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ABSTRACT 

The thermodynamics of a solid-liquid-vapor system both under chemical 

equilibrium and non-equilibrium conditions, based on the model of Gibbs, 

is discussed. Under chemical equilibrium conditions, the degree of 

wetting or non-wetting of a flat and non-deformable solid by the liquid 

is defined by Young's equation in terms of the static interfacial ten-

sions. Under chemical non-equilibrium conditions, mass transfer across 

an interface results in a transient decrease in the corresponding 

specific interfacial free energy and the iriterfacial tension by an 

amount equal to the free energy of the effective chemical reaction per 

area at that interface. When the reaction is between the solid and the 

liquid, this transient lowering 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. 
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I. INTRCDUCTION 

The degree of wetting of a solid by a liquid in a solid-liquid-

vapor system is characterized by the conditions of thermodynamic 

equilibrium. 
2 

Young, from a mechanistic approach, expressed the re-

lationship between the horizontal components of the three interfacial 

tensions of such a system at the three-phase contact as 

(1) 

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

liquid (sR.), and liquid-vapor (R.v) phases, and e is the contact angle 

measured through the liquid phase as shown in Fig. 1. 

The first exa.ct treatment of the thermodynamics of a sOlid-liquid

vapor system is due to Gibbs3 who derived Young's equation for the non-

gravitational case and outlined its derivation for a system in a gravi-

tationalfield •. A more rigorous treatment ,of the thermodynamics of a 

sOlid-liquid-vapor system, using the method of G:j..bbs, has more recently 

been provided by JOhnson.
4 

In both Gibbs' and Johnson's treatment of 

the conditions of mechanical equilibrium, the system was assumed to be 

at chemical equilibrium, Le., 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 gravitational field and of curvature on pressure also has 

to be considered. 
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In wetting studies at elevated temperatures, the phases of a solid-

liquid-vapor system are not often at chemical equilibrium prior to an 

experiment. Under chemical non-equilibrium condit·ions, the effect of 

chemical reactions on the interfacial tensions have to be considered. It 

has frequently been suggested5- 13 that an interfacial reaction or diffu-

sion of a component from one bulk phase to the other results in the 

lowering of the corresponding interfacial tensions. Attempts have con-

6 9 12 sequently been made " to correlate the wetting tendency with the free 

energy of interfacial. reactions. 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 thermodynamic 

treatment of Gibbs and Johnson in order (i) to establish the correlation 

between the degree of wetting and the corresponding interfacial tensions 

unde~ total thermodynamic equilibrium conditions (Section II) and (ii) to 

establish the effect of interfacial chemica+ reactions on the wetting 

mechanics under chemical non-equilibrium conditions (Section III). 

II. MECHANICS OF WETTING UNDER CHEMICAL EQUILIBRIUM CONDITIONS 

Let us consider a solid-liquid-vapor system as presented in Fig. 1, 

where the effect of the gravitational field is neglected. The total 

differential of the free energy of this three-phase system15 (at constant 

temperature and pressure, after neglecting the effect of curvature on the 

pressure and assuming that interfacial tensions are independent of 

orientation) is 

" ; 

J 

I 
- I 

I 
I 
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dn~ + ~ (aG
aB

) ~al' B} , 
1 .",aB 

1 an. 
1 

where~. is the chemical potential of component i in the designated 
1 

phases; n. is the total number of moles of component i in the designated 
1 

phase obtained by multiplying the concentration of component i in the 

homogeneous region of the phase by its volume, i.e. C~a or C~VB or by 
1 1 

multiplying the adsorption of component i at an interface by the corre

sponding interfacial area, i.e. r~AaB; G is the total free energy of the 
1 

designated phase obtained by multiplying the free energy of a unit volume 

in the homog~neous region of the phases by the volume of the correspond

ing phase, i.e. gOya or gBVS or by multiplying the specific interfacial 

. as aB free energy by the corresponding interfacial area, l.e. g A ,and where 

the subscripts of the partial derivatives are omitted for brevity and the 

summation r is taken over all three interfaces. 
a,S 

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

of mass are independent of the variations of area, 

v dA +y dA +y dA =0 's1 s1 sv sv 1v 1v ' 

and 
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l J = O. (4) 

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 that 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 

Y dA + <5 sv sv 
< 0 

This free energy decrease results in a driving force for the deformation 

of the liquid drop. The solid-liquid interfacial area increases, and the 

deformation continues until the minimum energy state is reached as de-

fined by Eq. (3). Thus, for a given system, when the bulk volumes are 

non-reactive,the free energy changes for the system are associated with 

changes in the interfacial areas. 
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Several progressive geometric configurations of the drop and the 

change in the areas of the liquid-vapor and the solid-liquid interfaces 

vs the contact angle, e, (or the height of the drop, h) are shown in 

Fig. 2. It should be noted that the liquid-vapor interfacial area de-

creases from 180° to 90° and then increases as the contact angle de-

creases to 0°, whereas the sOlid-liquid interface increases continuously. 

or 

dG 
dii= 

dA ,Eq. (5) becomes sv 

dAsR. 

dh 

(6) 

It is now possible by use of Eq. (7) to determine whether the con-

tact angle will be acute or obtuse for any combination of relative inter-

facial 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 inter-

face will continue to form and the contact angle will continue to 

decrease; the minimum energy configuration is obtained when dG/dh is zero 

which is realized when a balance is achieved between the two terms of the 

equation. It thus can be seen that when Y >y n>Yn (case c), the consv SN NV 

tact angle is alw~s acute; and when Y <Y n <Y n (case b), the contact sv SN NV 

angle is always obtuse. When Y <y n>Yn (case a) and Y n<~ +Yn , sv SN NV SN SV NV 
> 

regardless of whether Y <Yn , the contact angle is obtuse; but when sv NV 
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Y n=Y .+Yn , no interface forms and the measured contact angle is 180°. 
s~ sv ~v . . 

> 
When Y >y o<Yo· (case d), regardless of whether Y <Yo, the contact sv s~ )fvV sv Jl..V 

angle is acute. When Y -Y o>Yn , an equilibrium contact angle is not sv SJl.. Jl..V 

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 solid by 

the liquid (y >y n) is defined as wetting; a condition of Y o>Y is 
SV SJl.. S)fv SV 

defined as non-wetting of the solid. 

the driving force for wetting. 

Then, Y -Y 0 can be considered as sv s~ 

The formation 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 re~ing forces generated by the 

liquid because of the imposed deformation of the liquid drop whose mini-

mun energy state is 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 Fig. 1. If an unbalance of these forces occurs, 

due to unequal chemical conditions around the periphery of the drop, the 

drop will move, as has been observed. 17 Likewise, there must be a 

balance of all the forces acting at any point; a bSlance of thehori-

zontal forces at the "triple point" (solid, liquid, and vapor in 

equilibrium) 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 the attractive force exerted 

by the solid, B , is determined18 by the vertical component of the surv 

face tension of the liquid at the triple point, which does not exceed 
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the bonding force at the interface and normally does not distort the 

solid. The resultant of the horizontal and vertical forces exerted by 

the solid on the liquid becomes a balancing force, B, equal and opposite 

to the surface tension force of the liquid at the triple point (Fig. 1). 

The formation of' a solid-liquid interface due to minimum energy 

requirements but wi th no wetting of the solid becomes possible because 

of a reduction of the surface energy, fy R.vdA, of the liquid in contact 

with the solid (Y <Y n<Yn). Again, there is a balancing force equal sv s", ",v 

and opposite to the surface tension of the liquid, which is the resultant 

of the vertical attractive force (equal and opposite to the vertical 

component of Yn ) and the force developed due to Y n-Y ,as seen in ",v s", sv 

Fig. lb. 

It is now worthwhile to consider the boundary conditions which are 

not indicated by the mathematical analysis just employed. Under chemical 

equilibrium conditions, the formation of a true interface can be con-

sidered to be analogous to the formation of ' a solution and corresponds to 

an adjustment of surface structures to form some intermediate interfacial 

structure whose interfacial tension (YsR.) then is between Ysv and YR.v 

(cases b and c). The actual magnitude of YsR.' however, is dependent upon 

the degree of chemical bonding or minimization of structural discontinuity 

across the interface developed in the system; YsR. thus becomes smaller 

with increasing chemical bonding at the interface. For Yn >y ,then, ",v sv 

Y n approaches Y with the development of chemical bonding, resulting in s", sv 

a limiting contact angle of 90°. For Y >Yn , Y n approaches Yn ; experi-sv ",v S", ",v 

mental evidence,17,19 however, suggests that the maximum reduction of Y 
sv 
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• 

by the liquid is by an 8lIlount equal to Y tv resulting in a limiting nominal 

zero.cont, act angle as long as Y -Y'>y as can be seen from Eq. (1). sv tv- tv' 

If Y n is greater than both Y andYn (case a), a true interface 
S'N sv NV . 

actually has not formed. It is visualized that the two surfaces are 

actually attracted to reduce the total interfacial energy but that they 

have not lost their individual identity; the contact angle approaches 

1800 with decreasing attraction. If Ysn is less than both Y and Y 
N SV tv 

(case d), a transient condition involving chemical reactions exists 

(Section III). 

III. MECHANICS OF WETTING UNDER 
CHEMICAL NON-EQUILIBRIUM 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 phase~ of the solid-liquid-vapor 

system will .react with each other through the interfaces to achieve a 

state of chemical equilibrium. During these non-equilibrium dynamic 

conditions, the interfacial tensions and thus the contact angle will be 

continuously changing until the system reaches a state of chemical 

equilibrium. Volume changes occurring during the reactions, i~ sig-

nificant, will affect the physical configuration of the system. 

Transfer of mass across the interfaces can be regarded ,as absorption 

f'rom one phase to the other in the interfacial region. This process is 

more critical than adsorption (no mass transfer across the interfaces 

when the bulk phases are at equilibrium) since the degree of compo-

sitional and corresponding volume changes both in the bulk phases and the 

interphase could be substantially higher than the changes observed during 

• j 

. : 
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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 instant of formation of an interface, 

however, only the interfacial 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 energy of the 

interfacial region. The magnitude of the decrease in the specific inter

facial·free energy, (_)l1gaB , then is directly equal to (_I1GaB /A). The 

corresponding interfacial tension is similarly reduced by an amount equal 

to (_)I1gaB since15 

( 8) 

as schematically shown in Fig. 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 

(-I1GaB /A) could be substantially high, and for an approximate interfacial 

o 2 
region thickness of 20A, a decrease of as much as 1000 ergs/cm (see 

Appendix A) could be realized in the magnitude of the specific inter-

facial energy .and thus the interfacial tension. Experimentally, negative 

interfacial tensions are often measured during such chemical reactions 

th t ult ' t· d' 5-9,12,20 ul 'f' t' a res 1n spon aneous sprea 1ng or em S1 1ca 10n 

l3 phenomena. 

,,, 
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Under chemical equilibrium conditions, however, specific 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 contributions of the 

L (aGa8/anr:)dnr: and L (aGa8/dn~) dn~ terms in Eq. (2) must be such that 
• .1. 1.. 1. 1. 
1. 1. 

Ya8 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. Therefore, after the initial decrease, 

YaS increases and gradually approaches the static interfacial tension of 

the reacted bulk phases (Fig. 3), which could be higher or lower than 

the pure dynamic interfacial tension, yO, of the unreacted phases but 

should not differ from it drastically. In comparison, Fig. 3 also 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.tension is not realized 

with adsorption. 

Let us now consider the specific effects of several types of 

reactions on the solid-liquid vapor system of Fig. 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) both 

phases are unsaturated with respect to the other, and (iv) a compound 
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forms at the interface. 

Several dynamic stages associated with the first type of reaction 

are shown schematically in Fig. 4. At the time t , Fig. 4a illustrates 
o 

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,S~will change by an 

amount ~gsi due to the free energy of the reaction; a corresponding 

change in Ysi = Y~i + ~gsi with time occurs, as shown in Fig. 3. When 

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 drop (see Appendix B), the liquid at the periphery of the drop 

will remain in contact with unreacted solid that has an 

long as ~si is positive; the driving force for wetting 

o unaltered Y as sv 
o . ( 0 si Y - Y n + 6.g ) sv S;v 

which is increased by the amount (_)~gsi remains constant. If the maxi

mum driving force at tm (Fig. 3) exceeds Yiv ' then spreading occurs;20 

and if the force does not exceed Yiv ' the contact angle continues to 

decrease until a transient mechanical equilibrium is reached as repre-

sented by tl in Fig. 4b. At this point, however, diffusion in the solid 

continues as shown schematically in Fig. 4c; yO ahead of the liquid sv 
si 21 

periphery then is also decreased by an amount :::: (....;) t.g. The driving 

force for wetting therefore decreases, and the contact angle increases to 

a new value of 8e corresponding to the one for mechanical and chemical 

equilibria for the system (Fig. 4d). During this pull-baCk stage, the 

drop may break into isolated smaller drops if the thickness of the 
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original drop decreases considerably during the transient spreading 

20 
stage. 

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 (see Appendix B), both Y~v and Y~R. wi-ll simultaneously decrease by 

(_) AgS£, and . . an amount Ll the liquid at the perJ.phery of the drop wJ.II 

remain in contact with reacted solid, as represented schematically in 

Fig. 4b'. The driving force for wetting in this case does not change 

~a.stically from that due t'o the initial dynamic surface tensions 

(Fig. 4a) and remains essentially constant while the system moves to 

chemical equilibrium (Figs. 4b', 4c i ,'and 4d). 

Throughout these entire sequences, and in Fig. 4, the amount of 

material dissolved by the solid was considered to be small enough to be 

neglected so that the solid surface remained flat. However, if the 

speci~ic volume of the solid solution phase at the interface differs 

appreciably ~rom'that of theunreacted solid, analysis by use of Young's 

equation as applied to experimentally measured contact angles could be 

misinterpreted because o~ the resulting non-existence of a flat solid 

sur~ace. 

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. 5. Figure 5a shows the configuration at t when o 

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

equation may be used to express the conditions for mechanical equilibrium 

in te~q of the dynamic interfacial tensions. A~er the initial reaction 

the compost tion of the liquid around the periphery and at the solid-
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liquid interface rapidly approaches equilibrium compositions relative to 

the solid; correspondingly, Y~£ and Y~v decrease because of the free 

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

static interfacial tension values Ys£ and Y£v (Fig. 3). During the 

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

angle or spreading may be observed
20 

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. 5b and 5c). With high-

viscosity liquids and fast diffusion rates, however, the initial spread-

ing may not be realized because the static interfacial tensions are 

attained faster than the liquid can spread. Again, as in 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, 22 c~tnplicating the analysis of mechanical equilibrium. 

The same sequences would occur in the <?ase of a sessile drop with 

an obtuse contact angle, yOn>Yo , experiencing reactions. If the ~gS£ 
s;v sv 

contribution is large enough to reduce Ys£ to a value smaller than Ysv' 

an initial acute contact angle will form; and if ~gS£ is large enough 

to increase y~v _y~£_~gS£ to a value larger than y £v; 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 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-

ration become more complicated. The formation of a compound at the 
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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 compound should isolate the liquid from direct con-

tact with the reacting solid. 

IV. CONCLUSIONS 

The conditions of thermodynamic equilibrium, i.e. the minimization 

of the free energy, of a solid-liquid-vapor system define the degree of 

wetting cjf the solid by the liquid phase. When chemical equilibrium 

exists throughout the system, the free energy changes for the system are 

associated 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 equation 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 

<. , 
Y >y n>Yn , the contact angle is alw~s acute (the condition of wetting sv SA. A.V 

> of the solid), and (ii) when Y <Y n<Yn , the contact angle is always sv SA. A.V 

obtuse (the condition of non-wetting of the solid). Experimentalobser-

vations, however, indicate that, under chemical equilibrium conditions, 

Y n is always in betweeny and Yn . With increasing degree of chemical 
SA. sv A.V 

bonding at the interface, YsR. approaches the lower value of the two, 

y or YII • sv A.V 

, ., 
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Under chemical non-equilibrium 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 inter

facial free energy and the interfacial tension by an amount equal to the 

magnitude of (-~G/A) for the effective chemical reaction at the inter

face. 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 towards their static values. When the reaction is between the 

solid and the liquid, this transient lowering of the interfacial tension 

can cause the liquid drop to spread on the solid substrate if the inter

facial 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 REACTION AT AN INTERFACE 

20 
Consider a solid-liquid-vapor 3ystem where an interfacial 

reaction, 

takes place at the solid (MgO)-liquid interface that results in the for-

mation of an MgO solid solution with MgR
2

0
4

, where R
2

0
3 

denotes a 

sesquioxide A1
2

0
3

, Cr
2

0
3

, or Fe
2

0
3

" At l673K, an average value for the 

standard free energy of this reaction,23 ~Go,is -8000 cal/mole. The 

free energy of the reaction (Al), then, is 

(A2) 

where R is the. gas constant. Assuming that; Raoult's law is applicable, 

~204 is equal to the concentration of MgR204 in the MgR204 solid 

solution at equilibrium with theMgO solid solution. A typical value20 

for Q.- R ° 
"Mg 2 4 

R
2

0
3 

in the 

cal/mole. 

is ~ 0.9. Similarly, ~ ° depends on the concentration of 
2 3 • 

liquid phase. Assuming a value of 0.5 for a R ° ' 6G = -6050 
2 3 

The effective contribution of this reaction at the solid-

liquid interface depends on the volume of the effective interfacial 

region and the extent of the solid solution in MgO. Consider a liquid 

drop of 0.5 em in diameter on an MgO substrate. Assume the effective 

thickness of "the interfacial region at the solid-liquid interface to be 
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o -8 3 
~ 20 A. The volume of this interfacial disc is 3.94 x 10 cm. The 

nUmber of moles of MgR204 going into solution in MgO in this volume 

derends on the extent of the solubility of MgR
2

04 in MgO. The density 

and the molecular weight of this solid solution can be estimated 

assuming that the molar volumes of the pure components are equal to the 

partial molal volumes and thus the molar volumes of the pure components 

are addi ti ve. The molecular weight of an MgO solid solution with 50 

mol% MgFe204' then, is 120.16 gms. Similarly, the density, p, of this 

solid solution is 4.04 gms/cm3 based on the PMgO = 3.58 and PMgFe 0 ~ 
2 4 3 24 4.5 gm/cm values. Therefore, the number of moles of the MgO 

(MgFe204) solid solution fOrming in the interfacial volume is 1.32 x 

10-9 , and thus the number of moles of MgFe204 going into solution is 

6.6 x 10-10. The toG of the interfacial reaction becomes -4 x 10-6 cal 

or -167 ergs; and in terms of unit area, tlgS
£ = -850 ergs/cm2 . 

In case of the formation of the compound MgR204 at the interface, 

AgSR.. , 
u is higher due to the higher number of moles of MgR204 forming in 

the interfacial region. The number of moles of MgFe
2

04 solid solution 

for.mi~g in the same interfacial region is then 8.86 x 10-10, and tlgS£ 

becomes -1140 ergs/cm2 • 
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APPENDIX B 

KINETICS 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 assump-

tion 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 spread-

ing, in terms of area per unit time, is 

dA 
dt 

K = (4~ ) ( 3:0 ) 1/3 ., 

(Bl) 

(B2) 

where 11 is the viscosity of the liquid (poise), V 0 is the volume of the 
3 . . 

droplet (cm) S = y. - y - Y is the spreading coefficient, and 
'0 sv sR. R.v 

II andI2 are definite integrals as functions of the instantaneous 

contact angle only. For the system shown in Fig. 4, when an original 

instantaneous contact angle of 50 0 is assumed Ii.~ 0.5 and 12 = 0.05. 25 

Furthermore, when values of Vo = 0.03 cm
3, Yn = 500, Y = 1000, }(,v sv 

YsR.~ 0 dynes/cm (chemical reaction case), are assumed, So = 500 dynes/cm, 

and 

dA 107 ( 2/ ) . dr 51.2 (. / ) dt = 11 cm sec , or dt = -11-- cm sec . (B3) 
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Now, let us consider the spreading of an R20
3 

containing silicate 

liquid on an MgO substrate which is unsaturated with respect to MgR204' 

When R20
3 

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 

li dr " al . 26 C,1 n ~c source, ~s 

C(r,t) = 
C r 

o 0 

reD t)1/2 
s 

{ 

r-i' ~ 
erfc ~/2 , ' 

(D t) , 
s 

(B4) 

where C is the concentration of the diffusing component in the surface o 

region of the substrate beneath the circular source, ro is the radius 

of the source, D is the surface diffusion coefficient, and erfc is the 
s. 

complementary error function. For an instantaneous contact angle of 

50° and V = 0.03 cm3 , r = 0.33 cm. 
o· 0 

6 2 27 
Taki~g Ds = 10- cm /sec, the 

concentration front of C/C = 0.9 at t = 1.0 sec is at r = 0.332, and o 
-3 dr = 2.35 xlO em. In order for the liquid to spread faster than the 

diff'Usion product can grow, a liqUid viscosity of <2.56 x 104 poise is 

required (Eq. (B3)). Thus, when dealing with high viscosity liquids 

(silicates), lowering of the contact angle or spreading may not 

necessarily be observed during an interfacial reaction. 
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Table LThe sign of the terms in Eq. (14) 
for possible Y relationships 

yRelationship First Term 

For contact angles of 180° -+ 90° 

( a) Ysv < Ysl > Ylv (+) 

(b) Ysv < Ysl < Ylv (+) 

( c) Ysv > Ysl > Ylv (-) 

( d) Ysv > Ysl < Ylv (-) 

For contact angles of 90° -+ 0° 

(a) Ysv < Ysl > Ylv (+) 

(b) Ysv < Ysl < Ylv (+) 

( c) Ysv ,> Ysl > Ylv (-) 

(d) Ysv > Ysl < Ylv ( -) 

LBL-1870, 

Second Term 

(-) 

(-) 

(-) 

(-) 

(+) 

(+) 

(+) 

(+) 



-21- LBL-1870 Rev. 

REFERENCES AND NOTES 

(1) Presently with Xerox Corporation, Webster Research Center, Physics 

Research Laboratory, W-114, Webster, New York 14580. 

(2) T. Young, Phil. Trans. Roy. Soc. London .22., 65 (1805). 

(3) J. W. Gibbs, Trans. Conn. Acad. 1, 343 (1878); also included in 

Scientific Papers of J. W. Gibbs (Dover Publ., Inc., New York, 1961) 

Vol. 1, p. 314. 

(4) R. E. Johnson, Jr., J. Phys. Chem. 63,1655 (1959). 

(5) A. A. Leont'eva, Koll. Zhurn. 11, 176 (1949). ' 

(6) M. Humenik, Jr. and W. D. Kingery, J. Am. Ceram. Soc. 37,18 (1954). 

(7) P. Kozakevitch, G. Urbain, and M. Sage, Rev. Met. 52, 161 (1955). 

(8) S. I. Popel, O. A. Esin, G. F. Konovalov, and N. S. Smirnov, Dokl. 

Akad, Nauk SSSR 112, 104 (1957), or Proc. Acad. Sci. USSR, Phys. 

Chem. ,112, 27 (1957). 

(9) W. M. Armstrong, A. C. D. Chaklader, and M. L. A. DeCleene, J. Am. 

Ceram. Soc; 45,407 (1962); W. M. ArmStrong, A. C. D. Chaklader, 

and D. J. Rose, Trans. AIME 227,1109 (1963); and A. C. D. Chaklader, 

A. M. Armstrong, and S. K. Misra, J. Am. Cer,atn. Soc. 51,630 (1968). 

(10) A. A. Zhukhovitskii, V. A. Grigorian, and E. Mikhalik, Dokl. Akad. 

Nauk SSSR 155, 392 (1964), or Proc. Acad. Sci. USSR, Phys. Chem. 

155, 255 (1964). 

(11) J. E. McDonald and J. G. Eberhart, Trans. AIME 233, 512 (1965). 

(12) V. I. Kostikov and B. S. Mitin, Sb., Mosk. lnst. Stali Splavov, 

No. 49, 114 (1968). 

(13) The phenomenon of spontaneous emulsification is also often explained 

as a consequence of diffusion of a component from one bulk phase to 



-22- LBL-1870 Rev. 

the other or lowering of the interfacial tension between the bulk 

phases. A review of this topic is provided by J. T. Davies and 

E. K. Rideal, Interfacial Phenomena (Academic Press, New York, 

1963) ,2nd ed., p. 360. 

(14) D. A. Mortimer and M. Nicholas;, J • Mater. Sci .,2;, 149 (1970). 

(15) R. De fay , r. Prigogine, A. Bellemans, and D. H. Everett, Surface 

Tension and Adsorption (John Wiley and Sons, Inc., New York, 1966). 

(16) D. A. Netzel, G. Hoch, and T. I. Marx, J. Colloid Sci. ~, 774 

(1964) • 

(i7) R.W. Cline, R. M. Fulrath, and J. A. Pask, J. Am.Cerarn. Soc. 44, 

423 (1961). 

(18) G. R. Lester, J. Colloid Sci. 16, 315 (1961). 

(19) J. A. Pask,ModernAspects of the Vitreous State, J., D. MacKenzie, 

ed. (Butterworths, Inc., Washington, "D.C. ,1964), Vol. 3, p. 1. 

I 

(20) r. A. Aksay, A. P. RaJu, and J. A. Pask, submitted to J. Am. Cerarn. 

Soc. 

(21) The free energy change at the solid-vapor interface is designated 

as ~gst instead of 6gSV since, assuming that the composition of the 

liquid at the interface remains essentially constant, compositional 

variations are only in the solid due to components diffusing from 

the liquid and thus the nature of the reactions at the solid-vapor 

and the solid-liquid interfaces do not differ appreciably. 

(22) R. D. Carnahan, T. L. Johnston, and C. H. Li, J. Am. Cerarn. Soc. 41, 

343 (1958); andJ., A. Champion, B. J. Keene, andJ. M. Sillwood, 

J. Mater. Sci. ~, 39 (1969). 

.. i 



-23- LBL-IB70 Rev. 

23. A. Navrotsky and O. J. Kleppa, J. Inorg. Nucl. Chern. 30,479 (1968). 

24. Handbook of Chemistry and Physics, R •. C. Weast, ed. (The Chemical 

Rubber Co., Ohio, 1973), 53rd ed .. 

25 •. T. P. Yin s J. Phys.Chem. 73,2413 (1969). 

26. J. B. Drew and J. J. Pye, Trans. AIME 227,99 (1963); and J. C. 

Jaeger, J. Math. and Phys. 34, 316 (1956). 

27. W. M.Roberts on, J. Huc • Mater. 30, 36 (1969). 



-24- LBL-1870 Rev. 

FIGURE C.APl'IONS 

Fig. 1. Equilibrium of forces on the periphery of a sessile drop of an . 

(a) acute contact angle and (b) obtuse contact angle. B is the 

resultant balancing force equal and of opposite directi0n to 

Ya , and B is the vertical component. The liquid drops are 
~v v 

small enough to neglect gravitational forces. 

Fig. 2. Variation of the solid-liquid and the liquid-vapor interfacial 

areas vs decreasing contact angle, 8, or the height of the drop, 

h. V is the volume of the liquid drop. o 

Fig. 3. Variation of dynamic interfacial tension with time during a 

chemical reaction between two phases. The initial or pure 

dynamic interfacial tension is indicated by· Y~8' The· degree--of

minimization of the interfacial tension at t is proportional to 
m 

l).gaf3 (see Appendix A). In case of a pure adsorption process, no 

minimum is observed (top curve). 

Fig. 4. Schematic representation of the various dynamic stages of a 

sessi~e 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 drop. 

Fig. 5. .Schematic representation of the dynamic stages of a sessile 

drop when the initial liquid is not \ saturated with some or al.l 

of the components of the solid. 
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