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AN APPLICATION OF EYRING'S THEORY TO
CRYSTALLIZATION KINETICS OF POLYPHENYLS

vCheng T. Cheng,and_Robert L. Pigford-
.Debértment of éhemical Enéineering .
and Lawrence Radiation Laboratory
" University of California ..
Berkeley, California j9h720_ |
Novembef;¥969. |
ABSTRACT
ThélEyring-type £heory'developed by KirWan ana Pigford fbr'thé-
1nterfac1al kinetics of crystal growth was applied to predlct the rate of
.’ crysta1 growth for o- and- m—terphenyls, and 1:3:5: -Tr1—a~naphthylbenzene
(TolNB). -The predlctgd values agreg well with experimentally measured data
- for m-terphenyli Tﬁévagreement bet;één the cémpﬁte& values and reportea }
. ‘11terature data was good for o-terphenyl for undercooling below 12° C. .An'
order of magnltude predlctlon was obtained for ToNB at undercoollng below
hQ°_ | |
INTﬁoDUCTION
‘Growth of crysfals from their_melté and fromﬁégiufions‘continﬁesv
to be morezofban-art than a science, evén @hoﬁgh cryéiéiiine products‘have
vbbeen prepafed for cehturies. Tﬁisais'especially trug.fo; organic‘substanqes,
‘because nowhere have their structﬁres in the liquid and sélid states fecéived
as‘mﬁch gttenfion éé the‘comparatively siméler metals. _Yet the;adfanéé 5fA
' .meﬁhéds,for using crystallization phenomena in theTpﬁrifiéatiohfof'6réani¢
‘compounds_reQuires_that-an undefstahdinévbe develobed f§r the }ate,prdcesﬁes
. Whichvéovérn-both théwvelbcity'of_growjh and the purity df_ﬁhé crystals which

are formed.
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It is knbwn.thet efystai growth oecufs by the ettachment of mole-
‘cules,to the crystal surface. Furthermore it is infuitiyely obvious that
-such attachment will require that the approaching moleculee be oriented in .
the.right direction if they are toifit into vacant sites in the crystal
iatfice. Moreover, Fhe molecules which are ready to attach: themselves must
break their bonds with their neighﬁors'in the liquid. Finally, the con-
centration on the crystal face of vacancies_suitable'for the-attachmenf of
new molecules may be low, the more»perfeet surfaces offering fewer sites
fof attack; . o |

Althoﬁgh'several éroposals:have been made for the quantitative analy-
sis of these facto?s none has~seemed as promising as the cbmbinetion ofva
k{@etic fheory which.folioﬁs the ideas of Eyring'(léhl) with an estimate
. of surface defect structures according to Frank (1948, l95i). Such analyses
have'eeeh maae by Hillig”end,Turnbullf(19;6) and Sy Kirwan and Pigford
(1969). Results have 5een somewhat promising but the expressioﬁs for growth
rates obtaihedvalong Eﬁchelines have not yet been tested in a definitive |
way . |

| A fewimore complicated organic compounds, such as pelyphenyls,

become vefylfiscous when their melts are cooled.. In fact, coeling may
e;sily occur many degfees beiow the equilibrium freezing points of these
eubstancesvbecauee nucleation and grewth of the solid phase are so slow.

Such substances epparently form highly orienfed, multiple links

between neighboring molecules, even in the liquid state, such temperature- -

dependent structures resulting in high liquid viscosity.
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Fig. 1. Units of molecular structure of polyphenyls
(a) o-terphenyl, M.W. = 230.31, (b) m-terphenyl, M.W. = 230.31
(¢) 1:3:5-tri-a-naphthylbenzene, M.W. = 456.
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”_ﬁecehtly, growth réﬁés énd liquid-vi%éosities.fér‘o—terphenyl have
_ béen réportéd.by Gréet (19675. This cbmpound has a iarge, positive entropy
of activatipn for viscoﬁs flow, indicating_thé presencé of entangled
structures in the liquid. It should.be usefﬁl ﬁo compare predicted and
observed growth rates for this substance to testvthe fheories} Also, new
~ data are reportéd hére on the groﬁth rates_df én‘isomeric substangé,
m-terphenyl, which does n¢t form so Qiscous a liquid and which, if the
theories-are right, shéuld crystallize'more quickly. In addition, data are.
available from ﬁagill ana Plazek (1967) on the growth rétes of a still more
complex"strucfure; 1:3:5:—Tri-a—napﬁthylbenzene, pfoviding a third set Sf
data forvwhicﬂ the rate theory comparison should be significanf. Figure 1
 shows the structures of the three compounds. | |

In the féllowing the Eyring-type theory Vill,be reviewed, espegialiy
the adaptation of it by Kirwan and Pigford (1969), and its épplication to
data on the more éomplex organic mblecuies will be made. Thevaim is to
tesi certéin hypotheses concerning the estimation of the thérmodynamic.
propertiés of the crystallization activafed state, especially the suggestion
of Kirwan and Pigford (1969) that the molecule which is reédy to:attach
itself to the crystal lattice has less entropy than the molecuie which is

ready to flow, the difference being. about equal to the entropy of fusion.

AN ABSOLUTE RATE THEORY OF CRYSTAL, GROWTH

Following the developments of Hillig and Turnbull (1956)‘apd‘of
Clifton (1957), the net'molar flﬁx of materialvonto the crystalbinterface
isvgiven’by | | |

N=1r ()

F , R 3 F R -
Pk - Agpgk’) = f Agpg(k -k ) S (;)
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"_where-the-terms in tnefparentheses represent the forward rate owing to

the liqnid moiar concentration and the reverse rate at which the solid

PL
_dissolvea-owingfto the'concentration ps. Each process shifts the inter—
'.%ace‘by’a‘Smali'molecniar.spacing’ A. The_second equality follows from the
asanmption'that the'molecular spacings are inversely proportional to the
densities. The fractionr f representsvthe small fractional part of the
-surfacevto which arrrviﬁé éblecu1ea Can'attach'themselves. The complete .
o theory compriees eetimatesvof both the rate coéffiéients and the surface

fractlon in terms of thermodynamlc and other pure component pr0perties.

Following Eyring (19&1) the forward rate constant becomes

$ ¢.’.

o VAH As -
-kF—x<—)exP< —'ﬁ%)exp_(-ﬁq), . (2)

" where tne'quantities‘in the:"freeuency factor", kT/h nave their usual”
meaniné‘and where’ AS*;= z'- éL and AH* Z ; Hp represent'the.excess
of the standard entropy and standard enthalpy of the molecule which is
actlvated for attachment to the crystal over the standard state values for
the llquld X is the‘transmlssion coefficient to~allow for the poss1b111ty '

that not every activated ccmplex is converted into one of the reactlon

'-,products in whlch one is interested. A similar equation, based on the same

e actlvated standard state, applies to the reverse coefficient kR.’ It is

._simply related to Eq. (2) by - f . ' z

."'.kR kF éxp (—-H- o : | ‘ (3)
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uherev Auo = pg - ug is the difference'between'the_standard—state Chemical
potentiels5of ihefphases. At the melting point gfrthg.puré'susstancé; Tﬁ,'
the Chemicel:potentialsvare.equel-'their rate of change witn respect to
- temperature depends on the entropy, so that Auo 4" AS (T -T) = ASf‘AT“
where AS ‘is the entropy of fu31on. | »
Estimatlon of f depends on the surface mecha.nlsm for attachment
of molecules to the solid. “Here we follow the proposal of Frank (1948,
'v;1951) that many crystals grow by attachment of molecules to the splral
steps of screw-shaped dislocations on the surface. The value of f then
is equal to the dlstance on the surface between adjacent arms of the splral

.divided 1nto the w1dth on the suriace of a 51ngle molecule Assumlng that

the spiral 1saArchm;dean in shape we-obtaln_*

- R T o -
f= HEE: s ‘ a . o (h)‘
where ré"is'the radius-of'curuature of the tip'of the spiral. If we

assume that this tip is of such size that is Just neutrally stable we

‘mey'eqUate rc to the thermodynamically calculated size of the crltlcal

two-dlmensional nucleus,

r o= v )y , " , A{5) .
c DSAUO pSASfAT ( , .
where 0 1is the excess surface free energy in the interface per unit of

surface area. We obtain this value from the correlation 6f Turnbull (1958),

according to whom, for non-metals and_organic compounds, . !



s

e (AT

"f;’“"wherevve'have introduced the growth velocity, V = N/pg, and Ag = (Vé/N)

| ~Vshow1ng that V is approximately proportional to the square of the under-

-T- ~ UCRL-19513

o= 0.3 (m—f‘z—/g)-v, R o (6)‘

where AH 1s the enthalpy of fusion, N is Avogadro 8 number, and

3 -psl is the molar volume of the solid.

: Combining Eqs. (l) through (6) we develop the equation from which

we intend to predict the crystal growth rate, .

kT‘ | AH* ' ASZ R E
121rT)(X )A[lexp( )]exp( )exp( ), .-("‘l’)

1/3

'The first'gactorvon thevright ofvK. (7) is the surface fraction,hf.: Note
thatv'Vf:depende on-the amount of undercooling'of the melt thrbugh the

effect ofﬁ AT ‘both on f and on Auo. Thus, for this particular mechanism,

the growth velocity varies more rapidly than in proportion to the under-

;cooling.‘ For'many conditions Au - is ‘much smaller than RT for the third :

g parenthe31s in Eq. (7) to be approximated by the first term in its Taylor

series, giVing

£

V= ——)(-—-)(-EMA—“ exp (- >exp< 9. B S

7

coollng. Comparison of the exponent on AT determined from- experimentally

observed growth velocitiea with the expected value according to Eq. (7a)

v3 has often been interpreted as a test of the postulate that growth occurs.
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by the screw dislocation mechanism (Hillig and Turnhull 11956). Ob#iously,
however, the equation will be of llttle use generally unless weys are found

for the estimation of the entropy and enthalpy of the crystalllzatlon—

’ ;actlvated state.

A plau31ble guess of the activation quantltles was made by Hillig
and Turnbull (1956) who suggested that the values apprOpriate for
crystallization be assumed equal to those' for viscous flow. The lattef
are likely to be‘available or; if not, they can be measured raﬁher eesily.
Following this line of #hought'one may multiply Eq.'(7) by the similar
Eyring eéuation for'thelviecosity of the liquid (Glasstone,,Laidler and
Eyring, 1941),

¥ AS* -
n = Ojg) exp ( ) exp (- -—-—) | o | (8)

where theisubscript.lv‘ now fefers to the activation Quantiﬁies for viscous
flow. ‘Froi Eqs. (7) and (8), the product of the growth velocity and the

'liquid viscosity is given by

+ 4
0 ’ AHV - AH
NkT 6
vn = S Qﬂ)( )( v, 7o) Ag [2- exP(- = 2H) ) exp ( - -)
% |
Y | | -
ep (——) , - | ()

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

1 XA AHf AT.2 AHt - AH#’ AS* AS*
1. 2“)( VL )(Tm) exp (___?ﬁ?—_—-) exp (——-f?{f—-

1
t

vn = ( . (9a)
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.-whére.lAH?Q}wiilbe.eXphesscd ih ctg/molet9K'if'poise‘unifo are used for

M. Furthérmoré, if one would assume that the activatcd,statc is the same

’fof the two procccscs hhe:two ekpohentiolvfactors would ﬁéhish. Then, at‘
1fixed théfmal driving force cnd temperature, the growth velocity would varj

- from one substance to anothe% in ihﬁerse,proporfion to the liquid viscosity.
‘For some sﬁbstances, especiaily those with rather complex moleculgr structure,
thc viscosity can become.very largé at low temperatureé. If such substances
can be. cooled far below their freezing points the rates at which they freeze

' may be small in spite of the very large AT,

Kirwan and Pigford (1969) suggested, however, that this simplest
assumptlon about the properties of the molecule which is ready to attach
itself to a crystal latt;ce-may be too crude. After all,»many molecules
require_&ery spccific orientation if they are fo £it into steps in the
crystal. Some orientation may be needed for viscous flow but it seems very
.likely that the requirements are not nearly so stringent as for chystal
'growth. As an estimate of the.difference of the entropies of the two

standard states it was suggested that

As, = ASy - (A8, : R) . : : : (10)
‘This assumes that the entropy of the crystallization-activated molecule
. falls about as far below the entropy of the flow-activated molecule as the
solid entfopy falls below that of the liquid., The extra term, R, is an

 estimate of the entropy of fuoion of a spherical molecule, which requires

no orientation.
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NThere appears tO'bé no cqmpgrable wé& of‘éﬁeaéing at the enthalpy
of,tﬁe activated'staxé, Just as there is seidom a.way;to‘estimate the
'activation energy of aﬁ ordihary chemical reaéﬁion."It-séems véry_possible
that AHt could diffg? appreciably ffom:.AHz ;becéuse a someﬁhat diffefent
seqﬁence of* events is requiredgfor attachﬁent to the soiid and for flow.
For the latter, not only must the molecule becomevsd energetic thgt it is
- ‘able t§ "Jump", i.e. to break the bonds by which it is attached to its
neighbors.in the liquid but, in addition; a hoie must occur in the liguid-
" nearby., For crystallization, howefer; there is no energy requirement to .
"make a holg" for the crystal facé:itself offers a site for completion of
the attaéhment reaction. Thus, the energy of activation for viscous flow

can be subdivided into two different parts:
(11)

or, to indicate the cofresponding quantities which can be measured expefi~

mentally,
31n(V.n) 31n(V.n) v - 31n(V.n)
AH*._ L _ L + b ) L (12)
v - 3(1/T) P~ 3(1/T) v a(1/T) P v T , -

Thus, when in a véry few-casés the isothermal dependence'of liquid viscosity
on liéuid‘density is known, the two parts of the right side of Eq. (11)
" can be foﬁnd separately. It seemsvvery likely that only the activation
enthalpy needed to Qaﬁse a molecule té_jump away from its surroundings -

is sufficient for the cyrstallization raﬁe equation, i.e., the first term
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| 'én.the.right of Eq.-(l2)——a number which may be sméllér than the total
vactivation énefgy.for viséosity- | | |
In a few cases where data were available 1t vas p0581b1e for
'thltaker and Pigford (1958) to compute . AHV T .and to..compare’ 1t w1th AHV
They found that the:ratlo‘Ofathe.quantities depends. onthe nature of the
molecule involﬁed, including.itsftendéncyftOIform‘a hydroéen—bonded struc-
ture’in‘thé'liquid. Thus . for. alcohols they found (AH / AH ) v 0.6; for
.hydrocarbons like benzene' and-‘carbon tetrachloride the value was about 0.3.
Thus it'is,difficult‘toﬂestimate the termiinvolving AHz ~in Eq. (7) or (9)
except for the simplest substanpeéQ»'In'mOSt‘éases'it~will be necessary to
fiﬁdfthe difference between the”tWO'activatioh enthalpies from one measured
growth rate, -Afterwards, otheér growth rates can be estimated from Eqs. (T),
(9) and (10). | - |
| The final e_quation, based on introducing the assumption about
entropy expressed in Eq. (10) into Eq. (9), is

0 S : AHV - AH
)(AT)[l—exp(- RT SRy exp (- —-—0 exp (=
m:

(13)
The first purely numerical factor in Eq. (13) is equal to 0.72. For many
conditions the first exponential factor can be approximated by (ASfAT/RT),

: ' 2 ¥
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-Derived Properties

Compound - Properties : . from Viscosity ' _ from Crystal Growth Rate
- ' ' ’ £ % % + 4
Tm AS £ AHva_.p T n ASV AHV : »V . AS_C AHC AHC / AHV

°C cal/mole®K kcal/m °C poise cal/m°K kecal/m cm/sec cal/m°K kcal/m

o-terpheny18 55.5 13.h4 1L.842 50 0.50 24,0 140 3.3><1o"h' -260.0 =T1.0 -‘5.1
- . +0.2 - ST
ST 15 w0 1.30 k8.0 22.0 2.3x10‘3 26.0 17.0 . 0.7T
30 5.2 77.0 3.0 1.6x107> 5.0 26.0 0.8k ave. A
20 40.50 108.0 40.0 5.2xa0”% 79.3 3ko  o.85(% %887 v
- . _ : n
10 6;1x102 1k2.0 50.0 .1.0x10‘h - 11k.0 k2.0 o,eh v
m-terphenyl 85.61° 12.3 R 15.97‘_1_ 8L 0.057" 5.0 7.5 .',‘2.5x3.0‘1,L 5.3 6.0  o0.80
| 87.0 » 16.84° |
001 At
~ Tons® 199.0 21.2  27.907 195  0.48  1h.92 17.09 1.7x1077 -627.3 -274.5 -16.10
190 0.63  21.65 20.22 1.6x107° -355.9 -148.6  -7.33 ’c
. . Q2
185  0.83  28.60 23.b2 L.kx107° -78.3 -20.0  -0.85 &
(continued) {';,
: =
— - ) W



Table I. continued

Equilibrium Thermodynamic

Derived Properties

Rate-Derived Properties

~ Compound Properties from Viscosity from Crystal Growth Rate:
T, AS. MH T n Ast4 Aﬁt v 'Ast Ant.mﬁAgz’/ AHz |
°C cal/mole®K kcal/m °C po;sé cal/m°K kcal/m cm/sec_!cal/m°k keal/m
160 6.5 = 67.06 40.55 b.5x107° L7.h5 37.1  0.92y .
150 222.0 © 103.0  55.7% 8.2x10°C 68.5 16.0 . 0.83 ' ves
120 5.3a0% 1h.5 7248  5.8x0"7 93.0 55.7 o.77( = -8
100 1.5X10° 192.9  91.02 1151078 1212 €6.6 ,0.73
phosphorusj ¥4.3 1.984 37.9  1.8h4 - -2.6 2;62- 23.4 9.1 3.06 :
| B | 350 1.0 -2.7 2,60 k5.5 9.7 . 3.2h
3.4 1.95 -2.8  2.59 63;0 10,1 3.36
3.2 1.99  -2.9 2.57  19.0 10.5 3;Lh”‘
29.8  2.05 -3.0  2.55 102.0 10.9 3.6
'29.3  2.06 3.1  2.55 108.0  11.1  3.6h
25.8  2.16 53;3 2,51 153.0 11.9  3.89
25.0 2.26 .~ -3.4 2,50 161.0  12.1  3.95
23.0 2.19  --3.k4 2.4k9 181.0 12.5 . k.07

(continued)

<
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Table I. continued

Equilibrium Thermodynamic Derived Properties Rate-Derived Properties

~ Compound Properties , : from Viscosity from Crystal Growth Rate‘ B
L . S . o . % + f %
Tm ASf AHvap | T n ASV - AHV | v | ASC AHC, AHC /AHV’

F9C.cal/mole°K kcal/m °C  poise gai/m°Kikcél/m cem/sec  cal/m°K kca;/m‘

phosphorus? 22,0 2,30  -3.5 2.7 210.0 12,9 baT

21.b  2.32  -3.6 2,47 210.0 13.0"'h.21’5

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

 Bror temperature fange from 280 to 340° C.

. fﬁT;

uBFbr temperature range from.22Q to 280° C.

“Measured value, this work. . o T L S
dFor,temperature'rangé_from 330 .to 380° C; . | | | |

®For temperature range from 260 fo>330°‘C;.‘

Tror temperature-range from 430 to 530° ¢{

®Data of Greet (1967).

hData of Magill and Plazek (1967).

lComputed from Eq. (10).

E€TS6T-THON

Ipata of Hildebrand and Rotariu (1951).

("
*
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?,EXPERIMENTAL DATA FOR m—TERPHENYL
|  For mpterphenyl the v1scosity datéfand the ﬁelt spec1f1c volume
V1a Batsh1nsk1 relatlonshlp are measured by Andrew and Ubbelohde (1955).
: The molar volume of solid is taken as 200.h»cq/g mple (Andrew and Ubbelohde,
1955); The latent heat of fusion is téken t§ be as equal to that of
oéterphenyl. The seample of mstérphenyl‘was obtained from Eéstmén Kodek
Co, ahd‘ﬁsed for the growth experiment after it‘wasvpurifiéd by zone |
refiner. The meltihg point was measured to be 85.61° C. The‘measurement
by Andrew and Ubbelohde was 87 0+o0.1°¢C (1955) EXperimental procedures
~are described 1p detail elsewhere (Cheng and Pigford, 1969). |

- The experiméntally measured rates of growth are plotted in terms
of (AT)Q in Fig.: 3. Tﬁe fredicted vaiues of growth rate at various under-
coolings, using ﬁq. (9) with the assumption of AHz = 0.76 AHt and
Asz calculated from Eq. (10), are also plotted in Fig. 3. It appears

that Eq. (9) does result in a reasonable prediction of the growth rate -

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

‘DISCUSSION

In Table I alllthe pértihent physical prOperties‘of the pure sub- -
" stances are listed,‘aldng with the calculated values of the two enthalpies
and.the two entropieslcf actiyationvfor each compound, At the higher
temperatures for QQterphenyl and‘TaNB ﬁhe values‘derived from crystal
-growth rates differ sharply from those from viséosity, and cofrespondingly,_
thg lines shown on Fig. 2 change.their'courses sharply except for |
phosphorus. This sﬁggests-that iﬁ the range of small undercooling these

polyphenyl compounds crjstallize’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 AH /AHv is smaller than unity, as expected. Over
h most of the temperature ranges the ratio is about 0. 81, which agrees w1th L
the value-0;80 found from the new m—terphenyl data after assuming that

‘ (10) gives the right entropy of activation. For the other three com-
pounds the entropy of actlvatlon can be computed d1rectly from the observed
growth rates using Eq. (7), i.e. based ‘on slopes of the curves.in Fig. 2.
Inspectlon of the table shows that the difference between AS# and
‘ Asz' is greater than the entropy of fu31on for o-terphenyl and TaNB, in d
contrast with Eq. (10); In fact,-the:difference is occasionally about
tuice_thehehtropy of fusion. For phosphorus (Hildebrand and Rotariu, 1951)
':v,nOt only“ AHz is‘larger then AHz but also the large positivevvalues'
of Asz are to compare with the negative values'of Ast, Apperently
Eq. (10) does not hold for these three compounds.’

: In order to test the theory further, we have arbitrary taken
AHz 0. 89 AHV and have As* computed from Eq. (10) Thus, the predicted
.values of growth rate V, using Eq (9) are plotted in Fig. 4 for
oﬁterphenyl and in Filg, 5 for ToaNB. For o—terphenyl it yields a reason-:
| able aéreement with the reported data at AT below 12° C. However the
predicted values are higher than the literature values at AT 'greater
than 12° C‘and' ATﬂ below 3° C. For TaNB the_agreement between the
experimehtal data and'the predicted values is rather'poor. A larger
value of AHz for o—terphenyl than for'm—terphenyl regardlessbthe simi-
larity of their molecular.structures arises from the fact that the large

interlocked molecules of o-terphenyl apparently require a larger acti-

vation enthalpy for Jumping in viscous flow.
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.

(V/xg) (h/KT)
f (I -exp(-(AS¢* AT)/RT))

Logq [

| ; Lt 1 ;: N I U N VO S O A
22 24 26 28 30 32 34 36 38

103/, (K)!

XB8L6911-6184

Fig. 2. Reduced gfowth rates of pure compounds in undercooled liquids.
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V‘A greater'deviatiOn occurs at.lewer'femperature end (larger AT)
'is due to e lerge.increaee in the‘differepce of (AHz - AHz), for most
'metels and substances whgse molecular;stufcﬁurea are simple the difference
is constant under the.assumption that AHZ 'ean be approxiﬁeted as equal
to AHV j’ which is a fraction of AHV_ Indeed'this is tﬁe'case for most
.of the experlmental data used by Kirwan and Pigford (1969) for the test of
the theory they developed. However this is not eo-for polyphenyls where
the difference of tﬁd ectivation enthalpy varies approximately five times
_ in the range of experimental data reported in the.literature. |

| Curves C's in both Figs. 4 and 5 are the predlcted growth rate, V,
computed using Eq. (10) for AS* and AHV' obtained from the slope of the
best straight line fitvof-log n-vs-(1/T) at freezing:poiht (Andrew and
Ubbelohde, 1955). The deviation at lower AT are eveﬁ greater while a
reasonable agreement between the literature data and the predicted values
at large‘uhdercooliﬁg may be fertuitous, beceuse the screw dislocation
mechanism may not be Operablebtﬁere due to the change of the morphology
of the éfowing crystal. |

Entropy effect may be a possible explapation to the deviations

both at gﬁall and large uﬁderéoolings between the litefatufe data and the
: eomputed values. Both the number of moleculee’present at the interface
and their orientations in the right directions have siénificant effects
on the kinetics of crystalliZatiop. For substances.whose molecules inter-
lock significantly iﬁ the melt such as o-terphenyl and ToNB the molecular .-
orientation effect for the transfermation from liquid to soiid may be

greater than (ASf -.R). 1If the predicted values of V would have to fit-



in predicting the growth rate within an order of magnitude.
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¥

“the literature'dataswith, AH 0 89 AHV the AS* should have values as

‘plotted in Figs. 6 and 7 for both,polyphenyl compounds. The devlatlon of

this Asz from that of gstlmated‘w1th:Eq. (10) is considersble at large
ﬁndercooling. | |

.~ Both literature. data for growth ratés pass throuéh‘a maximum value
at tempéfature, T ox ab&ut 175° C for T&NB»and around 40° C for o-terphenyl.

Analysis done by Greet (1967) for o-terphehyl‘and by Magill and Plazek

'(1967) for ToNB indicated that the exponential relationship equivalent to

growth by surface nucleation described their éxperimental results best for

vthe temperature above T max" This. is in.accord with what we had suggested
earller that apparently these polyphenyl compounds crystallize by a dif-

' ferent growth mechanlsm in the range of small undercoollng.

Although the hypothesis concerning the estlmatlon of activation

entropy for crystallization, Asz " by Eq. (lQ) has failed to hold for three

- compounds, except for m—terphenyl, tested here, there is no reasonvto

" doubt that Eq. (9) has its practical use in predicting the rates of crystal

growth for a wider range of undercooling from one measured growth rate.
In Spite of the questionable model built in terms of macroscopic_activéted—
state prOperties to represent the molecular transport‘phenomena and an

idealized surface structure of the solid-liquid interface which is derived

“from the screw dislocation concept, thus, we have seen that Eq. (9), with

some knowledge about transport process in the melt, appears to be capable

bl

‘The kinetic rate formula expressed in terms of ART in thé functional

relationship as shown in Eq. (1) has an advantage in séparating the surface
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'condltion and the' transport terms whlch include the activation ‘energy

‘

of Jumping molecules and the free energy for the phaae transformation.
It is hoped in the'future that better understanding on the-llquld
structure and p0531hillty 1n predlctlng the surface structure in contact
w1th the melt quantltatlvely will greatly 1mprove the technology of

crystallizatxon and increase the knowledge in science of crystal growth

- so that the best condition in growing a specific crystal can be determined

from the physical properties of the substances.

CONCLUSIONS S

The Eyrlng—type of kinetlc rate expression developed by Kirwan and

‘Pigford using screw dlslocation concept for surface step density and the

xnowledge of the dlfference in the activated states for crystallization

and that for viscous flow, is applied in predicting the growth rate of

~polyphenyls-o~ and m~terphenyls atd TaNB.

3

The pfedicted values of growth rate.agree well with‘the experimehtal
data foflm—terphenyl when AHZ = 0.76 AHt ia used. lFor o0-terphenyl the
agreement between the computed values aud the literature datavis‘good for
undercooling below 12° C but deviations magnify atllarger undercooling
when AHz = 0.89 AHi is used. The predicted values do not fit as well
with the reported data for TaNB but an order of uagnitude estimate is
obtained for undercooling below 20° C. Values of ASE estimated from
Eq. (10)'are used for these predictions although Eq. (10) itself does not
seem to hold for three compounds tested here.

Until the gquantitative knowledge‘about the crystal morphology in

relation to the surface step density and about the liquid structure are
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;

further advanced the present Eyring-type theories based on the macrosc0pic‘

properties provide simple models for practical purposes.‘
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NOTATION
f = surface step density
h = Planck's constant, 6.6252 *v10_27 erg/sec
H ' = molar enthalpy, cal/g mole
| k '='in£erfacia1 rate conétant, Sec-l9 pr‘Boltzménn's constant,
1.38045 x 10710 erg/ox | |
N = crystallization flux, mole/sq cm-sec, or Avdgadro°s number,
6.0232 x 1023 mole™t | |
rc = critical radius of_two;dimensidnal nﬁcleus, cm'
R = gas constanti cal/é mole °K
S = molar entropj, céi/g mole °K
= temperature,f°c or °%K
vV = freezing'veipcity; ém/sec,'or'molar'volume,{dc/é ﬁolé

GREEK LETTERS

n
A

viscosity, poise
interatomic spacing, om v
chemical potential, cal/g'mole

molar density, g mole/ce
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\

i 6 = intéffacial sﬁrface free}enefgy; cal/sé;é@
| x',= transmissidn‘coéffiéient | |
SUPERSCRIPTS
F = forward process
'.O "= standard state proéerty
R = reverse process :
¥ j= activated state ﬁropefty:v
SUBSCRIPTS
C = crystallization acti%atéd sfdte pfoperﬁy_
| f = fusion process

h = hole formation process.

'jA = jumping process

L = liquid state property ' |

m = melting sroéess

P =’constapt pressure condition

IS) é\solid state property

T = constant temperature»conditioh

V = viscous flow activated state prépérty, o? constant. volume condition

 vap'= vaporization process
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or ’

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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