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PHASE DISTRIBUTION IN SOLID-LIQUID-VAPOR SYSTEMS 
. 

Ilhari A. Aks~, Carl E. Roge and Joseph A. Pask 

Inorgsnic Materials Research Divisio~, Lawrence Berkeley Laboratory 
and Department of Materials Science and Engineering, 

College of Engineering; University of California, 
. Berkeley, California 94720 

ABSTRACT 

The development of microstructure in a solid-liquid-vapor system is 

highly dependent on the relative interfacial tensions of' the phases 

involved. Under chemical non-equilibrium conditions, interf'aces are in 

a state of' continual change. During this transient stage, the classical 

YOlmg's and the dihedral angle equations are only valid in terms of' the 

Qynamic interfacial tension values of' the chemical non-equilibrium con-

ditions. The thermodynamics of' non-equilibrium conditions ina solid-

liquid-vapor system are discussed. Spreading and subsequent pull-back 

phenomena, which are of'ten observed in wetting studies, are successfully 

explained by the dynamic interf'acial tension. 
i 

Such phenomena 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 porous compacts provide a means 

in understanding the nature of' phase distribution in the presence of' 

chemical non-equilibrium conditions. 



\ 
-1- LBL-2205 

I. INTRODUCTION 

Spatial distribution of phases in a solid-1iquid-vapor system are 

described by the classical Young's equation1 

where y is the interfacial tension between solid-vapor (sv), solid-

liquid (sR.), and liquid-vapor ( tv) phases, y -y ri is the driving force 
sv SA. ' 

for wetting, and e is the contact angle at a'solid-liquid-vapor triple 

point as measured through the liquid phase. Furthermore, in systems 

where the·solid phase is polycrystalline 

~ 
Yss = 2ysf cos 2 ' 

where Y
ss 

is the interfacial tension at the solid~solid grain boundary, 

2 
Y f is either y a ory ,and 4> is the dihedral angle at a solid-fluid-s SA. SV 

solid triple point measured through the fluid phase. Both of these 

equations have been extensively used in various fields to describe the 

condi tions of me ch ani cal equilibrium of a capillary system uhder chemi cal 
I 

non-equilibrium conditions, without explicitly considering the effect of 

chemical reactions on the interfacial tensions. Recently, it has been 

shown3 that an interfacial reaction or diffusion of a c<?IDponent from one 

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

decrease in the correspond:iltt'1nt~r:f>cl.daitensionby an tamount equal to 

the free energy of the effective chemical reaction per unit area at that 

interface. As a consequence of this transient lowering of interfacial 
. I I 

i . . 

. -~ , 
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tension values, phenomen~ such as spontaneous spreading and permeation 

of a liquid phase along a solid-solid interface followed by a pull-back 

may .be observed. 

In this report , the thermodynamics of a solid-liquid-vapor system 

and the mechanics of wetting under chemical non-equilibrium conditions, 

based on the model of Gibbs,4 are briefly discussed. These sections are 

followed with discussions on the effect of chemical reactions on phase 

distribution in liquid phase sintering. In the last sections, the 

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

CaO-MgO-Si0
2

-R
2

0
3 

(Al
2

0
3

, Cr
2

0
3

, or Fe
2

0
3

) (liquid) system are discussed 

in order to illustrate the effect of interfacial chemical reactions on 

microstructure development. 

II. THERMODYNAMICS OF A SOLID-LIQUID-VAPOR SYSTEM 

The simple but elegant model' of Gibbs 4 for surfaces has been used 

in the treatment of the thermodynamics of various interfacial phenomena. 

In this section, once again, this model is utilized to show the effect 

of chemical reactions on the interfacial tension. 

Let uS first consider a system with two homogeneous phases, a and 

s. The interphase between these two phases is not a two-dimensional 

boundary but one of finite thickness which includes the regions that are 

influenced by surface forces and whose properties grade into the bulk.. 

However, for simplicity in mathematical expressions, Gibbs 4 assigned any 

property of the interphase to the interface, a dividing plane or surface, 

and assumed 'the btilk phases to be homogeneous and at equilibrium up to 

this interface. Using this approach, it can be shown3 that the total 

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

( 
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and isobaric process, is 

E (aGaS
) dn~ + L: (aGaS

) dn~ + E (aGaS
.) dn~S , (3) . . ~ a 1 . ~ S ~. ~ as ~ 

1 an. 1 an. 1 an. 
111 

a 
where subscripts of the partial derivatives are omitted for brevity, lli 

and ll~ are the chemical potentials of component: i in the a and S phases, 
1 

and 

is the surface tension of the as interface. The last three terms reflect 

the effect of compositional variations in the bulk 8...'1d the interphase·· 

regions on' the interfacial free energy. 

The relationship between the interfacial or surface tension, YaS' 

and the specific interfacial free energy, gaS, can be shown by expressing 

( aGaS /aA) 'in terms of the surface excess r i as 

and 

as 
Ell. r. 
.11 
1 

( 4) 
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whe re \l~~ = (3g all /3 r i) = (3G a~ / <In i) is the chemi ca:l potenti a:l of COlJl

ponent i at the interface. At the first instant of formation of a sur-

face by mechanical means ,. the composition of the surface is identical to 

that of the buJ.k;and thus, since ~~~S ri = 0, Ya~ = gO ,af3 , where Y~S 
~ ° as and g' . are the pure -dynSmic tension and specific free energy of the 

interface, respectively. With time, as adsorption takes place and the 

interfacial region approaches equilibrium conditions, the interfacial 

5 6 . 
tensio~ decreases' towards a static value as shown. in the upper curve 

of Fig. 1, and it differs from the corresponding interfacial specific 

f as . d· E ( 4 ) ree energy g as expresse ~n q. • 

Now, the totalmfferential of the free energy of a solid-liquid-

vapor system (at constant temperature and pressure ,after neglecting the 

effect of curvature on the pressure and assuming that the interfacial 

. tensidnsare independent of orientation) is 

1: _11: (dGaf3 )dn~ + 1: (
aG

af3 ) dn~ + 1: ( dGa.8) dn~s_-l 
Q • ~_ a l. • ~ S l.. ~ as ~ 

a,~ ~ on. l. on. l. on. 
l. ~ ~ 

- -

where the summation 1: is taken over all three interfaces. 
0.,6 

At total thermodynamic equilibrium, dG = 0; then since the varia-

tions of mass are independent of the variations of area, 



.. 
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(6) 

and 

I ( af3 (af3) .( af3) r r .£fL.. dn~ + r ~ dn~ + r ~ 
a,S i (1n~) ~ i an~ ~ i an~S 

~ ~ ~ 

dn~l = o. 

.. ' 

These two equations outline the conditions for mechanical and chemical 

equilibri um of the system, respectively; at this point the y values cor-' 

respond to those for static interfacial tensions. 'Equation (6) directly 

yields4~7Young's equation as presented in Eq. (1), when a flat and rigid 

solid surface is assumed, and the effect of the gravitational field and 

the curvature' on the pressure in the liquid and the vapor is neglected. 

Similarly, when Eq. (6) is written in terms of ss and s1 interfaces, the 

dihedral equation, Eq. (2), can be shown
8 

to outline the conditions for 

mechanical equilibrium of a solid-fluid-:-solid system. 

When the conditions of Eq. (7) are not satisfied throughout the. 

system, the phases of the solid~liquid-vapor system will react wi th e~ach . 

other through the interfaces to achieve a state of chemical equilf~rium. 

During these non-equilibrium dynamic . conditions , the y's change, and the 

areas change correspondingly in an effort to maintain mechanical 

equilibrium, as represented by Eq. (6), un~il dG becomes zero and the 

system reaches' a state of chemical equilibrium. Volume changes occuring 
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during the reactions, if signif'icant, willaf'fect 'the physical configura.-

tion of the system. 

Mass transfer across the interfaces must result in a net decrease 

of the free energy of the system at any time; otherwise, the reaction . . 

will not proceed. At thef'irst instant of formation of an interface, 

" however, only the interfacial r~gion is involved in the chemical reaction, 

and thus the corresponding initial decrease in the free energy of the 

system is totally attributed to the decrease in the free energy of the 

interfacial region since the free energies of the bUlk phases are not 

affected. The magnitude of the decrease in the specific interfacial 

free energy, (-) fJ.gaf3 , then is directly equal to (_fJ.Gaf3 / A) • The corres-

ponding interfacial tension is similarly reduced. by-an amount equal to 

(_)fJ.gaf3 (Eq. (4)), as schematically shown in Fig. 1,. If it is assumed 

that the free energy of the reaction between the phases in the inter-

facial region is comparable but not necessarily equal to that between 

the bulk phases. the value of (_fJ.GaS /A) could be substantially high, and 
, 0 

for an approximate interfacial region thickness of 20 A, a decrease of 

2 f 
as much as 1,000 -ergs/em could be realized in the magnitude of the 

speci.f'ic interfacial free energy and thus the interfacial tension. 3 

9-11 Experimentally, negative interfacial te.nsions arIe often measured 

during such chemical reactions that result in spontaneous spreading9- l7 

ul "f" t" h 18 or em Sl lea lon p enomena. 

Under chemical equilibrium conditions, however, specific interfacial 

free energies and static interfacial tensions are alwB¥s positi vesince 

,the bulk phases are more st8.blethanthe interfaces.' Thus, after the 

'! 
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completion of the reaction at the interface followed by its continuation 

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

r ( aGa6 jan ~) dn~ and r (' dGa6 jan~) dn~ terms in Eq. (5) must be S :lch that 
.11.11 
1 1 

YCL/3 increases towards a static interfacial tension value. With time, 

the contributions of these terms will decrease and become minimal because 

of the decrease in the chemical potential or composition gradient from 

the interface into the bulk phases as they approach chemical equilibrium. 

Therefore, after the initial decrease, \:tS increases and gradually 

approaches' the static interfacial tension of th,e reacted bulk phases 

(Fig. 1), which could be higher or lower than the dynamic 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. 

III. MECHANICS OF WETl'ING UNDER CHEMICAL NON-EQUILIBRIUM CONDITIONS 

Let us now consider the specific effects of several types of 
I 

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

equilibrium exists between the vapor and the condensed phases but not 

betwe~n the solid and the liquid. The reactions to be considered are 
.. ;' 

those that result because (i) only the solid is not saturated ~th same 

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) a compound 

forms at the interface. 

• j" 

!' 

.~. '>! 
• 

~ ". .pi-

r ;' 

, t, 
" ., 
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.. , . 

Several dynamic stages associated with the rirst type of reaction 

are shown schematically in Fig. 2 .. At time t , Fig. 2a illustrates the o 

instantaneous quasichemical equilibrium involving no· interfacial 

reflction between the liquid and the solid •. Young's eq,uation (Eq. (1)) 

I. . 
mB¥ then be expressed only in terms or the ini tialdynamic surface ten-

sions. Now, as the solid solution reaction proceeds at the interface, 

the dynamic specific interfacial free energy, gO,sl,will change by an 

amount tJ.gs 1 due to the free energy of the reaction; a corresponding 

change in Ysl :::; Y~l + IJ.g
sl 

with time occurs, as shown in Fig. 1. When 

the diffusion rates of the reacting componeftts and thus the growth rate 

or the reaction product are slow enough relative to the flow rate of 

the liquid drop, the liquid at the periphery of the drop will remain in 

o 
contact with unreacted solid that ha..s an unaltered rsv as long as Msl 

is positive; .thedriving force for wetting Y~V-(Y~l+ !J.gsl) which is 

sJl. 
increased,by the amount (- )IJ.g remains constant. If the maximum driving 

rorce at tm (Fig. 1) exceeds Y
1v

' then spreading occurs;17 and if the 

force does not exceed Y
1v

' the contact angle continues to decrease until 

a transient mechanical equilibrium is reache,d as represented by tl in 

. Fig. 2b. At this pOint, however, diffusion in the soiid continues as 

shown schematically in Fig. 2c; yO ahead of the liquid periphery then . sv 

is also decreased by an amount ~ (_)IJ.g
s1

. 19 The driVing force for 

wetting therefore decreases, and the contact angle increases to a new 

value of e corresponding to the one for mechanical and chemical equi-
£ 

libria for the system (Fig. 2d). During th,is pull-1:>ack stage, the drop 

mB¥ break into is.olated smaller drops if the thickness of the original 

drop decreases considerably during the transient spreading stage. 17 

.. '.' . 
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On the other hand, when the diffusion rates of the reacting com-

ponents in the solid are fast relative to the flow rate of the liquid 

drop, 3 both yO and yOn will simultaneously decrease by an amount 
sv s~ , 

(_)flgsR.., and the liquid at the periphery of the ~rop will remain in con-

tact with reacted solid, as represented schematically in Fig. 2b'. The 

driving force for wetting in this case does not change drastically from 

that due to the initial dynamic surface tensions (Fig. 2a) and remains 

essentially constant while the system moves to chemical equilibrium 

(Figs. 2b', 2c', and 2d). 

Throughout these entire sequences, shown schematically in Fig. 2, 

the amount of material dissolved by the solid vas 'considered to be small' 

enough to be neglected so that the solid surface remained flat. However, 

if the specific volume of the solid solution phase at the interface 

differs appreciably from that of the unreacted solid, analysis by use of 
, 

Young's equation as applied to experimentally measured contact angles 

could be misinterpreted because of the resulting non~existence of a flat 

solid surface. 

Several dynamic stages associated with a reaction of type (ii), 

where only the liquid is not saturated with the solid, are shown 

schematically in Fig. 3. Figure 3a shows thecbnfiguration at to when 

the liquid phase first comes into contact with the solid and Young's 
. 

equation m~ be used to express the conditions for mech~ical equilibrium 

in terms of the dynamic interfacial tensions. After "the initial reaction 

the <.:omposi tioIl of the liquid around tlw periphery and at the, s(;lid-

liquid interface rapidly approaches equilibrium; compositions relative 

".) ,. <. 
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to the solid; correspondingly, Y~1 and' Y~v decrease because of the free 

energy contribution of the reaction, but then they rapidly approach their 

static interfacial tension values y s1 and y 1v (Fig. 1).' During the 

ini tial reaction stage. thus, an instantaneous lowering of the contact 

17 
angle or spreading may be observed which is immediately followed by 

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

, 
Until the system reaches equilibrium (Figs. 3b and3c). With high-

viscosi ty liquids and fast diffusion rates, however, ,the initi al spread-

ing may not be realized because the static interfacial tensions are 

attained faster than the liquid c~ spread. Again, as in the previous 

case, the amount of solid dissolved by tee liquid was considered to be 

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

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

surface,20 complicating the analysis of mechanical equilibrium. 

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

to type (i), or (ii) reaction depending on whether an increase or decrease 

of volume of the solid occurs at the interface, but the kinetic analysis 

of the reaction and determination of the nature of the physical configu-
I 

ration become more complicated. 'l1le formation of a compound at the 

interface (type (iv) reaction) is also expected to cause th~ mech~ical 

behavior of the system to be similar to that for one with type (i) 

reaction. 
," ,I 

The analysis in this case could be even more complicated, 

particularly if the compound should isolate the liquid from direct COD-

tact with the reacting solid. 

, .. : ...... 

-. 
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21 . 
It has beEm reported that liquid phase sintering 'kinetics can be 

divided into three densification stages: rearrangement, solution-

precipitation, and coalescence. Upon formation of a liquid phase in a 

porous non-sintered compact, relative motion of particles occurs by 

rearrangement. If sufficient liquid is present, complete densification 

may occur by this process alone . with the kinetics of densification being 

those of viscous flow. 21 ,22 With insufficient liquid, residual porosity 

remains., When the pore shape reaches a steady state configuration, the 

rearrangement stage is completed. Further densification must occur by 

another mechanism. The second stage, solution-precipitation, is charac-

terized by a zero dihedral angle which causes liquid to penetrate along 

solid-solid contacts. Due to capillary pressure effects caused by 

porosity, a solubility gradient of the components of the solid phase in 

the liquid is established causing diffusion of material throUgh the 

liquid. The final stage, coalescence, is characterized by the formation 

of a finite dihedral angle and solid-solid contacts. Densification is 

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

existence of a vacancy concentration gradient established by the curva-

ture of the solid-liquid and the liquid-vapor interfaces. It can be 

shown, however, that in systems at bulk chemical equilibrium only two of 

the three proposed densification stages can be realized; i.e. when the 

equilibrium dihedral angle, ~E' is zero only the rearrangement and the 

solution-precipitation stages exist, and when ~E>o, only the rearrange

ment and coalescence stages exist. 
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Kinetics of liquid phase sintering are determin'ed by the re.lati ve 

magnitudes of the interfacial tensions and pore shapes. Compacts con-
I 

i 

taining large volume fractions of liquid have no sv surfaces a~d form 

spherical porosity within the liquid phase directly,upon completion of 

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

liquid normally have sv surfa~es and form toroidal shaped porosity after 

the rearrangement stage; as solution-precipitation proceeds, liquid is 

squeezed into the void space, and eventually spherical porosity forms. 

Therefore, if one defines a stage in sinteringas an interval dur-

ing which the pore shape remains constant, as well as an interval during 

which the sintering mechanism remains constant, there are clearly two 

stages of solution-precipitation for compacts containing small liquid 

volumes. The first stage is characterized by toroidal shaped porosity, 

and the second stage is characterized by the presence of spherical 

porosity. 

21 
Kingery has presented a kinetic analysis for the second stage of 

solution-precipitation. His method has been extended by Hoge and Pask23 

to describe the kinetics of both stages of solution-precipitation. 
, 

Results for densification as a function of time and the initial volume 

are given in Table I. 

If Yss < ZYsR.' an equilibriUm dihe.dral angle greater than zero 

degrees and solid-solid contacts are formed. Under these conditions 

solution-precipi tation can cause surface rearrangement, but does not 

lead to densification. Sintering kinetics are then characterized by 

solid state diffusion mechanisms, either bulk. or grain boundary. 

, I 
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However, the liquid as well as the magnitude of the dihedral: angle 

affect thesintering kinetics. 
23 'i 

Hoge and Paskhave presente~ a kinetic 

analysis for the non-zero dihedral angle case, corresponding to .small 

liquid volumes and bulk diffusi<?n. The values of the time exponent, x, 

are given in Table I for several ratios ofYs1/Y1v' 'An analysis for 

grain boundary diffusion has been given by Gessinger, et al.
24 

All kinetic analyses discussed above assume static interfacial 

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

tinuously, as do corresponding dihedral angles, as the system moves to 

chemical equilibrium. Under such conditions, the dihedral angle 

equation, Eq. (2), is only valid in terms of the dynamic interfacial 

tensions. 

·Let 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 solid is not saturated 

with some or all of the components of the liquid. Two dynamic sequences 

associated with this type of reaction are shown schematically in Fig. 4. 

Let us assume firstly that the diffusion rates of the reacting components 

in the solid are slow compared to the penetration rate of the liquid 

along the solid-solid interface. Under these conditions, the solid-

liquid interfacial tension is reduced by the free energy of the inter

facial reaction (Section II), but yO is unaffected since the reaction 
ss 

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

tion of the interfacial reaction is large enough in magnitude, the 
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reduction in the solid-liquid interfacial tension can be sufficiently 

large to cause a dynamic zero dihedral angle, as shown in Fig. 4a. At 

this instant, it is thermo~amically favorable for the solid-solid 

interface to be replaced by two solid-liquid interfaces. As this 

happens, the liquid is continuously exposed to an unreacted solid-solid 

interface and continues to penetrate it. 

On the other hand, when the diffusion rates of the reacting com-

ponents in the solid are fast relative to the penetration rate of the 

liquid along the solid-solid interface, both Y~i and Y~s are affected 

simultaneoUSly by the interfaci·al chemical reaction. Thus, the combinE;!d 
I 

o '0 reduction of Y n and Y by the interfacial reactions can cause the 
S,l\, ss 

dihedral angle to be relatively unaffected by the reaction, resulting in 

a finite dihedral angle as the system moves to chemic8.l equilibrium, as 

shown in Fig. 4b. 

During these reaction stages, if the sinteriIig compact contains· very 

small amounts of liquid relative to the solid, complete dissolution of 

the liquid in the bulk solid can result as the interfacial reaction con
I 

tinues, causing the liquid to be entirely eliminated. At this point, a 

finite dihedral angle, determined by the resUlting Ysv andyss' would 

appear. On the other hand, if the amount of material going into solid 

solution is large, volume changes of the solid also have to be considered 

in the analysis. 

The second type of reaction corresponds to the case where only the 

liquid is not saturated with the solid and dissolution of the solid 

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

solid-liquid interface causesy si to be reduced instantaneously relative 

... " 

.'. , 
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to Y ,which in turn causes the dihedral angle to be lowered for a 
ss ' 

transient period. In this stage, the penetration of the liquid along 

the solid-solid 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 to penetrate the grain 

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

saturation,the equilibrium dihedral angle rill form~ recreating solid-

solid contacts, and possibly trapping liquid in isolated pockets. 

When both phases are unsaturated with respect to the other, the 

dynamic reaction stages are similar in behavior to either one of the 

above reaction types depending on whether an increase or decrease of the 

volume of the solid occurs at the interface. If a compound forms due to 

interfacial reactions, the mechanisms are similar to those for the first 

type of reaction. 

It was stated earlier that the magnitude of the dihedral angle 

determines'the sintering mechanism and influences the sintering kinetics. 

In the absence of bulk chemical reactions, af'ter the initial viscous flow 

rearrangement, the densification kinetics will be either those of 

solution-precipitation (zero dihedral angle) or those of solid phase 

sintering in the presence of a 'liquid phase' (non zero dihedral angle), 

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 rill differ 

markedly during this process. During the coalescence stage, however, 
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the effect of interfacial reactions on the 'Y sR,/YR,v' and thus the. sin

tering kinetics, is not significant since for practical purposes, the 

time exponent, x, is not appreciably affected by-the 'YsR./'YR-v ratio, 

Table I. 

V. WETl'ING OF MAGNESIUM OnDE 

Wetting of. magnesium oxide by CaO-MgO-Si02-R
2

0
3 

(Al
2

0
3

, Cr
2

0
3

, or 

) U . 
Fe

2
0

3 
liquids has been studied by Aks~, et al.· Experiments to be . 

discussed and evaluated were performed at 1550° in air on cleaved (001) 

surfaces of MgO single crystals. The liquid of monticellite, CaO.MgO.Si0
2 

(CMS), composition is,in equilibriumwithMgO at'ter a slight precipita

tion ofMgO in the CMS liquid. 25 The CMS-MgO e~~librium, however, is 

disturbed with the addition of A1
2

0
3

, Cr
2
03' or Fe

2
0

3
. The solubilities

26 

of Al
2

0
3

, cr
2

0
3

, and Fe
2

0
3 

(FeO) in MgO are <0.5~ 9 .. 0, and 51.0 wt%, 

respecti vely. The interfacial reaction to consider between the liquid 

and the solid is 

~: 

MgQ(s) + R20 3 (in liquid) + MgR204 '(irtt480l, ( 8) 

which results in the formation of an MgO soluti~ with MgR204' At 1823K, 

al f th t d d f ....". h· . 27" 0 an average v ue or e s an ar ree energy 0.1:. t ~s react~on, uG, 

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

- 8,000 , 

" ;. 
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where R is the gas constant, T is the absolute ; temperature , and c:t. is the 

acti vi ty of the designated component. Assuming that Raoult I s law is 

applicable, ""MgR
2

0
4 

is equal. to the concentration of MgR204 in the 

MgR
2

04 solid solution at equilibrium with the MgOsol:i,d solution. A 

typical val.ue
26 

for 4MgR ° is ~0.9. Similarly, "It ° depends on the 
2 4 ·23 

concentration of R
2

0
3 

in the liquid phase. Assuming a val.ue of 0.5 for 

4R ° ,6G = -6,050 cal./mol, and the corresponding transient reduction in 
2 3 .. 

the solid-liquid interfacial. tension could be as high as 1,000 dynes/cm. 3 . 

As the concentration" of R
2

0
3 

in the liquid increases arid the liquid 

becomes saturated with respect to MgR
2

04, a second possible interfacial. 

reaction is 

which results in the formation of a spinel" compound at the interface. 

The contribution of the free energy of this reaction to the reduction 

. of any of the interfaci al. energies, however, is zero ~i'nce all the 

p~ases involved in the reaction are at equilibrium with each other. The 

interfacial reaction (10) does not contribute to addition'al ch~ges in 

o 
Y sR. other than the changes due to the precurser reaction (8). 

As pointed out in Section III, in addition to the contribution of 

the interfacial reaction on yOn, one also has to consider the kinetics s.-. . 

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

liquid drop in order to determine if yO will simultaneously be affected sv " 

by the same reaction. . . ., 3+ " 3+" 3+ Dl.ffUsl.on kl.netl.cs of Al , Cr ,and Fe in 

bulkMgO have been reported. At 1550oC, the volume diffusivities of 

I , 



I' 

-18- LBI.r-2205 

Al3+ and Fe 3+ in MgO are 1.6 x 10-9 and 9.55 x 10~9 cm2/sec, res~ec-
" 28 29 . 3+ . -12 2 30 

tively, ' whereas the diff'usivity of Cr is 6.6 x 10 cm /sec. 

Assuming that the surface diffusivities, D
S

' 

are proportional to the volume diffusivities, 

of these cations in l-f.gO 

C 3+ 
D r 

S 

3+ 3+ 
«nAl and DFe 

"" S S 

The growth rate of the MgO (MgCr
2

04 ) solution at the interface, there

f.ore, is expected to be considerably slower than the growth rate of the 

MgO(MgA1204) or MgO(MgFe
2

0
3

) solid solution. 3 ,17 

The results of the sessile drop experiments as shown in Fig. 5 

support the above discussion. Liquids with Cr
2

0
3

additions in excess of 

.3 wt% showed spreading for periods of up to 6 h. With Al203 and Fe20
3 

addi tions, the contact angle was lowered but no spreading took place. 

. 17 
The microstructure studies shoWed the growth of the MgO (MgAl204) and 

MgO (MgFe
2

0
3

) solid solutions into the sv interface as schematically 

~hown in Fig. 2b'. The contact angle values of Fig. 5 for Al203 and 

Fe203 additions correspond, essentially, tot~~:, equj,libri um valu~s, 8e , 

Fig. 2d. The liquids with cr
2

0
3 

additions spread since the growth rate 

of the solid solution product is slower than the spreading rate of the 

liquid drop and thus the driving force for wetting, as shown in Fig. 2b, 
. \ 

o is high due to an unaffected y • 
sv When the ~xperiments with Cr20

3 

additions,however, were repeated with much" smaller drops and larger 

substrates, the spreading drop did not reach the edges of the substrate. 

The drops with 3.0 and 5.0 wt% Cr20
3 

additions sqowed some recession 

from the periphery of furthest spreading and formed contact angles of 

7° and 6°. This effect would be expected when the Cr
2

0
3 

content in the 

liquid is reduced resulting in a substantial reduction of the ~G of 

, ..... 
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reaction (8), Eq~ (9). Similarly, the drop with 15 wt% Cr
2

0
3 

in.i tially 

spread and segregated into small segments and droplets as it tried to 

pull back when the AG of reaction (8) was reduced. 

VI. PERMEATION OF SILICATES INTO MAGNESIA 

The permeation of the CMS-R
2

0
3 

liquids of the previous section into 

sintered MgO compacts of 92.5% of the theoretical density and 3.1% open 

porosi ty has been studied by Wong. 8 The experiments'fere performed at 

15500 C for periods of 5 min to 2 h. The permeation distance of the 

liquids into the compacts as a ~unction of . the annealing time at tempera

ture is shown in Fig. 6. Since the penetration rate of a liquid along 

a capillary is directly proportional to the square root of (Y -Y /1), 3 
sv s){' 

the direct correlation between the contact angles of the previous section 

and the penetration kinetic data shown in Fig.·· 6 then is in agreement 

with the capillary penetration theory.31 

A more important aspect of these studies, however, is that the 

microstructures developed after the liquid permeation into the MgO com-

pact were in direct support of the discussions of Section IV. Figure 7 

shows the microstructure of an MgO compact permeated by a liqJ.id con-
. / 

taining 15wt%· Cr 203 after 5 min at 15500 C. A thin film of liquid is 

32 present along most of the grain boundaries ·although the reported 

equilibrium dihedral angle for the system is 45°. Since the solid-solid 

contacts existed8 prior to the permeation of the . liquid, the complete 

penetration of the liquid along the solid-solid grains is explained by 

the transient reduction of the Y /I during chemical reactions, Fig. 4a. , s){' 
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No permeation o'f the liquids with high Fe20
3 

additions. (45.? and 

55.0 wt% Fe
2

0
3

) was observed. although the liquid with 5.0 wt% Fe~03 

addition permeated the MgO compacts as expected on the basis of the 

corresponding contact angle value (Figs. 5 and 6). The microstructure 

shown in Fig .. 8 shows the MgO-liquid interface of ~ permeation couple 

wi th a liquid composition of 45 wt% Fe
2

0
3 

after 2 h at 1550oc. ,The lack 

o'f permeation into MgO is clearly explained by the closing off of the 

channels at the interface due to the extensive volume increase with the 

'formation. of MgO. (MgFe
2

0 4) solid solution. MgFe
2

04 precipitation (white 

particles) took place during cooling of the specimen. Any liquid that 

~ have permeated into the compact before the chanriels were closed off 

probably disappeared as it reacted with the solid to form,solid solution. 

VII. SUMMARY 

Under bulk chemical equilibrium conditions, Y~ung's and dihedral 

angle equations in terms of the static interfacial tensions outline the 

condition of mechanical equilibri um in a solid~liquid-vapor sys~em. 

Under bulk chemical non-equilibrium conditions, mass transfer across an 

interface results in a transient decrease in the corresponding inter-

'facial' free energy and thus the interfacial tension py an amount equal to 

the free energy of the effective chemical reaction per area at that 

interface. When the chemical reaction is between the solid and the 

liquid, in sessile drop experiments, a transient lowering of the contact 

angle or spreading is observed if the growth rate of ' the reaction product 

is slower than the spreading rate of the liquid. Similarly, in a solid-

liquid-solid system, in the presence· of chemical reactions, a transient 

',," .. 
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penetration of the liquid along the solid-solid boundary m~ occur. 

This transient stage then corresponds to the solutlon":precipitation 

stage of liqUid phase sintering in systems that are characterized with 

equilibrium non-zero dihedral angles. 
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Table I. Values of the time (t) exponent, x, in 
(flV /V)'\itx for various densific:ation stages 
of li~uid phase sintering. Yo' denotes the 
original volume 

Densification Stage 

. . . (. 21 22) 
Rearrangement . viscous flow ' 

Solution precipitation: 

Ini tial stage 

Final stage 

Coalescence (solid phase sintering 
in the presence of a liquid phase): 

Y n/Yn = 0.05 
SAl AlV . 

Y n/Y n = 1.0 
SAl AlV 

Yst/Ytv = 2.0 

.Yat/Ytv "'.3. 0 

I . 

Time Exponent, x 

1.50 

0.24 

0.36 

0.437 

. ... 0.464 

0.471 

0.475 
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FIGURE CAPTIONS 

Fig. 1. Var:i,ation of dynamic interfacial tension with time during a 

chemical reaction between two phases. The. d,egree of minimiza

tion of the interfacial tenslbn at tm is proportional to fj,gai3. 

In case of a pure a~orption process, no minimum is observed 

. . 3 
(top curve). 

Fig. 2. Schematic representation of the various dynamic stages of a 

sessile drop when the initial solid is not saturated with some 

or .all of the components of the liquid.' The path "abcd" corre-

sponds to the case where the growth rate of the reaction product 

is slower than the flow rate of the liquid drop; and path 

"ab'c'd" corresponds to the case where the growth rate of the 

reaction product is faster than the flow rate of the liquid 

. . 3 
drop. 

Fig. 3. Schematic representation of the dynandcstages of ~ sessile 

drop when the initial liquid is not satur~ted with some or all 

of the components of the solid. 

Fig. 4. Schematic representation of the two dyna.nll.c· stages ;of a solid;" 

liquid-solid system when the solid is not ,saturated with some 

or all of the components of the liquid Blld when th~ growth rate 

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

penetration rate of the liquid along the' solid-solid interface. 3 

Fig. 5. The effect of R20
3 

additions to monticellite ii"quid on contact 

'angle, after 3 h at 1550oC. 17 

Fig. 6. The permeation distance of the CaO-MgO-Si0
2

-R
2

0
3 

liquids into 

MgO compacts as a function of time at 1550oC.
8 

, ; 
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,Fig. 7. The micrOstructure of an MgO compact after permeated by a 

liquid of 15 wt% 'Cr20
3 

+ 85 wt% CaO.MgO.Si0
2 

composition for 

, ° 8 5 min at 1550 C. 

Fig. 8. The microstructure of the solid-liquid interface of an MgO-

liquid permeation specimen with an original liquid composition 
, ' 8 

of 45 wt% Fe
2

0
3 

+ 55 wt% CaO.MgO.Si02 after 2 h at 1550oC. 

'.i 

,! .' 

.. ' 
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