crystals. The lquld of montlcelllte CaC.MgO- 5102

(cms), comp031t10n is.in equilibrium w1th MgO after a sllght prec1p1ta—

tlon ovagO in the CMS llquld.25 The CMS-MgO eqmillbrlum, however, is
disturbed w1th the addition of Al 03, Cr 03, or Fe2 3° The'solubilitie526
of A1203, r2 3 and Fe203 (FeO) in MgO are <O. 5, 9.0, and 51.0 wt%,

respectively. The interfacial reaction to conSIdgr between the liquid

and the solid is
MEO(,) * B0y (in liquid) > Mer,0, (inMgo), © . (8)

which resultsiin the formation of an MgO soluticn_ﬁith_MgRZOh. At 1823K,
: S ' . S )
an average value for the standard free energy of this reaction,27 AG ,

is -8,000 cal/mol. The free energy of the reaction (8), then, is

a. .
MgROL .
~ AG = RT In .—=— -8,000, = . (9)

B,04
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where R is the gas constant, T is the sabsolute temperature, and @ is the
activity of the designated component. Assuming that Raoult's law is

appllcable, is equal to the'concentrati‘onv'of‘M’gR2 y in the S

MgR,0)

- MgR h solld solutlon at equilibrium with the MgO sol;d solution. A

typical value26 for a 15:30.9. Slmllarlyg a9 depends on the
MgR, 203
concentratlon of R203 in the liquid. phase. Assuming :a value of 0.5 for

R 0 s AG = —6 050 cal/mol, and the corresponding‘tranéient reduction in
23

the SOlld—llOuld 1nterfa01al tension could be as hlgh as 1,000 dynes/cm.3
As the concentration of R203 in the liquid 1ncreases and the liquid
becomes saturated with respect to MgRQOh, a second possible interfacial‘

reaction is
MgO (sat. with MgR,0,) + R0, (in liquid)~ MgR,0, (sat. with Mg0) (10)

which results in the formation of a splnel compound at the 1nterface.

The contrlbutlon of the free energy of thls reactlon to the reductlon

'of any of the 1nterfac1al energles, h0wever, is‘zero_sinCe all the

~phases involved in the reaction are:at-equilibrium:with each dther.‘ The

i

interfacial reaction (lQ).dqes not contribute to additional changes in
Y:z other than the changes due to thefprecurSer,reaqtiQn (8).

As pointed out in Section III, in»additiOn'to §hé_contribution'of

. the interfagiél reaction on Y:Z’ one élso has to consider the kinetics

of the growth of the reaction product relative to the flow rate of the

liquid drop in ordéryto determine if Yo will 51multaneously be affected
. 3 '3+ 3+

by the same reaction. Diffusion kinetics of Al S and Fe in

bulk MgO have been réported. At 1550°C, the.volumexdlffusivities of
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213" ana ret in MgO are 1.6 x 1077

28,29

and 9.55 x lOfg cm?/sec, respec-

30

. + L =12 2
tively, whereas the diffusivity of Cr3 is 6.6'x 10 1 cm /sec.

Assumlng that the surface dlffu51v1t1es, X of these catlons in Mg0

et m¥ F
are prOportlonal to the volume diffusivities, Dsr RSN DS d D €

3+

The growth rate of the Mg0 (MgCr Oh) solution at the interface, there-

>£ore, is expected to be considerably slower than the growth rate of the
.MgO(MgAlQOh)-or MgO(MgFe2O3) solid solution. %7
The results of the sessile drop experiments as shown in Fig. 5

support the above discussion. quulds with Cr 0 addltlons 1n excess of

_ 273
3 wt% showed spreading for periods of up to 6 h. Wlth A1203 and Fe203
additions,'thé contact angle was lowered but no spreadlng took place.
a7 :

The microstrgcture studies showed the growth of tﬁé MgO (MgAl2Oh) and
MgO (MgFe293)vsolid solutions into the sv interféde-és schematically
' sho#n in Fig. 2b'. The contact angle values of F1g 5 for A1203 and
Fe203 addltlons correspond, -essentially, to the equ1llbr1um values, 0.

‘Fig. 24. The‘llqulds with Cr,.0

e
203 addltlons spread‘51nce the growth rate .

of the solid solution product is slower then the sprsading rate of the

llquld drop and thus the driving force for wettlng, as shown in Flg. 2b,

- is high. due to an unaffected Y When the qxper;ments w1th Cr2 3
addltlons,_however, were Zrepeated with muchssmalief drops and larger .
substrates, the spre_adihg drop did not reva.ch the e’dées of the substrate.
The drops wifh 3.0 and 5.0 wt% Cr 03 additions showed some recession
frsm the pefiphery of furthest spreading and formed‘qontact angles of
T7° and 6°. This effect would be expected when the Cr203 content in the

liquid is reduced resulting in a substantial reduction of the AG of
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reaction-(8),‘Eq: (9). Slmllarly, the drop with 15 wt% Cr 2%3 initially
spread and segregated into small segments and droplets as it trled to
- pull back when the AG of reaction (8) was reduced.'f '

VI. PERMEATION OF SILICATES INTO MAGNESIA.

The permeatlon of the CMS-R 2 3 liquids of the previous section'intob
sintered Mngoompacts of 92.5% of the theoretical density and 3.1% open
porosity has been’studiedvby Wong.8 ~ The experimentsdwere-performed at
1550°C for:periods of 5 min to 2 h. The permeation distance of the
liquids’into the compacts'as a function of the annea;ing time at,tempera—
ture is shown. in Fig. 6. Since the penetration rete:of a liquid along,

a capiiiaryfis_directly proportional to the square.root of (st-Ysz)’3
the direct COrrelation between the contact angles,of the previous section
and the penetration kinetic data shown in Fig. 6 thenbis in agreement
with‘the'capillary penetration theory.31 -
r A'more'inportant aspect of these studies; hoverer; is that the
: microstructuresvdeveloPed after the liquid permeation into the Mg0 com-
pact werenin direct support of the discussions of Seetion iV.. Figure T
shows the'microstructure of an MgQ compact permeatedfby e liqﬁid con-
-taining 15 wt7 Cr,0 203 after S/min at 1550°C. A thin film of liquid is
present along most of the graln boundarles -although the reported32
equllibrlum dihedral angle for the system is h5° Slnce the solid-solid
contacts exlsted8 prior to the permeation of the: liquld the complete

penetratlon of the llquld along the solid-solid gralns is explalned by

the transient reduction of the A during chemi?al~reactions, Fig. La.
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No permea.tion of the liquids with high Fé203 a.ddi.tions (hs.o and
55.0 wt% Fe 0 ) was observed although the liquid w1th 5.0 wt% Fe2 3
| addition permeated the MgO compacts as expected on the basis of the
correspondihg contact engle value (Figs. 5 and 6). The microstructure
shown in Fig..8 shows the MgO-liquid interface of'e permeation couple‘

with a liquid comp031tlon of 45 wt% Fe_0. after 2 h at.1550°C. The lack

2°3
of permeation into MgO is clearly explalned by the clos1ng off of the
channels at. the interface due to the extensive volume ;ncrease with the
formatieneef'MgO.(MgFeéOh) solid solution. MgFezon precipitation (white
particles) ﬁoek place during cooling.of the specimen. 1Any liquid that
mey have permeated into the compectvbefore the channels were closed eff
probably disappearedvas it reacted with fhe sqlid‘tQ form,solid solution.
VII. SUMMARY

Under bulk chemical equilibrium conditions,'Ypuﬁg’s and dihedral
angle equatioes in terms of the static interfacialitensions outlinelthe
" condition Qflﬁechanical eqﬁilibfium in a sqlideliquid-fapor system.
_ Under bulk éhemical non-equilibrium cenditiOns, me_es transfer across an
.interface'reeﬁlts in a transient decfease in the corresponding inter-
facial free energy end thus the 1nterfac1al tension by an amount equal to
the free energy of the effective chemical reactlon per area at that
1nterface. When_the chemical reaction is between the solid and the
liquid, in sessile drop experiments, & transient.iewering of the contact
angle or spreading is observed if the growth rate:of~the reactioe product
is slower than the spreading rate of the liquid. Slmllarly, in a solid-

liquld-solld system, in the presence-of chemical reactlons, a tran31ent
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penetration of the liquid alongvthe solid-solid bouﬁdary may occur.
This transieﬂt stage then correspoﬁdé to the solutiphéprecipitation
stage of liquid phase sintering in systems that are characterized with

equilibriﬁﬁ-non-zero dihedral angles.
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Table I. Values of the time (t) expoment, x, in

: (AV/V )X for various densification stages
of liquid phase sintering. yo;denotes the
original volume R

.Déhsificafiqn.Stage TiﬁétExponent, x
Redrrangéméht‘(viSCOus flow2l’22)_ 1.50
Soluéibn;prgcipitation:

.Initialbgtége - - .,.   ,0.2h
, Fina; sp;ge N | | ‘j‘;.?fo.36
Coalescéﬁéé“(éolid phase sintering o
in the presence of a liquid phase):
.Ysi/szv=,9'°5 | R f ;Q.h37
Ys2/72§ = 1.0 ; ' .=;;f],o.h6h
Ysz/vg;[ﬁ>2-0 - ' ffili 0.471
Yoo/tpy =30 | .} : ffo.h75

R



Fig. 1.

Fig. 2.

Figo 30

Fig. k.

Fig. 5.

Fig. 6.

' dr0p.

“angle, after 3 h at 1550°C.

" MgO compacts as a function of time at 1550°C.
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., FIGURE CAPTIONS
Vériation of dynamic interfacial tensioﬁi#ith time during a
chemical reaction between two phases. The}dggree,of minimiza-

'tiph:of the interfacial tension ét tm is'prbpbrtional to Agas.

. In case of a pure adsorption process, no minimum is observed

.(tpp:curve).

Schemafic représentation of the vafious'd&pamic_stages of a
gessile drop when the initial solid is ﬁo£§saturated with some
or all of the components of the liquid.:ifhefpath "abcd".corre—.
sponds to the case where the growth rate of the reactlon product
1s slower than the flow rate of the 11qu1d drop, and path

"ab* c 'a" corresponds to the case where the growth rate of the -

reactlon product is faster than the flow rate of the liquid

-3

Schematlc representatlon of the dynamiC“sﬁages of a sessile
drop when the initial llquld is not saturated with some or all
.of_the components of the solid.

Schematic representation of the two dyﬁa@iﬁﬁstageSJOf a solid-

liquid-solid system when the'solid is notfsaturated with some

'of all of the'components of the liquid and"when the growth rate

of the reaction product is (a) slower and (b) faster than the

) penetratlon rate of the llquld along the solld-solld 1nterface.3

The effect of R203 additions to montlcelllte llquld on contact
17 S ‘

The permeation distance of the CaO—MgO-Slo 2O3 llqulds into

8




‘liquid of 15 wt% Cr,0

5 min at 1550°C.

of U5 wt% Fe,0. + 55 wtf Ca0-Mg0-5i0, after 2 h at 1550°C.

-27-

' Thé‘micrdstructure of an MgO compact after permeated by a

3+ 85wtk Ca0-Mg0-510, composition for
g T _

The-'microstmcture of the solid-liquid interface of an MgO-

liquid permeation specimen with an or}ip_‘.na.ilvliquid composition

8
273
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United States Government. Neither the United States nor the United
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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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