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The thermodynamics of a solid-liquid-vapor system both under chemical equilibrium and nonequilibri- 
um conditions, based on the model of Gibbs, is discussed. Under chemical equilibrium conditions, the 
degree of wetting or nonwetting of a flat and nondeformable solid by the liquid is defined by Young's 
equation in terms of the static interfacial tensions. Under chemical nonequilibrium conditions, mass 
transfer across an interface results in a transient decrease in the corresponding specific interfacial free 
energy and the interfacial tension by an amount equal to the free energy of the effective chemical reac- 
tion per area at that interface. When the reaction is between the solid and the liquid, this transient low- 
ering of the interfacial tension can cause the liquid drop to spread on the solid substrate if the interfacial 
energy reduction is large enough and also if the diffusion rates of the reacting components in the solid 
phase are slow enough relative to the flow rate of the liquid to cause the liquid at  the periphery of the 
drop to be in dynamic contact with unreacted solid. 

I. Introduction 
The degree of wetting of a solid by a liquid in a solid- 

liquid-vapor system i s  characterized by the conditions of 
thermodynamic equilibrium. Young,2 from a mechanistic 
approach, expressed the relationship between the horizon- 
tal components of the three interfacial tensions of such a 
system at  the three-phase contact as 

-L - ySl = yIY COS 6 (1) 

where y is the interfacial tension between solid-vapor 
(sv), solid-liquid (sl), and liquid-vapor (lv) phases, and 0 
is the contact angle measured through the liquid phase as 
shown in Figure I. 

The first e x x t  treatment of the thermodynamics of a 
solid-liquid--vapor system is due to Gibbs3 who derived 
Young's equation for the nongravitational case and out- 
lined its derivation for a system in a gravitational field. A 
more rigorous )treatment of the thermodynamics of a solid 
-liquid-vapor system, using the method of Gibbs, has 
more recently been provided by J o h n ~ o n . ~  In both Gibbs' 
and Johnson's treatment of the conditions of mechanical 
equilibrium, the sysitem was assumed to be at  chemical 
equilibrium, E 17 I no mass transport across the interfaces. 
Johnson explicitly defined the conditions for mechanical 
equilibrium in a solid-liquid-vapor system and empha. 
sized that Young's equation is not the only requirement 
for total mechanical (equilibrium and that the effect of the 
gravitationai field and of curvature on pressure also has to 
be considered. 

In wetting studies a t  elevated temperatures, the phases 
of a solid-liquid-vapor system are not often at  chemical 
equilibrium prior to an experiment. Under chemical non- 
equilibrium conditions, the effect of chemical reactions on 
the interfacial tensions have to be considered. It has fre- 
quently been s u g g e ~ t e d ~ - ~ ~  that an interfacial reaction or 
diffusion of a component from one bulk phase to the other 
results in tlhe lowering of the corresponding interfacial 
tensions. Attempts have consequently been made6,9.12 to 
correlate the wetting tendency with the free energy of in- 
terfacial reacti 3ns. This suggestion has been refused by 

others14 on the grounds that interfacial reactions do not 
necessarily correlate with changes in wetting behavior. 

The objectives of this study are to expand on the ther- 
modynamic treatment of Gibbs and Johnson in order (i) 
to establish the correlation between the degree of wetting 
and the corresponding interfacial tensions under total 
thermodynamic equilibrium conditions (section 11) and 
(ii) to establish the effect of interfacial chemical reactions 
on the wetting mechanics under chemical nonequilibrium 
conditions (section 111). 

11. Mechanics of Wetting under Chemical Equilibrium 
Conditions 

Let us consider a solid-liquid-vapor system as present- 
ed in Figure 1, where the effect of the gravitational field is 
neglected. The total differential of the free energy of this 
three-phase s y ~ t e m l ~ , ~ ~  (at constant temperature and pres- 
sure, after neglecting the effect of curvature on the pres- 
sure and assuming that interfacial tensions are indepen- 
dent of orientation) is 

where pL is the chemical potential of component i in the 
designated phases; n, is the total number of moles of com- 
ponent i in the designated phase obtained by multiplying 
the concentration of component i in the homogeneous re- 
gion of the phase by its volume, Le. ,  C,mVa or C f V  or by 
multiplying the adsorption of component i at  an interface 
by the corresponding interfacial area, i.e., I'@Aafl; G is 
the total free energy of the designated phase obtained by 
multiplying the free energy of a unit volume in the homo- 
geneous region of the phases by the volume of the corre- 
sponding phase, i.e., gave or gflVfl or by multiplying the 
specific interfacial free energy by the corresponding inter- 
facial area, i .e.,  gaOAa0, and where the subscripts of the 
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Figure 1. Equilibrium of forces on the periphery of a sessile 
drop of an (a) acute contact angle and ( b )  obtuse contact 
angle 8 is tile resultant balancing force equal and of opposite 
direction to yl,, and B, is the vertical component The liquid 
drops are small cmough to neglect gravitational forces 

partial derivatives are omitted for brevity and the sum- 
mation Z,,a is Laken over a11 three interfaces. 

At total thermodynamic equilibrium, dG = 0; then 
since the varia,tions (of mass are independent of the varia- 
tions of area 

and 
Y,I dA81 -I- Y,, dA,, -I- YI, dAi, = 0 (3) 

These two equations outline the conditions for mechanical 
and chemical equilibrium of the system, respectively; at  
chemical equilibrium eq 4 is satisfied and y has a static 
value, Now, let us assume that the liquid is a small 
enough drop so thal its equilibrium configuration in the 
absence of attractive forces is spherical due to negligible 
gravitational effects. If such a drop is placed on a flat and 
rigid solid surface, a solid-liquid interface will form if 

6 6  -= 6 Y ~ I  d-4,r %- 6 -yLv dA,, -k 8J yIv  AI, < 0 (5 )  

This free-energy decrease results in a driving force for the 
deformation of the lliquid drop. The solid-liquid interfa- 
cial area increases, and the deformation continues until 
the minimum energy state is reached as defined by eq 3. 
Thus, for a gi\ en syskem, when the bulk volumes are non- 
reactive, the free-energy changes for the system are only 
associated with changes in the interfacial areas. 

Severall progressive geometric configurations of the drop 
and the chante in the areas of the liquid-vapor and the 
solid-liquid interfaces us. the contact angle, 0 (or the 
height of the drop, h ) ,  are shown in Figure 2. It  should be 
noted that the liquid-vapor interfacial area decreases 
from 180 to 910" and then increases as the contact angle 
decreases to a", whereas the solid-liquid interface in- 
creases continiiously Since dA,] = -Us,, eq 5 becomes 

S I  l v  

IO 0 
!3 P .. 

5.0 

0 

SOLID-LIOUID I 

180" 90 0" 
CONTACT ANGLE, E 

Figure 2. Variation of the solid-liquid and the liquid-vapor inter- 
facial areas vs. decreasing contact angle, 0 ,  or the height of the 
drop, h. V o  is the volume of the liquid drop. 

TABLE I: The Sign of the Terms in Eq '7 for 
Possible 31 Relationships 

Second 
y relationship First term term 

or 

( 7 )  

It  is now possible by use of eq 7 to determine whether 
the contact angle will be acute or obtuse for any combina- 
tion of relative interfacial tensions as shown in Table I 
which gives the sign of the terms of the equation. A net 
negative dG/dh indicates that the solid-liquid interface 
will continue to form and the contact angle will continue 
to decrease; the minimum energy configuration is ob- 
tained when dGldh is zero which is realized when a bal- 
ance is achieved between the two terms of the equation. I t  
thus can be seen that when ysv > ysl > yl, (case e), the 
contact angle is always acute; and when ys,, < yS1 < yl, 
(case b), the contact angle is always obtuse. When ysv < 
ysl > ylv (case a) and ysl < ysv +- Ti,, regardless of 
whether ysv > or < ylv, the contact angle is obtuse; but 
when ysl = ysv + ylv, no interface forms and the mea- 
sured contact angle is 180". When ysv > ysl < yl, (case 
d), regardless of whether ysv > or < ylv, the contact angle 
is acute. When ysv - ysl > ylv, an equilibrium contact 
angle is not obtained since the free-energy decrease on 
wetting the rigid solid is greater than the increase due to 
the extension of the liquid surface; spreading, a dynamic 
condition, then continues as long as the bulk liquid is 
available. A reduction of the total surface energy of the 
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solid by the liquid (ysv > y81) is defined as wetting; a con- 
dition of yst > ysv is defined as nonwetting of the solid. 
Then, ysv - y,,I can be considered as the driving force for 
wetting. 

Thca formatim of a solid-liquid interface due to the 
wetting of the solid results in forces acting on the liquid 
drop that, because OF the rigid nature of the solid, result 
in resisting forces generated by the liquid because of the 
imposed deformation of the liquid drop whose minimum 
energy state i6 a spherical shape. From the viewpoint of 
mechanics, there must be a balance of forces acting on the 
liquid drop at  its periphery, as shown in Figure 1. If an 
unbalance of these forces occurs, due to unequal chemical 
conditions arotlnd the eriphery of the drop, the drop will 
move, as has kwn  observed.17 Likewise, there must be a 
balance of all (he forces acting a t  any point; a balance of 
the horizontal forces a t  the "triple point" (solid, liquid. 
and vapolx i n  Itquilibrium) provides the familiar Young's 
equation directly from mechanics (eq 1). A balance of the 
vertical forces acting at the triple point also occurs; the 
magnitude of ,he attractive forces exerted by the solid, 
B,, is determiridas by the vertical component of the sur- 
face tension of the liquid at  the triple point, which does 
not exceed the bonding force at the interface and normal- 
ly does not distort the solid. The resultant of the horizon- 
tal and vertica, forces exerted by the solid becomes a bal- 
ancing force, B ,  equal and opposite to the surface tension 
force of the liquid at  the triple point (Figure 1). 

The formaticin of a solid-liquid interface due to mini- 
mum energy r e ~ ~ ~ ~ ~ ~ ~ ~ n t s  but with no wetting of the solid 
becomes possible because of a reduction of the surface en- 
ergy, l y l v  dA, of the liquid in contact with the solid (ysv 
< ysl < rlV)I. iigain, there is a balancing force equal and 
opposite i o  the surface tension of the liquid, which is the 
resultant of the, vertical attractive force (equal and oppo- 
site to the vert acd  component of ylV) and the force devel- 
oped due to y s l  - ysv, as seen in Figure Ib. 

I t  is now worthwhile to consider the boundary condi- 
tions which are not indicated by the mathematical analy- 
sis just employed. Under chemical equilibrium conditions, 
the formation c - t f  a true interface can be considered to be 
analogous to the formation of a solution and corresponds 
to an adjustment of surface structures to form some inter- 
mediate interfacial structure whose interfacial tension 
(ysl) then is between ySv and ylv (cases b and c). The ac- 
tual magnitude of ysl however, is dependent upon the de- 
gree of chemical bonding or minimization of structural 
discontinuity across the interface developed in the system; 
ysl thus becomi:s smaller with increasing chemical bond- 
ing a t  the interface. For ylv > ysV, then, ysl approaches 
ysv with the development of chemical bonding, resulting 
in a limiting ccntact angle of 90". For ysv > ylv, ysl ap- 
proaches ylv; experimental evidence,l7>le however, 
suggests that the maximum reduction of ysv by the liquid 
is by an amount equal to ylv resulting in a limiting nomi- 
nal zero contaci ,angle> as long as ysv - ylV I ylvr as can 
be seen from eq i. 

If ysl is greater than both ysV and ylv (case a), a true in- 
terface actuallj, has riot formed. It is visualized that the 
two surfaces an' actuidly attracted to reduce the total in- 
terfacial energy but that they have not lost their individu- 
al identity; ithe contact angle approaches 180" with de- 
creasing attraction, If ysl is less than both ysv and ylv 
(case d) ,  a transient condition involving chemical reac- 
tions exists (section 111). 

111. Mechanics of Wetting under Chemical 
Nonequilibrium Conditions 

The conditions of chemical equilibrium at constant 
temperature and pressure are given by eq 4. When the 
conditions of eq 4 are not satisfied throughout the system, 
the phases of the solid-liquid-vapor system will react with 
each other through the interfaces to achieve a state of 
chemical equilibrium. During these nonequilibrium dy- 
namic conditions, the interfacial tensions and thus the 
contact angle will be continuously changing until the sys- 
tem reaches a state of chemical equilibrium. Volume 
changes occurring during the reactions, if significant, will 
affect the physical configuration of the system. 

Transfer of mass across the interfaces can be regarded 
as absorption from one phase to the other in the interfa- 
cial region. This process is more critical than adsorption 
(no mass transfer across the interfaces when the bulk 
phases are a t  equilibrium) since the degree of composi- 
tional and corresponding volume changes both in the bulk 
phases and the interphase could be substantially higher 
than the changes observed during adsorption. Volume 
changes of the condensed phases during adsorption can 
normally be neglected. 

Mass transfer across the interfaces must result in a net 
decrease of the free energy of the system at any time, for 
the reaction, otherwise, will not proceed. At the first in- 
stant of formation of an interface, however, only the inter- 
facial region 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 en- 
ergy of the interfacial region. The magnitude of the de- 
crease in the specific interfacial free energy, (-)AgaO, 
then is directly equal to (- AGaO/A) I The corresponding 
interfacial tension is similarly reduced by an amount 
equal to (-)Aga@ since15 

as schematically shown in Figure 3. If it is assumed that 
the free energy of the reaction between the phases in the 
interfacial region is comparable but not necessarily equal 
to that between the bulk phases, the value of (- A G ~ I J I A )  
could be substantially high, and for an approximate inter- 
facial region thickness of 20 A, a decrease of as much as 
1000 erg/cm2 (see Appendix A) could be realized in the 
magnitude of the specific interfacial energy and thus the 
interfacial tension. Experimentally, negative interfacial 
tensions are often measured during such chemical reac- 
tions that result in spontaneous s p r ~ a d i n g ~ - ~ J ~ + ~ ~  or 
emulsification ~ h e n 0 m e n a . l ~  

Under chemical equilibrium conditions, however, spe- 
cific interfacial free energies and static interfacial tensions 
are always positive since the bulk phases are more stable 
than the interfaces. Thus, after the completion of the 
reaction at  the interface followed by its continuation into 
the bulk regions by diffusion, the incremental contribu- 
tions of the zL(aGafl/dn,a) drip and Br(aGaIJ/anLP) dn,o 
terms in eq 2 must be such that yao increases toward a 
static interfacial tension value. With time, the contribu- 
tions of these terms will decrease and become minimal 
because of the decrease in the chemical potential or com- 
position gradient from the interface into the bulk phases. 
Therefore, after the initial decrease, y a ~  increases and 
gradually approaches the static interfacial tension of the 
reacted bulk phases (Figure 3). In comparison, Figure 3 also 
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Figure 3. Variation of aynamic interfacial tension with time dur- 
ing a chemicinl rsactiori between two phases. The initial or pure 
dynamic interfacial tension is indicated by yusu. The degree of 
minimization of the interfaciai tension at t, is proportional to 
Ago@ (see Appendix A ) .  In case of a pure adsorption process, 
no transient minimum is observed (top curve). 

shows the variation of the interfacial tension with time for 
a pure adsorption process which differs from that for a mass 
transfer across the interface since a transient minimization 
of the interfacial t,ens:ion is not realized with adsorption. 

Let us now considler the specific effects of several types 
of reactions on the solid-liquid-vapor system of Figure 1, 
assuming that chemical equilibrium exists between the 
vapor and the condensed phases but not between the solid 
and the liquid. The reactions to be considered are those 
that result because (i) only the solid is not saturated with 
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) bot'h phases are unsaturated with respect 
to the other, and (iv) a compound forms at  the interface. 

Several dynamic stages associated with the first type of 
reaction are shown schematica1l:y in Figure 4. At the time 
to, Figure 4a i!lustr;stes the instantaneous quasichemical 
equilibrium involving no interfacial reaction between the 
liquid and the solid. Young's equation (eq 1) may then be 
expressed only in terms of the initial dynamic 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 A g s l  due to the free energy 
of t h e  reaction; a corresponding change in ysl = ySlo + 
Agsl with t,ime occurs, as shown in Figure 3. When the 
diffusion rate:? of the reacting components and thus the 
growth rate of the reaction product are slow enough rela- 
tive to the flow rate of the liquid drop (see Appendix B), 
the liquid a t  the periphery of the drop will remain in con- 
tact with unseacted, solid that has an unaltered ysvo as 
long as &Is1 :is positive; the driving force for wetting ysvo 
- (,yslo + Age") wihi~ch is bcreased by the amount (-)Ag*l 
remains constant. If the maximum driving force a t  t ,  
(Figure 3) exceeds ylv9 then spreading occurs;20 and if the 
force does not exceed q/lv? the contact angle continues to 
decrease until a transient mechanical equilibrium is 
reached as represented by t1 in Figure 4b. At this point, 
however, diffusion :in the solid continues as shown sche- 
matically in Figure 4c; ysvo ahead of the liquid periphery 

(CI IC') 

\ /  
(dl 

t C  

Figure 4. Schematic representation of the various dynamic stag- 
es of a sessile drop when the initial solid is not saturated with 
some or all of the components of the liquid The path abcd car- 
responds 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 t h e  case where the growth rate of the 
reaction product is faster than the flow rate of the liquid drop 

then is also decreased by an amount = (-)Ags1.21 The 
driving force for wetting therefore decreases, and the con- 
tact angle increases to a new value of Oc corresponding to 
the one for mechanical and chemical equilibria for the 
system (Figure 4d). During this pull-back stage, the drop 
may break into isolated smaller drops if the thickness of 
the original drop decreases considerably during the tran- 
sient spreading stage.20 

On the other hand, when the diffusion rates of the 
reacting components in the solid are fast relative to the 
flow rate of the liquid drop (see Appendix B), both ySvo 
and yslo will simultaneously decrease by an amount (--) 
Agsl, and the liquid at  the periphery of the drop will re- 
main in contact with reacted solid, as represented sche- 
matically in Figure 4b'. The driving force for wetting in 
this case does not change drastically from that due to the 
initial dynamic surface tensions (Figure 4a) and remains 
essentially constant while the system moves to chemical 
equilibrium (Figures 4b', 4c', and 4d). 

Throughout these entire sequences, and in Figure 4, the 
amount of material dissolved by the solid was considered 
to be small enough to be neglected so that the solid sur- 
face remained flat. However, if the specific volume of the 
solid sOlution phase a t  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 re- 
sulting nonexistence 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 Figure 5. Figure 5a 
shows the configuration at t o  when the liquid phase first 
comes into contact with the solid and Young's equation 
may be used to express the conditions for mechanical 
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(C) 

Figure 5. Scheiriatie representation of the dynamic stages of a 
sessile drop when the initial liquid is not saturated with some or 
all of the components o f  the solid. 

equilibrium in terms of the dynamic interfacial tensions. 
After the initial reaction the composition of the liquid 
around the periphery and at  the solid-liquid interface 
rapidly approaches equilibrium compositions relative to 
the solid; corrchspondingly, yslo and ylvo decrease because 
of the free-energy contribution of the reaction, but then 
they rapidly approach their static interfacial tension 
values ysi and ylv (Figure 3). During the initial reaction 
stage, thus, an instantaneous lowering of the contact angle 
or spreading may be observedZo which is immediately fol- 
lowed by the drop pulling back to an equilibrium contact 
angle 8, which i s  retained until the system reaches equi- 
librium (Figurw 5b and 5c). With high-viscosity liquids 
and fast diffusion rates, however, the initial spreading 
may not be realized because the static interfacial tensions 
we attained faster than the liquid can spread. Again, as 
in the previous caee, 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 sur- 
face,22 complicating the analysis of mechanical equilibri- 
um ~ 

The same sequencea would occur in the case of a sessile 
drop with an obtuse contact angle, yslo > ysvo, experienc- 
ing reactions. 1F the Agsl contribution is large enough to 
reduce ysl to a value smaller than ysv, an initial acute 
angle will form; and if h g s 1  is large enough to increase ysvo 
- ysEO - Agel to a value larger than ylv, initial spreading 
will occur. 

A type iii reaction is expected to be similar in behavior 
either to type i or ii reaction depending on whether an in- 
crease or decrease of volume of the solid occurs a t  the in- 
terface, but the kinetic analysis of the reaction and deter- 
mination of the nature of the physical configuration be- 
come more comolicated. The formation of a compound at 
the interface (type iv reaction) is also expected to cause 
the mechanical behavior of the system to be similar to 
that for one with type i reaction. The analysis in this case 
could be even more complicated, particularly if the com- 
pound should isolate the liquid from direct contact with 
the reacting solic' . 

IV. Conclusions 
The conditions of thermodynamic equilibrium, k., the 

minimization of the free energy, of a solid-liquid-vapor 
system define the degree of wetting of the solid by the liq- 
uid phase. When chemical equilibrium exists throughout 
the system, the free-energy changes for the system are as- 
sociated only with changes in the interfacial areas. The 
equilibrium contact angle of a liquid drop on a flat and 
rigid solid surface, then, is determined by Young's equa- 
tion in terms of the static interfacial tension values. The 
relative magnitudes of the interfacial tensions indicate 
whether the contact angle will be acute or obtuse: (i) 
when ysv > ysl < or > ylv, the contact angle is always 
acute (the condition of wetting of the solid), and (E) when 
ysv < ysl < or > ylv, the contact angle is always obtuse 
(the condition of nonwetting of the solid). Experimental 
observations, however, indicate that, under chemical 
equilibrium conditions, ysl is always in between ysv and 
ylv. With increasing degree of chemical bonding at  the in- 
terface, ysl approaches the lower value of the two, ysv or 
Y l V .  

Under chemical nonequilibrium conditions, the free- 
energy changes for the system are associated not only with 
changes in the interfacial areas but also with changes in 
mass. Mass transfer across an interface initially results in 
a decrease in the corresponding specific interfacial free 
energy and the interfacial tension by an amount equal to 
the magnitude of ( - A G / A )  for the effective chemical 
reaction at the interface. However, after the completion of 
the reaction at the interface followed by its continuation 
into the bulk regions by diffusion, the specific interfacial 
free energy and the interfacial tension gradually increase 
toward their static values. When the reaction is between 
the so!id and the liquid, this transient lowering of the in- 
terfacial tension can cause the liquid drop to spread on 
the solid substrate if the interfacial tension reduction is 
large enough and if the diffusion rates of the reacting 
components, and thus the growth rate of the reaction 
product, are slow enough relative to the flow rate of the 
liquid. 
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Appendix A.' Effective Free Energy of R ~ a ~ t i o ~  at an 
Interface 

facial reaction 
Consider a solid-liquid-vapor systemz0 where an inter- 

( A l )  
takes place at  the solid (Mg0)-liquid interface that re- 
sults in the formation of an MgO solid solution with 
MgR204, where R203 denotes a sesquioxide AlaOa, Cr203, 
or Fe2O3. At 1673 K, an average value for the standard 
free energy of this reaction,z3 AGO, is -8000 cal/mol. The 
free energy of the reaction (Al), then, is 

M g q s )  + RpO,(in liquid) -+ MgR,O,(in RiIgO) 

where R is the gas constant. Assuming that Raoult's law 
is applicable, a(MgR204) is equal to the concentration of 
MgR204 in the MgR2O4 solid solution at equilibrium with 
the MgO solid solution. A typical value2" for a(MgRzO4) 
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is ~ 0 . 9 .  Similarly, a(RzO3) depends on the concentration 
of R2O3 in the liquid phase. Assuming a value of 0.5 for 

3), AG = -6050 cal/mol. The effective contribution 
of this reaction a t  the solid-liquid interface depends on 
the volume of the effective interfacial region and the ex- 
tent of the solid solution in MgO. Consider a liquid drop 
of 0.5 cm in diameter on an MgO substrate. Assume the 
effective thickness OF the interfacial region at the solid- 
liquid interface to be =20 A.  The volume of this interfa- 
cial disk is 3.94 x IO-* cm3, The number of moles of 
MgRzO4 gojng into solution in MgO in this volume de- 
pends on the extent of the solubility of MgR204 in MgO. 
The density and the molecular weight of this solid solu- 
tion can be estimated assuming that the molar volumes of 
the pure component,s are equal to the partial molal vol- 
umes and thus the molar volumes of the pure components 
are additive. The molecular weight of an MgO solid s o h .  
tion with 50 ninl 70 MgFepO*, then, is 120.16 g. Similarly, 
the density, p ,  ~3f this solid solution is 4.04 g/cm3 based on 
the p(Mg0)  = 3.58 and p(MgFe204) N 4.5 g/cm3 
values.24 Therefore. the number of moles of the MgO 
(MgFezOl) so?id solution forming in the interfacial vol- 
ume i s  1.32 >: 1W9, and thus the number of moles of 
MgFepO4 going into solution is 6.6 X The AG of 
the interfacial reaction becomes -4  x cal or -167 
erg; and in terms of unit area, 

In case of the formation of the compound MgR204 at 
the interface, IS higher due to the higher number of 
moles of MgRaOc forming in the interfacial region. The 
number of moles of iVlgFe204 solid solution forming in the 
same interfacial region is then 8.86 X and AgSl be- 
comes - 1140 erg/cm2. 

Appendix R.  Kineticcs of Spreading 
The kinetics of spreading of a spherical liquid droplet 

on a flat and, rigid solid surface has been discussed by 
Yin25 based on the assumption that spreading is impelled 
by the horizontal components of the surface tensions at 
the three-phase boundary and retarded by the viscous 
flow of the droplet. Yin showed that the instantaneous 
rate of spreading, in terms of area per unit time, is 

= -850 erg/cm2. 

d A / d t  = K ( S , I ,  + ?)"I2) (B1) 
with 

where 1 is the viscosity of the liquid (Poise), VO is the vol- 
ume of the droplet (cm3), SC = ysv - ysl - ylv is the 
spreading coefficient, and 11 and 12 are definite integrals 
as functions of the instantaneous contact angle only. For 
the system shown i n  Figure 4, when an original instanta- 
neous contact angle of 50" is assumed 11 = 0.5 and 12 = 
0.05.25 Furthermore, when values of VO = 0.03 cm3, ylv = 
500, ysv = 1000, ys! z 0 dyn/cm (chemical reaction case), 
are assumed, #SO = 5100 dyn/cm, and 

dP1 107 dr  51.2 
-- dt  - - -(cmz/sec) or - = -(cm/sec) (B3) 

7 dt  rl 

Now, let U ~ S  consider the spreading of an R2O3 contain- 
ing silicate liquid on an MgO substrate which is unsatu- 
rated with respect to MgRzO4. When R203 diffuses into 
MgO, in order for the reaction product to grow ahead of 
the liquid periphery, i .e.,  into the solid-vapor interface, 
the flow rate of the drop has to be slower than the growth 

rate of the diffusion product. The concentration, C,  of a 
component diffusing rapidly in the surface region of a 
substrate, from a stationary cylindrical source, isz6 

where CO is the concentration of the diffusing component 
in the surface region of the substrate beneath the circular 
source, ro is the radius of the source, D ,  is the surface dif- 
fusion coefficient, and erfc is the complementary error 
function. For an instantaneous contact angle of 50" and VC 
= 0.03 cm3, ro = 0.33 cm. Taking D, 1W6 ~ m ~ / s e c , ~ ~  
the concentration front of C/C, = 0.9 at t =: 1.0 see is a t  r 
= 0.332, and Ar = 2.35 X 10- cm. In order for the liquid 
to spread faster than the diffusion product can grow, a 
liquid viscosity of K2.56 X lo4 P i s  required (eq E3). 
Thus, when dealing with high-viscosity liquids (silicates), 
lowering of the contact angle or spreading may not neces- 
sarily be observed during an interfacial reaction. 
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