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ABSTRACT

' Studies.of the fatesvof crystal growth from Uﬁdercooled binafy
liquid miitufes ef organic substances were conducted“in twovsystems,
a simple eufecfic mixture of salel and thymol, and bibenzyl and trens—
stilbene which fofm nearly complete solid solubility.

Thevnewl& designea temperature—gradient microscope stage, which -
incerporates‘facilities.for-avquehtitative determination of the interfacial
liquidbandbsoiid compositiens and temperature through the use of_infer_
ferometficvtechniques; has been successfully ueed for the firsf ﬁimeyto
study thetiﬁterfacial rate pheﬁomené of cryetallization. |

A new theory is developed by modifyiné ﬁhe'Eyring's absoluﬁe;rate—
théory—condept to interpret fhe experimental results.for the gfoﬁth.of mixed
crystal ffom the Einary mixture in terms of a Separation fector;‘ Thisl
factor, representing the deviation'from equiiibrium; is found ﬁe depend on
the groﬁth faﬁe ahd‘interface conditions. | |

Tﬁe‘experimenfai fesuits have shown thatfcOnsiderable-departures-of:
interfacial eompositions and temperatures from the phase diagram can;oécur.

The resulfs'suggest that the assumption of instantaneous phase equilibrium -
v Y . e s T B :

‘usually should not be'used in design calculation for crystalliZation‘eQuip—

ment.

The adaptatibn of Eyring-type theory in the prediction of repes Qf
crystal growth by Kirwan and Pigford has been further teeted and itseappli-:
cation to crystal growth for.various molecules of.different structurei |

complexity'has been found to be good for an order—of—magnitudé.estiméte.
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CHAPTER I

INTRODUCTION

Crystaliizafion is a very common phenomenoh and is one of the most
popular separation techniques being applied in many chemical proeess indus-
tfies. The $ubjecﬁ of ¢rystal growtﬂ has been studied with an‘enthusiestic
intereet, bdth scientifically and technoiogically, for many jears;‘ quever,
the mechanisms by which crystals grow have net yet been understood completely.

In hie opening remark in the 19%8 Bristol Internafional.Confefence
onVCrystal Growth, Mott (1948) referred to ﬁwo types of problems in trying
to understahd erystal growth;' (a) problemseof"understanding:£he atomic mecha-
nisms at surfaces of crystals‘and (b) problems relafed with bulk heat_flow
and diffusion proeesses. These two types of'problemsewere stiii pertinent
and were re-emphasized by Cabrera (1967) in his closing addrese in fhé'1966"
Boston International Conference on Crystal Growth. Frank (l958)vin his |
introductory lecture in the 1958 Cooperstown Internationai Cdnference on
'Crystal Growth stressed that the key to undefstanaing the kihefics of cfystal
growth was to fully understand'the morphology of the growing cryetal.-vOnl
the other’hand, the failure in,underetanding the beha&ior ef uhdéfcobled.
liquids quantitatively, which is anvobstacle invunderstanding the'crystai—
lization phenomena, is, according to Turnbull (1965), attributed to lack Off
understanding the iiquid structure et thevsolid-liQuidvinterfaee. Boﬁh
problems_still need to be solved completely. |

As a separation tool, crystallizetion possesses certain unique 
advantages as loﬁg as the freezing point of desired product is”notbﬁee;lowr
Among them are: (1) to provide products with high.purities; (2) to bufify

thermally unstable compounds; (3) to separate close-boiling, chemiéally



similar isomers;'(h) to offer a theoretical'possibiiify of prbducing a pure
producfbin a éingle stage. In addition,.cryétals>produéed with uniform sizes
are desirable for good handling, packaging, storage and marketing.

Teéhniques ofvgrowihg‘crystals'have been known to humankind fér
centuries.v However, ﬁhe technolqu of desigﬁing a crystalliéer aﬁd operaﬂing
.it still‘rémainS'in the state of morevof an art than a écience, Qwing té
incomplete understandihg of the fundamentzl asbects'of crystallizaﬁibn'.
-phenomena}‘vDespite fhezmany advances which have been’méde in recent.years
the crystal'growervtoday still relies‘to a large.éxtent on his past éﬁpéri—
ences; often he modifies empiricai methods that have_wofked in the pasﬁ.v

| The demand for ultrapure crystals in the solid-state induétri,has.'
stimulated extensive stﬁdiés of crystallization from ﬁelts;  Améng them
zone refining has been demonstrated to be a promising.ﬁethod{. Purifying
chemicals from meltsvhas many'advantageé. vRates of crystai growth'are pften-
high and use of.a‘solvént is ﬁot required. Crysﬁéls produced ffom meits
usuélly have better qualities.b | |

Réceht;y continuous fréctiénal soliaification for the ﬁurifiéafion
of ofganic materials frdm-melts has received considerable attention (Powers,
1966). To deéign‘a gdntinﬁous fractional érystallizatiqn process properly
one mUst'havé édequate knoﬁledge about interfacial rate processes which
govern both the gfoﬁth rate and the pur;ty of the erystals wﬁich»are fbrméd.
This iﬁfdrmatioﬁ is extremeiy scarce and is not likely to be found in the
literature. . | | e .

In designing crystallizers, eithei.inétant‘equiliﬂrium or empirical._

rate expressions are often assumed to apply at the solid—liquid‘intéfface‘ -




The équilibrium relationship is taken from the phase diagram. Parficulagly
in zone refining.studies of in fractional crysfalliZétion calculations the

assumption of interfacial equilibrium is commonly‘ﬁsed tb relaté the inter;
facial solid'and'liquid compésitions{ ‘However, the departuré of‘thévinter—

face conditions from equilibrium may be significant, owing to the interfacial

' kinetic resistance. Clarification of the interface phenomena is urgently

needed if unsafe assumptions are to be avoided and operation of crystallizers
improved.
The purpose of this'study'is to investigate the deparﬁure frém

equilibrium during_the crystalliiatidn of mixed crystals grown in the binary”

~organic liquid mixtures. The purity of such crystals is examined quantita-

tively in fefms of growth rate and interface conditipns.' Two.bihary s&stems
were used. The first, éonéisfing of salol and thymol,. forms a soiid eutec-
ticy at equilibrium either the one pure solid or the other solidifies. The
other system was bibenzyl and trans-stilbene, which form a_mixtufe With
nearly complete solid solubility. Thus, two extremes of a‘class of phase
diagrams were represented. | | o

The pfoper interpretation of the results obtained from;méasuréments
of the_rafeé of crystals in>organi¢ molten mixfures can ﬁot be accomplished
unless the interfacial compositions_andvtempérature are known. Iﬁ CHapter
IT a new temperatufngradient micfoscope stage with facilities for ﬁhe
optical determination of iﬁterfacial liquid and solid cdmpositions aﬁd §eﬁ—
perature is aescribed. This apparatus is suitable fof the study of crystal
growﬁh from liquid mixtures of'organicvcompoundS'with reasonable'ranges‘of E

freezing points, because of its ability in.stabiliiing the crystal shape



)l

at the_igterface owing to the impoéed tempefature_gradient. "The additioﬁ
of,facilities for gquantitative determination of interface cohditidns.to

the apparaﬁus previously used by Jaékson éﬁ: al. (1966) makes it possible
for the first timevfor interfacial rate phenomena to be studied success-
fully‘forIOrganic substanceé; |

It is known that crystal growth takes place by the attachment of

atoms or mdlecules to the crystal surface. Before molecules can attach

‘to the solid they have to diffuse té the interface and to be oriénied'in
“the right difection in order to be éccepfed intovvacant siteé'in'ﬁhé.cryétalf
lattice. Although several quahtitative models have been developed fbrv
meéhanisms of molecular attachment nbne appéar§ as promising és the appli-
cation 5f_a kinetic théory proposed'ﬁy Eyring (1941) with the aséumptibn of
écrew disloéation defects‘On the crystél surface according to- Frank (1951).
Such_analyses have been ﬁade by Hillig and Turnbuil (1956) and-by Kirwan

and Pigférd (1969). Results have been encouraging but the-éxpressions.for
growth rates obtained from such analyses have not yét been tested thoroughly.

In Chapter III the Eyring-type theory is réviewed critically,
exp-ecial.iy‘thje adgptation of it by Kii‘wan‘ a.r‘_ld Pigford (1956), and its
’éppliéatioﬁ to data on the more coﬁpiex organic molecules, such as poly- -
vphenyls,vis disCussed.v The purpose is to test certain hypotheses'concérning
the estimatioﬁ of the thermodynamic pfoperties of the crystallization acti-
vated state, such aé activation enthalﬁy and acﬁi&ation enﬁropy‘f¢r érystal—
lization, suggested by Kirwan and Pigford. v |
.In‘the past very litfle study has Been conducted about the rates

of growth of mixed crystals. With the help of’fhe newly designed
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temperature—gradient microscope stage deséribed in -Chapter IT it is
possible for the first fime to determine thé magnitude of the.departﬁre
from eguilibrium for the growth of mixed-crystais from thevbinary mixtures.
The experimentally determined liquid -and solidvcompositions at the iﬁteré
face of a.growing mixed crystal have'shown to éonsiderébly deviate from.
their respective equilibrium values. | |

| A new theory is also devéloped.in Chapter IVfby modifying ﬁhe‘
Eyring concept to inferpret the exberimenfal res@its fdr thé‘growth.ofvmixed;
crystals_in ﬁerms of a éeparation factor;‘ This factor ié commoﬁly ;pplied |
in such éeparation procesé as fractional‘distillétion. This factor,‘repre{.
senting the déviation from equilibrium, is fouﬁd_té_depénd on the growth
rate and interface coﬁditions.

At least three.objéctiVés are accomplished'from.the work deséribed
‘ _ih this thésis._ One, the success in using the new temperature—gradient
microscopefstage; opens up a promising future:for the study of.interfacial
rate phenomena'of cryétal growth for organic_compbunds. Sécondly,'the
' adaptatioh of'Eyring-type theory in the pfediction_of rates of Cryétal
growth by Kifwan and.Pigford has been furfher tested and its applicafidn
to_crystal growth for various ﬁolecules of different sﬁructural compiexity
has been found to be good for an ordef—of—magnitude éstimate.. Finall&;
the experimental resulfs have shown that cdnsiderable deviations éf
interfacial compositions and temperatures from the phése diagram can occur.
The results suggest that the aSSumption of instantaneous phase eqUilibrium
usually should not be used‘iﬁ design baiculations:fof erstallizationkéquipr
~ment., It is hopéd-that the results'of thése studies Qill confributéltOvthe

understanding of the interfacial rate'ﬁrocess‘of crystéllization.f
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CHAPTER II
EXPERIMENTAL STUDY OF RATES OF CRYSTAL GROWTH
FROM ORGANIC MELTS
ABSTRACT
A new.temperature—gradient microscope stage, suitable for the

study of crystal growth from liquid mixtures of organic compounds, is de-

scribed. The apparatus incorporates facilities for the optical'determination

of 1nterfac1al llquld and solid comp051t10ns and temperature through the

use of llght dlffractlon by a thin wedge of liquid. The 1mposed,temperature

gradient causes the profile’ of the SOlldfllquld interface to be more stable‘
than in an isoﬁhermal liquid, despite compositionalvundercooling; Some

"results are presented for a binary system which forms a eutecticvsolution.

INTRODUCTION-

_MeaSuremeﬁﬁs’df the rates of growfh'of crystals in moiten mix—-.
tures of organicvcempounds can not be interpreted properly unless the
cemposition_and the temperatﬁre of the interface are known.irSince the flux-
of material'neeaed te form new solid phase‘sets up a diffusion gradient in
the liquid andesinee fhe heat of fusien, released at the interface, has tow
be dissipated by heet.conduction‘ use ef_bulk temperature and eomposition
in the study of 1nterface kinetic phenomena may lead to error. Consequently,
Kirwan and Plgford (1969) and Berg (1938),.Bunn (1949), Humphreys (1948),
have employed optical interference methods-for'the observation. of con-

centration patterns around crystals as they grow in supersaturated




: _solutions.under microscopés. Similar mefhods.héve“been used (Nishijima
and Oster, i956, and Sééor, 1965) for the determination of diffusion co-
efficients from‘the shapes of interference fringes observed during thé
mixing of two liquids. |

In_most such work the liquid within which.the crystals gfow has
been>kept at a uniform temperaturé, except for fhe usually small temperaturé
rise at the interfaCe.“By‘setting the temperature of thé sélution at a
value beneath the equilibrium liquidué temperature the groﬁth rate éan be
uniquely determined. Such measurementsrare very suipable fof theistpdy
of brystal nucleation rates but they have an_importént handicap when'grOWtﬁ
of’crystalé, already present in the solution, is being dbserved, Tﬁis’is
for the reason that the préfile‘of a crystal interfacé as it advaﬂces into
the adjécent liquid is often unstable atvfinité rates of grbwthE.'An inter-
face‘which may be flat initially may project sharpvpointé or "dendrites"
into the undercooled liquid ahead, especially when that ligquid is under-
cooled more than the interface liquid is.. Thus, the shape of thg liquid—
solid interface may change as growth proceeds, eébecially when the systém
tends to grow rapidly even Qith small amounts of undercooling. Invsuéb
a situaﬁion? as with the‘Coméonents salol and thymol, thé freezihg inter-
face acts as a sfrong}source"of heaf andvthé interface temperéture rise,
.ATi, may be aé much as 2 to;3 deg; C; above the temperature, TS, of‘the
presumably isothermal microscope stage. A sharp poihted crystal, pro-
Jjecting itself into the adjacent liquid, will find even colder ;nd mére
concentrated ;iquid a short distance from the interface than it feeis at

the interface itself.



To avoid such expefimental problems during cfystal growth studies -
Hunt, Jackson, and Brown (1966) introduced a temperatUré—gradient micro;
scope stage (hereafter éalled TGMS) to study the growth behavior of cer-
tain pure ofganic substancés,vespecially_those for which the molecules are
nearly spherical so that the freezing phénomena are . like thosevfor metals.
By providiﬁg a Tlux of heat through'the liquid within which thevcrystals
were grcwing, ﬁhe direction of the temperature grédient being ndrmal to
the interfacé, the shape of thé interfaceIWas much more feguléf and more-
easily cantrolled; No prbViSions were made in their apéaratus, however,
for the measurement of bulk liquid or interfacial témperature. Furthermore,
it is not'eaéy tovuse their apparatus for observing the growth:of cr&stals
from solﬁtibn because no means.is provided for the determination 6f con-
centration patterns.

vIn the present work a new TGMS nas been designed.which provides
not only a temperature gradient for the control of interface shape but
also optical interference paﬁterns for the calculation of témperaturé_aﬂd
concentration profilés near the cfystal faces. The purpose of this_paper J
is to describe this new equipment and to report a few results obtained with
it using the binary syétems salol-thymol. The bibénzyl—stilbene system is
one iﬁ whiéh undercooling is éxtremely slight, even at large rates of"
growth. Measuremenﬁs for it wére e{tremely difficult using an isothermal
stage (Kirwan, 1967) and have been made possible with the aid of iﬁtéfface
shape cohtrol.' Details of the studies for this system will be reported

in the future article.




;3/8 in. thick. These'are placed at the left and right of a stationary

'DESCRIPTION OF TEMPERATURE GRADIENT MICROSCOPE STAGE
The new TGMS, shown in Fig. 1, is sultable for growth rate studies
using not only pure materials but also binary mixtures. The main features

of this apparatus include hot and cold stages made from aluminum blocks

1'mouni‘,vwh'ich can be adjusted in position with the microscope's mechanical

stage. The liquid is placed 1n31de an optical Wedge formed by two half- |
aluminized glass slldes, as in the previous microscope optical 1nterferencef
apparatus (Kirwan and Pigford, 1969, end Kirwan, 1967). The opp051te ends ?
of the lower microscopé slido reSf on tho hot.and coid_stages, respectively,
and the temperatgre.of the.glasé and of.the iiQuid contaihed»in the.wedge
varieé nearly linearly with positioﬁ io the space above the gap between

the two stages. TRe élass slides are held io positioo relative to éach
other By a Teflon boat which is oonnecfed to a lead screw turned Ey a
variablé_sgeed motor. As the screw advances tﬁe.boat is moved‘horiéoﬁtally
under the microscobe objective, the boat advanoing'toward theicoldetage.
Thus, a point in'the wedge eocounters progreSsively lower temperatﬁros

and increasing undercooling is experienced by the liQuid at that point.

- The growth rate is determined by the setting of the motor which drives the

leadvscre#.

in-Fig.iz, the picture at the left shows‘the Teflon boat, gsédTio .
move the diffraction assembly slowly toward the oold‘étaée.,_Thealead_soréw
from the drive motor fita into the yoke at the left. The partialiy aiuﬁin;

ized slides are at the right. The larger slide fits into the boat. from

‘below and forms. the bottom of the wedge. The smaller slide is héld-at an

angle to the longer slide by the adjustable leve’ on the boat.
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Fig. 1. Temperature-gradient microscope stage.
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Fig. 2. Optical wedge for crystal growth measurements.
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Light fof the diffraction péfterns Qas proQided by a'hélium;neon
gas laser., The SPacing between adjaéentvinterference fringes and fheir
sharpness are governed by the angle of the dptical'wedée, by thé'reflec;
tivity.éfvthe_metailic coating on the slides; and by the refréctive ihdex
of the liqﬁid in thel wedge. The quantitativé hEasﬁrementsvdépend‘oﬁ know-
ing.the value of the wedgevthickﬁess corresponding to eaéhvpositioﬁ on
the plah Viéw of the slide._ Thus, it is necessafy to havévsomé way for
setting the wedgé aﬁgle at a desired value and”of”adjuétingvit slightlyf
Fbr'this purpose a lever mechaniém with a thumb screW’wéé attached ﬁo ﬁhe
Tefldn boat.

In most 5f‘the work ddﬁg with tﬁis‘apparatus ﬁhe gap between the
oppesed alﬁminﬁm coatingslvariédvfrom zero at the thinner edge of the
wedge, where the edges of‘the slides touched, to about 0725 mm; at the

thicker-edge some 2.5 cm. away. In some measurements involving thicker

cyrstals, however, a modification was made to increase the gap while using

the same'wédge angle, In every cése, howevér, the thiCkness values-were
checked by observing scratéhes in the upper and lower cpatings and reédiné
the:corrésﬁonding positions of the vertical. fine adjﬁstment scalevof_the
_LeitZ'Qrtholux microscope..

Iiquid temperatures near the adVancing crystal faces were observed

with a véry fine, calibrated copper-constantan fhermocbuple nmade. from wire .

only 0.004 in. in diaﬁeter. This was inserted into the optical wédgerper—
pendiculaf to the direction of motion. Since the»thérmocouplé juﬁction
moves with the wedge while, at steady staté,vthe crystal interface was

fixed relative to the microscope objective temperature measurements at
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aifferént times cofreépohded to different distances from fﬁe interfade.”
A.lasﬁ'measurementfof the thermocouple's position was.made jﬁSt aé’thé
junction touched fhe crystal itself. .By.using a linear leasteSQuafes Tit
of the ébservatiOnsvthe inferface tempéfaturé could be compUtéd accurately
and its staﬁdarq error estimated. The temperature-gradient.throuéh’the'
bulk of the liquid'coﬁld also be determihed. fig. 3 shows the typicai
temperature distribution.»

In:some measufements trouble was encountered owing to the volatil- i
iﬁy of both solid and liquid components. When the hot.stagé had to be
very hot ahd whén»the compésition of" the high—melting»componeﬁt was;lérge
it was not possiblé to complete measurements»with the open—sided optiéal
wedge Jﬁst described. . In these situations an optical wédge:hévihg a fiied ,'
aﬁgle Was éﬁployed. This was prepared by closing allvféﬁr sides of'ﬁhe\
ﬁedge, exéept for small holes for injection of the sampie aﬁd for. the )

thermocouple. The loss of liquid was reduced to tolerable levels.

EXPERIMENTAL PROCEDURE » /

1. Sample Prebaration: Salolv(phenyl salicylate) and thymoi »
(3:p;cymeﬁol) sjsﬁem, which forms_a‘singie eutectic system for Which fhe
phaée diaéram is given by Timmermané‘(l959), was selected for the growth
rate exéeriments. All the chemicals-wére obtained from the Eaétﬁan.Kodak
Cdmpany as "Reagent Grade." Salol was used as received aftef it had been
dégassed: Thymol was sublimed several times. The melting pointstf phe
purified samples were: salol,.h2.lh°C.;bthymol, 49.60°C. These valués'

compare favorable with the higher values accepted in the literature; -



40 —
é_) -
s  B-3580 |
2 35 -T o , ]
2 . ‘
@ . No. 11-23, y,= 90m.% of Salol
E aT T —
2 v - @ Liquidus temp. at y;
| | 2999 ' A Extrap. interface temp.
_ 30#_ , | O] Measured pqints R
AT, I A Corrected interface temp. .
T’—*—ze.ls . A
27 I N | | | ! . |
o 1t 2 3 4 5 6 7 8 9
' X, distance from interface (mm)
Determindtion_ of interface temperature:

Fig. 3

XBL 6910-3997




Thin A i.

| ‘_Thlck "

Solid

Interface

Cold

X

F»rlnge pottern at interface
| durlng crystol growfh

© XBL69I10-3998



16—

2. Experimental Méthod: After the temperatﬁfes_of the hot and
cold stages had become steady, crjstallization ﬁas started by introducing
a small seed crySﬁal into the openiﬁg at the colder side of the optical .
wedge, in which the.solution‘had been injected eariier. Thén the drive
mofor was turned on to'puSh the Tefion boat farther toward the'cola.stage;_
Evéntually the érystal interface assumed a position that was apparently
steédy as viewed through the microscope such'that.fhe growth fate was equal
to the velébity of tﬁe boat. If the crystal interfacé.being OBserved
through the miéroscope was hot perpendicular to the direction_of movement
.of'the béat thé velocity of the interface was computed‘from_fhe‘motor speedv
by multiplying the Eoét's velocity by cos Y, where .Y:vis thé_éppfopriate
angle. | | |
| | Therﬁodouple readings were récorded for the junction immersed in
the liéuid ﬁithinvthe wedge and Polaroid‘picfurés Wefe taken to record
the interférenée pafﬁérns; Figure 5 showé a typical.photograph of such
fringe:patﬁerns. A émall'corfection wa; applied tb the computed femperature
of fhe iﬁtérfdce, extrapolated from medéurements in the adjacent liquid,
owing to the heaﬁ>ré1ease there causedxby freezing. _The corfections wefe
based on measurements of femberature.riée using the interference method_
to observe diffraction with thevpuré substances on the isothefmal stagé.
The diffréction effects corresponded to temperature rises of l,S'deé. C.

for thymol at a growth rate of 1.0 X lO-3

cm./sec. and 2.0 deg. C. for
salol at 1.5 X lO_3 cm. /sec. At other growth rates the temperafure rise
at the interface above the straight line through the points observed a

few mm. away in the liquid was assumed to be proportional to the growth

rate.

-
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Fig. S5a. Fringe pattern at interface during crystal growth of thymol
in 10 mole % salol solution.
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RESULTS

Measurement of the Growth Rates of Pure Substances: The observed

growth velocities of salol and thymol using the TGMS are shown in Figs.
6 and T, along with similar data reported by Kirwan and Pigford (1969).
The new data appear to be in good agreement with the previous results,
and also with the results obtained in this work on isothermal stage, de-
spite the presence of the thermal gradient in the new measurements.
Although the points on the figures are scattered the growth rates are

seen to follow the empirical formula

v = k(AT)? (1)

indicating, as suggested previously (Hillig and Turnbull, 1956), that the
growth mechanism involves the presence of spiral screw dislocations on
the advancing interface. The lines shown on Figs. 6 and T are based on
this equation.

Growth from Binary Mixtures: Salol and thymol form a eutectic

system with the equilibrium phase diagram shown in Fig. 8. On the as-
sumptions that equilibrium is established instantly between the interfacial
liquid and the solid, and that diffusion in a binary melt having the bulk
composition, Yg will deposit pure solid thymol when cooled to the

liquidus temperature, T If cooling continues until the temperature

0"
falls to Ti the liquid composition should move to point F. However,
owing to the finite rates of diffusion and of interfacial kinetic reaction

for the phase transformation the interfacial composition will shift from

Yo to ;- The finite thermal driving force, 'I‘e - Ti = AT, is needed to
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Fig. 5b. Fringe pattern at interface during growth of mixed crystal
in 15 mole % stilbene solution.
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force the solid to form at the prescribed rate. Furthermore, the solid

which forms may not be the pure thymol phase which is expected at equili-
brium from the phase diagram instead, it may have a mole fraction, X5 greater
than zero. The interferometric apparatus makes it possible to determine

the quantities Vi Xy and Ti'

The interference fringes pattern is characterized by the equation
—— =N, B . . (2)

where N is en integer and is constant elong each line in the pattern.
In this equation n = n{T,y) is the composition of temperature-dependent
refractive index of the liquid, t is the local thickness of the liqﬁid in
the wedge, and AO is the wavelength of thevmonochromatic light source'
.used. The{deﬁermination‘of v is‘based on the fect that the displecement
of the fringes from their straighf-line projections from the uﬁaffeeted
liquid ﬁo'the.inferface implies a certain change in n. Part ofjthie'ma&_
be owing'to the interfacial temperaﬁure rise; the residual part is owing
to fhe difference.in composition, Yo = ¥y |
'The solid composition, X, is-herder to'find but can be compqted.
from the same interference pettern, This is based on an interfacial.

diffusion flux balance. This leads to the equation

% TV Tl 7o) lan) (3)

where D is the binary liquid diffusion coefficient, V is the measured

growth velocity, 2z is the coordinate perpendicular to the interface, and
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the p's .are densities of liquid and sélia pﬁaseé.; The computation of the
. composition}dgrivative dependé on the geqmetry of thévffinge.patternvand
upon Eq. (2). 1In Fig. L the X-axis is;drawn.parall¢l to the vertex of the
optical7wedge. The thickness, t, is assumed to vafy linegfly in the Y-
direction; - Far away from the intenface‘the fringes are_stfaight but-are

at the anglé o from the'X—axis, owing to the temperaturé-gradient. Thé
CVew coordinate sjstém_has its origin in the interface and the v;axis is
parallel to thevdistant.fringes.' Coordinates of éeveral fringe linés_Wéré.
measured in the v—w system using a precise insfruﬁent designed originally
er ldcaﬁing particle tfécks in photographic‘negafiyes, By conéidering.ﬁhe
geometry involvea.it caﬁ bé_shown that the interfaéial éompositién gradient
is givep_by" |

,Ao(dw/dv)v=o

@ in B + (aw/dv) T(on73y s,
d?z=o o _2 S_ti'cqs a [sin ? + dw/dv v=0C0S Rl {9n/dy o

(1)
where - s is the_fringe spacing meésuring in Y direction. A detailed
dérivation'qf Eq. (4) can be found elsewheré.(Chéng,v1969).

Equations (2), (3), aﬁd (H)‘Were used to cdﬁputé the interfacial
compoéitioné.aﬁd’temperatures férrthé salol—thymol syStem. Some of tﬁe
results héve béen includéd in Figs. 6, and T,IWhere growth rétes of ﬁhe
sQIOl phase and the fhymol phase frpm the solﬁtion are shown. Figufe 9
showsﬂthe computed sélid compositions of thé thymol phasé and indicateé»
.that'the solia phase which gfew at a‘finite>velocity apparently contéiﬁed
as muchvéé‘lO mole‘percent salol. The interfacial liquid contained éboutl

» 85 mole percent thymol in the same experiments.
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The accuracy of the computed intefféce solid composition depends
nof only on the accuracy pf the'fringp_measurements'andpon the composition-
derivative of the refractivé index. it dépends also on the liquid diffusion
chfficient,vwhich was not measured directly in this work and may be in
error. The value used Of7h X 10"6 5q. cm./sec. at 29.S°C, baséd on a few
measurements by Kirwan.(i967) and on the empirical éorrelation df Wilke
and Chang (1955). It is believed that the probable error in this éoéf-
ficient may account for the 10 percenf'deviatibn pf  X, - from the.expectea.
value. |
Fdr.solutions, as for pure compounds, the growth vélocity is ap-
 proximately prqportional to tﬁe squaré.of the'température driving fppce,
‘indicatingpphat the same spiral growth mechanism applies as befOre.r'The
growth veldcity on the ordinate of Figs. 6 and T is divided byrthe'intér-
facial liquia mdle fraction of the substance which is Being deposited;“
Although it is not poésible to prove'that the velocity is prbportionél tov
the inteffacé composition because of fhe.scatter oflthe data, aﬂd becéusé
of the small'vafiainn of ¥y, this quantity is included on the basis;of
a theory of crystal growth from solﬁtion which forms-a éutecfic system
(Kirwan and Pingrd,_1969). |
'CONCLUSIONS-

'The_presence of -an impdsed Constant temperature gradient 1is a:

decidedvadVantage in measurements of the rate of;growth of crystals in

undercooled melts of organic substances,'especially when mixtures are used e

and constitutional undercooling can occur. This is owing to_the‘improve—

ment. in the stability of the interface as it -advances, permitting
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measurements of temperéture and diffraction to be carried out . long énough-
for repeat observations to be takéh'during periods of nearly steady state.

The addition of facilities for quantitative measurement to the apparatus

pfeViously uéed by Jackson et. g;; (1966) makes it possible for the first
time forvinterfacial rate phenomena to be studied éuccéssfully for organic v
substances. | | |
The results indicate fhat deviations of interfacial compositions
and températﬁres.from fhe-phase diégraﬁ values can be consideréble, éﬁen
at smell growth rates'and-suggesté that designs of crystallization eQﬁip-
ment which are based on the assumption df instantaneoﬁs phase equilibfium

‘may be considerably in error.

.NOTATIdN

D = liquid phase.diffuéion coefficiént, sq. cm. /sec.
K = coﬁstant | |
n = refractive index of liquid

'N = integer

s = friﬁgevspacing, .,

t = thickﬁéss'of optical wedge, mﬁ.

T = teﬁpérature, °C.

v =‘freéZing Velocity, cm. /sec.
V,w.='cOordinates for interference fringe-
x = mole fraction in sélid phase

y = mole fraction in'liqgid'phasé

X,Y = coordinafes for optical wedge

z = distance perpendicular to growing»crystal face
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GREEK LETTERS

o angle;.degree'
B = angle;,degreé
Y = angle, degrée
AO = wave length of monoghromatic light, 6328 A,fqr He-Ne gas laser:
p = molar:density,‘ghmole/éc | |
SUBSCRIPTS
| e = equilibrium condition
i = interfacial condition
L = liquid phase
.s = stage conditioh, orvsolid phase
='initiél condition |
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'CHAPTER 11

AN APPLICATION OF EYRING'S THEORY TO

CRYSTALLIZATION KINETICS OF POLYPHENYLS
ABSTRACT

_The_Eyriﬁg—type‘theory developed by Kirvan and Pigford for the

ihterfacial kinetics of crystal growth was applied‘td predict the rate of
crystal growth for o- and m—térphenyls, and l:3:5:—Tri—a—naphthylbénzene
(ToNB). The predicted values agree well‘with éxperimehtally measured;datav
for m—tefphenyl. The agreement between the computed valﬁes and reported .
litéfature data was good for o-terphenyl for undefcooling'below.l2°-C;v

An order of magnitude prediction was obtained for ToNB at'undercooling below

4¥0° C.

INTRODUCTION
' Growth of Crystais from their melts and from solutions continues

-to bevmofe bf an art than a sciénce, even though crystalline prodﬁcts.ﬁave
been prepared for centuries. This is‘expe¢ia1iy trué for organic sub;
stances because howhere have their structures.in the liquid éna solia
states feceived as much attention as.thé cOmparatiVely‘simpler metals:
Yet-tﬁe advance of'methodé fof using ¢rystallizationuphenomena.in thé
purification of organiC'compounds requires tﬁat an undérstandingbbe‘v
“developed for the faté processes Which govern both the velocity of.érpwtﬁ"

and the purity of the crystals which are formed.
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It'is RnoWnrthat crystél growth éccursvby the attachmgnt of mole-
cules to the crystal surface. Furfhermore itvis_intuifivély obvious that
such attachment will require that the approaching molecules be oriented in
the right direction if they afe.to fit into vacant sites in the crystal
lattice. Mofeéver,»the moieculéé whicﬁvare ready to-attaéh themselvés must
Ereak their,bonds-with their neighbors:in_the iiquid; Finally, the con;
centration on the crystal face of vacanciés.éuitabie for the attachmént of
new molecules may be low, the more perfect surfaces offering fewer sites
for attack.

Althougﬁvseveral proposals.haﬁe been made for the quantitative ahaly—
sis'of_these:faétors none has seeﬁed as prdmising gas. the combination of a
kinétic the;fy which_followsv the ideas of E;;rring (19%41) with an _e’stizﬁaté
of surfacé defecfvstructurés accordiﬁgbtofFrank (i9ﬁ8; 1951).: Such aﬁalyses
have been made by Hillig aﬁd Turnbull (1956) and by_Kirwan and Pigford
(1969). Results have been somewhat promiéing but the exPreséions'fof gréWth
rates ébtained along such lines have not yet been'tested.in‘a definitiﬁé
way. .

A few more complicated organic compounds;lsuch as polyphénylé;
become fery viscous’wﬁen their melts are cooled. In fact, coo}ing may
easily éccur many degrees bele the equiiibrium f:eezingvpéints of these
substanées because nucleation and growth of the solid phase are so slow.

Such substances apparently formvﬁighlyvoriented; multiple 1links
between neighboiing molecﬁles, even in the liqﬁid state, such temperatufe—

dependent ‘structures resulting in'high liQuid-viscosity.
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Fig. 1. Units of molecular structure of polyphenylis .- o
(a) o-terphenyl, M.W. = 230.31, (b) m-terphenyl; M.W. = 230.31
- (e) 1:3:5-tri-o-naphthylbenzene, M.W. = L56. ; , ‘
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Recently, growth rates and.liquid viscositiee for o-terphenyl have
been‘reported.bthreet (1967). This compeuﬁd‘has_a.large,jpositive entrepy
of activation. for viscous.flow, indicating the presenee 5: ehtengled
struetures‘in the_liquid;. It should be useful to compareJtredicted and
vpbserved growth rates for this substanee to test the theories. Also, new
data ere feportedvhere on the greﬁth rates of an isoﬁerie:substance, |
m-terphenyl, which does not form so viscoﬁs a liquid and Which,vif the
theories_are right, should crystallize more quickly. In,additioh, date'are
atailable frem Magill and Plazek (1967) on the growth rates of a stili:mqre
complex struetﬁre, 1:3:5:—Tri—q-naphthylbenzene, providing avthifd set of
data for which the‘rate theory cbmparisoh-should_be siénificant. Figure 1
shows’the'struetufes of the three compounds. |

In the follow1ng the hyrlng—type theory will be reviewed, eépecially
the adaptatlon of it by Kirwan and Pigford (1969),. and its appllcation to
data on the more complex.organlc molecules will be made. The aim is to
test certain hypotheses conce?ning the estimation.of“the thermodynamie
properties of the crystallizetion activéted state, especiaily the.suggestion
of Kirwah‘and Pigford (1969) that the molecule which is feady to attach
itself to the crystal lattlce ‘has less entropy than ‘the. molecule which is

| ready to flow, the difference being about equal to the entropy of fus1on '

AN ABSOLUTE RATE THEORY OF CRYSTAL GROWTH.

Follow1ng the developments of Hllllg and Turnbull (1956) and of
Clifton (1957), the net molar flux of materlal onto the crystal 1nterfaoe :

is given by

N F R F_Ry
N =1 (A pk - Agpgk) = Asps(k -k, (1)
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where the terms in the parentheses represent the. forward rate owing to:

. o - : .
the liquid molar concentration. pL and the reverse rate at which the solid

dissolves owing to the concentration ,p'; Each process shifts the inter-

S
face by a small molecular spacing }. The secondnequality follows from the
asSumptiqn thgt‘the moleéular spaciﬁgs are invefsely proportional to]the
densities. The fraétiéﬁ + represents »lthe‘. small fractional part of the
surface to Vhichvarriving molecules can attach théméelves. The'cémplete “
theéry compfises estimates of both the rate coefficiéﬁts andbﬁhe.surface
fraction in terms of thermodynamic»and\othef-pure‘gomponent pfoperties.

Following Eyring (19L41) the forward rate constant becomes .

BN S
‘ AH ' AS , S
ey (D) exp (-2 exp (D), R (2)°

whére the quantities in the "freqdéncy factor", kT/h have their usual

: S ¥ ¥ ¥ %
meaning and where ASC =S, -5 and AHC = HC - H

C L »represent the excess

L
of the standard entropy and standard enthalpy of‘the mblecule.ﬁhicﬁ is
activated for attachment to tﬂe éfystal ovér the standard state vaiuesjfor 
the liquid( X is the transmissiqn coefficiént to allqw for the possibility
that nqt evéfy activatéd complex is converted into one of the.reaptipn
products in which one is interested. A similar equation, based on_the séme
activated'standard state, applies to thé reverse‘coefficient, kR;"Itlis

simply related to Eq. (2) by

B P ex?'(:—H—) ’  ', : .., v‘- N | _ .<3)
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where Auo = “L - ug is the difference between the standard-state chemical

potentials of the phases. At the meltingbpoint of the pure substance, Tm’

the chemical potentials are equal; their rate of change with respect to

temperature

where ASf

depends on the entropy, so that Auo v ASf(Tm -T) = ASf-AT

is the entropy of fusion.

Estimation of f depends on the surface mechanism for attachment

of molecules to the solid. Here we follow the proposal of Frank (1948,

1951) that many crystals grow by attachment of molecules to.the spiral .

éteps of screw-shaped dislocations on the surface. The value of f- thén.

is equal to the distance on the surface betWeen adjacent arms of the spiral -

divided into the width on the surface of a single molecule. AssumingAthat

~ the spiral is Archmidean in shape we obtﬁin

W W

where ré is -the radius of curvature of the tip of the spiral. If.we

1 ' :

assume that this tip is of such size that isvjust-neutrallyﬂstable, we

may- equate r, to the.thermodynamically'Calculaﬁed.Size of the critical

two-dimensional nucleus,

hg =
c -

where O 1is

surface area.

according to

N —— R . : (5)
pSAuO ) _pSASfAT L :

the excess surface free energy in the interface per unit of

We obtain this value from the correlation of Turnbull (1958),

whom, for non-metals and organic compounds,

)
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where AHf is the enthalpy of fusion, N is Avogadro's number, and

VS = pél is the molar volume of the solid.

Combining Egs. (1) through (6) we develop the equation from which’

we intend tovpredict the crystal growth rate,

0 AH# Aé¢
_ (AT, kT : =Au C, PoL
V= (l.2ﬂTm)(X ) A [mexm(E) Jexp (- 577) exp (79) (7)

Whére we have introduced the growth Veloéify,,v = N/ps,ﬁand AS =‘(Vs/ﬁ)1/3f.
The first factor-on the right of Eq. (7) is the surféCe_fraction, f. Note
that v depends on the amount ofvuhdercooiing of,thé melt through the
effect of AT both on f and on Aﬂo, Thus, for this particular meéhanism,
the grbwth‘velpcity;vafies,more-rgpidly than‘in proportioﬁ to‘thevundei-
cooling. For manyvconditidns Auo"is much smaller'fhan VRT' for thé.third
parenthesis in Eq..(T) to be appfoximatéd by the first term in its Taylor
series, giving . | ‘ ‘
o, o

) _
L) ED D ED? e (- 75 exp (

l.2mr”'h R T

Y. (7a)

showing that V is approximately.proportional to the'square'qf'the underf
- cooling. Comparison of the exponent on AT, determined frdm experimentally
observed growth velocities, With.thé'éxpected vaiue according to Eq. (Ta)

has often been intérpreted as’ a test of the posfulate that growth‘occurs o
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by the screw dislocation mechanism (Hillig and Turnbull,fl956)§ Obviously,

however, the equation will be of little_uéé’generally unless ways are_found

for the estimation of the entropy and enthalpy of the crystallization- T

aétivaﬁed state.(i

A éléusiblé guess of the activéﬁion»quantitieS'waé madé'by Hillig
and Turnbuli (1956) who‘sﬁggéSted thé£ ﬁhe values approériate for
crystallization be éssﬁmed equal to those for viscous fléw. The latter .
are likely'to bé évailable or, if not,‘théy can be ﬁeasured'faﬁhef éasily;
Following tﬁis line of thought one may multiply Eq. (7) by the similér~:
Eyring equation for the viscosity of the liquid (Glasstone, Laidler and.
Eyring, i9hi), N o |

¥ r

. AH AS S

: Nh vV v : ) : . }
n= ('\'/:g) exp (i;T-—) exp (- —ﬁ——) . ) ” , , (8) |

- where the subscript V now refers to the activation'quantities'for_viécous
flow. TFrom Egs. (7) and (8), the product of the growth velocity and the

liquid viscosity is given by

+ +
' 1 : 0 AH. - AH
T A ' \i C
v = () G5 (x BTy Ay [1-exp(- ) ) exp (- )
) m. L o : RT
exp ( =) | . | (9) ;

or, for sméll'undercooling, AT, Eq. (9) can be further simplified to

| £ ¥ ¥ $
A XASAHf)(égqe-ex (AHVV- AHC) e* tASC - ASV)
NIRRT RT P ’

vn = ~ (9a)




where =~ AH f-will be expreésed in erg/molevoK if poise unite are used for
n. Furthermoref if one would assume that the actlvated state is the same

for the two proeesses the two exponential factors would vanleh. Then, at
flred thermal dr1v1ng force and’ temperature, the growth velocity would vary
fromvone substance to another in %nverse proportion to the liquid viscosity.
For some sobstances, especially.tﬁose with rather complex molecular‘structure,
the Viscoéity cen,become very large at low temperatures. If.sueh'substances
can be cooled far below their free21ng p01nts the rates et which they freeze |
may be small in splte of the very large AT.

Kirwan and Pigford (1969) suggested, however, that this simpiest:

assumption about the properties of tﬁe molecule which is ready to attach

itself tova crystal lattice mayvbe too crude., After>all,‘many molecules
.require very epecific orientation if they are to fit.into steps in the‘
crystal}. Some orientation may be oeededvfor viscous'flow but it seems very
likely that'the requirements are not nearly so etriogent és for crystal
growtﬁ. Ae‘an estimate of -the difﬁerence of the entropies of the tWov
standard etates it was'suggested that

-8, - R) . [ €1

&%
A8y = BSy

This assumee:thatvthe.entropj of the orystélliZation;activated”ﬁolecﬁie'e
falls about as. far below the entropy of the flow-activated ﬁoleeuie as:thert
| solid entropy falls below that of the 11qu1d The extré term, R, ie:aﬁ i-
estlmate of the entropy of fusion of a spherlcal molecule,; which reqﬁires

no orientation.
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There appears to Be no cdméafable'way of guessing at_thé enthalpy
of the activated state, just as there»is selaom'a Way to estimate the:
activation energy of én ordinary chemical reéction; ‘It'séems fery possible -
that AHt could differ appreciably froﬁ .AHz -because a somewhat different
sequence of events is required for attachment to the solid and for flow..
For the létter, not only must the molecule.éeCOmerso enérgetic'that it is
able to "jump", i.e. to break the bonds by which it is attached to its
neighbors'in the liquid but, in additioﬁ, a hole must occur in.the’liquid
nearbyf For crystallizaﬁion,:however, there is no enérgyvrequirement'to
"make a hole" for the crystal face itself offers a site forvcomplétién of
the attachﬁeﬁf reaction. Thus, the energy of activation for viscous fl¢w
can bé subdivided into twb_different parté:

+ 4 + _
AHV = AHV,j +-AHV’h , | o | (11)

or, to indicate the-corrééponding quantities which can be measured experi-

mentally,
e _,aln(VLn) . 91n(V;n) . oV - | 31n(V n) (12)
v~ 3(1/T) P~ 3(1/T) v a(1/T) [P aVL T -

‘Thus, when in a very few cases the isothermal dependencé.of liquid viscosity
on liquid density is known, the two parts of the right side of Eg. (11) ;
can be found separately. It seems very likely that only the activation

enthalpy needed to cause a molecule to jump away from its surroundings

is sufficient for the cyrstallization rate equation, i.e., the first term
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on the right-of Eq. (12)--a number which may bo:smaller than the totél'
activation energy forbviscosity; -

In a few cases where data were available it wés possibleofor 
Whitaker and Pigford (1958) to computo_ AHi,j,-énd to compare- it with . AHi.
.They found that the ratio of the quantities depends on the nature.of the
molecule-infolved, iocluding its tendencyvto form a hydrogen—Bonded struc-
ture in the liquid. ‘Thus for alcohols they fovund (AH * V,] / AH¢) v 0.6- for

5
hydrocarbons like benzene and carbon tetrachlorlde the value was about 0.3.
Thus it is difficult to ostlmate‘the term-involv1ng AHE in Eq,‘(7)_orv(9),
except forbthe‘simplest suostances. In most caoos itﬁﬁill be necesoary to
find the difference between the two acti&atioo.enthalpies from one'measured
growfh rate. - AfterWards,_other growth rates can be estimated from Egs. (1),
(9) and (io>r. |

" The final equation, based on introducing the assumption about

entropy expressed in Egq. (10) into Eq. (9), is

’ + -
, _ 0 AS A - AH
n = KET%F) Ay (X-gigm)(Ai)[l—exp(— %%-)] exp (- —ﬁ—) ex?(—fi%ﬁTi—;;)i,-(l3)

Thé first purely numerical factor in Eq. (13) is equal to 0.72. For many
cond1t1ons the first exponentlal factor can be approx1mated by (AS AT/RT)‘
as noted earlier. Since for most organic substances AHV >’AHC, the last

exponential factor_usually exceeds unity.



Table I. Growth Rate Data and Physical Properties of Polyphenyls and Phosphorus -

Equilibrium Thermodynamic = Derived Properties : Rate-Defived Properties
Compound Properties S from Viscosity from Crystal Growth Rate
| DR . B T S TR SENPE SR 1
T AS AHvap T on As, Agv_ v AS | AH, MH, / AH
°c cal/mble°K\kcal/m °C poise cal/m°K kcal/m = cm/sec cal/m°K kecal/m .
5-terphen;y1g 55.5 13.L  14k.84* 50 0.50 2k.o  1k.o 3;3X1o‘h -260.0 -T1.0 -5.1
. +0.2 ' ' . -
15.77° Lo 1.30 48.0 22.0 2.3x1073 26.0. 17.0 - 0.77
30 5.42 77.0 3.0 1.6xlo‘3. 51.0 26.0 0.84 | o
| - | o -} . » = 0.82
20  40.50 108.0° L40.0 5.2x10 79.3  3k.0 0.85 |- .
o0 A : e
_ W B m . s
10 6.1x10° 142.0  50.0 - 1.0%10 b “11k.0 k2.0 0.84 r
| c d o o B T | o
m~-terphenyl 85.61° 12.3  15.97 8k  0.057 = 5.0 7.5  2.5x10 -5.3 6.0  0.80
87.0 . 16.84°
+0.1 :
raB”  199.0 21.2  27.907 195 = 0.48 1k.92 17.09 1.7x1071 -627.3 -2TW.5 -16.10
A . . . .

190 0.63  21.65 20.22 1.6x107° -355.9 -148.6  -7.33

185  0.83 28.60 23.k2 L.ux107°  -78.3 -20.0  -0.85

(continued)




N Table I.

continued

‘Equilibrium Thermodynamic

- DeriVed Properties

Rate-Derived Properties

Compound ‘Properties from Viscosity from Crystal Growth-Rate
| Tm” A8, ‘ AHvap S n Ast i ,‘V  Asz  ’,AHz  AHz / AHt
°¢ cal/mole°K'kcai/m' ‘°C poise cal/m°K kéél/m’ cm/sec cal/m°K kcal/m
160 6.&5  67.06 40.55  k.5x107° 'h?!hs 37.1 0;92
140 225.0' 103.0 55.7h. 8.2x10™° 68.5 46.0 0.83 1 el
| - 120 5.303 1h.5 7248 5.8077 93.0 5.7 o.77 | = 08
- - 100 1.5x10° 192.9 .91.02 1.1x10°0 121.2 66.6  0.73/
T B _ ,, .
phosphorus® -~ 44,3 1.98L 37.9 1.8k 2.6 2.62 23k 9.1 3.06 ]
| 35.1 1.90 -2.7 2.60 4s5.5 9.7 3.24
33.4 - 1.95  -2.8 2.59 63.0 10.1  3.36
33.2 199 -2.9 2.57  179.0 10,5 3.4k
29.8 é,os" -3.0 2.55 102.0 . 10.9 3.6l
29.3 :é.o6 -3.1 2.55 158;0 | 11.1 3.6k
25.8 216 -3.3 2.5 153.0 1.9  3.89
25.0°  2.26 3k 2,50 161.0 121 3.95
19 3.k 2.9 1810 12.5  h.07

23.0 . 2.

(continued)



* Table I. ' continued

© Equilibrium Thermodynamic Derived Properties

Rate-Derived Properties

Cbmpound-‘ Properties - from Viscosity from Crystal Growth Rate v
| ' o o SO ST YT IR A
Tm ASf » AHVap T n ASV” 'AHV . Vv ASC AHC- ,AHC /AHVY‘
- °C cal/mole®K keal/m °C  poise cal/m°K kcél/h Cm/seé' cal/m°K kecal/m
phosphortsd 22.0 . 2.30  =3.5 2.47 210.0 12.9  L.a7
214 2.32 © -3.6 2.47  210.0 13.0 k.21

Note: m-terphenyl data, except for viscosity, obtained from this -

Epor temperature range from 280 to 340° C.

_bFor temperature range from 220 to 280° C.

- ®Measured value, this work,

dFQr temperature range from 330 to 380° C.

®For temperature range from 260 to 33OOIC.

fFof temperature.rangé'from 430 to 530° C.
®pata of Greet (1967).
Ppata of Magill and Plazek (1967).

l.Com'pu.‘ted'_-fr_oz_n‘ Eq. (10).

" Jpata of Hildebrand and Rotariu (1951).

work. .

e




-3~

EXPERIMENTAL'DATAFFOR m-TERPHENYL
FOr m4terph§n&l the Viscosity data andvthg_mélt specific volume
via Batshinski relationship are measured by Andrew aﬁd Ubbelohde (1955).
. The molar volume of solid is taken ‘as EOQ.M ce/g molg-(Andrew and ﬁbbelohde5
1955). The’létent heat pf.fusion is'taken to bevas equal to that of*
o—terphenylﬂ, The sample of mfterpﬁenyl Was'bbtaihéd ffom Eéstman Kodak.‘
Co. and.used fér the gréwth experimén£ afﬁer itvwas.pﬁrified by zone'
refiner. .The melting point‘was measﬁred.to be 85.61° C. Thezmeasurement
by Andrew and Ubbelohde was 87.0 1 0.1° ¢ (1955). Experimehtal pfoégaufes
are descfibed.in detail elsewhere (Cheng and Pigford, lé69).
.The.éXperimeﬂtally measurea rétes.of-growth are plotted in terms

of (A’I‘)‘v2

in Fig. 3; .The predicﬁed ?alueé'of growth rate aﬁ_varibus;uhder_
coolings, ﬁsing:Eq.:(Q).with the assumption of AHz =vo;76 Aﬁt ana 

ASZ calculated from Eq. (10), are also plotted in Fig..3,, It appeafsx
that Eq.'(9) does result in a reqsonable_prediction of fhe‘growth.réte

for m-terphenyl for a limited temperature range of experiment.

- DISCUSSION
In Tabie’i all the pertinent physical pfqpertiesvof the pureZSub—'
‘stances aré iisted, élong ﬁith'the calculated values of the two enthéipies
and the tﬁo entropies of acfivation for each compound. At'the,higﬁer.
temperatures for o-terphenyl anleaNB the.valﬁés aeriVed'frbm:crystai
_growth rates differ sharﬁly from those from viscosity;_and C§rrespondingly,
the lineé.shéwn’on Fig. 2 change;their courses sharply except fo? |
. a .

" phosphorus. This suggests that in the range of small undéfcopling these

polyphenYl compounds crystallize by a different mechanism than at lower

|
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‘temperatures, where the lines are nearly striaght. At the lower tem-

' ¥ ¥
peratures the ratio AHC /AHV, is smaller then unity, as expected. Over

most of the temperature ranges the ratio is about 0.81, which agrees with S

the value Q.8O fqund from the new m-terphenyl data éftér assuming that

Eq. (10) éives.the right enfropy of activation.b For thebotﬁer three com-

pounds the entfopy of activation cén be computed direcfly from fhe gbserved

growth fateé using Eq. (7), i.e.vbased on slopes of the cur§e$ in fig. 2.

Inséectioﬁ'éf the table_shOWS thaﬁ the difference between ASé'.and:f'

ASZ is greaﬁer thgn the_entropyIOf fﬁsion for o-terphenyl gna TaNB;fin.
cohtrastvwith Eq. (10). In fact, the difference is'occasioﬁaiiy_about_’
twice the entropy of fusion. For phosphorué (Hildebrand and.Rotariu; 1951)
not oniy VAHz ié larger than . AHt' but also fhe large poéitive values
of ASZ afe to compare with the negative values of ‘Asi. Apparently
Eq. (10) does not hold for these three bompéuﬁds.

- Innorder to tgst the théory further, wé have afbitrary fakghv‘.

AHZ = 0.89 AHi and have Asz computed from'Eg. (10) . Thus; the pfediCted

values of growth rate, V, ﬁsing Eq. (9) are plotted in Eig; 4 for |
o-terphenyl and‘in Fig. 5 for”TaNB. ‘For-o—terphenyl it.yields_a'reaéon-:
able agreement.with the reported daté at AT ‘below 12° ¢. However.thé'

prediéted valueé are higher than the 1iterafufe Values at AT greatér |

than 12° C and AT below 3° C. For TolB the agreement between the

experimental data and the predicted values is‘rathér poor. A larger

# ] . .ot ) ‘., .
value of AHC for o-terphenyl than for m-terphenyl regardless the simi- .

larity of their molecular structures arises from the fact thét the large
interlocked molecules of o-terphenyl apparently require a larger acti-

vation enthalpy for jumping in viscous flow.
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A greater deviation occurs at lower temperature end (larger AT)
‘ : R : +
is due to a large increase in the difference of (AHV'- AHC). For most

metals and substances whose molecular sturctures are simple the difference

F
is constant under the assumption that AH, . can be approximated as equal

C
v Indeed this:is the case for most
of thevexperimental data used by Kirwan and Pigford (1969) for the test of

¥ o ' ¥
to AHV 3° which is a fraction of AH
, . - L 1O

the theory they developed. However this is not so for polyphenyls ﬁhere
the differenée of two activation enthalpy varies approximately five_times

in the range of éxperimental data reported in the literatufe.

Curves C's in both Figs. 4 and 5 are the predicted gfowth rate, V,

computed.uéing Eq. (10) for Asz and AHi obtained'from tﬁe slope of the
best stréight liné fit of log n—vé—(i/T) at freezing point (Andrew and
’ Ubbelohde, 1955). The déViation at lower AT are even greater while a
reasonablevagreement.between the literature data;and the prédictéd valﬁes
at large undercooling may:be fortﬁitous, bééause thegscréw dislocatibn
mechanism may-not.be operabie,there due to the change of the ﬁorphology,
of thé growing crystal. |

Entropy effect may be a possible explaﬁatidn to the deviatibns
both at small and large undercoolings between the iiteréture data and the
computed values._‘Bbth the number of molecules present at the interfacé
and théir.orientations in the right directions haﬁe significant effects
on the kinetics of crystallization. For substancés-Whoée mqlecules intéré
lock significantly in the melt such as é-te;phenyl and TollB the mole¢ﬁlar
orientatién effect for thé transformation fréﬁ liquid to solid may be

greater than (Asf -~ R). If the predicted values of V would have to fit
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thé lﬁteratufe data with AHE_=’O.89;AH§, the .Asz;:shoulthave values as’
plotted in Figs. 6 and 7 for both polyphenyl cqmppunas.. The deviation of
this Asz from that of estimated with Eq. (10) 1s c@ahsiderabié_' at large
_unﬁercooling.

Both literature data for growth.fates pass fhrOUgh a maximum Valﬁe
at temperatu;e, Tmax about 175°‘C for ToNB and around Lo ¢ fér o-terphényl.
1Analysiévdone by Greet (l967)_for d—tefphenyl aﬁd by Magill and Plazek %
(1967) fof TaN%Jindicated that the exponential relatibnship equivalent to ?
growfh by'surféce nuéleation deséribed fheir ekperimentai reéulfs best for é
the temperature'aboye Tméx' This 1is in.accordvWithvwhat7Wé had suggested
earlier that apparehtly thesé'polyphenyl compounds érystallize by a diff
ferent growﬁh mechéﬁisﬁ in the range of SQall undercooling. |

Alfhough tﬁé'hypotﬂesis concerning.the estimafion of acti?ation
éntropy for crystallization, ASZ " by Eq. (10) has failed ﬁo hdld for-three
compounds, excepﬁ for m—ferphényl, tesfed here;,there is no.reason tb
dbubﬁ‘ﬁhat Eq. (9) has its practical use in prédicting;tﬁe raﬁes of crystal
growth forvé wiger range of undercooling from one ﬁeasﬁred gréwth»rate.':

. In spité of the[qﬁestionable mddel built in terms of macroScopic;activatéd—
state pfoperties fo represent tﬁe molecular'transpért phéhbmena and an |
ideali’zed_s.urfac.e structure of the solid-liquid interface which is derived
ffom thev;cfew dislocation concept,bthus; wethVé seen that Eq.‘(9),.with_"
‘sOme_knowledge aﬁout transport procéss in the melt, appears to be cééable

in predicting the groﬁth fate within én'érder of magnitude.

The kinetic rate formula expressed in terms of ART in the functional

relationship as shown in Eq. (1) has an advantage in separating the surface
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condition aod the transport terms which inolude the activation energy

of jumpiug molecules and the free energy for the phase:trensformation.

It is hoped in the future that better understandlng on the liguid |

structure and p0581b111ty in predlctlng the surface structure in contact
with the melt quantitatively will'greatly'improVe the techholbgy of
crystallization and increese'the knowledée in'science of crysuel growth

so that the best condition in grouing a specific crystei can oe-determined .}

from the physical properties of the substances.

CONCLUSIONS

The Eyring—type of kinetic rate expression de?eloped by'Kirwsn and
Pigford,uusing screw dislocation concept for surface'step density.ahd the
knowledge of the différence in the activated states for crystallization
and that for visoous flow, is applied in p_re'dicﬁing the glrowth rate of
polyﬁhenyls_o; and ﬁfterphenyls and ToNB.

The predicted Values of growth}rate agree weiilwifh the experimental
data forvm-terphenyl when AHE = 0.76 AHt is used., For o-terphenyl the
agreementbbetween the computed‘ﬁalues and the literature aatavis‘gooa for
unaeréooling below 12° C but deviations magnify at larger-undercooling

;uhenv AHZ = 0.89 AHt is used. The prediotedjvalues do.not fit as ﬁeil
with‘the reported data for TalNB but an order of magnitude estimate is 
obtained for underoooling below 20° C. Values of - AS* estimated from
Eq. (10) are used for these predictions a.lthough Eq. (10) itself doés not - |
seem to hold for three compounds tested here‘ |

|
Until the quantltatlve knowledge about the crystal morphology 1n

:.relatlon to the surface step density. and about the llquld structure are :



=5k

further advanced the present Eyring—type thecries based on thé_macroscopic

properties provide simple models for practical purposes.

NOTATION.

f = surfaéelstep.density

hﬁ = Plaﬁckis constant, 6.6252 x lO-QT'érg/sec

H = molaf>énthalpy,vcal/g mole |

vk = interfacial-fate constant, sec_l, or Boltzmgnn's,constaqt;.
1.38045 x 10710 erg/°k

N = crystallizatioh flux,‘mole/sq cm-seé,'or Avogadro's humbér,
6.0232 x 1023 more™!

r = critical radius of two-dimensional nucleus, cm
R = gas.constant, cal/g mole °K

8 = molaf entropy, cal/g mole °K

T = temperéture; °C or °K

v

freezing velocity, cm/sec, or molar volume, cc/g mole

GREEK LETTERS

n = viscosity, poise

A= intgrétomic spaéihg, cm

U = chemical potential, cal/g mole
molar'density, g.mblé/cc

©
]
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o interfacial surface free energy, cal/sq cm -

transmission coefficient

X

SUPERSCRIPTS

=
1

forward process . -

<«
I

standard state property .

i

reverse process .

-
1

activated state propefty :

SESRIPTS

C crystallization écfivated state property

-'ff fﬁéion;prOCess'
h = hdle-férmation proéesé
j:v= jﬁmping b£6cesSv‘}
L = liduid stéﬁe.propérty':.
.:mi =-m¢lting'§r§ceé$ \
P =,¢§n§taﬁtjpre$sure:condition  
S‘v=;solidiéféﬁéaérq§eff&ﬂ i
T'fﬁ>chstéhtv#eipefatﬁféfcohdi£iéﬁw;_    o ._f';,:‘ S v‘fffv - :(
T _V  = §isE§;s»flqw;ééti;éﬁédﬁstéfégpfbﬁérty;:ér'co§3§a£t §01umé'éon§i§idq ;{' |

. vap = vaporization process
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CHAPTER IV.

PURITY .OF CRYSTALS. GROWN FROM BINARY ORGANIC MELTS

ABSTRACT -
Binary liquid mixtures of stilbene and bibenzy1 form mixed

crystals which, according to the phase diagram, should be considérably

richer in stilbene than the liquid in which they grow. - By watchiﬁg the
' groﬁth under a microscope using interference fringes to follow con-

centration changes, the solid phase composition éan be détermined as a
function of growth rate and interface subcooliﬁg.» The-deviatidns-froﬁ
equilibrium are coﬁsiderable; . They are found to depend'on the.grbwth' . '

mechanism in accord with a theory following Eyring and Frank

INTRODUCTION
The demand for ultrapure crystals in the solid state 1ndustry
has stlmulated exten51ve study of the processes by which crystals grow
from the melt.. The zone refining process, for‘exampLe,.has been very‘
successful for pfodﬁcing pure métélé but evidently has not yet been ’
applied on a large scale in the organic chemical indUstry. Thé vaipus
need for improved continubUs processés for.fhe purificétion of high4.
melting organlc compounds‘suggests that better understandlng of the 1nter—
face klnetlc process 1tself——a key plece of 1nformat10n for ratlonal o .

de31gn——1s'requ1red.




‘,f57_

The,procesé of crystal grbwth_inéludes fhe diffusive transpdr£ of
moiecules from the bulk liguid to the interféce, orientaéion of £he mole-
cules for attachment to the solid éurface, and conduction of theAlétént
heat of fusion froﬁ the interface. The resistance to diffusion and to
heat cOndﬁction can be minimiied easily By mechanicél Stirring but if the
[ . !
major resiﬁtance is in the interface itself stirring istf no help.

In.zone réfining‘studies‘the assumption of interfacial équilibrium
has been used ffequently as a boundary condition to solve the liéuiq phase
mass transfef equation in order to obtainvthe~distribution_of the miﬁor
component. The slowness of th; process may make this éssumption écceptable:‘
in'many césés: However, when the impurity coﬁtent is largelor when fhe :
process is to operate rapidly and especiaily when the phase diagram'éghi—
bits solid solution behavior the equilibrium assumptién can.hardly.Be
justified. :Under these conditions the separation effect o§ing to crystal-

' lization may be}Severly reduced. owing fo interfacéfkinétics. |

| Most'of fhe previous work on crystal growth rate phenomena has{been
confined tb,bure sﬁbstances, the key félétionéhip being fhat betweenjthe
growth rate-énd thevthermal undercooling of the melt (Van Hook, 1963, and
Chalmers,k196h); Cahn, Hillig, and Sears (lgéh):revieﬁed such‘inforﬁatioh ,
with ﬁarticular emphasis on the distincfidn between theéries invOlviﬁé
attachment of moleCﬁles to.tﬁe-whole of a microséopically fiat crystél'
‘surfaée aﬁd‘those in#olving éttachment to a few:surface sites cénnééteq
with diélbcationé. The use of assumption.thét the whole surface is éffece
tive has‘béeh‘criticiiedvby Jackson'ggfigl, (1967), who concluded that

such theories cén only be applied to second-order phase transitions.
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'Among the theories which involve surfaée defects there are several
possibilitiéé-but a suggesﬁion made originally by_Frank,(19h8) has appeared
to be the most promising for many substances. ‘Accoyding to Frank, the sur-
face imperfectioﬁ t§ which liquid-molecules are able to aftacﬁ theﬁseives
is a self perﬁétuatiﬁg‘spiral défect éonsistiﬁg of 'a ledge step Qf'molécular
dimensions. .Moleculés can atfach tﬁemselves in'the éorner of the step; as
a resulf;‘the spiral winds around itsvceﬁter and eventually covers the
whole crystal surface. 'Chernov’(l961) has ééserted.thatvthis screw dis-
1ocatioh'me¢h§nism, if it is ﬁot the only type of growth probess,.mﬁst.be'
regarded as quite typical and universai. |
THEORY OF THE GROWTH RATE OF A CRYSTAL FROM A SUBCOOLED BINAﬁY MELTSi:‘

.,Following'the usual assumption of Eyriﬁg (19k41), the eXpreséion
for the flux of componeht B toward the sﬁrface‘of'avcrystal to whiCh

both A and B molecules attéch themselves is

L 43 L F R o o )
Ny = £ (A kgoryy - Agkpegxy) s ‘ - Y

* where the k?s-represenﬁ forward and reverse first-order rate coefficients,_
respectively; and where Pr¥g and prB ére the molar concentrations_of'

- B in the interfacial iiquid and'solid, respectively.' The fraction of the .

interface surface which is available for the attachment of molecules ¢oming

from thevliquid is f,>which may be a sﬁallanumbef if the intérfacesét;uc+
ture contains very féW vacancies;.bThe Als represent’the ;ncrements"of |
distanée accompanyiné thelremovai of one molecular spacing in the liquid or
the addition of one.layer of_éolid, reSpectively. If we assume that;the

lattice dimensions are inversely proportionai to the molar densities we
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may write Eq. (l)‘alternativély as .

Ny = £ Agpghy (g - Fxg) | | | ()
kg

o S : v . ! :
Since at equilibrium between the phases the flux must be.zero we'identify
-t%e ratio df the rate coefficients with the equilibriﬁm phase'compositions
' o : v :
e T £
which, in.é binary system at cbnstaht préésure, is a function of.the:ihterf
féce tempefaturé only. | |

Completion of the theory requires thét expreséions be,deVeloped for
Qﬁé of the rate coefficients, following Eyring, énd for the surfacé fréction,
based onvsome assumptiqn about the geometry Cf lattice imperfections,at-
the interface. Before going into these steps? howevér, we first cali.atten—’
tion to some aspects of the theory which appear to have.éscaped attehtion
in the past. | |

If We'define_ u as the average of the velocities of 'the A mole-

A

cules ‘as they moVe‘towérd the surface we obtain

. _ - y'x . - ; L
: : F Ae A : » '
u, =N /oy, = f Nk, (L-—=). . S (4)
P T AP L A XYy - .
Similarly, '
. Be™B S : : o .
o = 2=y )

*BeYB

1
=
v
~
hel
=
e«
Lo
' >
=
-
ool
=
i
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and in a binary system the two velocitieé are obviously related to eéch

other. In fact, since each of the coefficients in front of the parenthesis

is positive'and since the parenthetical expressions in Eq. (4) and (5) must

be of opposite sign, u

" and ug  can not both be positive. If B-molecules

move tbward the surface>then A-molecules must ﬁove away from it, accoraing
to the equations. B : . i |

This;anomdlousxsituation isleasily reSolvéd if one notes that.éach_
of the equations so far developed is true in a coordinate éygtém_whiéh

moves toward the interface at a Velocity given by -
weyu oty = FA +xTA) . (e
| A T YBYB T Y AL YA AT (B OB o .

In Eq. (6) the symbols A, and A have been introduced as abbreviations

A B
for the driving forces,
by =y, -y /X % : . o | (Ta)
by =g f'(yBé/XBe)XB : - L

Obviously u can be positive, zero, or negative, depending on the ratio

of the twoﬁfOrWard rate cdnsténts.'

Experimentally, it is difficultbif.not'impossiblé to adjﬁst the
fluid velocity at the interface to_thé leﬁe u*. In ourvexperimentS'énd
in most othér§ wé havg held_fhe liquid;solid interféce éfationary and have‘
‘measured the velOcity, V, of the wholeAﬁass of liquid and solid needed. to
’accompiish»this. Thﬁs, V is the velbcity of propégation of the interface

and the growth velocity-of the crystal; The velocity of the liquid as it
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approaches the.stationary sOlia surfacé is notvzero. A maés balance'shows
that thé liquid moves ét the velocity V(%g) toward the interface,favvalﬁe
which can easily differ from u*. Therefdie, in order to obtain equétions
forbthe flux of each component.in the laboratory cbordinéte system we must

modify Eq. (1) by adding terms représénting the convective transport of

and a similar equation for N By substituting u .~ from Eq. (6) we obtain

-
N, = f A0 '(kF A - kF Ay )‘+ Ve : (9)
AT 78Ps YA Ca VB T fB OB YA s¥a .
and-
N..= £ A.p (xf A k' A )}4 Vo 4 ‘ ‘ ' (105
B sPs ‘B “ 7 A CA VB sy © ' s

.It is not difficult now to obtain an equation for the coﬁﬁosiﬁionv
of the solid which forms, for -diffusion ratés-in the‘solid phgse.are‘so'
slow that ﬁhe ratio of the mole frgctions of the comﬁonents is.equallfo the
ratio of»the molar fluxes onto the interface, i.g. XB ? NB/V ps,'and.

Eq. (9) and (10) give

fAS

L ' o . . i,
XB‘v yB * (5 85 ¥, - AA vg) o . - (i

A

composition between solid and interfacial liquid de@ends on the‘gr0wth ;ate

and a similar equation for x,. It is élear now that the difference in
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parameter, éB =-fkskg/v, and on the ratio”of fhe tyo first—order ooef-v
ficients. When the values of kF ‘are #ery largerthe parenthetical ekprés—’
sion in Eq; (ll) must be zero, which wilizrequire that both the .Afs must
be zero. Thﬁs, thSe-equilibriumvwill be‘achievéd., On thé other_hand,
Whep the growfh rate parameter is small the»second term on the righf Wili be
negligible?odeopite a finite value for each of tho A's, Toeno Xg = Vg
and no enrichment of the crystol occurs ésjit grows, the composition of the
solid being'the same as that of tho contiguous liquidf |
An:alﬁernative’method for‘expreséihg the resolt given in_Eq. (ll)
has come into populaf use in metaliurgy ana in zone refining technology.
It is to define an ﬂeffective distribution ooefficieot" for each component
asvthe‘rotiO‘of the actual solid moie ffaotion to the mole frgction in the
interface liquid: 'K; = xB/yB and KZ = xA/yA. These Qaluesvmay differ
from the valueS'baoed on the'equilibfium phase diagram, KA = er/yAe and
KB f xBe/yBe,.owiﬁg»po the rate effects‘we have been discussing. _Froﬁ

/

Eg. (11) we obtain

& 1+ (fAgkp/V) {11 - (x5, /kp) ]y, + (k) /kp)(1/K) )} . (i2)

B 1 (aggm) (v, /K + (ki/kg)(yB/K.A)-}'

: . ' * : o
The equation for KA is similar and can be obtained by exchanging sub-

. . * v -
scripts in Eq. (12). According to Eq. (12), K, approaches unity as the.

B
, growth‘velocity inereases or the forward rate,constant decreases. As Eq;
: . o . _ L R ' '
(12) indicates, the effective distribution coefficient,_K , is not a
constant, as has often been assﬁmed; it depends on the temperature, the

interfacial liquid composition and on the growth velocity. Its numerical

value always lies between unity and the'equilibrium value, K.




o _63€v'

1

. .. . : ) . d |
The result given by Eq. (11) can also be expressed in terms of Fhe

effective separation factor, defined by B = (xB/xA)(yA/yB). This factor

can be expected to be more nearly independent of composition than eithér

" o« _ | ‘ : | .
: KA or KB; at least for thermodynamically ideal systems. It is given by

. - . R F F‘ _ .F-
5 = (_XE)(_A ot * (EAgkp/V) {1 - (k,/kp) ]y, + (kA/.kB)-(l/KA)}, 13)
Xy YR - ‘ 1 + (fxskg/v) {[(ki/kg) —'»l].yB"F (}1/K~B)}

In the limit of very large V, B approaches_unity;vthere‘is no séparation
effect when the solid forms instantly in the liquid.v At very small values

of V, B approaches the value KB/KA.

ESTIMATION OF THE SURFACE STEP DENSITY, f

The.sufface step density, f, represents the fraction of the surface »

’_of the crystal which is available for,attaéhmént of individUal molecules
arriving from the liquid. For a surface that is 'sufficiently rough On.a l
molecular scale, f ' is unity. According to Jackson (1967), mény menéls and
some.organic éomponndé which have very low Vélues of the entropy ofnfnsion
.are able to nccept new atoms or molecuies ovef theif whble surfaces. - Fof
most substnnces; however, and particularly. for more complex nrganic mdle—
éules only a very few positions on‘the crystal surface»are’avaiiablegu The
acneptable sites are in the corners of dislonation imperfectiqns on.the |
snrface.

When a dislécation line intersects the cryéﬁal interface therais-
loCationuﬁinds itself'into a scfew as'growth.proceeds“énd provides a self

perpetuating spiral step into the corner of which new molecules can become
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attached.' Accofding to Frank (1948) the spifal sfructﬁre’is approximétely
the shape:pf-an Archimedean spiral having a cbnétant_spacing between adjafv
cent branchéé that depends on the radius of curvature at the center of the
spiral, rc. Thus, the surface fraction forfsuch é structure is equal to

the'ratio of the width 6f one molecule to the distance betweenvbrahchés of

the spiral, or
r= Ak L o | S ()

Furthermofé, if wé assume thét the size of the spirai?at its center, Qheré
it has tﬁQJSmallest radiﬁs:of curvafﬁrevahd the greatéstvratio of-surféée
_to volumé:éf any point'aloﬁg the spiral, is edual to the size of a two-
dimenSiénal.nucleué which is just critically'stable‘tﬁermodynaﬁically; we
can.equaté; ré_‘fo' d/pSAG._Where AG represents the differegge of the
Gibbs freerenefgy of afmdle of solid and a mole of liquid of the same com-
'position éhdv_q is the excess Gibbs free energybper unit ofvsurface in‘the

interface. Then the.equation for f Dbecomes
£ = AogAG/kmo . S (15)
Using Turnbu;l's (1958) empirical ekpressiqn for the surface energy,

- : AHf" S
0= 0.3 ——F"7— , (16)
, n1/3 y2/3 o

S
where AHf_'is the enthalpy of fusion and N is. the A&agadrb number, we

get
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1

. (27)

' 1 .
£ G = — (2
AH cdl.2m T AS
f m f

Our expression for £ must now be completed by an evaluation of the Gibbs

free energy change, AG.

CHANGE IN:GiBBS FREE ENERGY DURING SPONTANEOUS CRYSTAL_GROWTH

| ‘If we have a puré melt from which the crystél is érowing the free
energy difference is very nearly equal to 'ASfAT, vhere AT represents the
vdifference between the équilibrium melting poiht and the‘intérfacial ﬁem;
perature, iﬂe.bthe amount of subcooling. When the érystal is formed in a
solution, however, the free energy chénge depends both on the‘éomposifion
of ﬁhe liquid.and on the interfacial temperature..

Consider first ﬁhe formation of a pﬁrelcfystal of compound.B in

a liquid mixture havigg'interfacial,mole fraction yA of thej"impurity"
component, A. Then the chemical potential difference of B across the

interface is given by Kirwan and Pigford (1969).

T

L8 _ - T ' ‘ -
- Hp = {ASf - ACPB(l - ) = R 1n(YByB)]AT s »_.(18)

AG =M

Tom

where YB :féprésents the activity coefficient of B 'in the iﬁterfacé
liguid. .Thé second ferm in the brackets.is often negligible. Under thése 
qonditipns the surfaée-fraction t is soﬁewhat reduced as compared With
the value expééted for crystallization from the pure liquid..‘

Moreover, for.a system which forms & solid solution crystal, thg

thermodynamicvdriving.forée for growth can not be expréssed simply in-terms
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of the interface subcooling, AT. As can be anficipafed from Eq. (18), AG
now depends both on iﬁterfacial temperatufe and on the intefface compoQ
sition driving forces. |

The free energy change owing to phase trdnéformation of one mole
of liquid inﬁo one mole of solid solution, béth liguid and solid having the
solid's COmesition;_is

5)

S L ;
L T L e (19)

XB,

and the chemical potentials can be -expressed .in terms of their equal ™

values on the liquidus and solidus curvés,of the phase diagram'by fhe

equations:
B (yom) = 12 (g o) + BT In (Yoyo/Yo yo )
B\Yg? B ‘VBe® BB/ 'BeY Be
B, = 1S (. 7) + R In (Tox /T x. )
‘' *p> B " *Be’”’ B*B/ Be*Be’ °

and two similar equations for component A. The Y's represent activity

coefficients in the liquid solution; I''s, in the solid solution. Substi-

\

tuting these' expressions into Eg. (19) We_gét
AG/RT = x) 1nlxy vy, /vy, %) + X Inlxg yp/yp ¥p) + x, Inly,T) /v, T,)
+ %y ln(YBTBe/YBeFB) . | (20)

The first two terms represent the free energy chénges if the liquid and

solid solutions were ideal mixtures; the last two terms take care df
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.deviations from idéality. The actiVity coefficients can sometimes be
_obtained from‘the‘pﬁése'diagram without reéorting_to any:assﬁmptions about
solution behaviorf Note that temperature appears iﬁ this éxﬁressioﬂ‘for
AG .through its effeét updﬂ the.equilibrium mole fraciions;lyée, xée, etce.
Note also that AG =0 ﬁhen both the temperature and the cbmppsitions fall
?n the solidué and liquidus lines of the phasé diagram. Presﬁmably'vAG |
must be positi?e’for the spontaneous growth process fo-occur. To bfing
~ these ideas out more ciearly we'refer;to the hypothetical phase diagfam
in Fig. 1, ﬁhich éhbws a péssible locatidn for the-reél ana'the équilibrium
liquid and sblid compositioﬁs at the'observedv;nteffage temperature.  Néte
that theyliquid is cooled below its.equiiibriﬁm freeiing témperaturé on the
liquidus cﬁr&e and thérefore has a greater free enefgy than>at equilibrium;'
the.solid; on the other hand, 1s at a temperaturé ab&ve its equilibrium
melting point and is fherefore superheated. It,‘too, has a greafer free
energy thén it woﬁld have at equilibrium. The valﬁe of AG ‘fOr thé.broce;sv
of solidificatién is positive wheﬁ the liquid is subcboléd far enough and
the’solidvis not supefheated-too far. | - | |
Some concern may be felt over the.fact thét the solid'phaSe‘is
indicated.to.be superheated, in viéw_of the faét thét'éll attemﬁtéltAi
superheat solids abovevtheir meitingfpointé have proved*fruitless.v ﬁgté
in connection ﬁith the presént sifuaﬁion, however, thaf‘the solid iéinot'
only supérheated but is aléo growing as a result of‘thé céntinuoué me’

bardment by molecules which come from the-over—energetic liquid.
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Fig. 1. Hypothetical phase diagram, bibenzyl' and trans-stilbene system.
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THE COMPUTATION -OF TﬁE CRYSTAL GROWTH VELGCITY; v

For a pure_substahce the cfystal growth velocity is fixed whén the v
temperéturé'of the surrdunding liquid is given; for growth from a binary
solution fixing the interface'tempéfature and the interface ;iquid com;
position are sufficient to determine V. ‘How is such a relationship
expressediby the_équétions given here?

From-Eq,‘(l2) éne can Qoﬁpute the composition of the solid which
forms in a liquid of‘fixed’composition provided the rafio of the two:fdr—
ward rate constants (a function ofutemperature,alone) is known and prévided
also that the group of variables,-fkskg/v, is knowﬁ.7 Thﬁs for_fixed .T‘
and Yps *p will be uniquely é function of fkskg/v. Affypical relatiopj
ship of this sort, computed for the binaryréystem stilbene—ﬁibenzyl,_is
shown in Fig. 2.  As expeéted, the greater fhe value of the gréup,the;
closer.- Xp ‘approaches.its equilibrium»?alue.at the assumed tempefaturé;

Having found the solid compositidn it is now possible to com@ute-

is fixed by the tempefature

AG and f, through Eq: (17). Furthermore, kg

and is kﬁcwn. Thus, for each assumed value of the group, fASk§/V, a1l the |
‘quantitieé but V are determined, from which V fbllows by a simple?com—
putation.‘ Fig. 2 alsévshows the relationship between AG ‘and the'dimen;
sionless’group'fof thé illustrative ekample. By“assuming fkskg/v éonstant

and varyihg NN for fixed T it shows the values Of, V/ASkF

B which -is

proportional to f, is related to the undercooling, AT = Te - T, almost

Jlinearly as for pure cdmpounds._



' Fig.'2; - Relationship

velocity. -

~T0-

Xg;g‘- gB=const \V

AT=Te-T
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for the determination of mixed crystal growth
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DETERMINATION OF THE RATE COEFFICIENTS, ki and kg

'Following the method of Eyring (1941), the expression for the first-

order rate coefficient is

kg = x (kT/h) exp(—AG:/RT) =>x (kT/n) exp(ASz/R) éxp(4AHz/RT) R (21)

and a similar éxpression for ki. In Eé. (21) x répresénts the fraction
of the éctivated molécﬁleg which péss ovef thé activatibn barrier in the |
direction; AGé is tﬁe_excess of the standard free energy of ﬁhé'moiecuie'
which is activated for crystallization'o§er the Vélue in the liquid, and .
Asz and.'AHg are the related entropy and:énthalpy differences, respec-
tively. Use pf such_an expression required a knowledge of the numerical
values of these thermodynamié properties of thé activated state for éaéh
suﬁstance iﬁ'fhé mikture. o

Thefe is some reason to Eelievé that, even though ﬁumerigal values
of the activation properfies may not be available from direct measuremént
of crystal growth rates, values cén be estimaﬁéd by using the correépéndingr
values deriVéd from viscosity. Viscosities of liquids‘are far éasierrté
measure exéefimental;y than are growth velocities and the molecui§r~ﬁécha4
nismsginvdlved may be similar. |

On the other hand, as pointed‘out-by Kirvan and Pigférd (1969); o
there are some differences in the_molecularvprocéssés iﬁvolved in cfystél"
growth and in viscous flow. For instance, the molecule which épproécﬁes
the crysﬁal and becomes attached has to have the orientation that is

required in the crystal lattice. The molecule &hich‘is ready to undergo

viscous flow displacement may need to be oriented tog; buf the requirement a
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is not likely to be as stringent. Thus, it may be possible to estimate

¥ ¥ ;
ASC from ASV ‘by subtracting the entropy of fusion, ASf from the latter,

plus a small correction of R entropy units to account for the obser- .

vaﬁion that»perfectly spherical molecules undergo an entropy increase of
R ;nits upon melting. MOreover, there is reason fo believe that the ' ‘
enthalpy of -activation for crystallization‘may ﬁe smaller than that fof
viscosiiy (Kirwan and Pigford, 1969). To detach itself from iﬁsvneiéhbor
molecules in the liquid is all that is needed for crystal growth, ﬁut flow
of a molecuie élso requiréé that a vacancy or hole be formed in the-liguid
at. an adjéceht,site. Thus it may be that
. . :
AH, = cAHy , (22)
where c is a constant probably smaller than unity. The‘best course of
action, however, is not to try'to‘compute AHC unless no gxperimental _
crystallization data are available; a better planbis to make atrléast'one
measﬁremenf of the érowth velocity and to determine the eﬁthalpy of:acti—_
Vatibn from that value, using it in Eq. (21) for estimates at other'tém;
peratures.. Determination of both ASC and AHi _from expefimeﬁtaljdata‘
is not likély to be pbssible because it is.unusual té be able to covér‘a

wide enough range of temperatures in expérimental work to give a reliabie

value of the siope-of the curve of log (V) versus 1/T. R E .

EXPERIMENTAL RESULTS

Data were obtained for the binary system bibenzyl-stilbene, for

which there is a widé range of solid compositions over which homogeneous

7, .
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solid'solutionsvare formed. The nhase diagram‘for‘the system‘is shown in
Fig. 3; based on the data of Kolosov (1958)" The aiagram shows that over
most of the range of x the crystal stfucture fesembles thnt of pure stil-
bene. At,lbn mole fractions of stilbene there is a neritentic reactinn.u
but the compoéitions'thatbwere used in the experiments were all tovtne
right of‘this range. |

Crystallization rates and inteffacial compositions and temperatnreé
were observed with a temperature-gradient microécope'stage, as describeab
elsewhere (Cheng, 1969).- Thé interface mole fraction of stilbene,nyB;'was
computed from thé known composition of the liquid mixture introduced into
the optical wedge of the apparatus and from the observedvsnift of the difé
fraction fringes owing‘to the concentration Variation Which accompanies the
diffusinn-boundary_layer in the liquid. The equation relating these .-

' quéntities_is
vy = ¥y(=) = ANOA/28) (an/3y)7t S )

with AN = tne number of fringe displanements'at tﬁe interfane;vxo = the
wavelength of thé laser iight used, t ;Vthé wedge'thickness at the Qbsér;_
.vation point, and (aﬁ/ay)Ti= thé defivativebof'refréctive index nf tné
solution.with respect to composition.

Compositions‘of the solid phase Wefe deternined in two'Ways;f:first, ‘
the same,diffrantion pattern was used in combination withka diffusionffluk ,

balance at‘the interfacé;

L XpE=yg ,(p'LD/pSV)(dyB'/dz)Zzo , - R | (,:25')
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" in which :D “is the binary diffusion coefficient in the liguid and dyB/dz

is the normal gradient of mole fraction at the interface. The latter
quantity bo&ld be computed from careful measurements of the slopes of
several diffraction lines using the equation

AS -

0

dyp/dz = 3503 alsin B+ S cos B)(on/dy), ° (25)

/

/

- where S represents the mesdsured slope of the diffraction fringes and s

is:their spaciﬁg. The angles o and B represent ihclihaﬂidns'bf‘tﬁe.

crystal féce and of the distant straighf diffractipn’lines; respéctivél&.

A detailedvdefiVétionvof thesebequations isigifen elsgwhefé'(Cheng, 1969).
In 6rder to obfain an independent~checkvof.thercomputed sélidl |

compositions, a few measurements were obtainéd by taking:small samples of

vthe solid phase>obtéined from the diffraction wedgé.and subjecting these

to ultra_violet.absorpﬁion analysis in ethénol. Such meaéufements wéfe
tedioﬁS’and sbmewhat inaccufate but they agrééd fairly wéll with thefcom_
puted compositions uéing Egs. (23)'and (2k), as will be seen shortlf{

The pure materials were carefully purified by zone refihingbénd'
sublimatioﬁ.. Méasured melting points of the purifiea sampleslwere 123.00»0
for trans?stilbene (vs. 123.3° ¢ reported (KOibsov; 1958)) and 52;03°_C
for bibenzyi (vs.'51.1° C réported (Kolosov, 1958)). 'Othef properties of
the pure éomponents are shown in TablngI. K | |

| " The liquid diffusion coefficient was not méasured directl&l}}A Vélue
observed by'KirWaﬂ (1967) was combined with an estimate based on the

empirical correlation of Wilke and Chang (1955); the value used was
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7.6 x 10_6 sq. cm/sec at 63.3° C. ‘It is believed to have a probable
uncertainty of about +20%. ‘The intermolecular spacing for the solid, AS;
was computed by taking the cube root of thé column of thevsoiidyphase per

molecule.. Liquid viscosity data were determined by Kirwan (1967).

Table II. Physical Properties of Pure Matérialsa'

- | - T £ %
Substance  M.W. va AHf | ASf 0x10 n. .AHV ‘ASV
9K cal/g mole (cal/cm2) c¢.p. cal/g mble

Bibenzyl 182,27 ~325.18 5580 ~17.18  L.76 2.0 3243  -3.709

t-stilbene 180.25 -396.15 < 7080 17.87  8.70 ~ 1.0 3625 ~-3.083

aDimensions see notation

DATA FOR PUREFSTILBENE
'Figurg i shows the,experiﬁentaliy observed growth-velociﬁieszor
pure‘ﬁrathS£ilbene. Thé data are blotted in the form V- vs. the Squafe
of the Undércooling,_AT; It can be éhown that for. the S¢rew dislocation
surface mechéﬁism and:for-valuesvof ASfAT/RTm that ére suffi;iently small.
Equgting the average’&eloéity @f movément tbwara the surface éf
vthe .B 'mblecules_to‘the fluid’velocity:tqward the same surface, V(ps/pL),

we get’

ASfA?)]
RT

i Fooo F i
V= f Agky AB_“ f Agkp [1 - exp(
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or
: v . » )
_V v (1/1.2w)(ASkB)(AszT/AHf)(AszT/RTm)
= (1/1.2m) (W) (A8 /R) (AT/T )Z o (26)

h S'B f _ m’ .
in which the exﬁonential term has been expaﬁded in a series. The data on
the figure-are not sufficiently accurate, owing to uncertainties in the
interface temperature, to test the hypothesis that V is proportional to -
_the square of AT. However, if we.evaluate the entropy of activation-.in

kg‘ from ﬁhe equation,

-R), o (27)

agd approximéte thé enthalpy of activation by choosiﬁg c. = 6;15 in Eg.
(22) we oﬁtain a line from Eq. (26) which passes through the aafé_points.
In view éf fhé reasonable values of the aétivétion‘qQantities'and‘the'

at 1éast aﬁﬁroximate agreement of the exponeﬁt on AT .wifh théjéipected
value, it seéms likely that the pufe stiibénejcrystaié grew by the scréw
dislocation ﬁecﬁanis@} : .
Evaluatioﬁ of the surface,fraction_léads to f @ 6 x ZLO-.)1l for

stilbene at one degree of subcooling.

DATA FOR STILBENE-~BIBENZYL SOLUTIONS

" The experimental data for interface liéuid and SOLid compositions

and interfacial liquid temperatures'are.iisted in Table III for threélSeries

of runs, each series corresponding to a constant value of the liquid‘mole'
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fraction of stilbene at a great distance from-the crysfal, Ygo* The
observed liQuid'aﬁd solid compositions are plotted in Fig; 5. There one
sees that, owing to the finite growth velocity, the interfacial liquid
mole fractidn.pf stilbene féll sligﬁtly 5elow. yBO -at finite values of
V. The greaﬁest deviation from equilibriuﬁ occurred in the solid coﬁpo—
sition, as shown by the upper lines‘in the figufe; At'ﬁefy sﬁall values

of V the values of x tended toward the equilibrium value but at most

B

of the values of V wused x

5 fell considerably below its equilibrium -

valﬁe. At large values‘of V the crystal's composiﬁion.differed only
very slightly from that of the liquid from which it grew. The figure éhows'
that the ?rincipal cause of ﬁhe failure to>reach.e§uilibrium was not'the'
diffusioral resistance of the liquid but the'élowness of phase growth;. 
Aithoﬁgh the measurements were.carriéd out with great‘care iﬁ is
of course possible that the solid compositions which were obtainéa'By
calculation from the diffpsioﬁ.flux'ﬁalénce, Eq. (24), ﬁere iﬁ érforL This
couid have occurred if any of the measurements were not preciée, if fhe
estimated‘diffusidn coefficient was wrong, orfif the,gfoﬁing crystals did .
not fill thé éptical wéage'completely. By computéﬁioﬁ_of thé.possibie
errors ofnmeasurement it was concluded ﬁhat thé true value of ¥ might
have beén'off by about 0.0042 mole fraction and-that the‘derivative,‘i 
dyB/dz might bé in error by ébout 0.00Sg»ﬁgle fractign units. The pfobable
error of D was eétimated to‘bevabout 20 perceﬁt, .The other quantitieé  |
in the equafion were precise. Thus, the total pfoﬁabie error in Xp
should have been about»0.0l mole fraction units, which i$ smailer A

than the vertical difference between the_pairs of curves on Fig. 5.
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Table TII. Crystallization of Mixed”Crystals from ' Binary Melts
' of Stilbene and Bibenzyl System

Run No. v, yB(O) J XB<O) . T(0) , -Te ’ yBe v e 0 *B,cal
(cm/sec)X103' mole fracﬁidn °c . °c mole fraction
Ypo = yB(W)Y= 0.15 mole fraction, stilbene1

III- 72 0.68 0.1356  0.1498  63.53 6h.22 0.131 0.397  0.150
III- 73 1.00 - 0.1319 0.1M11  64.17 63.70° 0.135 Q.uo7 ". o
I1I- 75 1.92 0.1388  0.1437 62.11 667 0.120 o0.37h - 0.157
III- 76 0.51 0.1263  0.1671 63.61%.'62.93 0.131 0.398 - o

III- 7T 0.50 0.1407 0.1585  63.08 © 6k.97  o0.127 0.390 0.189

III- 99 0.78 0.1273  0.1513  63.37 63.07  0.120 0.30k e
III-101 0.3h 0.1295  0.1707  62.86 _.63.38 0.126 0.386 0.150
IT1-102 0.40 6.1370 0.1662 _6ég68v  6441 0.125 6.383 | }0.196
T17-103 o.is‘ 0.1365 0.2055  62.48 | 64.35 0.123  0.380 o.2ﬁ9
IIT-104 ©0.13  0.1397 = 0.2224 © 63.17 6h.78 0.128 0.391  0.252
III-105 0.39 0.1415  0.1702  62.73 65.0h 0.125 0.38k 0.210
IT1-106 0.2 0.1452  0.1784  61.82 65.53 0.118 0.370  0.261
III-107 0.31  0.1k36 0.1736 .. 63.28 65.32 0.129 0.393 |  0,220

IIT-140 0.42 0.1436  0.1651  63.65 65.32 0.131  0.399 0.196

ITI-141 0.35 0.1358 0.1624 62.49 6h.19 0.123 0.380 1 0.189
ITI-143 0.23 0.1401 = 0.1760 - 63.76 64.8k 10.132  0.ko0  0.198
ITI-1kk Q.i5 0.1410 0.2019 63.06 64.98 0.127 0.389  0.258

III-145 0.09 0.1461  0.1923  63.49 65.66  0.130  0.396 0.307

II1-146 0.03 0.1445  0.3168  62.13 65.kh  0.121 0.375 - 0.381

(continued)
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Table III. continued
Run No. V , y5(0),  xg(0),  T(0), T

e

(cm/sec)xlo3 mole fraction oC °¢

> Ygeo XBe"' XB,cal"

mole fraction

Yo © yB(w) = 0.15 mole fraction, stilbene

ITT-147 0.20 0.1371  0.1973 - 62.66 64.13
TIT-148 6.73 0.1466  0.1519  60.10 65.73
III-lué 0.25 0.1398  0.186k 62;é2 64,80
IV _ 1 0.21 0.1k28 0;1907 63.13  65.21
Iy - 2 0.5 0.1k25  0.2123  63.9%  65.16

IV- 3 0.10 0.1431 0.2483 62.93  65.25

IV - 4 0.07 o0.1k2h  0.2801  63.12  65.15

IV- 5 0.79 0.1k29 0.1508  6L.86  65.23
IV - 6 0.65 0.1404  0.1542  62.90  64.89
IV - 7 0.35 0.1381 0.1616 62.37 64.57

IV - 8 0.15 0.1k17 0.201%  62.7h "65.08

IV - 9 0.2h  0.1459  0.1647  63.64 65.63

IV - 10 0.12 0.1M16  0.2256  63.h2  65.08

Yo = yB(é) = Q,gs mp}e fractiqn, stilbene

ITI- 78 0.48  0.2314  0.2623 - 7h.ob 76.33
CITI- 79 0.87 0.2307  0.2Lok 75.86  76.25
ITI- 80 1.33 0.2271  0.236%  Th.T7  76.8k

ITI- 81 1.62 ' 0.2353 0.2411 Thi36  T6.TT

0.124

0.106
0.121
0.128
0.134

0.126

- 0.128

0.140

0.126

0.122

0.125
0.131

0.130

0.212

0.227

. 0.218

0.215

.383
.3k2
.376
,391
ko3
.387 .
-390
JhaT
. 387
319
.38k
.399
. 395

0.548
0.571
0.557
..552

- o.
o

C.

.225
.228
.2ko
.23

.232

.313
.150
.180
.208

.éTl

L 261

269

276

(continued)

b

237

.333
oLl

2

.301
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continued
Run No. V. (0), - x(0), ), T x, "
‘ IB s *B > . e’ YBe > *Bes B,cal °
(em/sec)x10°  mole fraction °oc °c - mole fraction
IBo YB(W):= 0.25 mole fraction, stilbene
I11- 84 0.16 0.2327°  0.3257  75.56 ~ 76.48 0.225 .568 0.350
III- 85 0.52 o0.2hok  0.257h - 75.03 TT.M2  0.220 0.561 - 0.34k
I1I- 86 1.2% 0.2357  0.2L86 75.13 76,8i' 0.221  0.562 0.27h
III- 89 0.89 0.2276 - 0.2k52 © 7h.83  75.89 _0.219 .558 - 0.260
ITI- 91 2.00 0.2392  0.2450  TM.26  77.22 0.2l  0.550 - 0.280
ITI- 92 0.71  0.2247 . 0.247h  T74.80 75.56  0.218 ;558 0.254
III- 93 0.96  0.2297 0.2439  Th.34 76.13  0.21L 552 0.278
III- 94 Q.57 0.2330  0.2505 Ti.26 T76.51° 0.21k .550 - 0.323
IT1I- 96 0.10 0.2345  0.3953  T76.h2 76.68 0.232 0.579 . 0.301
iII- 97 0.06 © 0.2377  0.5202 76,42 _f77.oh 10.232 579 - 0.b411.
TII- 98 0.13 . 0.2368 0.38L2 74,90 76;95 10.219  0.559 0.4h2
Ypo = yB(m) = 0.45 mole fraction,'stilﬁene
ITT-108 :0,83: 0.4350  0.h5k6 92.7h  93.88 0.b19 0.762 . 0.506
III-109 0.58 0.4356 0.u685v 93.88 93.93 0.435 LTTh 0:k4b1 ‘
III-110 0.39 0.2 0.4790 92.59 94.33 . 0.417 0.761 f0;597
IIT-113 0.16 0.4436  0.5000  91.37 9%.50 0.401  0.749. = 0.707
III-115 0.76 0.4308  0.L46L6 91.17' 93}58 - 0.399 .Th6 -'10.556
I11I-116 0.4398  0.h93k  92.75 9h.23 0.420 . 763 ,i.o.59hi

(continued)
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IT1-139

0

0

93

e

continued
Run. No v y (0) (0) T(0) -l X X b
" B > *B > e _yBe > Be » "B,cal
(cm/sec)xlo mole fraction °c °c mole fracﬁion
Ygo = yB(w) = 0.L45 mole fraction, stilbene
III-117 0.29 0.h427  0.4946  93.00 ol.kk  0.423  0.765  0.609
I11-118 0.15 0.0 0.5795  93.38 9h.53 0.428 0.769  0.645
III-119 0.14  0.4309 0.5815 90.32 ' 93.59 0.388 '0;738 ©.0.70L
IT1-132 0.86 0.4318  0.4678  87.55° 93.65 0.353 0.708%  o0.616%
1114133 0.47 - 0.4276  0.4784  95.63  93.34 0.460  0.791 ¢
II1-134% 0.72 0.khi2 0.L46k48 93.23 9k4.33  0.426 0.767 0.519
II1-135 2.08 0.4k12  ©0.M470  92.96 9k.33 0.k22 0.765  0.480
III-136 2.99  0.L4k428 O.4k71 . 91.19 9k.b5 0.399  0.TLT 0.500
ITI-137 ,1.u9' 0.4388 0.L4485 92;39' 94.16 0.415 0.759 _ 0.502
III-138 2.06 0.4361 0. kbk3 91.90 93.97 0.L08 0.75h o.u90' 
45 0.4318 W70 95.62  93.65 0.459  0.791 c

& Equilibrium temperature based on interfééial

b.... F
With kB

composition, yB(O).'

calculated from Eq. (21) using x = 0.01, and AT = T, - T(O). o

for computing step density f.

“Because of negative AT, this value is not computed.

dMeasur_ed intéffacial temperaﬁure.T(O) was in error.
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An even stronger indication that'tue meaeufed»values of uB are
reliable Was.obtained when some of the crystallization runs were repeated
and emall samples of the solid uerevtaken from the optical uedge and
analyzed by ultra violet absorptlon. The followlng’table aummarized.the'
values obtalned and supports the use of Eq. (24) The results of such
analysesbare also- shown in Fig.‘5; . | | |

Table IV. Comparlson of Solid Comp051t10ns Computed  from Flux Balance
with Values from Ultra Violet Absorption

Growth Velocity . . ‘Mole Fraction Stilbene,,xB
v X 103, cm/sec ‘ o o : : .
o From Eg. (24) From Ultra Violet Analysis
1.85 0.240 % 0.010 0.300 * 0.031
1.31 . 0.2L43 + 0.010 : ~ 0.27h * 0.019
0.88 . 0.251 * 0.010 0.284 £ 0.033
0.51 , - 0.260 t 0.015 . 7 0.248 + 0.039
0.17 © 0.340 * 0.015 0.252 * 0.017

One other piece of evidence is available to support the reported

values of X It consists of the measurements, also using Eq. (2&),ﬂof

B
the comp051t10n of the solid phase Wthh grows at a flnlte rate in the

'system of salol—thymol; "These compounds .are completely insoluble in each
other as SOlldS, the phase diagram 1nd1cat1ng that to the rlght of the

eutectic point, x, = l and x, = 0. Appllcatlon of Eq. (ll) shows that

the rate theory is satisfied under these conditions only by the Value Xy T 0
at finite V. Compute values of X, based on the diffraction fringes, were:

not precisely zero but were close. The average value for several experiments.
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‘was about 0.1. Recognize, however, that the theory which we have used . é
may be defective in such a situation fof it assumes that.the surface frac- o f
tion for attachment of A molecules and that fof'_B moiecules is exactly . f
the same;"In fabté it méy be possible that' fA is zZero on = pure—B

surface. L o v ' 4
INTERPRETATION OF THE RESULTS

The .Separation Factor, B: Figure 6 shows values of the'sepafation

1

'factor Eased on Eq. (i3) ﬁsing the thermodynamic pfopertiéé of the stilbene~
bibenzyl_system and éssuming c = 0.15 in Eq. (22). The dimensionless

quantity 8y = fkskg/v. is.suffiéient to determine B as a fﬁnctioﬁ of thé
interféce.composition and temperatgre; As &y, increases the equilibrium
sepafétién factor iS'apbroached.- Figﬁre T compares the separationufactors g
céﬁpﬁted from the observed compositions with values foundvfrdm,Fig.'6.

Some ofAthe data points .are bhased on c =i1.0; others; on cl= 0.15._ The

différence is sﬁall becédse only the ratio of the two forward éoefficienté,

-t

ki/kg, is affected in the rate theory. The agreement is satisfactory.

- Determination of the Surface Step Density and the Rate

vCoefficient: Using the observed solid and interfacial liquid éompositions and
temperature and the crystal growth velocity it is possible to compute values

of the product fkg

values of f and kg is not possible; one has to be found from the theory s

in order to determine the other from the data.

from Eq. (11). The determination of the separate

There are two ways in which the surface fraction, f, can be deter-

mined from the experimentally observed interface temperature, and the inter-

face liquid and solid compositions. First, the values of V, T, yB,'and
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Separation factor
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Fig. 6.: Separation factor, bibenzyl and trans-stilbene sysﬁem.



_88-

1 LI I | T L 1 1
) oA |
i o AHE=0.54HY; |
3 | —
- +_ . *
4 AHc =AHy N
| T
<t .
*
<2 -
@
> —
~
a
b —
W
x _
o
| —
B B, | + gg [Ya(!-Rag) +RagKa ] i
" 1+gq [Ve(Rag-1)+Kg] |
- _ gkl S
. - 9g°7 V -
0 AR WO SRR SRR SN WO IS NN IR N BN SR
| 2 3
Brh

"XBL69II-6178

Fig. T. . Comparison of separation factofs,'bibenzyl and trans-~stilbene
system. ' . s ’ : '




5

-89~
X, can be substituted in Eq. (11) to obtain values of the group fkékg.
F T ' '
B and kA
¥ ¥
Eyring theory, Eq. (21), and AS, and AH, from Eq. (27) and (22) with

Then with estimates of AS and of k (the latter from the

c = O.lS)jf follows directly,’provided X 1is knoﬁn.‘ Assuming X = 1
5 By

yieldsv f z.J_O.' ,_whicﬁ is about two orders of magnitude greater than the
value obtained from the‘data for pure stilbene. _Thus, in order to reconcile
the data for the pure crystal with those for the solution one may assumev
X & 10 7,

Alternatively, f can be computed from Eq. (17) using values'of
AG found from the compositions and tempérétures using Eq. (20) and, in the
absence of any data, assﬁming ideal solution behavior in both the'solid:and
the liquid phases.v According to suéh calculations, AG was negaﬁive_fof all
but two of the exﬁerimental runs——a.situation which is manifestly impossible
since it implies that the spontaneous process of phase growth occurs with
an increase in the Gibbs free energy of the maferial forming the crystal
surface.

It seems very poséible that in a system which exhibits peritectic
phase behavior over some part of the‘QOmpositionvfange there Qill be'devi—
ations from ideal solution behavior throughout the phase diagram and ﬁhat
the ﬁalues of chemical poﬁential‘eStimatedvby aSsuming that y and F. are
both unity will be erroneous. vNo data are available to test thiS‘belief
but, in ordér to determine how senéitive'the computafions miéhtvbe tpismall'
deviations in ideality the regular-solution equation for activity coéf—,‘

ficients was introduced:
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1nfyB'= (wL/RT) yi (1iquid phase)
: L8, 2 .
In T, = (w”/RT) N (solid phase)

The{resultvof adding the non—ideal»terms_to Eq. (20) is to increase the

value of AG/RT by the quantity

)2 g * yBe)

- 20"/B0) vy - vg,) (xg - 2

e
(@ /RT)<xBe - Xp

The first féfm, reflecting the .influence of non—idegl Behavior in the~soiid
phase, has a'positive coeffiéient; the coefficient_of the second term is
| negative. In a typical experimgnt, Run No. III—93.of Table III, the expression
above is QO.OOOT(wL/RT) + O.b95(wS/RT)> and the uhcorrectedvideél value
of AG/ﬁT based on the observed liquid and soiid compositions and the
temperaturevwas -0.359. The coefficient of (wL/RT)_is sﬁall because -the
interface 1iquid cdmposition was rather close to the equilibrium value; the
coefficieﬁtiéf (wS/T)‘is.larger.because XB: was considerably less.than
Xpo Since -wL is iikely to be smaller than _wS it seéms likely thét
the term répresenting the lack of ideality in the liquid can be neglected
cdmpleteiy ahd that we can conclude that (wS/RT) must have been at léast
.0.359/0.095_= 3.78 or ~w$ = 2.5 kcal/mole in order té force the change in -
.Gibbs freebenergy negative for thevtransition'frdm‘liQuid‘to solid.

In the aﬁsence df reliable thermodynamic infofmation fér theuﬁolid
solution we can_only cohclude that the éxﬁerimentally obse;ved compositions
probably.do not violatg the Second Law. »When the information is‘aVailable

it will be possible to recalculate the values of AG and to estimate the
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surface fraction f from the assumptioﬁ of growth by -a screw‘dislbcation
mechanism. iﬁ thebﬁean time we héve no reason_ﬁo doubt'ﬁhe Validity of
Eq. (ll)4f§r.the sélid compoSitibn or of Eq. (17) for the surface fraction.

vaable'IIIvShdws values of the solid'qohpositién;‘xB,vcomputeq frbm‘
_fhe theory using X = 9.01 and taking the acﬁi?ation quantities'ffbm. v
viséosi'ty with m'odif_‘icatioris according to Eq.: ("2v1) and ‘(22) with c = '0.15.
The values are by no means invperfect agreement with those observed but
the departure from equilibrium is of the right mégnitude and fhe variation
with thé érdwth velocity ié about rightf When no éxpérimental ihformatiOn
whatévér isfavailable thisiprocedure'is suggested. |
CONCLUSIONS

v'Use of the temperature~gradient microséope stage with provisions for
determination of interface conditions by optical ihterference is a ﬁrdmisiné_
method for investigating the inteffacial kinetic phenomena. For thé biﬁary
systeﬁ uSed‘herevénd probably forhmbst other high—melting organic compounds
which form éolid sélutionslthe>iﬁterfacial rate of phase.gréwthvis the con-
troliing.factbr in.the deterﬁination of the s@lid‘cémposition; fhe aiffusion
prbcesé in the interfacial liquid is of minor importance.

A theory based on Eyring's theory for the firSt;order prpcesé'of
solid depdsition andvoﬁ'a scféw—dislocation meéhanism for surface atfaéh—'
ment accounts approximatély for the observed phenomena,>including thé"lafge
departure of the solid compositieﬁ from its equilibfium_value accdrding ﬁo
‘the phase diagfam."In the'absenge of any’experimenfal rate daté, estimatés
~of the interfacial rate coefficiénts can‘be based on’aétivation‘enthalfyL
and viscosity from‘viécosity data suitébly.édjuéted‘fo.account fof‘dife.
fefences in.the'molecular phénomena accémpanying grystal'growth and_viscous'

flow.
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NOTATION

Cp = molar heat capacity, cal/g mole °C

D = diffusion coefficient, or interfacé transpoﬁt coeffiéient, éq cm/sec
f = surfacé step density, dimensionless

gB.= dimensionless growth rate parameter,‘ksfkg/V

G = molar gréevenergy, cal/g mole

h = Planck's constant

H = molar'enthalpy,.cal/g mole

k = interfacial rate éonstant, sec—lg or Boltzmann's constant, erg/°K :

K = equiiibrium or effective distfibﬁtion coefficient, a function Ofd
cdmpdsition’

M = moleculér weight

n = réfractive indexiof liquid

N = erystallization flux, g mole/sq cm sec, or'Avogadro’s number, cf;

integer in Eq. (38)

'r. = criticai’radius of two—dimensidnal nhcleus,-ém'

R = gas constant, cal/g mole °K, or ratio of inteffééial‘rate constéhts
fér épeciest and B

s = iﬁtérférence fringe épacing, m .

S = molar entropy, cal/g mole °K
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t‘.= thickhégsfof optical wedge at obser?atioﬁ ﬁoint, mm
T =vtemperature,‘°czgr °K o | | B

u = average molecular Velocity, cm/sec.

Vo= specific volume, cc/g

Y = freezing velocity, cm/Sec, or molar volﬁme, ce/g mole
g = mole f?actioh iﬁ so%id‘phase

yv = mole fraction in liquid phase

GREEK ‘LETTERS

o = angle, degrée»

B = separation factor, or angle, degree

r = sdlid pﬁasé-actiVity coéfficient
Y = liquidvphase activity coefficienf

n =‘viscdsity, poiée‘

A= interatomic spacing, ém;

A. = wavelength, 6328 A, for He-Ne gas laser

W = chemical potential, cal/g mole

p = molér density, g lee/cé

c .= interfacial surface free energy, cal/sq cml'
X =.transmis§idn coefficieht

w o= exéeSS’fréejenérgy§ cal/g mole -
SUPERSCRIPTS

Fv =_forwafd process.

L =!liquid state propérty
-0 -=“étandérd.stateuéfoperty

-R = revefSé process’
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s = solid'éfate préperty

+ = activated state property

¥ = equilibrium condition

SUBSCRIPTS.‘v

A = componehffA, minor componéﬁt, bibenzyl
B = componentlB,’majof component, stilbene
c = crystaliization-éétivated'state propertyb
e = equiiib;ium condition . |

ex = exﬁéfimental condition:

f = fusién process

i = interfacial ééndition' |

L = liquid étate property

m = meltiné ?rocess

0 = initial condition

.S = solid.state property

T = consﬁant.temperature condition

vV = ViscoﬁS'flow activated state property
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| CHAPTER V. ©
APPENDICES

I. Descriptibh of ExperimentallEquipment-'

TI.  Physical Properties of Compounds.-

' III.' Development of Equation for Calculating Interfacial Concentration -

Gradient Normal to the Growing Crystal Face.
IV. :EStimaté_Qf Erroré.Of Temperature Measurement with Thermocoupie,
V. Liquidiéhd SolidiPhase Compositions.byﬁNdrmai Freezing ovainarY; 
Mixtqres betﬁeen_Glass Slides.. L ! |

VI. Experimental Results..
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I. DESCRIPTION OF EXPERIMENTAL EQUIPMENT
‘An overall-view of the equipment used for the experiment is shown

in the phdfograph of Fig. 1. The major items consist of:

1. Leitz.Research Microscope Ortholux and Leitz Arisophot stand. for photé;

micrography consisting of large base plate, vertical camera carrier on twin
: . " v A : -

1

columns with adjustablé prismatic bér, Leitz_focﬁsing-attachment with hori-

zontal teiescope, Leitz holder for Bolex ﬁ—l6 reflex movie camera, and -
polaroid camera back'model:CB 100.

2. Temperature gfadient microscope stage. The detail‘déscription of this

stage is given in Chapter II.

3. Quantum Physics Model LS—BOvHe-Ne'gaszlaser with integral power supply

unit provides . a stahdard'wavelength of 6328 Anq¢herént, monochromatié'light.

L. Leeds and Northrup K-2 Potentiometer.

5. Batt-Sub constant voltage sﬁppljvfor K-2 poténtiqmétef,with'output

3.0 VDC at 24.4 m.a. by Dynage, Inc. Hartford, Conn.

6. D.C..Power Supply for the adjustment of D.C._cléckvmqtor.

A,fiﬁé thermocohpie of copper-constantan haﬁing a ﬁiré~diaﬁefér of
0.004 in. is used for the temperature méasurement.» The thermocouple caii—
bration waé berformed against two-standafd referenéé points: oﬁe'was_for
the tranéitibn point of amorphous sodium sulfate to its hydraté crystél at
32.384° C; the other was for the boiling point of water'éorrécted with the
atmospherié pressﬁre, using a Cottrell apparatus. A Buchi apparatus pur-
chased from Rinco Instrument Co., Inc., Greenville; Illinois Waé used for

all the melting point determination.
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Fig. 1. Overall-view of experimental apparatus.
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A Fisher Zone Refiner was used to purify the following chemicals,
which were received as ''reagent grade': trans-stilbene, myterphenyl,.thymol.
Slight purification was noticed for stilbene and m-terphenyl by measuring
- the melting points of the samples before and after the zone refihing for at
legst 30 pasges.. As much és one deg C difference. was observed for thymol
but ;very little effect on salol was noficed by zone refining. ‘This type

of zone refiner did not appear to be very effective.

IT. .PHYSICAL PROPERTIES OF COMPOUNDS

A. Bibenzyl-Stilbene System

» 1. _Phase Diagram. The phase diagram for thié system\is‘gith by

‘zkéldSov (i958j as shown in Fig: 3 of Chapfer Iv. Owingbto the‘periteéﬁic

;natureuof'the éjstem shown in the phase diagram, the ﬁixedicryspals grown
at. temperaturé above and éoﬁpositions to the right of peritecti; raﬁg§fhave

crystal structures like those of pure stilbene.

2. Réfractive Index. The refractive index of ﬁhe mixturé af
various concéntration ié réquired to evaluéte;(ay/aﬁ)T for determination
of the interfacial concentration gradient, as shown in Eq.’(h)_df Chéﬁter
IT and Eq. (25) of Chapter IV. |

a. Methods of Measurement. Two methods were used to determine the

refractive index as a function of compositiént

(1) The "Becke-Line" procedure: this method emplé&s glass p§wders
of known refractive inaex as standard. By raising or loweririg the migrd—
scope focus on the organicksolution containiﬁg one of these standard-giass
powders oh'the micrpscope hot stége, §ne notices that the bright haio'mdves'

toward the medium of higher refractive index, and toward the medium of lower
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refractive index,'respéctively. Thevtemperatﬁre.of fhe melt is adjustéd'
ﬁntil there is no shift invthé halo upon raising or,ioﬁériﬁg the focﬁs; >The
refractive index of the liquid matches then the value for the ;tandard gléss
poﬁder at thét temperature. A'set of 2M'standard glasé powders having 
r?fracfive iﬁdicgs in steps rangiﬁg from ny = 1.34%00 t5‘1.6877vwas available
from Arthur.H. Thomas Co. |
- The light soﬁrcé uégd for the deﬁermiﬁation of the re;racfive index
of organic mixture was laser‘ligh£ of 6328 A.wavelength while thevébdium-D
line was 5896'A forkD ‘and 5896 A for D Oﬁing to the dispersion effect

2 1

of the substance at different wavelengths the use of He-Ne gas_laser light

instead of the Na-D line will give Wroﬁg measurement using the standard

"glass powder, for which the refractive indéx value is given in Na-D line;

It has beén'fbund fhat the réfractive index of'solids increase about 0.001
for evefy 10 @ 20 mu decreése in wa&elength;'liquids exhibit abouf twiﬁe
as much chanée. The measurements using iaser iight? thérefofe, yiéld,lower
values than tﬁe reffactive indices of the mixtures bééed on Né light._ 
(25 Direct Measurement usiﬁg Bausch and Lomb Precision Refracfo—'
meter: me&Suréments were made. also directly in a modified Abbe-type
refractometer by using both»Na—D’light and light from the He-Ne gasjlaser.>
Resﬁlts of measuremeﬁts made by above two methods are listed‘in
Table V.

3. ' Viscosity and Diffusivity. The viscosities of pure'stilbene

and bibenzyl were measured by Kirwan (1967). The Wilke-Chang correlation
(1955) and the‘viscosity measured by Kirwan were used for the prediction

of the diffusivities at infinite dilution of bibenzyl in stilbene and



Refractive Index Measurements

Table V.

T,°C 50 | 60 70 80 | - 85 90
Melts =Né;D: Laser - Na-d Laser . Na-D  Laser Na=D Laser ‘Na-D Laser Na-d Laser
Pure T  1.5090 1.5061 1.50k9 1.5018 1.5007 1.4075
Pure T 1.5072 1.5031 - '1.4988
10 m% sb 1.5172 1.5139 1.5128 1.5096 1.5086 1.5055

10 ug s* 1.5152 1.5108 1.5065
30 m% s° 1.5322 1.5286 1.5278. 1.5243 1.5237 1.5204
30w §%  1.5200 , 1.52L7 ~ 1.520k
90 m% S° 1.5709 1.5661 1.5666 1.5619 1.5627 1.5576
90 m% 8% - 1.5687 1.56k0 1.5593
Pure s°  1.5765 1.5717 1.5723 1.567h 1.568k 1;5639
‘Pure 5% ©1.57h5 1.5700 1.5653
Pure B°  1.5529 1.5490 ©1.5h3% 1.5398 1.5395  1.5359
15 m%'St.b ©1.5584 1.55k2 1.55L1 1.5502 1.5516 1. 5h7h
25 m% st.° | R ©1.5629 1.5584 1.5611 1.5565 1.5585 1. 55&2

T = thymol, S = Salol, B = bibenzyl, St.

aDetermlned by the "Becke-Line" pr0cedure,

o’

Determlned w1th Bausch and Lomb Precision

Refractometer. .

stilbene, n% = mole %.

using standard glass powder of known refractive index,

-00T-
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stilbene in bibenzyl solutions. 'The’results of such prediction with the

measured v1s0051ty by Kirwan were' reproduced in Flg 2. The correlation
suggested by Vignes (1966) was applled to compute dlffu51v1t1es of the

mixtures:

S 'Y y
Dy = (D Q) 5 (D_gB)'B .

B. 'Salol—Thxmol‘System

1. Phase Diagram. The phase diagram for this system is plotted

from the data giVen by Timmermans (1959) as shown in Fig. 8 of Chapter IT.
The crystal 'structures of both species are given by Flachsbart (1957)

2. Refractive Index. The refractlve index of blnary mlxtures as-

well as that of pure melts were measured by "Becke—Llne procedure and
with a modlfled Abbe—type refractometér. The results of such measurements

are l;sted in Table V.

3. - Viscosity and Density. Kirwan (1967) had made several measurefb
ments of the viscosities of pure salol and thymol. It is oelieved ﬁhat the

literature values by Jantsch‘(l956) for salol and'By Slavyanski (l9h8) for

‘salol, and thymol, and its bindry mixtures are more reliable. Therefore,

the literature values were used for the necessary calculations. Densrty :
data were taken from Timmermans (1950). Values appropriate forvthe range
of temperatureSvused in this study are listed in Table VII.

L. Diffusirifx. The diffusivity of binary mixtures was measured
by Kirwanv(lQoYQ'amd given as an average value of (O.Thio.l2)xl0-6 sq cm/sec

at 29.5° C. Since this reported value is comparable to what is predicted
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by'Wilke—Chaﬁé'correlation'and'by the method of prédiction proposed by

. _ | , |
. Gainer and Metzner (1965), this value was used to compute the interfacial

solid composition using the interfacial flux balance shown in Eq: (3) of

Chapter II.  The relationship (D/T) = constant was used to correct L

for cther temperatures. '
| ‘ ' :

Table VI. Diffusivities in the Salol-Thymol System

Method - o D g | D

°c (sq cm/sec)XlO6
Wilke-Chang" 27 1.25 0.77
Gainer-Metzner . 27 ' 0.80 _ . 0.67.

C. Polxphénxls; ‘ i

1. O-Terphenyl (1, 2-Diphenylbenzené.  Ratées of crystal growth

and melt viscosity reported by Greet (1967) are listed in Table VIIT.

Listed are also values of. computed-thermodynamic properties for:

activated state;
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Table VII. Viscosities and Densities of Pure Salolvénd Thymol

: ' |
T nSa nSb nTb' _ _dsc ch
°c poise poise poise g/ce g/cc
9.6 e — - — 0.9816
25.0 - 0.216 0.200 | - _
28.4 0;17i -- - -_— _—
29.2 0.168 - — —— -
.30.0 0.155 0.150 - —
32.8 . 0.137 - - — -
$35.0 - 0.107 0.110 _— -
37.5 0.109 -— - — -
40.0 - 0.095 0;096 - -
LT 0.091 - - - -
45,0 . 0.076 0 072 1.17858 -
45.10 0.079 — — - —
50.0 - _— 0.058 - -
51.L4 - —_— - _— 0.948h
5.9 -- - - - 0.9461
5.0 ~ - . 0.0k 1.16981 ';_f
*Viscosity of salol melt by Jantsch (1956). -

bViscosities.of pure salol and pure thymol by Slévyansky (1948).°

Densities of salol and thymol given by Timmermans (1950).




Table VIII. Rates df Crystal Growth and Melt Viscosity,
and Thermodynsmic Properties, o-Terphenyl

7.

BT log V. log g Aﬂtxlofha As$x1of2§ Aséx;of?b‘ Aﬁleo—hc AHleO_hd Aszx1of?d
- °C o (ém[seé) (pbiéé)' cal/mole cal/mole-°K cal/mole cal/m °K -

53.5 2.0 - 5.26  -0.k0 1.16 0.16 0.008 1.15 -17.5 . -5.68
52.5 3.0 -4.39 -0.37 1.24 0.18 0.05k 1.1L ~1Lk.6 . “b.77
51.5 Lo -3.88  -0.3k 1.32 ~0.20 0.088 1.18 -11.7 ~3.86

k9.5 6.0 . -3.35 =029 1.7 0.25 0.1k2 1.30 . -5.7 -2.03
5 - 8.0 - -3.0b -0.22 1.63 0.30 0.192 1.4k 0.3 0.03

5.5 _10.0  -2.85  -0.15 = 1.79 0.35 0.240 1.59 1.3 0.1k -
k3.5 12.0 -2.73 -0.05 1.95 0.40 0.287 1.75 . 1.4 0.18
_41Q5 IR -2.66 0.0k 2.12 '_o.h6' 0.333 1.91 1.6 0.23
39.5 16.0 -2.63 0.1k 2.29 0.51 10.383 2.07 1.7 ~ 0.28
37.5 18.0  -2.62 0.25 .46 0.56 0.432 2.2l 1.9 0.33
35.5  20.0 ~2.64 0.36 _ 2.63“ 0.62 0.481 - 2. 2.0 0.38
30,5 .25.0 . -2.78 0.70 3.06 0.76 0.608 2.85 2.k 0.50
25.5 30.0 | =3.00 1.09 3.52 0.91 0.74 3.30 2.8 0.6k
20.5 35.5 . -3.26 1.56 3.99 1.07 0.88Y - 3.76 3.2 0.78
15.5  140.0 -3.57 2.09 R 1.2L 1.036 4.23 3.7 0.93
10.5 45.0  -3.96 2.72 k.ot 1.4 1.196 h.71 L 1.10
5.5 500 =L .46 3.4k . 5.h9 . 1.60 1.34k 5.22 k.6 1.26
0.5 55.0  -5.11 b2T - 6.03 S1.79 1.539 - 5.75° 5.1 1.Lk
k.5 60.0 - -6.00 5.26  6.59 2.00 1.718  6.30 5.6 1.62

(continued)

‘ _SOT"



Table VIII. continued

Computed from Eq. (8) of Chapter III us1ng listed values of n. ‘
(9) of. Chapter III u51ng llsted values of v and n, assuming AH 1 0.89 Aﬁv

demputéd from Eg.

fl
e

and x =

“computed from Eq. (13) of Chapter IIT using listed values of V and n, assuming ¥
. = 1. .

(7) of Chapter III usingvlisted values of V, assuming ¥

dComputed from Eq}
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The_specific volumes for the liquid and sblid4phases were satis-

factorily fitted by the following equations (Greet and Turnbull, 1967)

bo v g.u6 x 10712

T

il

vp(cc/g) 0.911 + 6.46 x 10~

0.85791 + 2.7k91 x 10‘§T o
|

_vs(cc/g)

where T 1is in deg C.

The activaticn enthalpy and activation entropy for ﬁiscous flow
célculated from the slopes of the sﬁoothed log n-vs~(1/T) cur&é fitted by
a least—squares seéond—order polyhomial, are given in.Fig. 6 for o-terphenyl v
"and in Fig. 7 for ToNB in Chapter IIT. | N

2. M=Terphenyl (1,3—Diphénylbenzene). The viscosity and liquid

specific volume data were calculated from the plot by Andrew and Ubbelohde
with the aid of the Batshinski relationship for m-terphenyl (Andrews and

Ubbelohde, 1955)

tXE:E)

;( oise)—l =
n POt - c />

R Sy . o S
where C = 12.15 x 10 ~and w ='O.938. Results of such calculations were

tabulated below:

Table IX. Viscosifyﬁand LiQuid Specific Volume, m-Terphenyl

7 o Th.T6 ~ 77.73 - 80.83 83.99 87.21 90.49 93.82 97.22
N, cp 7.691k  6.9657 6.2517-5.6625 5.1881 ~k.753h L.3152 3.9811
v", ce/g 0.9538 0.9554 0.957h 0.9595 0.961k 0.9636 0.9662 0.9685
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The activation enthalpy and aétivationventropy for viscous flow
were determined from the slope of the log n -vs- (1/T) curve. Thevcﬁrve

was fitted by a least square second-order polynomial as follows:

Log(nv") = & + B(L/T) + c(1/D)7 ,

_ ‘ : _ _
and the activation enthalpy was obtained as the slope;

AH$ = 2.3 R (B + 2¢(1/T)),

3 6

where A = 3.9659, B = -5.3718 X 10°, C = 1.2516 x 10°, T = °K and R is

_ L % .
the gas constant in cal/g mole °K. The ASV is then computed from Eyring's
. . ' 4 |
equation for the viscosity of liquid (see Eq. (8) of Chapter III) with
known AHV.
Table X. Rates of Crystal Growth and Some Derived
: Physical Properties, m-terphenyl -

$a ¥a,b

. N - ¥ _3a
% _ v . AH A Ag -
Run No.  V ‘ 10 Ti Tl ‘ >’T2 ‘Te VXlO>. SV SC |
- (cm/sec) °c _  9C - og °c cal/mole “cal/mole °K

IV - 38 ' 9.81 83.46 82.83  92.10 85.61  7.62 5.35 —5;76
V-3 8.00 . 83.30 83.38 83.23 85.61 7.55 5.1k _-Sgbév
IV- k4  5.68  83.72 83.75 83.69 85.61  T7.51 5.03  -5:08
IV - 41 k.05 83.80 84.02 83.58 85.61 : 7.50 5,01  -5.60
Iv - b2 2.91  83.82 83.90 B83.74 85.61  7.50 5.01 6,22
TV - b5 1420  B2.53 82.93 82.12 85.61 T.62 5.33 —%Q90iﬂ'
IV - 47  1.06  84.25 84.o1 83.60 85.61 ‘.'7.h6' h.90 7.2k
IV - 48 21.30 °© 82.60 82.73 82.h7 85.61 1.61 532 o2

(continuedyi
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Table X. continued

&computed based on Ti. o

bComputed_from Eq. (9) of Chapter III using measured V and n from ‘the

' o L $ o + - :
literature, -assuming AHC = O.T6.AHV and X = 1.

 _3. *l:3:5:—Tri—a—Naphthylbehzene {TolNB). The viscosity data and
the reportedifates.of growth of‘TaNB were given by Magill and Plazek (1967,
1966). Cbm?qtea values of the.thermodyﬁamic'propérties for. activated state
are also listed in the Table XI. |

The liq@id dénsity.was reported to be:
.

p = 1.1348 - 6.06 x 10T - 100), g/cc,

where T 1is in deg C.



Table XI. Rates of Crystal Growth and Melt Viscosity, and Thermodynamic Properties, TaNB

x = 1.
c
a

Computed from Eg.

Computed from Eg.

(7) of Chapter III using listed values of V, assuming x = 1.

(l3)_of Chaptér III using’listed values of V and n assuming ¥ = 1.

T AT 1oglov logion AHigiofha Astxlo’za ‘Asleo’gb’ AHZXlO—uC AAHleo'hd Asixlo'2d

oC °c (cm/sec) (poise) cal/mole cal/mole °K cal/mole cal/mole °K
195.0  L.0 -3.209 50.315 i.71 0.15 -0.086 1.72 -27.5 -6.27
1193.5 5.5 -2.983  -0.289 1.80 0.17 -0.069 — -23.7 -5.h49
193.0 6.0 -2.139  -0.281 1.83 0.18 -0.027 1.68 22,4 -5.19
192.5 6.5 -1.893 -0.2T2  1.87 0.183  <0.013 1.67 _21.2 L.92
191.0 8.0 -1.664  -0.233 1;96, 0.203 0.009 1.75 -17.k —h.lé'-
190.0 9.0 -1.235  -0.201 2.02 .0.217 0.037 1.7k ~14.9 -3.56 -
187.0  12.0 -0.983  -0.125 2.21 0.258 0.078 1.92 -T.2 -1.91
185.0  1L.0 ~0.796  -0.080 2.3k 0.286 0.108 -~ 2.02° -2.0 ~0.78
160.0 39.0 '~ -0.790  0.810  L.06 1 0.671 0.451 3.73 3.7 0.47 -
140.0  59.0.  -1.529  2.346  5.57 1.030 ° - 0.773  5.23 L6 0.68
120.0  T79.0 -2.682  3.720  T7.25 1.445 1.153 6.85 5.6 0.93
100.0  99.0 -4.395 . 6.143 9.10 1.929 2.600° - 8.61 6.7 1.21
a'Compu'ted from Eq. (8) of Chapter III using listed values of n.: _ o
bComputed'from Eq. (9) ‘ Chapter III using listed values of V. and .m, assuming,‘AHz = 0.89 - AHV'and

=0Tt~
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ITI. DEVELOPMENT oF EQUATION FOR CALCULATING INTERFACIAL CONCENTRATION
GRADIENT NORMAL TO THE GROWING CRYSTAL BACE

Referrlng to Flg. H of Chapter II, V-w repreSeﬁt ﬁhe coordinates for
interférénée'fringe, X-Y for optical'wedge in whicﬁ the measured growth
rate is ;X direction. The actual_growth,rate nofmal to thé.crystalvféce
is in 2z 'direction. If the measured growth fate in -X direc#ion is VX’
then the aétual crystél growth normal to the crystal;face in z direction
is VXcos Y. .

Note that ‘o is the aﬁgle between a fringe and the edge of photo-
graph, ﬁhiéh is assumed parallel to edge of éptical slide; and R bié,the
angle between the crystal face and the v éxis, Along any singIe fringe
there is»a reiationéhip between refractive index of the medium and wedge'

thickness as follows:

nt = (N/Q)AO = constant , - | o (1)
or after differentiation,

dn=-+dt. . o - | (2)

Now assume that the thickness of the wedge is a linear function of

X and Y as if the top and bottom.surfaces were flat:
\

t=al+bX,ordt=adl +ba&x , . ' (3)

where a 1is a negative quantity. Assumé also that the refractive index

is a function of composition and temperature,

- 9n on . o . -
dn = aT) ar .+ ay)T ay . | _ o . (L)
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Thus , noticing that T'=fT(X),fthé'equation-of a fringebline,is;

on ,‘ . dny L;
ﬁ) dT + ——)T dy = -

y 4 3y (g §¥ Q'b-dX?'.v  ..  -:] o :lkﬁj

el f=]

 Rotation of axes from (X,Y) to (v,w) producesffhe transformation of
T . . ] A ’ . et .

coordinates, - '{

dY = -dv sin o + dw cos o o c R (6a.)

‘ dX  dv cos‘a - 4w sin an,' _"_,_ e s : :f  :'(6b)

' and these -can be introducéd'into Eq. (5) with the‘relatiohship. ar = (dT/dX)dX.

First, hqwéver, note'fhét v-axis is'parallel'fo'the fringé in thé region far
from the interface, where there is no Conéentration.gradient, dy = 0.and
dv = 0, then

"r;.ég;‘ _9n, éi  .
dn —IaT) ar ). (=)

Ng Ty ax a (7)-

and from Eq. (5), after eliminating 4T, dY and dX,

n,. 4T, . S : Y ]
BT)y(dX)_dv cos a = - (a_51p o f.b cos q)-dv R }(S)

A

or

any (4T, _ ‘

0 | . , o . L
v G - E-(a tan o + b) - - - (2)

Ui
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Now at the vicinity of intérface Eq. (5) holds,.thaf is, aftef'v

eliminating dT, dX and 4Y, o

' . - any _
5Ty dX) (dv cos o - dw ;;n‘a) + ay)T dy =
- %’ [a(dv sin a + dw cos a) + b(av cos 0 - dw sin a)l . (5a)

Substituting Eq..(9) into (5a) one then obtains

o5

%ﬁoT dy = [(a-tan o + b)(dv cos o - dw sin a) - (a sin o + b cos a)dv

= (a cos o - b sin a)dw]

_n _adw ' '
=-7 oo - o (10)

Here we need the normal derivative of concentration (dy/dz)z;O.

Sihce
dz = dv sin B + aw cos B . _ o (11)
by dividing Eq. (10) by Eq. (11) we get

anw

dyy oL . Q

dz’z=0 = 7 t cos a (sin B + w} cos=B)(8n/8y)T ’ (l?)
where wé-f (dv/dv)v=o.
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Iff a = 0, and B = m/2, which make the far fringes parallel to the
side of thevﬁedge (X—axis),and the crystal growing exactly'across the

direction -of mdvement, then
Yy LRy a o (X ) | "
dz)z=0 . (t) a v, (Bn)T~f , : o (12a)

If the thickness t is a fﬁnction'of Y only theh thé'fringé

spacing s . can be obtained from Eq. (1) by noticing

a=% ‘ L e
nty, =g>\o . and nty, = X Z = Ao ¢ - (13a)
Thus

Substituting Eq. (14) into Eq. (12) for a one gets,

: Aw!
gl) _ _ 00 . e S ’
dz”%=0 " 2st cos a (sin B+ Wé_cos'B)(an/ay)T T (15)

Eq. (15) iS'used to caiculaté the cohcentration'gradient'normai_to the
crystal faéévét interféce ffom the measufed iﬁtéffacial fringe.gradient;
wé, and s, t, O, B, and (an/éy)Tg

IV. ESTIMATE OF ERRORS OF TEMPERATﬁREYMEASUREMENT WITH THERMOCOUPLE

Suppose that the final result y' is related to the component X;

by the relation



Ng = F(xl,xz,...,.fxn) > » : o fvf", . (16)

|
where T is a known functional form.. .. The small variations dxi’ in x

will alter’ y. by the amount
v=) G ey | | ()
i=1 i : : . :

The square of the error will: be

()2 T (-g-%)(%;) g . (18)

19J

If the components dxi, dx2,..,.dxn, are indepéndently distributed

and symmetrical with respect to positive and negative Vaiues, then dxidxj

(i # j) will vanish, on the average, so that

‘(d&)? = z:.@%g—)?(dxi)g.. e : o (19)
i ‘ : : :
Therefore
02-= Z (%i_)? 0~i2 i . . (20)
i . T oo ,

where
2., . :
¢~ . is variance of y, and

2 . .th '
o, 1is variance of 1 component of X.
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Refef to Fig. 3 where'A, B; and C are.locatiohs'where tempefatures

Ti is’pbtained by extrépola%ion. Errors in Ti' is expectedbdue to the

are measufed} By a linear leastfgquare fit the‘interfacial temperature

I
error in the slope of the fitted line. -
Assume line Ai is fitted so that the sum of the-squarevof'devia—
‘tion is minimum. The equation has a form T = a x + b; 'The sum of the

squares of the deviation is

2 2 _ -
2: (Ti - T) = minimum . (21)

(Ti - aX. - b)
i=1 t

Ngs
N
i

Assume also that the error is solely due to the temperature measurement
(or noverfor in the measurement of distance x). Differentiate Eq. (21)

with respect to a and b, _
|

| & Tr, -ax, v =2y () - ey - b}"xi =0
or
a (Y x5) (Z xi) =Zl T X, o o | (22)
('inj + nb —Z T, . - S | (23)

Solving for a and b,

nZTx.-<Zx (ZT)
) %) - (L )

(2k)
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_ (LT L xfyf - <2xi')('2 T.x,)
n(y %) - (L x)?

(25)

The errors in a  and b are assumed primarily due to the errors in

temperature measurement Ti,'so

da  _ noxy - 2: X5 o . o (26)
T, - 2 , 2 o : }
iy - (oK) -
o ( er) - (Z . ) A
T, < L2 ' 2 -
i n(z_xi)v.—_ (in)‘
Similar to Eq. (20) one obtains the variance of a and b
2 da \2 2
o, =8 G on (26)
1 1
2 db 2 2
% =& (53)° o (29)
. 1 1
Further assume thatvthe UT is the same for component X, and_eqUalvto .

the deviation between the standard EMF value of thermocouple and the value

actually measured at the average of some calibrated points, OT’ then

Zx

2 2 da \2 2

Oa .O'T Z (aTi Z (ZX) ZX

L, | <zx -x<§jx>

02 - 02 (ab )2 - G E:

b T Z 3T, ZX ZX (31)
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. If one places xi at thé originf(xi = O), then the meaéured'interfacial
temperature'is
T. =b t 20, . | S : (32)

V. LIQUID-AND SOLID PHASE COMPOSITIONS BY NORMAL FREEZING OF BINARY

MIXTURES BETWEEN GLASS SLIDES.

A, Unsteady State Solution

Mafhematical formulations coﬁsider fluxes of the cbmponent_in and
out of a differential eleﬁent Az | in the mélt aé shown in Fig. L.
Diffusive flﬁies-DApL(ay/az) and convective fluxes VAp x gnter at one
side of the element and leave at the other.. The rate of accumulation of

the component within the element ApL(By/Bt)Az is the difference between

fluxes in and out of the'element‘

Dap [(8E)punz - (§D),] 4+ Vapg(y,,,, —v,) = Ao (382 . (33)

Dividing by Ap Az and letting Az>0 as the limit, the following differen-

tial equation is the result by chobsing the coordinates with respect to the

freezing interface as stationary.

. 2. o | T
Y _p &Y,y (34) .
ot 522 oL oz > - | » :

_ : ' N
with the following boundary conditions to be satisfied.

i
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B.C. 1. y(eo,t) = Yo (initial liquidvcomposition) L (35)
2. y(a0) =y, (36)
. gx; o R
3. Dgpla=g = V(57) [x(0) - y(0)]. (37)

B.C. 3 is the result of the interfacial flux balance shown in

Fig. 5.

SR Pe o v P
, X -t 52 o= (2 (S8
Let ¢ ¥, s T = ﬂﬁn(VpL) and n = (D )(pL), and

introduce these groups into Eq. (34) and all the boundary conditions{-v

_ 2 . I L ' o
2 _39¢ ., 3¢ | S | (38)
oT 3n2 on *° . _ o S T

with the bpuﬁdary conditions,

n=e, 1>0,¢=1 S (35a)
T=0, n>0, ¢=1 _-> , - (36a)
n = 9 . (d¢/dn)n=o = ¢s - ¢, where ¢S = x(O)/yol.-_ K37aX

If ore assumes that an equilibrium condition prevails at any . =
time at interface (n = 0) as in most zone refining literature, Eq. (37a)
becomes .

80) o = 0k - 1), | | o Gm
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where

x = x(0)/y(0) . S (39)

The énalytical solution to Eq. (38) with boundary coﬁditions.Of
(35a), (36a) and.(37b) is given fof liquid’és weli as solid phase com-
‘positiOns. (émith,vTiller and Rutter, 1955; Hulme;‘lQSS; Memélink, 1956,
and Pigford, 1969:). | o o

f

6(0,1) = %E'{l + ert(VT) + (2k-1) exp [4k(x-1)T]-erfe[ (2k-1)/7] f(hoi

k ¢{(0,T)

-

. w :
-~
—
S
H

{1 + erf (V1) ; (2k-1) exp [bk(k-1)] erfc[(2k;l)/?]

il
N

% . (b1)

Notice fhat ¢ or ¢S apply onlyvté the minor component with k ‘less
than 1, and also that solutions such as Egs. (40) and (k1) only apply'tb
the situation where there is no fluid mixing in the liquid bhase.

Eor_a Binaryvmixtufe Which yields mixed cryétals the equilibfium at
the interface'doesdnot hold. However one may propose an éffeétivé dis-
tribution coefficient which could depénd on the liéuid compostiion and
.inferface temperature. As'shown in Chapter IV, for minor component A, this
effective distribution coefficient is found to be |

K* = Ky 1) -7 (Ryp -

A i -1 -1

1 f'gB[RABKA‘ + (Kg - Rugy )y, ]

S 1 +18B[(R +oxct )

D | N
, (Iv-lu)
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The experiméptal results indicaféd that yA' did npt vary'mdch at a consﬁant
iﬁitial liq@idicomposition.for freezing rates”ranging from S.X lO"5 to:

2 X 10—3 ¢m/$éc. 'Howe§er'thé e;peiiﬁentally determined values of K*:are
much smaller'than the equiiibrium values and are stfongly-dependent on

'gi. Experimentally measured‘aha,balculated values of K* along with the

. | v

equilibrium values K. are listed in Tables XVIIT, XIX, and XX.

B. ©Steady -State Solution

-~

For a steady state condition Eq. (34) becomes

with boundary conditions of Egs. (35a) and (37a) to be satisfied.

Solution to Eq. (42) has a form of

¢”= A + B exp(-n) . | . I (43)

By applying Eqs. (35a) and (3Ta) with the éffective distfibution coefficient

K* into Eq. (43) we get A =1 and B = (K* - 1)/K*.  Therefore,

p=1+ EGd ety . )
and
¢, = K*¢ = K +v(l;K*) exp(-n) ; ' : | _ : (hS)

T

If the steady state condition prevails the plot of log '[(l‘K*)/(¢S'K )]

vs. 'V on semi-log coordinates should result in a straight line. The  slope




B/

'K'S = ( = K’)/(ﬁs— K*)

1
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of the liné gifes inforﬁation about the boundary layer thickness 6?-

which depends.dnlthe diffusivity of thevSolute, the»viscosity of tﬁe liquid,
and the conditions ofvfluid flow, buf only.slightly 6n'the growthvratéﬂ . -
Héwevér, the eipgrimental results shown in Fig. 6 for the initial liquid
éompositibn of 0.25 mqle fractioﬁ_stilbene indicate the steady state éoﬁ— )

dition was not reached.

VI. EXPERIMENTAL RESULTS

“A. Experimental Data

A1l the-prerimentally’meaSured data and reduced data for the

study ofvthé'crysﬁai groﬁth are listed in the following tables.

Table XII. Experimental Results, Pure Salol

4

Run No. v x 10 (AT)§ - T, ~ Note

| (Cm/seg) ‘ °C - o
I -72 '. | 0.97 7  3.84 Lo 1k | degassed, isothermal stage
I -7 0.83 4.99 2.1k degassed, isothérmal stage
I - 73’ ~13.00 | h0;87 _ 2.1k degassed, isothermal stage
I-13 ..-_ 7.58 . 20.25  L2.1k 1 degéésed, isothermal stage
I ;VTh .o 17300 ' 6Lh.00 . hé;lh' degassed, isothermal stage‘

T - 75 - _ 0.79 2.97 Y21k - .dégassed, isothermal stage
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Table XIII. Experimental Results, Pure m-Terphenyl

Run No. RARS 10h (AT)2 (AT1)2 , (AT2)2 T, : . Note
(em/sec) °c
Iv - 38 9.8 9.92 7.72 12.34 85.61 zone refined, T.G.M.S.
IV - 39 - 8.00 5.33 .97 5.67 85.61  zone refined, T.G.M.S.
IV - ko 5.68 3.57  3.46 3.69 85.61 zone refined, T.G.M.S.
IV - b1 k.05 3.27  2.53  L4.12 85.61 zone refined, T.G.M.S.
IV - k2 2,91 3.200  2.89 3.50 85.61 zone refined, T.G.M.S.
IV - 45 1h.20 9.49  7.18  12.18 85.61 zone refined, T.G.M.S.
IV - 47 1.06 - 1.85 0.9 4.04  85.61 ' zone refined, T.GC.M.S.
IV - 48  21.30 9.06  8.29  9.86 85.61 zone refined, T.G.M.S.
Table XIV. Experimental Resﬁlts, Pure . Thymol
Run No. v x 1oh‘ (AT)? (ATl)2 (AT2)2 T, Note
(enfsec) c
T - k9 463  58.52 - 149.60
T - 50 6.25 58.22 - . 49.60
T-51 1.05 15.76 h9.6OA} zone'refined,.isothefmal o
. ‘ . stage ' :
I - 52 0.58 8.57 - u9.60 |
I - 55 0.3 L. 48 49.60 )
I - 56 0.08 1.03 48.66 )
- 56 _h°05 fe.29 o h8'66$_aé received,*isothermél L
I-56 2.20  3L.00 -~ 148.66 | Staee |
1 - 56 1.97  30.02 -  148.66 )

(continued)
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Table XIV. continued

Run No. VX w0t (an)? (ATi)é (ar)? T  Note
(em/sec) | o
- 60 2.11  32.30 ~ 49.60
- : - S : | ") zone refined, isothermal
I-61 T.63 Th.b2 _ - b49.60 | stage o
I-8 031 430 Coug.s1)
I-90  2.35  30.54 - .51 |
I-92 8.5k  87.33 49.51
-9k ; 3.67 s6.25 o 49.51
- 95 170 2148  A h9.51.-$sublimed, sothermal stage
I-96  10.80 175.75 | %9.51 | R
I-097 10,80  152.80 o L9;51
I-98 © 12.90  1h2.10 - vt |
I-99  21.b0  232.83 - k9. 51 /i
T -11h 1,&5v‘ 14,50 13.57 15.#9 49.51 )
I-16 151 22.80 21,10 25.90 49.51
T -119 | }2.33 | 28.73 2é.66 35.52° 49,51
1120 2.59 3h.22  33.52 34.81 L9.51
r o S 1.02 22,18 13.32 33.29  49.51
I -122 . 0.70 9.00  7.3h 10.82 h9.51”> sublimedf-T‘G'M'S° -
I -123 'o.69v _i2{67 10.20 15.50 49.51
I -125 -  v:o.h2 10.11 - '8.10 12.30 k9.51
I 128 k.0 52.85 51.41 5h.32 -'h9%51

I-131 - 5.31 62.25. ~61.31 63.20 49.51




Table XV. Experimental Resulfs for Salol-Thymol System using T.G.MﬁS.

Yo

29

Run No. (V/yi)xloh T, Ty T Vs ATia (AT)® (AT1)2 (AT2)2 Teb_ xic
cm/sec-mf °c - °C o nf . °¢ °C . mf
= y(®) = 0.90 mole fraction, thymol ' :
IT - & k.82 29.80 29.92 29.67  0.8790 1.20 89.30 87.05 91.78  Lo.4s 0.889k
IT - 5 L.88 27.60 27.81 27.40 0.8582 1.25 109.80  105.47 114.06  39.33 0.8778
G ( 2.12 30.85.  31.53  30.16  0.8623  0.60 - 68.06  57.30°  °79.92  39.70 0.9211
II - 9 1.03 33.26  34.35 32.17  0.8796 0.20 L6.79 33.06 62.88 = 40.30 0.9165
II - 10 1.58 31.16  31.93 30.30  0.8517 0.31 54.32 43.03 67.08 38.80 0.9159
1T - 11 3.50 28. 44 28,57 28.31 0.8306 0.80 T76.7h 74,48 79.03 38.00. 0.86L43
II - 13 3.32 30.01 ° © 30.39  29.6k 0.8407  0.80  L9.56 Lk, 35 54.91 © 37.85 0.8652
S IT - 1k 6.20 © 29.37  29.46 29.28  0.8558  1.30  76.21  7h.65 77.79  39.40 0.871k
II - 16 5.96 23.58 23.99 23.16 0.8602 1.k0  216.70 20k4.80 229.20 39.70 0.8723
II - 17 7.68 26.35 . 26.66 26.03 0.8873 1.50 182.30 173.98 191.00 41.35 0.8987
IT - 20 k.51 28.25  28.B4  28.06  0.8687  1.10 109.30 105.30  113.20 39.80 0.8880
11 - 21 2.92 .68 29.97  29.39 0.8719 0.80 100.k0 ok.67  106.30 .140.50 O

8oLk

#Interfacial temperature

quuilibrium temperature

~ “Diffusivity, D = 0.7k x.

from the phase diagram based on Yy

1of6

using flux balancé method.

rise, measurements made on isothermal

stage;

2 ' : .
cm /sec at 29.5° C was used and corrected

with

temperature for computing Xy

-621-



Table XVI. - Experimental Results for Salol-Thymol System using T.G.M.S..~

* Run No. (V/yi)Xth T, T T, v ATia

cm/sec-mf °C o - °c | ‘nf °c - ' ' I °C_' - mf

: 2 2 2 b . c
_(AT) (ATl) (ATQ) _ Te X

Yo =_y(“) = 0.90 mole fraction,-salql

IT - 23 . 10.60 28.19 28.30 28.09 0.8889 1.80 ° 33.76  32.k9 34.93  35.80

‘;II‘- 24 ' 6.51 28,07 . 28.18  27.96  0.8920 1.0 43.30  L1.86  Lk.76  35.75  0.8970
IT - 25 L.5T31.05  3L.AT 30.64 0;8881 0.70  11.56 8.88  1h.52  35.15 0.8972
CIT - 28 9.70 27.66  28.82. 26.49 0.9600 - 0.95 60.68  143.96  80.28 36.40

II - 29 19.93v,_ 28.49  26.63 28.3h  0.8950  0.95 k5.0 L3.82  AT.75  36.20

II - 31 2.56  28.61 28.88 28.3%  0.8800  0.20 40.82 - 37.45  uy.36_ 35.20

IT - 33 1.10 .32.f3_. 33.17  32.30 0.8892 0.10 8.0k  6.k0  11.56 = 35.80 0.90k6

- II - 34 3.62 30.56  30.90 30.23 | 0.8901: 0.60  21.16 7_18.15, - 2h.30 35.76  0.8970

aIn‘terfac_ial temperéture rise, measurements made on isothermal stage.
quuilibrium temperature from thé phase diagram based on yi.
cDiffusivity, D =.O.7thO_6 émz/sec at 29.5° C was used and corrected with temperature for'computing

X, using flux balance method.

“0£T-
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Table XVII. Experimental Results, Pure trans-Stilbene using T.G.M.S.

3

_Run No.

)2

> 2 a
(ATQ) _

S owaot T 0 T, (AT (aT)) | T, © Note

) {cm/sec) | °c - o°c . °C
IV - 16 0.68 121.58  122.0k 121;12 2.01 0.92 3.53 1é3.o zone refined
v - 17 0.36 - 121.73 122.28  121.19  1.61 0.52 3.28 123.0 zone refined
v - 21 3.00 119.91 120.23 | 119.59} 9.55 7.67  11.63  123.0 zone refined
v -2 2.08 120.55 120.73  120.37  6.00 5.15 6.91 123.0 sone refined
IV - 2é 143 120.33  120.50 120.16  7.13 8.06 '123.0 ~zone refined

6.25

aMéltingpoinﬁ méasured using Buchi apparatus.

-TET~



Table XVIII.

- =132~

Effective Distribution Coefficient K¥*
- Calculated from Eq. (IV-12)

635

LT

Run No.  V Ky K} K K;b‘. K, =
(em/sec)x10° '
Yo = ¥g(®) = 0.15 mole fraction stilbehe 
IIT- 72 0.68 982 1.115 © - 0.983 .108 .69k .038
ITI- 73 1.00 ‘988 1.077 a a 686 008
ITI- 75 1.92 .99%  1.039 .978 .134 .71 107
III- 76 0.51 k9 1.352 a a 693 3,035
III- 77 0.50 .978 1.137 oLk .33 .699 .060
ITI- 9§ 0.7k .970 1.207 a a .696 ;oy6'
IrI-101 0.3Y 949 1.346 977 .156. .702  3.071
ITI-102 0.%0  0.963  1.233 939 385 70k 079
IT1-103 0.15 91k 1.5k ,8?0. 822 70T 3.089
ITI-104 0.13 897 . 1.633 .869 806 0.698 ":§956_
III-105 Q.39 .96k 1.221 .920 . h87 | }7ou .o?f.
ITI-106 0.21 .958 - 1.2L8 841 1.938 715 .122
IIT-107 0.31 .96é 1.228 911 1.53k 697 050
III-140 0.k2 973 1.165:  0.9k0 .359 .692 .033
ITI-141 0.35 966 1.219 937 :392 707 .089
IIi-lhs 0.23 .95h 1.280 .93é- 416 691 3. 027
III-144 0.15  0.924  1.h50 .86l .825 700 .061
ITI-145 0.09 | L9k1 1.34k .811 .103 694 .0k0
III-146 0.03 793 227 T2k 3,106

(continued)

G




-133-

Table XVIII. continued

Run No. v K KEE k¥ K2 K K

(cm/séc)xlo3

Yo = yB(w) = 0.15 mole fraction stilbene

ITI-147  0.20 0.925  1.47h 0.898 1.6450°  0.70k 3.080

111_1h8 0.73  0.993  1.039 0 0.905  1.55L 0.737  3.209
ITT-149 0.25  0.941  1.361 0.884  1.713  0.710  3.102
- 1 0.2 0.9%0  1.315 - 0.863 ,1;701 0.699  3.058
IV - 2 :'0;15 0.913  1.525 0.896 '1;627 B 0.689 3.019
v - 3 :O.lO 0.870 1.779 0.816 - 2.103 - 0.701 3.667
v - 4 0.07‘ 0.832  2.012 b;801v 2.i99 0.699 3.058
IV- 5 0.9 0.990  1.061 0.991 1.052 ~ 0.678 2.976
IV - K 0.65  0.983  1.108 0.954  1.285  0.702 3.0
V- 7 0.35  0.970  1.186 0.920  1.50k . 0.708  3.095
Iy - 8 0.15  0.950  1.455 - 0.8k Lol 0.703 | 3.077
IV - 9 0.2k  0.976  1.1k2 0.893  1.627  0.602  3.033
IV - 10 0.12 0.895  1.633 - 0.861  1.8hk 0.695 3.0Lk

®calculated from experimentally determined yi(O)v and - xi(O).
PWith ki calculated from Eq. (IV-21) using X = 0.01, end AT = T_ - T(0)

- for computing_step dehsity f to determine 8g-
CEquilibrium.distribution coefficient based on measured interface temperature.

dNot computed because of negative AT due to error in the measurement ofv

T(0).
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Table XIX. Effective Distribution Coefficient K*
' Calculated from Eq. (1v-12) :

' : xa *a *b v *b _ c c
Run No. | v Ky Kq K, Kg KA Kg
(cm/sec)XlO3
'yBO;= yB(w) = 0.25 mole fraction stilbene

ITI- 78 0..8 0.95k 1.151 0.868 1.1439 0.57% 2.585
IIT- 79 0.87  0.972 1.093  0.982  1.059  0.555 2,51k
I1I- 80 1.33 . 0.986 | 1;oh7 0.946 11.183 0.566 -'f:2.556
ITI- 81  1.62  0.991 1.028 . 0.947 | 1;172 0,571 © 2.572
III- 8% 0.16 0.866  1.Mk2 0.8k 1.505 0.558  2.525
IiI— 85 | 0.52 o.97h' 1.081 0.86L 1.h29  0.563 2.5L6
1. 86 1.2k 0.981 i~Q63 0950 1161 o.562 - 2.5h2
IIT- 89 0}89 ©0.97h 14088 0.957 1.1Lk 0.566 | 2,554
I11- 91 .2.60 ©0.991 1.028 o.§h7 1.170 0.572 -'2.576
III- 92 - 0;71 0.967  1.115 0.962 1.132 - 0.566 V2.555
IIT- 93. 0.96 0.979  1.071 'Io.937 1.211 0.571  2.573
ITI- 94 0.57 = 0.97k 1.086  0.883 18 0.572 2.576
III- 96  0.10 0.7Th4 1.739 0.913 i.285 0.5k49 . 2.492
III- 97 0.06 6.620 . 2,218  0.773 1.728 | 0.5k49 2.492

III- 987 0.13 0.792 "~ 1.672 - 0.731 1.868 0.565  2.551

#Calculated from experimentally determined yi(O) and xi(O). |
Puith kg calculated from Eq. (IV-21) using X = 0.01, and AT = T_ - T(0)

for computing step density f +to detérmine gg- |

'CEqulibrium distribuﬁion coefficient based on measured inferfaée fempefature.
‘dNot combﬁted'because ofvnégative AT due to error in the.measurement.of '

7(0).




Effective Distribution Coefficient K*

~135-

e

Table XX.
Calculated from Eq. (IV-12)
Run No. v | o Kga_i Zb ;b | KAC .BC
(ém/sec)xlo |
Ypo = ¥(®) = 0.45 mole fraction stilbene
[11-108  0.83  0.959 1.05k 0.874 .163 0.409 818
I1I-109  0.58  0.931 1.089 0.990 013 0.400 779
III-110 0.39 0.920 1.101 0.722 .352 0.L410 .823
I1I-113 0.16 0.882 1.148 0.526 "1.595 0.420 =~ 1.865
I11-115 io.T6‘ 0.930 1.092 0.779 .292 . 'o.hge .872
IIT-116 - 0.3k 0.888 1.1k2 o;7é5 | 1351 0.409 817
III-117 'ol29 0.891 1.137 0.702 375 0. kot ,809 
III-118  0.15 0.729 1.340 0.638 153 0.Lok .796
I11-119 0.1k 0.710  1.384  0.521  1.633 0.428 .03
I11-132  0.86  0.926 1.097 0.675 428 0.L51 .005
1114133 RV 0.896 1.1k0 a d 0.387 L T721
.III—lSh 0.72 0.950  1.064 - 0.861 176 0.405 .801
IIT-135  2.08 0.988 i.016 0.931 087 0.408 .810
III-136  2.99 °  0.991 1.012 0;987 129 0.%21 1.872
II1-137  1.k9 0.979 1.026 0.888 1,103 0.412 .830
II1-138 - 2.06 | 10.983 1.022 »Q.goh,v‘ :“.12& 0.416 84T
I1T-139  0.35 - 0.920  1.106 - a 0.387 721

fCalculated from experimentally

determined yi(O) “and xi(o).

PHith kg calculated from Eq. (IV-21) using ¥ = 0.01, AT = T_ ~ T(0) for

computing step demsity f to determine gy

'(coﬁtihued)
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" Table XX. continued . _ A o o

Cor e . . L . . '
Equilibrium distribution coefficient based on measured interface temperature.
dNot computed because of negative AT due to error in the measurement of
T(0).

e s : .
Measured interface temperature T(0) was in error.

B. Sample Calculations

1. Blbenzyl Stilbene eystem

a. Measured Data for Bibenzyl-Stilbene System. Measured qUantiﬁies,

o, B, Y, S, ti, AN, and (dw/dv) were measured for each frihge pattern

. v=0
taken by Polarcid picture (see Fig. 4 of Chapter II). They were tabulated
in Tables XXI, XXII, and XXIII. Since it was very difficult to measure the

slope of a fringe at interface by eye, each fringe line was fitted with a least-

squeres secend—order polynomial and the slope at interface was then'computed _

frqm the‘fitted curve. The frlnge shift, AN, at the interface, equal to

(OB/0OA) in Fig. 4 of Chapter II, was measured on the Polaroid plctures. The

average AN was computed from measurements of as many as four frihge.shiftse
The measured refractive indices of the binary mixtures'of bibenzyl-

stilbene systeﬁ, tabulated in Table V, were cOmperaEle to the &alues obteined

‘from the fitted equation by Kirwan (1967).

—h V —“é p "')4 . : v - w'-‘

n = 1.5735 - &.56 x 10T, + 9.67 x 10 Ypo - 1.15 x 10 TinO

+9.30 x 107 2 L. ' o . Lot
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Thus,

- on- L

- I
3 T, + 1.86 x 10 Ypo *

Jp = 9.67 x 107° - 1.15 x 107

where Ti'= interfacial temperature in deg C.

b. Calculation of Interfacial Liquid Composition.

yp(0) = yg(®) - AN 3 t, (on/0y)

1]

For Run No. III-107, AN = 0.56, t, =0.3m, T, =63.28° C, y, = 0.15

“mole fraction, stilbene.

(3n/dy)y = 9.67 X 107 1.15 x 10"_1_‘Ti + 1.86 x lO—QyB = 9.20 x 107°

'6.328x1o;h
2(0.31)(9.20%x10"

(0.56) = 0.1436 mole fraction.

yB(O) = 0,15 2)

c. Calculation of Interfacial Solid Composition. From Eq. (3)

of Chapter II,

D dy.

450 =¥ 0+ §E Ty Qw0

]

y(0) 0.1436, pg/pp ~ 1. From Eq. (4) of Chapter IT and

V= 3.1X 10_h cm/sec, D = T.594 x 10—6 sq cm/séc and other measured_falues
listed in Table XXI.
L

A : _(6.328x10”
dz’i

)(o.115) o
2(1.53*10-2)(073)(cos 2.5)(sin 128 + 0.115 cos 128)(9.20x107%)

1

0.12(m) ™ = 1.20(cm)™t .
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| L6
x_(0) = 0.1436 + 1-59 X 10 - (1.2) = 0.1736 mole fraction.

B 3.1 x 10~

Table XXI. Experimental Measurements, Bibenzyl-Stilbene System

Run No. -V x 103 tiv' 5 X 102 o B Y AN .%%Ji %%Ji

: cm/sec mm  m _ degrees> ‘  (mm)'l
Ypo = y(®) = 0.15 mole fraction, stilbene
1T~ 72 0.68 0.3  1.50 2.6 7.0 .5 1.34 0.1k9  0.128
III- 73 1.00  0.32 1.50 3.0 43.5 9.0 1.69 0.136 - 0.12h
ITI- 75 1.92 0.32 '1.50 3.0 65.0 27.0 1.04 0.168 - 0.123
ITI- 76 051 0.32 1.50 3.0 125.0 30.0 2.21 0.263 0.284
ITI- 77 °  0.50 0.32 1.50. L.o 62.0 31.0 0.83 0.156 - 0.117
I1I- 99 | 0.7k 0.29 1.65 b0 107.0 © 21.5 -1.92 0.292 _'0.2M2
I17-101 - 0.3k ,0.29 1.65 2.5 118.0 30.0 1,73 0.207 0.190_'
ITI-102 0.4  0.29 1.50 0.0 91.0 0.0 1.10 0.195 0.154 -
I1I-103 .0.15 0.29 ~1.50. 2.0 32.0 55.0 “1.14  0.105 o.13u
ITI-10k4 0.13  0.30 1.62 -2;5 k5.0 k0.5 0.90 0.166 0.143
III-105 6.39 0.30 - 1.62 2.5 38.5 48.0 0.74 0.154 0.147
I11-106 0.21  0.30 = 1.53 1.3 124.0 35.0 0.42  0.097  0.093
ITI-107 . ©0.31 0.30 1.53 2.5 128.0 ko.o 0.56 0.115: 0.120
III-1k0 0.k2 0.2k . 1.44 11.1 146.0 Lh,0 0.45 0.060 0.119
III-1h1 0.35 o.2h 1.kh 1h.3 _135.0' 31.0 1.02 0.101 .10.126
II1-1L3 - 0.23 '0;2h 1.&& 12;3 137.7 36;0 o.69vb 0.067 “0.109
IIT-1hk 0.15 ~0.24 1.4k 143 k0.2  59.0 0.62 0.081  0.167

(continued)
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‘Table XXI. continued

3

i

Run No; SV X107ty s x 10° o B oy ; AN %%Ji | %%)
ém/sgc_ mm ‘mm - . degrees ' ‘ - (mm)'l'
Ygo = y(é) mole fraction, stilbene
III-1k5 | 0.09 'o.2h 1;50 13.3 45.3  58.0 0.27 0.0k2 0,056-‘
III-1k6 0.03 O}gh 1.50 13.8  33.3 70.0 0.38° o;ohh;- 0.07L
III-147 0.20 - 0.2k '1.ﬁ7 12.2  28.5 75Lo 0.63 o.o?il 0.133 =
III-148  0.73 . o.éh 100 13.8 Mo 325 0.24 0.03  0.050
TIT-1%9  0.25 0.2k 1.4 12.7  28.7 72.0 .71 0.083 0.152
Iv - 1 0.21 0.2k 1.k7  12.9 27.2  T75.0 0.50 0.068 0.130
Iv- 2 015 0.2k 1.47 12.0 25.6 75.0 0.53 0.067 0.135
- 3 0.10 0.2k 1.h7  13.7 é?Qs 75.0 = 0.48 o.oyérv 0.137
v - b .07 0.3 1.k7 12,2 27.5 . 75.0 0.53 '05303 "0;130
V- 5 0.79 0.2k D150 1.5 385 63.0 0.k9  0.670 0.082

Iv- 6 0.65 0.2k 1.5 13.2  56.5 3h.0 0.67 0.104  0.168
V- 7 0.3 0.24 1,5 13.2 51.5 51.0 0.83 0.645 -0.110

IV- &  0.15  o0.24 1.48 13.2  35.1 7.5 0.58 0,733 . 0.116

Iv- 9  o.2h 024  1.k1 12.0 120.0 18.0 0.29 0.M75. 0.058

Iv-10  0.12 0.2k 1.6 11.3 139.5 37.5 0.57 0.798 0.136

Note: V is the value corrected for the anglé Y.
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Table XXII. Experimental Measurements, Bibenzyl-Stilbene System

o.183fv"

0.185 .

Run No. V x 10° £, s x 10° a 8 v AN %%)i %%)i
cm/sec mm | mm degrees (mm)=1

Yo = y () = 0.25 mole fraction, stilbene
III- 78  0.48 : 0.32 1.50 Chos 131, 36, 1.75 .152  0.166
III- 79 . 0.87 0.32  1.50 8.0 129.0 30.5 1.81 0.170 0.183
I11- 80 1.33 0.32 1.50 7.0  65. 31. 2.14  0.191 0.139
I1I- 81 - 1.62  0.32  1.50 ’T.Q 56. L1, 1.38 ;133‘ 0.106 -
III- 84 0.16 0.29 1.71  15.0  30.0 7h.3 1.7  0.149 0.170
ITI- 85 | 0.52  0.29 1.71  13.0 Li.0o 61.0 0.8 101 0.097
III- 86 1.24 0.29 - 1.71 13.0 L1, 35.5 1.22 | ,éos' 0.179
ITI- 89 0.89  0.30 .71 11.5  77.0- 2k ;.97' 268 0.177
ITI- 91 2.00 0.29  1.71  12.5 57.0 21.0 0.92 0.168 0.127
TTI- 92 0.70 0.29  1.71  12.0 101.0 ~ 0.0 2.15 0.2kl 0.182
III- 93 0.96 | 0.29 1.7i 11.0 66. '13. 1.73 ).218 0.153
111 ok 0.57  0.29 .71 12.0 109.0 7.3 1.kk 0.1k 0.111
III- 96 - 0.10 0.29 170 k.0  19.0 67.0 1.32 - .11k

ITI- 97 0.06 0.29  1.65 0.0 19.0 69.0 1.05 ,111;

III- 98 0.13 0.20  1.65 0.0 18.0 T72.0 1.12 .123

0.207

Note: V is the value corrected for the angle Y-

A
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Teble XXIII. Experimental Measurements, Bibenzyl-Stilbene System

w

Run No. v x ;03 t, s X 10° o« B AN av)i  azd
em/sec mm ©mm _ ‘degrees (mm )L
Ypo = y () =.Q.h5 mole fraction, stilbene’
IT1-108 0.83 0.30 1.53 1.0 97;0' 7.5 1.35  0.196 o;iL9
IIT-109 0.58  0.26 1.53 1.0  95.5 6.0 v1.1i 0.200  0.17%
III-110 0.39  0.30 -1:.50 0.0 '166.0 15.0 0.79  0.165 0.13k
III-113 '  0.16  0.30  1.50 @ 3.5 61.5 2&;5‘_ 0.57 0.101 0.081-
I11-115 0.76 0.30  1.52 k.5  63.5 21.5° 1.72 0.328 'o;eéév
II1-116  0.34  0.30  1.53 3.0 33.5 53.0 0.91 0.153 0;165
TIT-117 0 0.29  0.30  1.53 3.0 130.0 k2.0 0.65 0.127  0.136
IT1-118  0.15 ‘o.éof 1.53 3.0 143.0 55.0 0.5k 0.128 0.187
III-119 0.1% 0.30 1.56 0.0  61.0 28.5 1.71  0.276 ©0.196
III-132 | 0.86 0.2k 1.4 1k.5  131.0 - é5;5 1.31  0.180 . 0.282
ITI-133 0.47 0.2 147 15.0. k2.5 61.0 1.60 0.179  0.220
ITT-13k 0.72 0.2k 1.k 12.5 k1.0 -61.0° 0.63 0.112 - o;lsh'ir
I17-135 .~ 2.08 0.2k LU 10.5 106.5  6.0° 0.63 0.101  0.109
ITI-136 S 2.99  0.2h 151 - 12.0 - 8T.5 15,0 6.51 _ 0.1{3;' 0.11k
i11-137 1.%9 0.2k 1.50 13.5 59.0 lvhh.o 10.80 .0Q126 0.131
III—l38v 2.06 0.2L 1.50  13.0 58.0 . ﬁs,o, . 0.99 . .o.1h7" 0.152
III-139 | 0.45 0.2h 1.50 ~12.0 59.0' hé;b 1.30 o.is;f‘fo.157‘

Note: .V is the value corrected for the angle ‘Y-
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2., "Salol-Thymol System

a. Measured Data. All measured quantities necessary for the com- -

putation of interfacial compositions were listed in Table XXIV.

b. Calculation of Interfacial Liquid Composition. For Run II-9,

t, = 0.2k mm, AN = 1.05, y, = 0.90 mole fraction of thymol,

(an/3y)p, = 6.8 x 1072, Since the refractive index of salol melt is higher
than thaﬂiof pﬁre thymoi meit, grbwing a crystal:richer in thyﬁél results

in depletion of the liquid interfacial concentration of‘fhyﬁol. Conse-
quéntly the fringe shift oWing to thé increésevin.refractive indéx‘of;the |
binary.melt at interface will move toward thinner edée of the wedge,'aécording
,Eo Eq. (2) of Chapter II. The fringe shift will be‘in opfosife direction

of what is shown in Fig. 4 of Chapter II.

‘ 6,328 x 1o‘h

" y(0) = 0.90 - (1.05) = 0.8796 mole fraction.
2(0.24)(6.8x10" '

2)

C. Calculétion'of Interfacial Selid Composition. For Run II-9,

T, = 33.26° C, s = 1.08 X 10°° m, a = 7.0 degrees, B

i 79.0 degrees,
L 5

0.7h x 10'6

v cm/sec, and D

(1.03)(0.8796) x 107 = 9.06 x 10

(3o6§yl/302.65) = 0.7k9 x 10_"6 sq cm/sec.

L

dyy. - o (6.328x107 )(0.232)
dz'1 ~

2(1-08X10_?)(O.2h)(cos 7)(sin 79 + 0.23 cos 79)(6.8 x 10_2)

0.448 (m)™ = .48 (cm)™L :

x(0) = 0.8796 + (Q.7h9x1o'6/9.06x10‘5)(h.h8) = 0.9165 mole fraction, thymol.

It 5
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Téble XXIV. 'Experimental Measurements, SaloifThmel Systemv

92,

Run No. (V/yi)*lO s x10° . o B AN _%%)i g%ﬁi
cm/sec;mf mm mm degreeé (mm)"l
¥o = ¥(®) = 0.90 mole fraetién, thymol.
IT- L kg 0.23 1.14 7.0 82.5 1.04 0.312°  0.590
II - 5 4.88 0.2k 1.1k h.o 76} 2.16 0.551 = 1.11k
IT - 7 2.12 0.2k 0.96 9.5 85.5  1.95 0.668 -~ 1.hbg
T - 9 1.03 0.2k 1.08 7.0 79.0 1.05 0.232 = 0.LL8
IT - 10 1.58 0.22 1.38 3.5 85; 2.28 ‘o.Tlu'. 1.165
IT - 11 3.50  0.22 1020 6.0 87.5 3.28 0.726  1.329
I - 13 13.32 0.23 "0.99 k4.0 105. 2.93 0.495 = 0.927
II - 1k | 6.20 0.23 1.23 5.0  88.0 2.18 0.662 1.119
II - 16 5.96  0.20 1.62 6.0 116.5 1.71 0.718‘ 0.851
T - 19 7.68 = 0.26 1.20 2.0  72.0 0.71  0.553 15057
IT - 20 - k.51 - 0.20 1.23 2.5 107.0 1.3k 0.612  1.020
IT - 21 2.92 0.2k 1.20 5.5. 59. 1.k5  0.329  0.776
¥, = y(®) = 0.90 mole fraction, salol
I -24.  6.51 0.25  1.29 0.0 102.vv 0.43 0.2k9  0.388
II - 25 uf57 0.20 1.29 0.0 103.5 0.51 '0.250"] 0.kok.
IT-33 . 110 0.4 1.20 . 9.0  80.0 1.07 0.265‘ - 0.201
II - 3k ” 3.62 0.3 1.53 156 0.66 0.29% 0.303

Note: V is the vaiue‘correqted for the angle Y, i.e.

of the iﬁterface.'

the normal velocity
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C. Measurement of Interfacial Temperature Rise _ ; v !

1. Salol—ThymolFSystem.' When éither pufe salol or pure thymdl

grew in its own meit, any fringe shiftbaﬁ the interface was due to tem-
perature-riSe.. Méasurements were made for_the growth of pure éalol and

for pure.tﬁymol'on,an isotherﬁal microséopevStageg the results were plotted
in Fig. T for salol and in Fig. 8 for .thymol. Foriéalol highly scattered

results were noticed at higher growth rates. -

2. Bibenz&l—Stilbene SystemQIIMéasuréments of the rates of growfh
of.pure trans-stilbene uéing.the témperaturé-gradientgmicroscopé étage didbi'
not reveai*any observable fringe shiftf Therefofé the effect of intérfaéé
temperature rise on the growth df bibehzyl—stilbeﬁe system was not

considered.

el
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