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THERMODYNAMICS OF WETTING
ilhap A. Aksay,.Carl E. Hoge, and Joseph A. Pask
fInorgahic Materials Research Division, Lawrence Berkeley Labbratory
and Department of Materials Science and Engineering,
College of Engineering; University of California,
Berkeley, California 94720
| ABSTRACT
‘The thermodynamics of a solid—liquid—vapor‘system both under chemical

eqﬁilibrium and non-equilibrium conditions, based on the model of'Gibbs,
is discussed. Under chemical'equilibrium conditions, the degree of
wétting or.npn—wefting of a flat and non-deformable solid by the liquid
is defined by Young's equation in terms of the static interfacial ten-
sions. Undervchemical non—equilib}ium conditions, mass transfer across
an interface resuits in a transient decrease in the corresponding
specific interfacial free energy end the interfacial tension by an
amount equal‘té the free energy of the effective chemical reaction per
area at that interface. When the reaction isvbetween the solid and the
liquid, thié transient lowering of the-interfaciai fénsion can cause the
liquid drop to spread on the solid substrate if the.interfacial energy
réduction‘is large enough and also if the diffusionvrates of the feacting
components in the solid phase ére'élow'enough relative to the flow rate
pf the liquid to cause'the liquid at the periphery of the drop to be iﬁ

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
équilibrium. Young,2 from a mechanistic approach, expressed the re-
lationship‘between the horizontal cdmponents of the three interfacial

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

Yov¥er = Yov 5 0 v (1)

ﬁhere Y is the interfacial tension between solid—vépor (sv), solid-
liquid (52), and liquid—vapor (2v) phases, and § is the contact angle
measured through the liquid phase as shown in Fig. 1.

The firét exact treatment of the thermodynamics of a solid-liquid-
vapor system is due to Gibb53 who derived foung's equation for the non-
gravita.tioné.l case and outlined its derivation for a system in a gravi-
tationél"field.“A more rigorous treatment of the fhérmodynaﬁics of a
solid-liquid-vapor system, using the method of Gibbs, has more recently
been provided bf Johnscn.h' In both Gibbs' and Johnson's treatment of
the conditions of mechanical equilibrium,'the system was assumed to be
at chemical eqﬁilibrium, i.e., no mass transport_acrqss the interfaces..
Johnson.explicitly defined the conditions for mechanical equilibrium in. -
a solid-liquid-vapor system and emphasized that Young's equation is not
the only requirement for tofal mecheanical eqﬁilibrium and that the
effect of the.gravitational field and of curvature oﬂ 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-equiiibrium conditions, the effect of
chemical reactions on the interfacial tensions have to be considered. It

has frequehtly been suggestedli_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-

sequently been made6’9’12

to correlate the wetting tendency with the free
energy of interfacial reactions. This suggestion has beeﬁ refused by
ofhe,rslh on the grounds that interfacial reactions do not necessarily
correlate with changes in wetting behavior.

The objgctives of this study are to expand on thé thermodynamic
treatment of Gibbs and Johnson in order (i) to establish the correlation
between the degree of wetting and the corrésponding.interfacial tensions
under total £hermodynamic equilibrium conditions (Section II) and (ii) to
establish the effect of interfacial chemical reactiohs on the wetting
mecﬁanics under chemical non-equilibrium conditions (Section III).

IT. 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 pressuré, after neglecting the effgct of curvature on the

pressure and assuming that interfacial tensions are independent of

orientation) is
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2 L v,V ‘ .
fu dn * ful i * iuidni * YstAsl * stdAsv * YRvdAZV *
aB af aB : _
z {): aGa Y an?® + : aGB dn? + T aGaB dan} , (2)
@,8 1i\dn, N 3n} i\ /) 7

where ui - is the chemical-potential of component i in the designated
phases; ni is the fotal number of molesbof component -i in the designated-
bhase obtained by multiplying the concentration 6f component i in the
homogeneous region of thefphasé by its volume, i.e. CaVa or CBVB or by
multiplying the adsorption of component i at an interface by the corre-
sponding interfacial area, i.e. FgBAaB; G is thé total free energy of the
designated pﬂase‘obtained by multiplying the free energy of a unit volume
in the homogeﬁeous region of the phases by the volume of the correspond-

ing phase, i.e. gaVa or gBVB or by multiplying the spec1f1c interfacial

free energy by the corresponding interfacial area, i.e. gaBAaB, and where
the subscripts of the partial derlvatives are omitted for brevity and the
summation Z ié taken over all three interfaces.

At togég thermodynamic equilibrium, dG = O; then since the variationms
of mass are independent of the variations of area;

+ vy _dA 0, . (3)

YsldAsl SV sV + Ylvdsz =

and
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sfan’ + nlant + nan’ + 5 { o s an? +
. 1 1 . 1 1 . 1 1 . ol 1
i i i o,B li Bni
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P () wfer (X)) w® | oo (1)
i on * i ani :

These two équations outline the conditions for mechanical and chemical
equiiibrium of the system, respecfively; at chemical equilibrium Eq. (4)
is satisfied and Yy 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 a%tractive forces is spherical due to negligible gravitational
effects. If such a drop is placed on a flat and rigid solid surféce, a

solid-liquid interface will form if

§G = & /Ysld'Asl * 6/ stdAsv *+ 8 ./ Yf?,fdAZv <0 (5)
- s sV v -
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). .Thué,'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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Severai:progressive geometric configurations of the drop and the
change in the areas of the liquid-vapor and the solid-liquid interfaces
Qs the contact anglé, 8, (or the heighﬁ 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.
d Q ‘

Since dAsl = - dAsv’ Eq. (5) becomes
8G = ¢ /(Ysl_st> d'AsZ + 9 /YRVMQV’ (6)
sl . v o
or
46 _ ' - .idA_S& + E&l (1)
dh Y52 Vsv dh Yov @, -

- It is now possible by use of Eq. (7) to determine whether the con-
tact angle will bé acute or obtuse for ény combination of relative inter-
facial ténsions 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 §0ntinue to form and the contact angle Qill continue to
decréase; the minimum eﬁergy configuration is obtained when 4G/dh is zero
whiéh is realized when a balance is achievgd between the two terms of the
equgtioq. It thus cén be seen that when st>Yél>Y£v‘(case ¢), the con-
tact angle is always acute; ahd when st<Ys2<Y2v (case b), the contact
angle is always obtuse. - When You<Ye2™Yiv (case a) and Yop ev?Yiy?

regardless of whether st<Y2v’ the contact angle is obtuse; but when
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4

Y52=st+Y2§’ no interface forms and the measured contact angle is 180°.

When st?Ys£<YlQ (case d), regardless of whether stzygv, the contact
angle is acute. When strYsl>Y£v’ an eqﬁilibrium chtact angle is not
obtained since the frée energy‘decrease bn wetting the rigid solid is
greater than the increase due to the extension of thé_liquid surface;
spreading, a dynamic condition, then continues as 1opg as the bulk liquid
is availablé. A reduction of the total surface energy of the solid by
the liquid (st>Ys£) is defined as wetting; a coﬁdifion of Yo Yoy is
defined as non-wetting of the solid. Then, st-YSl can be considered as
the driving'fOrce for wetting. .

The’férmation of a solid-liquid interface due to_the wetting of the
solid results in forces acting on the liquid drop thét, because of the
rigid nature of the solid, result in resisting fofces-generated by the
liquid because of the imposed deformation of the liquid drop whose mini-
mun energy-sfate is a spherical shape. From tﬁe viewpqint of mechanics,
there must be a balance of forces acting pn'the liquid drop'at its
periphery, as shown in Fig. 1. ' If an unbalance of these forces occurs,
dﬁe,to unéguél chemical conditions éround the periphery of the drop, the
drop will'move, as haé been observed.lT Likewise, there must be a
‘"belance of all the forces acting at any point; a béiénce of the hori-
zontal forces at the "triple point" (solid, liquid, and vapor in
equilibrium) provides the familiar Young's equgtibn directly from
mechanics (Eq. (1)). A balance of the vertical forces aéting at the
triple point also occurs; the magnitude of the attractive force exerted

by the solid, Bv’ is determined18 by the vertical component of the sur-

~ 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 déeS»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 thévtriple point (Fig. 1).

The formation of‘a solid-liquid interface due to ﬁiﬁimum energy
requirements but with no wetting of the solid becomés possible because
of a reduction of the surface energy, J(;gvdA, of the liquid in contact
with the solid (st<Ysz<sz)‘ Again, there is a baiancing force equal
and oppoéite‘to the surface tension of the liquid, which is the resultant

of the vertical attractive force (equal and opposite to the Qertical
component of sz) and the force developed due to Ysl;st’ as seen in

Fig. 1b.

It is néw-worthwhile to consider the boundary conditions which are
not indicate§ by the mathematical analysis just employed. Under chemical
equilibriumvéonditions, the formation of a true interface can be con-

- sidered to be analogous to the formation of @ solution and corresponds to
an adjusfment‘of surface structures to form some intermediate interfacial
structure whose interfacial tension (Ysl) then is between Yév and Yo
(cases b and c). The actual magnitﬁde of Y p» however, is dependent upon
the degree of chemical bonding or minimization of structural discontinuity

'aéross the iﬁterface developed in fhe system; Ysl thus becomes smaller
with increasing chemical bonding at the iqterface. For Y2v>st’ then,
Ysl approaches st wifh the development of chemical bonding, resulting in
a limiting contact angle of 90°. For st>Y2v’ 752 a§proaches Yo experi-

mental evidence,l7’19 however, suggests that the maximum reduction of st
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by the liqﬁid.ig by an amount eéual to YZ& resulting‘in a limiting-nbminal
zerégcohtact‘angle as long as st;Yszylv’ as can be $een from Eq. (1).

If Ysilié greater £han both st and-sz (cgse;a), a true interface
actually has not, formed. It is visualized that:thé two surfaces are
'acfuallj aftracted to reduée the total interfacial energy but that_they
ha§e notvlost.théir_individual identity; the contact'angle épproaches
180° with decreasing attraction. If Y;i is léss‘fhan both y_ and Yy,
(case d),_a'transient condition involving chemical reactions exists
(Section IiI). “

III. MECHANICS OF WETTING UNDER
CHEMICAL NON-EQUILIBRIUM CONDITIONS

The cdnditions of éhemical equilibrium at constant temperature and
pressure are given by Eq. (L). When the condifioﬁs‘of Eq. (4) are not
satisfied'thfoughout the system, the phases of the solid-liquid-vapor
system will,react with each other through the interfaées to achieve a
state of chemical equilibrium. During these non-equilibrium aynamic
conditions; £he'interfacial tensions and thus the‘cohtact angle will be
continuousl& changing until the system reaches a.sﬁate of chemical
equilibrium. Voiume changes occurring during the reégtions,.if sig-

' nificant,:wili affect the physical ¢onfiguration of the system.
| Transfér of mass across the.interfaces can be regardédlas apsorption
from one phase té the ofher in the interfacial regidni' This process is
more crifiéal than adsérptioh (no mass transfer across the interfaces
when the bulk phase; aré at equilibrium) since the degree ofAcompo—
sitional and corresponding voiume changes both in the bulk phases and the

interphase could be substantially highér than the chénges observed during

7
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adsorption. Volume changes of the condensed phaseé~during adsorption can
normally be neglected.

Masé transfer across the interféces must result in a net decrease of
the free energy df 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-

8

facial free energy, (-)Aga , then is directly equal to (-AGaB/A). The

corresponding interfacial tension is similarly reduéed by an amount equal

to (-)AgaB since15

=% | (8)

‘Y =
oB Wy

i i
as schematically shown in Fig. 3. If it is assumgd that the free energy
of the reaction between the phases ih the interfaciai region is comparable
but not necessarily equal to that between the bulk phases, the value of
(—AGGB/A) could be substantiallj high, and for an aéproximéte interfacial
region thickness of 202, a degrease of as much as 1000 ergs/cm2 (see
Appendix A) could be realized in the magnitude of the specific inter-
facial enérgy and thus the interfacial tension. Expefimentally, negative
interfacial tensions are often measured during such chemical reactions

5-9,12,20

that result in spontaneous spreading or emulsification

phenomena.l3
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Under chemical equilibrium conditioné, howéver; specific interfacial
free enéfgiés and static interfacial tensions are always positive since
the bulk phases are more stable than. the interfaces. Thus, after the
completioﬁ of the reaction at the'inﬁerface followed by its continuation
" into ﬁhe bulk regidns by diffusion, the incremenﬁal éohtributions of the
z (BGaB/Bn(ix) dncix and I (aGaS/anE ) dng terms in Eq. '?(2)' must be such that
iaB incrgases towardsla static interfacial tensidn 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 initialvdecrease,
YaB 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 whigh differs from that fér a mass transfer across the interface
since a trénsient minimization of the interfacial ten$i§h 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
chemicel equilibrium exists between the &aﬁor and the condensed phases
but not between the solid and the liquid. The reéctiéns to be considered
are those that result because (i) only the solid ié ﬁot 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 s Fig. 4a illustrates
the instantaneous quasichemical equilibrium invol&iﬁg no interfacial
reaction between the liquid and the solid. Young's equation (Eq. (1))
mey then be expressed only in terms of the initial dynamic surface ten-
Sions. Now, as the solid solution reaction proceeds at the interface,
0,52

the dynamic specific interfacial free energy, g »will change by an

amount Agsz due to the free energy of the reaction; a corresponding
change in Yoq = sz + Agsz with time occurs, as sﬁown in Fig. 3. When
the diffusion rates of the reacting components and thus the growfh rate
of the reaction product are slow enough relative to the flow rate of the
liquid drop (see Appendix B), the liquid at thé periphery of the drop
will remain ;n contact with unreacted soli& that has,an unaltered Y:v as
long es AAs2 is positive; the driving force for weﬁ#ing Y:v?(ygz + Agsz)
which is increased by the amount (-)Agsz remains constant. If the maxi-
mum driving force af tm (Fig. 3) exceeds Ylv’ theﬁ spreading occurs;

and if the force ddes not exceed Yoo 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. bc; Y:v ahéad of the liquid
periphery then is also decreased by an amount z:(4)Agsz.2l The driving
force for wettihg therefore decreases, and the contact angle increases to
a new'value of Gs corresponding to the one for mechanical and chemical -

e@uilibrig for the system (Fig. 4d). During this pul1-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 t?ansient spreading
stage.zo | | |

| On the other hahd, when the diffusion rates‘of the reacting com-
ponents in the solid are fast relative to the flqﬁrréte of the liquid
drop (see Appendix B), both Y:v and Y:R will simuitanééusly decrease by

2, and the liquid at the periphery of the drop will

an amount (-)Ag®
remain in contact with reacted solid, as representedvSChematically in
Fig. Ub'. VThe driving'forCe for wetting in this case does not change
drastically‘from that due to the initial dynamic surface tensions

(Fig. 4a) and remains éssentiaily constant while the system moves to
chemical equilibrium (Figs. Ub', Lc', and L4a).

Throughout ' these entire sequences, and ih Fig. 4, the amount of
material diséolved by the solid was considgred to'bg émall 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'fhat of the unreacted solid, analysis by use of Young's
equation'ds applied to experimentally measured cqntact angles could be
misinterpreted because of the resulting noﬁ-existen¢é 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. 5. Figure 5a shows the confiéuration at to when
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 terms ofvthe dynamic interfacial tensions. After the initial reaction

the composition of the liquid around the periphery and at the solid-
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liquid interface rapidly approaches equilibrium compositions relative to
the so0lid; correspondingly, Yzl and sz decrease because of the free
energy contribution of the reaction, but then tﬁey rapidly approach their
static interfacial tension values Ysi and Y2v (Fig;.3). During the
initial reacpion stage, thus, an instantaneous 1owéfing of the contact
angle or'spfeading may be observed20 which is immediately followed by the
drop pulling back to an equilibrium éontact angle 6E which is retained
until the system reaches.equilibrium (Figs. 55 and 5c). With high-
viscosity liquids and fast diffusion rates, however, the initial spread-
iﬁg may not be.realized because the static interfacial ténsions are
attained.faster than the liquid can spread. Again, as in the previous
case, the amount of solid dissolved by the liquid was considefed to be
small enough t6 be neglected. In actual fact, however, as the reaction
proceeds, the solid—iiquid interface will drop below the solid-vapor
surfa.ce,22 camplicating the analysis of mechanical equilibrium.
The same sequences would occur in the case of a sessile drop with

an 6btuse contact angle, Y:£>Y:v’ experiencing reactions. If the Ags2
contribution.is large enough to reduce Yoq to a value smallér than Yoy
aﬁ initial acute contact angle will form; and if Agsg is large enough
tq increase ng—ygz-Agsz to a value larger than‘Y2§? initial spfeading
will occur. |

A type (iii) reaction is expected to be simiiar.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 determinastion 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)
reacfion; The analysis in this case could be evén'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 of the éolid by the liquid phase. When chgmical equilibrium
exists_tﬁrdughout the system, the free energy changes_for the system are
associated only with chagges in the interfacial areﬁs. Thé equilibfium
c§ntact angle of a liquid drop on a flat and riéid solid surface, then,
. is determinea by Young's equation in terms of the static interfacial
ténsion values. The relative mégnitudes of the interfacial tensions

indicate whether the contact angle will be acute or @btuse: (i) when

< - ‘ o
st>Y32>Y2v’ the contact angle is always acute (the condition of wetting

> o
of the solid), and (ii) when Yoy <Ygq<Ypy» the contact angle is always

" obtuse: (the condition Qf non-wetting of the solid), Experimental obser- -

vations, however, indicate that, under chemical equilibrium conditionms,
Ysl is always in between'ySv and Ylv' With increasing degree of chemical

bonding at the ihterfaee, Ys£ approaches the lowerivélue of the two,

Yoy OF Yoo°

sV
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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 correspondiné specific inter-
facial free energy and the interfacial tension by an amount egqual to the
magnitude of (-AG/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 interfaciél tension gradqally
bincreése towards their static values. When the reaction is between the
solid qnd 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 growfh rate of the reaction product,
are slow ensugh relative to the flow rate of the liquid.
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APPENDTIX A
EFFECTIVE FREE ENERGY OF REACTION AT AN. INTERFACE
Consider a solid-liquid-vapor system?o wheré én interfacial

reaction,

MgO(S) + R2O

; (in liquid) > MgR,0, (in Mg0), (A1)

takes place at the solid (Mg0)-liquid interface that results in the for-
mation of an MgO sdlid solution with Mngoh, where R203 denotes a

At 1673K, an average value for the
23

segquiogide A1203,

standard free energy of this reaction,

Cr203, or Fe203.
AG°,is - -8000 cal/mole. The
free energy of the reaction (Al), then, is
a

Mngoh

AG = RT 1n ——=—= - 8,000, (a2)
o R,03 |

where R is the gas constant. Assuming that Raoultfévlaw is applicable,”
"zMgR 0 is equal to the concentration of MgR20h in the Mngoh solid
- solution at equilibrium with the Mg0O solid solution. A typical value20
if'or_aMgRé))4 is &~ 0.9. Similarly, Q’R2O3 depends -'pp_the concenﬁratlon of
' Ry0, in the liquid phase. Assuming a value of 0.5 for @ o >

. : 273
cal/mole. The effective contribution of this resction at the solid-

AG = 6050

liquid interface depends on the volume of the effecfive interfacial
region and the extent 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
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=20 X. The volume of this interfacial disc is 3;9h:x 10—8 cﬁ3. The
nUmber:of moles of MgRgoh going into solution in MgO in this volume
depends 6n the extent of the solubility of MgR20h in MgO. The density
and the.mdlecular weight of this solid solution can be estimated
assuming that the molar volumes of the pure componenfs are equal to the
partial molal volumes and thus the molar volumgs'of.thevpure components
are additive. The molgcular weight of an MgO soiid solution with 50
mol% MgFe,0) , then, is 120;16 gms. Similarly, thé'density, p, of this
solid solutionvis h.Oh‘gms/cm3 based on the ngO = 3.58 and ngFezohg;
h.5,sm/cm3 Values.2h Therefofe, the number of moles of the MgO
(MgFezoh):solid solution forming in the interfacial volume is 1.32 x

-9

10 ©, and thus the number of moles of MgFe20h going into solution is

6.6 x 10720, The AG of the interfacial reaction becomes -4 x 10 ca1
or =167 ergs; and in terms of unit area, Agsz = —SSC ergs/cme.

In case of the formation of the compound Mngoh at the interface,
Agsz.is higher due to the higher number of moles of Mgﬁ20h forming in
the interfacial region. The number of moles éf MgFeQOh sélid solution

10

forming in the same interfacial region is then 8.86 x 10~ ,.and Agsl

becomes -1140 ergs/cmz.
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APPENDIX B
KINETICS OF SPREADING
The kinetics of spreading of a §pherical liéﬁid droplet on a f;at
and rigid solid surface has beeﬁ discussed by Yin?5 based on the assump-
tion that spreading is impelled by the horizontal,céﬁponents of the
surface téﬁsions at the three-phése boundary and'retarded by the viscous
flow of the droplet.‘ Yin showed that the instanténéous rate of spread-

'

ing, in terms of area per unit time, is

%% =K (51, + v, I,), with : - - (B1)
| 3V_\ 1/3 o
K*(h—g)(-r) S - (52)

where n is the viscosity of the liquid (poise), Vé is the volume of the
: droplet (cm”), 8o = Yy Ysll- Yo, is thg spreadlng coefficient, and

Il and'I2 are definite integrals as functions of_the instantaneous

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

instanteneous contact angle of 50° is assumed ii'? 0.5 and I, = 0.05.2
3 ‘

Furthermore, when values of Vo = 0.03 em”, y, = 500, Y, = 1000,

Yggu =0 dynes/cm (chemical reaction case), are assumed, S_ = 500 dynes/cm,

and

rre l?]l (en/sec), or %‘{-= 53{ 2 (CI!{/SGC)- (B3)
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Now, lét ué cqnsider the spreading.of an R203 containing silicate
A liquid on an MgO substrate which is unsatgrated with respect to MgR2Oh;
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 gfowth rate of the
diffusion product. The concentration, C, of a coﬁpqnent diffusing

rapidly in the surface region of a substrate, from a stationaiy

cylindrical source, is26

Cr r-r .I
00 o

C(r,t) = ——~—— erfc {-—-—————— -(Bh)
r(DSt)l/2 (Dst)l/2 ’

where Co is_the concentration of the diffusing component in the surface
region of thé substrate beneath the circular source, r  is the radius
of thé séurce, DS is the surface.difquioﬁ coefficient, and erfc is the
complementt;.ry error function. For an insteantaneous cbntact angle. of

3 27

50° end V_ = 0.03 cm”, r, = 0.33 cm. Taking D_ = 10'_6 on’ /sec,?! the

concentration front of C/Co = 0.9 at t = 1.0 sec'is at r = 0.332, and

3 cm. In order for the liquid tovspread faster than the

Ar = 2.35 x 10~
diffusion product can grow, a liquid viscosity of <2.56 x 10° 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 I. The sign of the terms in Eq. (
for possible Y relationships
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¥ Relationship

First Term

Second Term

For contact angles of 180° -+ 90°

(8) v, <Yy > Viy (+) (=)
(®) Yoy < Y1 < v (+) (=)
(€) Yoy > Ye1 > Y1y (=) (-)
(@ Yy 5 Ya1 < Y1y (-) (-)
For contact angles of 90° + 0°
(8) Ygy < Ya1 > Y1y (+) (+)
® vy “ o
(@) Yoy 5 Ya1 < Vv (=) (#)



(1)
(2)

- (3)

(%)
(5)
(6)
(7)
(8)

(9)

(10)

(11)

(12)

(13)

‘—21— LBL-18T0 Rev.

REFERENCES AND NOTES
Presently with Xerox Corporation, Webster Research Center, Physics
Research Laboratory, W-11L, Webster, New York 14580.
T. Young, Phil. Trans. Roy. Soc. ‘London 95, 65 (1805).
J. W. Gibbs, Trans. Conmn. Acad. 3, 343 (1878); aiso included in
Scientific Papers of J. W. Gibbs (Dover Publ., Inc., New York, 1961)
Vol. 1, p. 31k. |
R. E. Johnson, Jr., J. Phys. Chem. 63, 1655 (1959).
A. A. Leont'eva, Koll. Zhurn. 11, 176 (19%9).
M. Humenik, Jr. and W. D. Kingery, J. Am. Ceram. Soc. 37, 18 (195L).
P. Kozakevitch, G. Urbain, and M. Sage, Rev. Met. 52, 161 (1955).
S. I. Popel, 0. 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).

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

Ceram. Soc. L5, 40T (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. Ceram. Soc. 51, 630 (1968).
A. A. Zhukhovitskii, V. A. Grigorian, and E. Mikhalik, Dokl. Akad.
Nauk SSSR 155, 392 (196k4), or Proc. Acad. Sci. ﬁSSR, Phys. Chem.

155, 255 (1964).

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

V. I. Kostikov and B. S. Mitin, Sb., Mosk. Inst. Stali Splavov,

No. 49, 11k (1968). |

The phenomenon of spontaneous emulsification is also often explained

as 8 consequence of diffusion of a component from one bulk phase to



(1k)
(15)

=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 (Académic,Press, New York,
1963), 2nd ed., p. 360.
D. A. Mortimer and M. Nicholas, J. Mater. Sci. 5, 149 (1970).

R. Defay, I. Prigogine, A. Bellemans, and D. H. Everett, Surface

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

(16)
(17)

(18)
(19)

(20)

(21)

“(22)

D.'A.:Netzel, G. Hoch, and T. I. Marx, J. Colloid Sci. 19, TTL
(1964).
R. W. Cline, R. M. Fulrath, and J. A. Pask, J. Am. Ceram. Soc. kL,

423 (1961).

'G. R. Lester, J. Colloid Sei. 16, 315 (1961). -

J. A. Pask, Modern Aspects of the Vitreous State, J. D. MacKenzie,

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

I. A. Aksay, A. P. Raju, and J. A. Pask, submitted to J. Am. Ceram.

Soc.-

The free energy change at the solid-vapor interface is designated
as Agsz inétead of Agsv since, assumihg that'the composition of the
liquid at the interface remains essentially copstént, cdmpositioﬁal
variations are only in the solid due to compohénts diffusing from
the liquid and thus the nature of the reactions at the solid-vapor
and the éolid—liquid interfaces do not diffef appreciably.

R. D. Carnahan, T. L. Johnston, and C. H. Li,:J} Am. Ceram. Soc. i,

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

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



23.

2k,

25 L

26.

27.

-23- LBL-1870 Rev.

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

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

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

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

J. B. Drew and J. J. Pye, Trans. AIME 227, 99 (1963); and J. C.
Jaeger, J. Math. and Phys. 3k, 316 (1956).

W. M. Robertson, J. Nuc. Mater. 30, 36 (1969)..



Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig' 50

=24

FIGURE CAPTIONS
Equilibrium of forces on the periphery 6f & sessile drop of an-:

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

" resultant balancing forée equal and of opposite direction to

sz, and Bv is the vertical component.'.The liquid drops are
small enough to neglect gravitational forces.
Variation of the solid-liquid and the liquid-vapor interfacial

areas vs decreasing contact angle, 6, or‘the height of the drop,

h. V_ is the volume of the -liquid drop.

‘Variation of dynamic interfacial tension wifh time dufing a

chemical reaction between two phases. The initial or pure
dynamic interfacial tension is indicated by"Ygs;‘ The “degree—of -
minimization of the interfacial tension at_tm is proportional to

ASGB (see Appendix A). 1In case of a pure;adsorption'process, no

‘minimum is observed (top curve).

Schématic-representation of the various dyﬁamic spages of a
sessi;e'drOP when the initial solid is n&t saturated with sdme .
or all of the components of the liquid. The path "abcd" corre-
spohds to the case where the-growth rate of'fhe reaction product
is slower than the flow rate of the liQuid-drop; and path
"gb'c'd" corresponds to the casé where thé growth rate of the

reaction product is faster than the flow ;a£e of the liquid drop.

Schematic representation of the dynamic stages of a sessile

drop when the initial liquid is not%saturated with some or all

of the components of the solid.
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