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. ('o~.si.der a ph~se transition ,,,, ... '(:J ~table P·em?ryos can I,e,> retained in the temperature ranl(e of a-stahiltty 
In caVities ~f su!table extraneous sohd~ present In the system. Retained I'I-emhryos may nucleate the ~I'I-
transformation 111 the ranl(C of l'I-staiJilil\' . 
. l',inl( these conc.el't~ a theory for the ~fTect of thermal history upon the kinetiC'> of phao;c transformation~ 
I~ proposed The kllletlCs of het~ro,::eneou nucleation in the al'<l'nc(' of retained emhryos is discussed. 

INTRODUCTION 

MO T of the theories for the kinetics of nucleation 
that have been ad vanced apply to "homogeneous 

nucleation" which is ilutiated in the interior of a single 
phase. The nucleation theory of Belker and Doring l 

was su(res~jul s~miquantItalively in accounting for the 
experimental re~u1ts oi Volmer ~nd Flof)d~ on the rate 
of nuclcation 1)£ liquids in supersaturaled \'apors. 

Although t h('()ries of homogrneous nudea tion haw 
had some qualitative succe~s in explaining certam 
features of the kinetiCS of nuc\ea tion in condensed 
sy!'tems, many investigations have indicated that 
nucleation in these system is "heterogeneous," that is 
nuclei form preferentially at some interface in the 
system Particularly for liqllid-solid transfllrmatif!lls in 
relat ivcly large volumes of liquid thl:' evideIlll ' l't'm: 
decisivc thut at least the first few nuclei that appear 
originate by a helerogenuHls mechuni.m at the surfac6 
()f the rnntaimng H'ssel O[ of ('()lJoidal inclusiolls ill the 
"ystem. If Ihe grrm th rate is rapid th('s(' fe\\' nth lei ma,
transform the entire ~mple without th' formation ~f 
homogent·()us nuclei. . 

;\n important characterist ic of liquid-"olid t rans
formations in relatively largr sample<; is I he very marked 
effect of thermal history upon the ra te of I hI:' proces 
first ob. ened hy Othmer 3 Richards and co-worker~ 
ha "e made con prehensive st udies of the phenomenun 
and obtained convincing evidence that it must he 
explained in terms of extraneous structures present in 
the system. Webster6 has hown that the effect also is 
important in the solidification of certain bulk metals. 
Simllarlv, the author has oh!'erved that the solidification 
of gallium is very thermal hi:tory dep('ndent Gallium is 
advantageous for study because of the very rapid 
growth rate (at least 1 cm/ sec. at O°C) (II the crystal 
so that the kinetics of the tran<;formation are generally 
cont rollt'd hy the nurleat ion rate .t\onc 

The t·tTed of thermal histnry upon tlle kinetics of 
mall}' liquid-solid bulk tr<ln.-formations is illustrated 
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6 Richarus, Kirkpatrick, .lnd Hut%, J .. \m ·hem. ~oc. SIS 

2243 (1936). ' 
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chematically in Fig 1. ::,.1' is the number of degrees 
above the melting point, Tn" to which the liquid is 
heated after melting. j,T_ is the number of degrees that 
the liquid rnu~t be sub!'.equently sub-cooled in order fo r 
nucleation to occur during some specifird holding time 
at the lower temperature. In the region of the curve ab 
which usually extrll<is only a few degrees above the 
melting Il'mperature, .11'_ is strongly dependent upon 
j,TT while in the region br j,L is virtually independent 
of t..1'4 • For example, in gallium samples the region db 
extended to about :wo above the melting point but for 
a given sample 1::.1' was found t,) be independent of 
'::'1'" within experimental error, for values of the latter 
ranging between 50 and 1050°. 

The foll!)\\ ing ar' a number oi other importa nt 
f('atmes of the thermal historv efftct 

1. The length of time in the su b-cooled range docs 
not alter the relation between j.L and i1Tr- signifi-
antly. In l'Xperiments wit h gallium t he whole curw 

wag shifted only 1-1° toward higher temp{'ratu[t'~ 

when the holding time was shifted from t he order of a 
fe\\ minutes 10 one day. \ 

2. Tnl reasing t he I ime at temperature above the 
melting point, after a renain minimal period- -usuallv 
of the order of a fe\\" minutes, does not significant I),' 
atTt'ct the value of !l T sub~equently observed. 

3 . .::.T ... is generally charaderistil of the highest tem
perature attained in the 0.1'. rlgion. 

-l. When a sample is solidiljed after having 1>('('11 

heated in the br-region the.J.T tS. j, l'+ relatiun origi
nally ohtained i lIsually not changeo significant ly. 
Certainly this is true for gallium. However, there are 
exceptions I () this behavior. H inshel \\'()Ixi a.nd Hart le\" 
ob erved thai after slllfur ~ampl('s are heated into tile 
bc.-region and then sohdu'Ied I he .1T ~ j, T rehrtion 
is altereo Sl) that the .11' coordinale of b is only an 
insignifIcant fraction of its former value. -

S. Richards demonstrated that the phenomenon was 
highly sensitive to added indu.lOns such as activated 
charcoal or powdered fluartz Th~ inclusions greatl\' 
increased the temperature lby as much as 100-150° ~ 
some cases) ITI the o.T;o region that it was necessar) to 
reach before t..T _ became independent of j.T .... 

6. According to Richards the maximum sub-cooling 

1 C. '. Hinshch\ood and H. Hartley, Phil ~1ag. 43, 78 (1922) 
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obtainable for bulk specimens is independent of added 
inclusions. However, the author observed that this 
value was specific for particular gallium specimens and 
ranged from 35 to 55°. The spe 'ificily was not signifi
cantly changed by heating to ::.T + values of 1050°. 

Richards proposed a qualitative theory for the effect 
of thermal history upon the transformation kinetics 
based on the concept that extraneous structures retain 
a "crystalline adsorbate" above the melting tempera
ture. This adsorbate i- stabilized in the reg\on of liquid 
stability by a nega tive hea t of adsorption on the 
extraneous structures. As the temperature of the liquid 
~ increased the crystalline adsorbate becomes less 
stable and finally disap!JCar' altogether at some ele
vated temperatur~~. Be supposes thallts rate of reforma
tion is very slolV so that the protess of healing into the 
be-regiun is esselltiall) irreversible, as ooserved. 

Other invesligal10lls that demunstrated the role of 
extraneous surfaces U) promoting the nucleat ion of 
solid phases in' lifJuids are those of Gnet.t, Hammer} 
and Meyer and Pfaff. lit 

Although it has been recognized tsee Johnson and 
'\1eh[11) that a large number of solid-solid transforma
tions are nucleated preferentially at grain ooundaries, 
there seems to be little systematic information rega.rding 
the role of e traneuus panicle~ of other phases located 
either at the grain h()undar~ or "ithin the grain in 
promoting nucleation in 'olid-solid transformation. [n 

VICW of the evidence on hquul-solid transformatlOlls it 
IS expected t\jat ~uth influences may prove to be very 
important in ma ny I eact ion' !I)\'olving only solid pha'\es. 
Avrami 'z has de\~J(Jp('d a theory for the kindics of such 
transformJ.tion ... in which it is supposcd that all nurlel 
originate from pre-exi. ling embryos, some of which 
presumal)ly might be stabilized by extranellus parI ides 
I)f other phases. 

It IS the purpose of t hi paper to de\'elop i urther the 
theory of the kinetl(s of heterogeneous nucleation. An 

c 

FIG. 1. EfTect of thermal history on It.mperalure of rapid 
nucleation in liquid'solid transiormations. 

• A. Goetz, Phys. Rev. 35, 193 (JQ30). 
• C. Hammer, Ann. d. Physik 33,445 (1938 ,. 
10 J. Meyer and W. Pfaff, Zeit.s. r. anorg. allgem. Chcmie 217, 

257 (1934). 
II W. A. Johnson and R. F. MellI, Trans. A.I.:'1.E. 135, 416 

(1939). 
1J?f. Avrami, ] . Cb(m. Phys. 7, t tOJ (1939). 

explanation for the effect of thermal history upon 
transformation kinetics will be offered along the lines 
of the basic concepts suggested by Richards, but in 
more explicit terms containing the interfacial energies 
involved rather than heats of adsorption. A more 

a 

" 
FIG . 2. ti= embryo 01, a flat urfaCl~. 0 z equdihrilllll cont.;u·t angle. 

mechanistic e>.planation will be offered for the irreversi
bilityof the phenomena with re'pect to temperature. 

THEORY 

VoLmer u has calculated the work of nucleating a 
pha e p in the tran. formation ('(->p, where fJ is con
<;ill red to be the l<l\' temperature modification, on a 
nat solid sub!>tmte denoted by S . Let the contact angle 
betw('cn the !'i-embryo and S be 0 as shown in Fig. 2. 
Then for 180°>0>0 

Cla- S- ClfJ • +CI~_" cos!). (1) 

where C1 denotes interfacial energy. If it is asumed that 
the J's are isotropic the free energy 61' reqlmed to 
form an embryo having the shape of It spherical 
sector is,13 

::.F = [lrT'Ua- ja) 3t,,,+ 7rr~C18 ... J 
X[2 - ~ cosO+cos30], (2) 

wi!erl ,. is the IfI'l' tnergy per atom, v=volumf pcr 
alom, .II"J r i, tile radius of the sphere. In the region I)f 
(¥-slallility there is no possihility of retaining /1-"mbryo:> 
I)n l1a t :urfa~ es h)r \\ hich t ht> condition 0> U holds 
since the tr'rm im-ol\' ing surfact.: tr1l'rgy Ul \2) is always 
positiw for thi~ condition. \'ulmer '; shuws thJ.t the 
wl)rk of formin g a nucleus of critical si.te is, 

[101l'0"p 03 t / 3Us-j,,)2J[(2+cosO)(1-cosO)! 4J (3) 

whICh differs from the work of f()fming a nucleus in the 
interior of a by th(' fat tor [(2-+c()sO)(1- cos8)2/4]. 

\\'hen C1a - ~> O"{I " . 0"0 0 some .a-adsorbate can be re-
tained on S at temperatures not greatly exceeding the 
equilibrium temperature, To. If this /3-adsorbate i~ re
mover! by heating to a temperature greatly exceedlllg To 
the only positive work of subSt:quently nucleating fJ on 
\' at T< To is that of formil.g the periphery of the 
/:1-embryo. 

Volmer 14 has pointed out that stable embryos of 
phase /:1 can b retained in cavities of various types in 
the substrate S at temperatures in excess of To under 
the proper ('onditions which may include values of e 
considerably greater than zero such that no fI-adsorbate 

II \1. Volmer. Zeils. r. Elektrochemie 35, 555 (1929). 
":'1. Volmer, Kinetik Jer Pl=fflbildung (Steinkopf, Leipzig, 

1939), p. 103. 
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FIG. 3. Nucleation in It ronic:' cavil). 

is staLle nil a perfectly Jlat surface. This concept will 
form thc basis of our theory for the effect of thermal 
history upon the kinetics of the a-tp-tran-ition. In our 
treatment the rpl{'ntlon IIf t'mhn os in conical and 
cylindrical cavities will be considered. 

Consider a conical cavity in surf,lce S as shown in 
Fig. 3. It is assumed thaI the butlom and edges of the 
ravilY are rounded. :\rglccting the volume (hange due 
to the rounding of I he bot tom of the ,1\ II)' t hl' \\ ork 
of forllling the emilr) u i!1 the cavity is: 

.).p= 7rrIU~-10)<1' '!'3+ 7r1'~ull_,,[2.IJ- sin) cosOJ, (..j.) 

where ~ and jJ are trigonometric functions given hy: 

<f=[sin21' c05')'./3-2 sin 31'; 3 cos3(1'+0) 
+sin 31' tan(1'+8) ('()s2(1'+81-sin 31' tan3(1'+0) 3J 

.IJ.= [sin21' Icos2h'+O) - sin!1' tall(,),+O), (0;;(")'+8)]. 

In Eq. (4) the surface energy term can be neg::lIive for 
values of 'Y and 8 such that cosO> [2 sin,)" cos'(1'+8)J 
X[l-sinh,+tI)]. Figure -t shows the free energy rela
tions involved in iorming p-embryus in ca \'il ie~ for 
T> 1'0 for this situation. 

Al each temperature ahove To there is a stable posi
tion of the a- p-interface specified by ro. As the tem
perature increases ro lJecomes less and the embryos will 
disappear altogether when ro becomes of the order of 
the dimensions of the bottom of the cavity. After the 
embryos have heen destroyed by the high temperature 
treatment a positive free energy at a lower temperature 
must be expended (see Fig . . !},j to reform them because 
this process must ocglll on surfares which are approxi
mately tlat (i.e, on the rounded bottom of tilt.. ea \ It)). 

In cylindrical C3\ ities (see Fig. 5) the work of emlJryu 
formation is given by: 

IlF= 7r1'21r(/tJ- J~) t/l+ 2'7rrua-iJ 

X [r( t - coslJ)/sin 21J - h cosO]. (5) 

For values of It sufficiently large the surface energy 
term in Eq. (5) will be negative. However, the factor 
that {letermines whether or not p-embryos will be 
retained in the pores above the transforma lion tem-

• 
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FIG, -la, Free cnerg~' oi embryo formation in conical 
ca\'it~ a' .. vc transformation temperature 

perature is the coefficient p, of IT in (5) 

p=7rr2(f1l-.U t'a-271'ru" tlC()S~, 

If P is negativ.: ~-cmbryos are retained . This (llI1dilioll 
IS fultill(·d \\!iel1 

(6) 

The work of embryo furmatHltl as a iunction of Iz and r 
is s!JO\\ 11 schematically in Fig. () .. \g.lin it is noted that 
aftcr r('t:tined 8-embryos are destroyed by heating lo 
high temperat ures their reformatioJl al a. lo\\(r tem
perature invoh'e" an increase in free energy, For each 
temperature there is a critic,d \'<tlue of r= m such that 
no p-embryos are retained in pores exceeding this size. 
m decreases sharply as the tempera I ure increases . 

The existence of retained embryos m cavities on lhe 
contamer \\all or in extraneous particles explains satis
factoril) the clTet' of thermal history on the rale of 
nucleation. Sup!'., C lh.il the (:Jpl d:-l' is heated .ruove 
Fu b) varyltlg amount,;= j] -<, The maximum values of 
'Y ane! r for conical and cylindrical cavities in which 
pmbryos are retained are shown as functions of .).T+ in 
Fig. i. 

When a is now ~ub-cooled into the I'J-regioll, the 
embryos retained in lhe conical or cylindrical cavities 
will immediatel) grow to the mouth oi the cavity. 
Howt:\,er, they are nol nuclei for the a - p-tram;{orma
tion unles..~ the radius at the ca\'it)' npenmg equals or 
exceeds the (Tit iral radius for nucleation of a <;pherical 

6F 

FIG. 4b. Free energy of embryo formation in conical 
""vit" with a roundeti notlom 
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,ert IIr III ,:ioll t Ill' flat ~\lrf IU' 

d" = - 2eTn ,'I"'; sinO J~- fo 

For simplicity it is assumed that 1Iu' ('dges of the cavity 
openings are curved but that thc raliii of CUfy<tture 
art' negligible in rompa risl)n \\ il h the raelil of the 
openings, Thus, fur cylindric ,t! cantil' m decreases 
with :::'Tr and f>incc d* decreases \\itll increasing ~T_ it 
is evident that the t\t'gree of ~uh-\ I)uling required to 
rause a ~-cmbr)'(J retaincd i.n a (ylindrical Cit vity to 
IH"come a nudeu, \,ill increase i.\ ' :::'1'. Increases, Similar 
arguments hold flJr the promotion of p-embryos in 
coniml cavities to nuclei sillcc the di'nen ions of the 
Il1fHlth" (Jf the: cavities will be prllporl itlll:J.1 roughly t ) 'Y. 

Reformation of J3-embryos in cavities at low km
peratures after they have bepn detmyed hv a high 
temperature trealmeJlt will be a ~Iuggi h process be
(,lUst' of the free enngy harrier I Fig~, -!b and 0) to he 
surmounted. In sonH' instanccs the e'\ 1 ra ncous l'artiLic 
that carry the cavitie' ca talyzing 111, le,lt '111 m~ly (lis
"oh e in til<' a-phase at hi~h ll'l 'lklturt'. \\ I'l'n this 
OlTur~. the ((-- i:3 tral1!"i iOJ m I \ be .10 longer therm,t1 
hi"'lory:;ensitin i Ir the partll ul.tr. '1l11plr 

It is interesting to inquire how the ob"l'T\'ed nudea
I inll rate oj the (} - ;3-1 r:\Il~f()rmat ion t hangls with time 
,mel tcmf>erallirc ",hen embr~ I" art· retained. Suppo'e 
(see Fig 1) tlmt 5ampll'~' r la,lled in ) tile a-range to 
a :::. f _ value 1I1dlcateel by e alld tl en Cfucllched tll the 
various values gho\\ II. -'pe,·im!.'lIs quenched to z will 
IIa \'(' retai ned d-lmhryll~ whirh are. supercritical, and 
tht', (' I', i I IlUdt'illt' imn1l'di:llely. 1£ the growth ratc is 
\t'ry ~I')I\, ~(lm\' emhryos \\hidl were only ~lightly 5u1J
critical IlIay nucleate and grow. In ,my l vcnt, Ihe 
nucleation rate will be a maximum at 7l r ) I illle a 11<1 ',\'III 
fall uff sharply t hertaftcr. 

When the sample is qurnLheJ if) a :::. l' \.; lut' flf x, 
all retained ,J embryos an gub-critical wilh resl'l'c to 

lIucleation ilt thi~ temperature. The addltionul free 
enngy lIel'eS~<.Lf: to nucleate them may he Sf) larg't' Ihat 
no III ' lei will fUf'll in a rl'a~!lllal)lt' peril)d of timt. 

,\t a:::'1' indiLated by y thert' arc .L Ilumllcr oj rt'
lailled l'lnbr~ Il~ whil hare very c1o~(' to the critical :Ill' 
for Ilurlealloll. These retained emhry,)s may nucleate in 

FIG. S. ,'lId~ati()n ill 
(~ indncal r;lvil\' 8 
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FIG, 6. Free energy of embryo furmatiun in a cylindrical 
cavity a5 a flllll·tinn of II. 

time, but ~till later the nucleati(lo rate will decrease as 
the ret:! int'd. embryos are used up In general, the rate 
of nuricltinn, T, for this cd.~' Will go through a maximum 
with time as shown in 1:ig. 8. If )' is very close to the 
eun'e tJ. T t'S. U T.. or if the rate of transport across the 
interface is very rapid, the initial increase. Ox, may not 
he observed at all. 

For example, Hammerv ha,; published cur\'e showi.ng 
the variation in T \\ ith time for _0111C liquid-solid transi
tions \I hich resemble the ll\r\'t' in Fig. 8 except ing that 
the initial increa e is absent. The way in which the 
total numher of nuclei appearing isothermally in U1C 

range yz eh Inges wit h lemperature will be governed by 
the size distriiJution rUn"L for cavities in which embryos 
aTl rel ained .. 'inee the number of cavitIes generally will 
increast II ith (terrea~ing cavity site, the nudeation 
IllHni.Ja 1\ ill incrt'a~l' itS the temperature is lowered 

I rom Egs. (0) and (i) and selling 

J/J-.t~=X(To- T)ITo, 

\\I)('re A = heat of lran~f()rll1,ltioll per atom, ,t simple 
l'quatioll rcLLling:::'1 and j,T i can be derived for 
cyhllrl rica I (';1 \ iti('~, 

(8) 

This equation hold>, only for one type of catalyst and 

1-'1(; I. Efied of thermal bistoT\- on dimensions of cavitit:s 
in which t'mj,rw)<. can hI? retainL'<l, 
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FIG. 8. Nucleation rate as function of time for a 
limited number of nucleation sites. 

where the rate of production of nuclei on flat surfaces 
or in the interior of a by thermal fluctuations is prac
tically nil. This will be so for relatively small values of 
ilL,. For larger values of AT_ the number of nuclei 
produced by thermal 11uctuations becomes very large in 
comparison with the number originating from embryos 
retained in cavities; under these conditions, AT_ is 
constant with respect to.1T + as shown by the be portion 
of Fig. 1. 

In order to find the order of magnitude of cavity sizes 
necessary to explain the ob!'erved eITects in terms of the 
theory developed, some calculations were made for the 
gallium liquid solid transformation catalyzeu by a sub
strate such that () between the solid gallium (in e\]ui
librium with the liquiu) anu the substrate 1\,t5 ('1)°; 

thus, t:.T_~ 1. i 01',. It was assumed that the interfacial 
energy betl 'een liquid and solid gallium 18 is 55 ergs/cm2 •• 

For AT + = 5 embryos of solid gallium are retained in 
cylindrical cavities having diameters ~1'!()A. These 
embryos are capable of growing at AT _;;'8.5, and the 
number of gallium atoms contained in the spherical 
sector at the mouth of the cavily is of the order of 6000. 
It is evident that nucleation by thermal fluctuations at 
this value of :::'T _ in the absence of n:tained embryos I~ 
impossible. For AT + = 20° t he maximum diameter of 
cavities in which embryos are retained is ~35A and 
AT _~ 34°. However, the number of atoms contained in 
the spherical sector at the cavity mouth is only about 
100, so that nucleation by thermal l1uctuations must 
becume predominant at this temperature or slightly 
below it for the conditions assumed in the calculation. 

When a specimen is cooled into the /3-region from a 
temperature in the a-range whe re reLained emuryos 
have been destroyed the nucleation problem becomes 
une of forming nuclei on catalytic surfaces which are 
essentially flat. At steady state the number, n, of 
embryos of critical size per unit area of a given sur
face is 

1l~ liS exp( -.:J.F·/ kT), (9) . 
where ns j;, the number of a-surface atoms per unit 
area and tip· is given by Eq. (.f). 

The stead) state ra te of nucleation per unit surface, 
18 , is 1,~= K exp[ - (oF*+q)/kT..J' where q is the activa-

lion energy reqUIred to move an atom a.:fOSS the a--- 13-
interface. AF* differs from the free energy required for 
interior nucleation, AF,*, only by a factor involving the 
contact angle. Therefore, AF* will vary with tempera
ture in approximately the same way as :::'Fi* while q re-
mains essentially constant. Consequently Is will gener
ally pass through a maximum as the temperature is 
lowered from To just as does [ for interior nucleation. 
Also before the establishment of a steady state of 
surface nucleation a transient in which [s accelerates 
with time should be observed as pointed out earlier.'~ 
These features of heterogeneous nucleation in the 
absence of retained embryos are very similar qualita
tively to those predicted by the theories of homogeneous 
nucleation. However, since AF· is much smaller, the 
rate of heterogeneou~ nucleation will generally be much 
greater at a given temperature than the rate of homo
geneous nucleal1ol1. 

In som(: reactions ther~ may be only a limited num
ber of "ite" that promotc nuclear ion. In this case the 
obsc n'cd ratc of nucleation may fall off with time after 
the risit ci ,ransient in .l way similar to that shown in 
Fig. 8. In the absence of a tran.ient the rate of nuclea
tion will change with time arcordin~ to the equation 
giYen by A nami l~ prn 'lcling that all of the preferrecl 
nucleation siles are equivalent. 

In order to te't the theories of homogeneous nuclea
tion ngorously it is important to de\'ise experiments in 
whlch nudeation catalysts are eliminated or localized. 
Experiments are usually performed on bulk samples 
where one or more nuclei originating from catalytic 
sites are able to transform the entire sample under 
observation. In order to prevent this from occurring, 
it is desirable that the sample-be hroken into a large 
number of -mall isolated parts. This is accomplished in 
the 1\ ell-known e:tperiments of V. 'chaefer l6 on the 
nucleation of snow lrysta.ls in a fog of water droplets. 
B. VonlJegut 17 has used a somewhat Similar technique 
in his study of rhe liquid-solid transition in tin particles. 
Also, the authorl~ bas appfied this procedure to mer
cury a.nd gallium. In these invest igations a. much larger 
degree of sub-cooling was obtained than can generally 
be obtained when bulk samples are sub-cooled. 

Observations of the kinetics of transformations on 
fine dispersions have the following advantages to the 
study of nucleation: 

1. Since the linear grO\\ th rate in transformations is approxi. 
mately constJ\nt and the rale of nucleatiun i, proportional to 

the vulume, it is highly prohaifle that in ,'cry small droplets (lnt> 
nucl!'u~ tran~furms the whole ma~s oi th~ droplel. Therd()r~, 
observations on the rate of tr"-n~fffrmalion cOllstitule a dirt'ct 
measure of the nucleation ratc. 

1. Only a negligible numbcr of drtlplets contact the container 
walls at any point, so that anv points Oil these walls which pro
mOle n!Jclealion are no longer (fTrctivr . 

11 D. Turnbull, Metals Tech 15, T.P. 2365 ([948). 
" V. J. Schaefer, Bull. Am. \leteorolng. Soc. 29, 175 (1Q4~). 
11 B. Vonn~ut, ]. Colloid Science 3, 563 (1948L 
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J . E~tmnt' .. us part,c1e, 1""11101111)( nUl kalj,,". if Ihelr JIlII .I.a 
is n',1 I,H~e. may Ik.' localized on r. nej.(lkil,lt· pl/lI"'lllJl' I1f Iht' 
drop lets. 

4. If the intcrfaLes are propl'riy cho~en. nudeation takes plan' 
at the interior of tbe droplet rather th .LI1 at Ihe surface This 
requires that the material at the interface ",nt" the parent 
phase better than the phase which is f()rmine. 

Thus, the technique of oh-;erying transformation 
kinetics on finely dispersed dmplet~ of the mother phase 
covered by a good wetting ,t~t.:nt appears to oITer the 
most promise in measuring rates of homogeneou~ 

nucleation in condensed ystem~. For this purpoSt' it is 
highly desirable to ha \'C dispersions in which the uroplct 
size is very unifurm , and accur;llely kno\\n. Gnder 

th('~i' l.(lUdi lOll;; a simpil' kinetic t'x pre 'sion may he 
writtl:ll t, r the rate at which \"()iume is transformed 
per unit time as follows: 

(10) 

where r' = total volume transformed in time, I, Vo= total 
volume at 1= n. 1 = rale of nucleation per unit volume, 
ilnd r= \'ulumc of the droplet. This expression assumes 
that the transient in the nucleatlO'l rate is over and a 
teady state obtains, l.quation (10) may be integrated 

to give: 

for the volume tran!'formed in time I, 

l 


