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. PURITY OF CRYSTALS GROWN FROM BINARY ORGANIC MELTS‘
® . '
Cheng T. Cheng and Robert L. Pigford
Department of Chemical Engineering
and Lawrence Radiation Laborsatory
University of California
Berkeley, California 9h720
November 1969
ABSTRACT
Binary liquid mixtures of stilbene and bibenzyl form mixed crystals
which, according to the phase diagrem, should be considerably richer in
stilbene then the liquid in which they grow. By watching the growth under

a microscope using interference fringes to follow concentration changes,

the solid phase composition can be ‘determined as a function of growth rate

and interface subcooling.: The dev1at10ns ‘from equ111br1um are con51derable.

They are found to depend on the growth mechanlsm in accord w1th a theory

- follow1nngyr1ng and Frank..

INTRODUCTION
The demand for u;frapure crystels in the solid state industry has

stimulated extensive study of the pfocesses by which»crygtals grow from

- the melt. The zone refining process, for'example, hes been very successful

for produc1ng pure metals but ev1dently has not yet been applled on a
large scale in the organic chemical industry The obvious need for
N .

improved eontlnuous processes for the purification of high-melting organic

compounds suggests that better understanding of the interface kinetic process

itself--e key piece of information-forfratiOnal design--is fequired.

* ' . N . . B »
Present address: Engineering Technology -Laboratory, Experimental Stationg

E. I. duPont de‘Nemoufsvand Co., Wilmington, Delaware
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Thé process of crystal‘gréwth inciudes the diffusivé transbort of
moleculés’from the bulk liqﬁid to the'interfacé, §rientation éf'the molé-
cules for attachﬁent t§ fhe,solid surfdce, and cbnductidh of the latent
heat of fusion from the ihterfaCe. .The résistance to diffﬁsion énd to
' héat éonduction.can be minimized“easily by mechanical stirring but if tpe
mador resistance is iﬁ the inﬁerf&ce itsélf stirring is of no help;

In zohe refining studies the ﬁssumption of interfacial équilibrium
has been used frééuéntly as & boundary condition to solve the liquid phase
mass transfer equation in order io obtain the distribution of the minor
component . The'slowness of the procéss mey meke this assumption acceptable
in many cases. However, when the impurity content is large or when thg
processris to operate rapidly énd‘éspecially when the phase diagram exhi-
bits solid solution behavior the.eQuilibrium assumption can hardly be
Justified. .Under'these conditions the separation effect owing to crysﬁal—
lization may be severly reduced oﬁing to interface kinefics.

iMost of the previous wofk on crystal growth rate phenomena has beeh
confined to pure substaﬁces,‘the key relationship being that between the
grdﬁthvrate and the thermal undercooling of the melt (Van Hook, 1963, and
bhalmers, 196h)."Cahn, Hillig,_and_Sears‘(l96h)'reviewed such’information
with particular emphasis on the distinction between theories involving
‘attachment of molecules to the whéle ofva microscopically flaﬁ crystal 

surface and those involving attachment to a few surface sites connected

with dislocations. The use of aséumption that the whole surface is effec- . .

tive has been criticized by Jackson et. é;. (1967), who concluded that

such theories can only be applied to second-order phase transitions.
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Amongithe theqtiés'whiéh-involvé surface;defects there are several
v péSsibilities but a éuggéstiqn mede originally by Frank'(;QHB).has appeared
- to be the moét promisingsfér maﬁy substangés. According to Frank, the sur-
féce imperfection to which'liquid molecules are able to attach»themselves
is a sélf‘perpetﬁating spiral defect consisting of a ledge step of molecular
dimensions. MoleculeS'can attach themselves in the cofner of the step; as
a result, the spiral winds around:its center and eventually covers the
whole crystal surface. Chernov (1961) has asserted ﬁhat this screw dis-vb
location mechanism, if it ié not the oply type of-growth process, must be

~regarded as quite typical and universal.

THEORY OF THE GROWTH RATE OF A CRYSTAL FROM A SUBCOOLED BINARY MELTS
' Following the usual assumption of Eyring (1941), the expression
for the flux of component B toward the sufface of_a crystal to which;

Both A and B molecules attach themselves is
Wy =t Opkperyp - Agkgpgxg) S - ar

ﬁhefe the k's répresent forward and referse-fifst-order fate coefficients,
respeétivgly; anq where pLyB and PsXp are -the mqlar cohéentratipns‘of‘
BI in thé ihtérfacial liquid and solid, respectively. The fractién of the
interfacé surface ﬁhich is availablé for the attachment of moleculesvcoming
from the }iquid is £, which may be a small number if the interface strué-
tﬁre contains very few vacancies. The A's represent the increments of
disﬁancevacéompanying the rembval‘of one molecular spaciﬁg inrthe liguid or
thevaddiiionbof'one 1ayer of solid, respectively. If we assume thaﬁ,the

lattice dimensions are inversely proportional to the molar densities we
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may write Eq. (1) alternatively as

.
Np =  AgPgky (yg =

S I8 g

xﬁ)f‘ ;.‘ ;; :“. | S @

Since at equilibrium between the phases the flux must be zero we identifyA
:the ratid of the rate coefficients with thé equilibrium phase compositions
by -

F, R

GG = m . | 3)

which, in a binary system at constant presSure, is a function of the inter-
face temperatufe only. | | |

Completion.of the theﬁry fequires thaﬁ expressions be developed for
one of the rate coefficients,'foilowing Eyring, end for the suffaée fraction,
based on some assumption about the éeometry of lattice iﬁpérfections ét_
the interféce. Before going into>these steps, however,‘wé first call aﬁten—
tion to sbme aspects of the theory which appearbto have escaped aftention
in thé past. |

If ﬁe define u

" as the average of the velocities of the A mole-~

cules aé they move toward the surface we obtain

: - PR YAe A
u, =N /p.y, =f Ak, (1L -—=). . (L)
- A ATTLYA LA eryA _
. Similarly,
: F . Y x-B
uy = Np/pryp = £ A kg (1 - —==2=) , - (5)

xBeyB
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ahdvih ﬁﬁbinary system the two Qelocifigs are.obviouSIy feléted to each
othef.: In fact, since eachfof the coéfficients in front of the éarenthesis
is posiﬁive and sinée the parenthetical expressions in Eq. (4) and (5) must
- be of opposité sign, uA |

- move toward the surface then A-molecules must move away from it, according

and uy, can not both be positive, If B-molecules

to the equations.
This anomolous situation is easily resolved if one notes that each
of the equations so far developed is true in a coordinate system which

moves toward the interface at a velocity given by

u* = yAuA'+ yBu_B =. f AL (ki AA + kg AB) . . (6)

A and AB have been'introduced es abbreviations

for the dfiving forces,»"

In Eq. (6) the symbols A

By =¥y - (yAe/xAé)xA ' :v o . (T2)

)

B~ yB.-‘(yBé/xBé)xB - o i | ()

>-4
|

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

of the two forward rate constants;

Expérimentally; it is difficult‘if not impossible to adjust the
fluid velocity at the_interface to the value u*. In our experiments and
in most others we have held the liquid-solid interface stationary and have
measured the velocity, V, of the whole mass of liquid and sqlid needed to

accomplish this. Thus, V 1is the velocity of propagation of the interface

. and the growth velocity of the crystal. The vélocity of the liquid as‘it_.
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’approeches the stationery solid surface is not zero..»A mass‘balance‘snows
that the;iiquid moves-at the Yelocity"v(gi) toward the interface; ; velue .
which can easily'differ from »u*. Thepefore, in order to obtain equations
for the flnktof-each.component in'the laboratory coordinate'system we must
modlfy Eq. (l) by adding terms representlng the convectlve transport of ;
the components I R T .

NA r Asps A AA ¥ [V(ps/pL ' ]pLyA S o e

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

=
[{

A f AsPs (k 8y vp - g AB Y Ve . 9
and
. - ._ ) B F ) ) .‘ . . E
Ny = £ Agpg (kg Ay - ky AA YB) *V Yy - (20

ItfisVnot'difficult nOWTto-ootain.en equation for the composition
of the SOlld which forms, for diffusion rates 1n the solid. phase are so.‘
slow that the ratio of the mole fractions of the components is equal to the
ratlo of the molar fluxes onto the 1nterface, i.e. xB = NB/V_pS,'and

(9) and (10) glve

A

X = yp*t Ty (K Ay vy - Kk By yp) s . | oy
SRR _ - : ‘ _ .
- and a 51milar equatlon for. x It is clear now that the dlfference in

A’
- comp051t10n between SOlld and interfac1al llquld depends on the growth rate
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| paramete¥, &g = fkskg/V, and on thé_ratio of the twb.firstgorder coef-
ficients. When the véluéé of k' are very»lafggvthe parenthetical expres-
sion in Eq. (11) must bé'zéro, which will requife'that both thé A's must
be‘zéro. Thus, phase eQuilibriumvwill be achieved. On-fhe other hand,
‘when the growth rate parameter;is-Small.the éécond term on the right will be
negligible, desﬁite a fi;ite-value for each of the A's. Then va = ¥g
aﬁd no enrichment of the crystal occurs as it grows, fhe composition of the
solid being the:same as that of the ﬁontiguous liquid. |

An alternative-method for expréssing the'fesult given in Eq. (ll)
has‘come‘into populaf use in metallurgy.aﬁd iﬁ zone refining technology.
If is to ‘define an "effective distribution coeffiéient"-for each coﬁponent
" as the réin'of tpe acfual solid ﬁole fraction to the mqie fraction in the
interfa§e liquid:i.K; = xB/yB énd.vK* = xA/yA. These values may differ

A

from‘thé values based on the equilibrium phase diagram, K

A= Xp/Ype &nd

KB = #Be/yBe’ owing to the rate effects we have been d;sgussing. From

Eq. (11) we obtain

o Lr (0ggm) (0 - GGy, + (g /) (/K,))

X3

% NI , . Q12)
1+ (AR /V) Ly, /Ky) + (, /ip) (yp/K, )}

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

. . ‘ v .
scripts in Eq. (12). According to Eq. (12), K

B approaches unity as the

érowth velocity inéreases or the forward raﬁe constant dgéréases. As Eq.
(12) indicates, the effective d;stribution coefficient, K*, is not a
bconstanﬁ, as has.ofﬁen been asSumed; it dépénds.on the temperature, the
inteffacial liguid éompoéi%ion and on the growth velocity. Its-numerical

value always lies between unity and the equiiibrium valué, K.
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The result given by Eq. (11) can also be expressed in terms of the

effective separation factor, defined by B = (kB/xA)(yA/yB)" This factor

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

# * .
KA or KB, at least for thermodynamically ideal systems. It is given by

xB)(yA) 1 +‘(f'xsk§/v) {1 - (ki/kg)]'y_,\# (ki/kﬁ)(l}KA)}_ is)
Ay o . (1
*a VB 1+ (f)\skg/\f) {[_(kz/kg) =~ 1loyg + (1/Kp)} |

In the limit of very large vV, B approaches unlty, there is no separatlon
effect when the SOlld forms 1nstantly in the llquld At very small values

of V, B approaches the value K /K

ESTIMATION OF THE SURFACE'STEP DENSITY, f-
The surface step density, f, represents the: fraction of the surface

of the crystal which 1s avallable for attachment of individual molecules

arriving from the llquld. For a surface that is sufficiently rough on a

molecular scale, f ~is unity. ACcording'to_Jackson (1967), many metals and

‘some organic compounds which have very low values of the entropy of fusion

.are able to accept new astoms or molecules over their whole surfaces. For

most substances, however, and particularly for more complex organic mole-

cules only a very few positions on the crystal surface are available., The

~ acceptable sites are in the corners of dislocation imperfections on the

surface.
Wnen a dislocation iine intersects the crystal interface the dis-
location winds itself into a screw as growth proceeds and provides a self

perpetuating spiral step into the corner of which new molecules can become
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attached. vAccording fo Frank (1948) tﬁe spiral structure is approximately
thé shapg 6f an Archiﬁedean spiral'having a cqnéfant spacing befween adja-
cenﬁ brahchés that depends on the radius of curvature at the center of the
'spifal, ré.‘ Thus, the éurface fraction for such a structuie is eéual to
the rétio of the width of one molecule to the disfaﬁce between branches of

the‘spiral; or
f = A/h'"rc . ._ - ' (lh)

Furthermore, if we asSume:thax the size of the spiral at its center, where
it has the smallest radius;df curvature and the greétest ratio of surface
to volume of any point élong‘the spiral,vis equal to thé size of a two-
dimensional nucleus which is Just criticaliy stable thermodynemically, we
can equaté r, to GVpSAG where AG répresents the differgnce_of the
Gibbs free energy of a mole bf solid and a mole of liéuid qf the same com-
position and © isvthé excess Gibbs free energy per unit_of surface in the

interface. Then the equation for f becomes

£ = Ao AG/kmo . - | - 0 (15)
Using Turnbull's (1958) empirical expression for the surface energy,

0= 0.3 =i, - 1 ©(16)

where AHf is the enthalpy of fusion and N is the Avagadrovnumber, we

get



-10- . o UCRL-19512

o1
'=v 1.2'"

l.2m 'T AS_ ' °
m f

£ (23 =

(17)

Our expreséion'for f must now bé completed by an evaluation of the Gibbs

free energy change, AG,‘;

CHANGE IN GIBBS fREE ENERGY DURING SPONTANEdﬁS CRYSTAL GROWTH |

If we have a pure‘melt from which the crysfal is gréwing the free
energy diffe?ence is‘;efy nearly eéual to ASfAT,'where AT represents thé' i
idifferenée betwgen thé eQuilibrium'melting point and the interfacial tem-
pérature, iée. the.amount of subéooling. >When-the crystal is-formed in a
solution, howevér, thevfreerenergy éﬁangeidepéﬁds both on the composition
of tﬁe liquid and on theﬁinﬁeffacial_temperaturé.

Consider first thé_fofmatibn of a;pure,crystal,of compound. B in
a liquid-mixture having inferfacial mole fraction ¥, of the "impurity"
Vcoﬁponent; A. Then the ?hemical pbtenﬁial differenée of B across the
!interfaCe is given by Kirwan and Pigford (1969).

AG:uB-ﬁS=[As '-.-Ac '(1-'-3—)-Rln(Yy)]AT, - (18)

. B f PB TBm‘ B°B' . |
whére. Y5 rgpreéents the activity‘coefficient of :B in thevipterface
liquid. The second term in the brackets is oftén negligibie.‘-Under these
conditioné %ﬁe Sprfacg fraction f» is éomewhat reduced as compared with

the value e%pécted for crystallization from the pure liquid.

[

Mdfeover, for a system'whiCh forms é,solid solution crystal, the

‘thermodynamic driving force for growth.can not be expressed simply in terms
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of thé interface subcooling, AT. As can be'anticipateq from Eq. (18), AG

© now dépends'both'on interfacial temperature and on the interface compo-

sition driving forces.

The frée energy change owing to phaSe transformation of one mole
of liquid into one mole of solid solution, both liquid and solid having the
SOIid'sbcomposition, is

L 8y L S, o -

b6 = (W, - uA)xA + (g = wpdxg S (19)

and the chemical poteﬁtials can be expfessed in terms of their equal

values on the liquidus and solidus curves of the phase diagram by the -

‘equations .

L L oy o ‘
}uB(yB,?) My (ygesT) + BT 1n (YByB/YBeyBe)

Wl =1 (g™ + B I (DT )

énd;two similar equatiohs for component A. The <Y's represent activity
coéfficients in the liquid solution; I''s, in the solid solution. Substi-

tuting these expressions into Eq. (19) we get -
AG/RT = xA,ln(eryA/yAexA) * Xp l?(xBeyB/yBexB) X ln(YAPAe/YAePA)
+ x Inlyplp /Y Ty) » ~ (20)

The firs%f%ﬁo terms represent the free energy changes if the liquid and

Ay .

solid soliitions were ideal mixtures; the last two terms take care of
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deviations frﬁu ideality} The'activity.cbefficients can sométimes be
obfained from the phase diagram without resorting to any assumptions about
séiutioh behavior. _thevthat teuperaiure-appéars in this expression for

':AG .through its effect upon the equilibrium mule fractions, YBe® ¥pe? ete.
‘f_‘Note also that AG = O when both the temperature and the compusitions fall
on the éolidus ana liQuidusllines'of the phase diagram. Presumably AG
must be positive fur the spontaueous growth process to-occur. To bring
these ideas out more élearly we refgr to‘the hypotheticalAéhase diagram
in Fig. 1, which showé'a possible;locainn for<the~réa1iand‘the-equilibrium;
liguid énd solid compositions at the:obseryed iuterface temﬁerature. Note
that the liquid ié cdoied'bélow.its equilibrium freezing temperature on the
liquidus éurve ané thereforé has & greafer‘free euergy than at equilibrium;
,the solid, on the other hand, is at a temperature above its equilibrium
melting point ahd is'theréfore Superﬁeated;: It, too, has a greater free
eneigy than it would have at equiiibrium. -The value of AG for the process
of solidification is positive when the liquid isisubcooled-far enough and
the solid is not supgrheated tou fai. |

Some concerf méy be feit over the fact that the solid phase is
indicated to bersupefheated, in view of the fact that all attempts to
éuperheai solids abové théir melting points have proved fruifless. Note
in connection with the present situétion, however, that the solid is not
only superheated but is"ulso growing as a result of the continuous bom-

bardmént by molecules which come from the ovef—energétic liquid.




Y

-13- UCRL-19512

Temperature

- XBL69lI-6182

Fig. 1. :-Hypotheticia.‘l' phase ,'diagram,,_ bibenzyl 'e.n'd trans-stilbene system.
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THE COMPUTATION OF THE CRYSTAL GRowTH'vELOCiTY, v

For a pure substance the crystal érowth-&élbcitysis fixed when the
temperature of the surrounding'liquid is given;'for growth from a biuary
solution fixing the'interface temperature‘end the interface liquid com-
positiou are'sufficient to_determine V. How is suchva felationship
expressed bycthe}equations.given here?

From Eq. (l2)vone;can coupute the composition of the solid which
forms in a liquid of fixed.composition provided fhe ratio of the two for—l
ward rate constants (s function of temperature alone) is known and provided
also that the gfoup of veriables? fkskg/v, is_kno#n; Thus for fixed T
and yyg, xB.vwill be uniquely'a function'of' fASRg/V._ A‘typical relation-

- ship of this sort, couputed for ihe biha}y s&stem stilbene-bibenzyl, is
shown in Fig. 2. ‘As eipected the greater the value of the group the
' closer Xp approaches 1ts equilibrium value at the assumed temperature.

‘Having found the solid composition it is now p0351ble to compute
AG and f through Eq. (17). Furthermore,.kg is fixed by the temperature
and is known. Thus, for each assumed vaiue of the group, fhskg/V, all the
quantities but V are determined, from which V follows by & simple com-
putation. Fig. 2 also shows the relationship between AG and the dimen-
sionless group fof the illusfrative example. By assuming  fASkg/V ‘constanf
and varying yp for fixed T it shows the_values of V/Askg, which is
':proportional to £, is related to the undercooling, AT = T - T, almost

‘fllnearly as for pure compounds

oSt oo e gacs S S



gB = const.

‘Fig. 2. Relationship for the
velocity. ' o

AT=Te-T

XBL69II-61T79

determination of mixed crystal

N

UCRL-19512

growth
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DETERMINATION OF THE RATE COEFFICIENTS, ki and kg"
Following the method of Eyring (19L1), the expression for the first-

order rate coefficient is
kp = X (kT/h) exp(-AGC/RT) = x (kT/n) exp(ASC/R) exp(-AHC/RT) y (21)

,+ In Eq. (21) Y represents the fraction

of the activated molecules which pass over the activation barfier in the

‘# | | A
-direction. AG, ' is the excess of the standard free energy of the molecule

C
which_is activated for crystallization over the value in the liquid, and.

+
C C

tively. Use of such an expression required a knowledge of the numerical —

_ . 4 o _ , ,
~AS_, .and AH, are the related entropy and enthalpy differences, respec- .

values of these thermodynamic properties of the activated state for each
substanée in the mixture. |

There is séme reason to believe that; even though numerical values
6f the activatioﬁ propefties may not -be avaiiable from direct measurement
of crystai groﬁth.rates; values can be estimated by using the correspondingn
values deri;ed from viscosity. »Viscosities of liquids aie far easier té

measure experimentally than are growth velocities and the molecular mecha~

i
i
1

ﬁisms;involved*may be similar.
On the other hand, as pointed out by Kirwan and Pigford (1969),
there are some differences in the molecular processes involved in crystal

growth and in viscous flow. For instance, the molecule which approaches

‘the crystal and becomes attached has to have the orientation that is

réquired in the crystal lattice. The molecule which is~ready'to undergo

viscous flow displacement may need to be Oriénted"-too9 but the'requirementv

[}
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is not likely to be as gffingent.- Thus;:it'may ve possibié to estimate
Asz )from ASi by subtfacting #he entrqpy of.fusiog, ASf from the latter,
plus:a small correction of R _entfopy ﬁﬁitéito account.for the obser-
vation fhat perfectly spherical molecules undergo an eﬁtropy increase of
ﬁ units upon melting.‘_Moreover, thereris reason to believe that the
enthalpy of activation for crystallization may 5e smaller than that for
Viscosity‘(Kiann and Pigford, 1969). To detach itself from its neighbor
mbleculeé in the liquid is ail that is needed‘for crysﬁal growth, but fiow

of a molecule also requires that a vacancy or hoie'be formed in the liquid

—at an adjacent'site. Thus it may be that . .

# # | o :
MH, = cAHy , R _ - - (22)

where ¢ 1is a constant f;obably smaller than unity. The best éoﬁrse of
action, however, is not to_try to compute Aﬁi .unleSé no éxperimenfal

crystéllizétion data are available; a‘Better plan is to make at least oﬁe
measurement of the growth velocity and to determine the enthalpy of acti-
vation from that value, using it in Eq.‘(21)ifor-éstiﬁates at other tem—
peratures, .Determihatiqnzbf bqth'.ASC and ;AH; from experimental data
is not likely to be»pOSSible'becauée it is uﬁusual to be able to cover a
wide enough range‘of temperaxures'in experiméntal wérk to give a reliable

value of the slope of the curve of log (V) versus 1/T.

1

EXPERIMENTAL RESULTS
Data were obtained for the binary system bibenzyiastilbene; for

which there is a wide range of solid compositions over which homogeneous
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solid solutions are formed. The phaée-diag#amvfor the system is shown in
Fig. 3, based on the data'of_Kolosov (1958)., The diagram shows that over

most of_fhe range of x thé crystal structure resembles that of pure stil;

- bene. At low mole fractions of stilbene there is a peritectic reaction

but the compositiohs.that were used in_the experiments were all to the
right qf-tﬁis rangé. |

. érystaliizatioh rates and interfacial compositions and temperatures
vére observgd with a temperatﬁre-gradient‘microscope stage, as described
elsewhefe (éhéng;;l969) The 1nterface mole fraction of stllbene, yB, was
computed from the known comp051tlon of. the llquld mixture introduced into
the optlcal wedge of the apparatus and from the observed shift of the dif-
fraction frlnges owing to the concentration variation which accompanies the
d1ffus1on_b9undary layer in the liquid. The equathn relating these

quantities is

vg = ¥p(=) - 1AN()\0/21;)(8n/3y).;l', - - (23)

| with AN = the number of fringe dlsplacements at the 1nterface,vk0 = the

wavelength of the laser light used, t = the wedge thickness at the obser—

".vation point, and~(8n/8y) = the derlvatlve of refractive 1ndex of the
'~ solution with respect to composition. .

Compositiohs of the solid phase were determined in two ways, First,

the same diffraction.pattern was used in combination with a diffusion flux

balance at the interface,

xg = v + (0, D/ogV)(ay /az) . (e

IS
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" in which D is the binary diffusion coefficient'in the liquid and dyB/dz
is the normal gradient of mole fraction at the interface;.vThe latter
quantity could be computed from careful measurements of the slopes. of

- several diffraction lines using the equation

AOS

dyB/d? =2 s t cos d(sin B + S cos B)(Bn/ay)T ’ (25)

where S represents the measured slope of tne dlffraction fringes and s
is their spacing. The angles o and B represent inclinations of the
crystal face and of the distant straight diffraction lines, respectively.
A detalled derlvation of these equatlons is given elsevhere (Cheng, 1969).

In order to obtain an independent check of the computed solid
compos1tlons, a few measurements were obtained by taking small samples of
the solid phase obtained from.the diffraction wedge and subjecting these
to ultraiviolet absorption analysis in ethanol. Such measurements.Were |
‘tedious and somewnat inaccurate but'they agreed fairly well with thedcomp
puted comp051t10ns using Egs. (23) and (24), as will be seen shortly.

The pure materlals were carefully purified by zone refining and
sublimation. Measured meltlng points of the purified samples were 123,0° C
for trans—_stilbene (vs, 123.3° C'reported (Kolosov, 1958)) and 52.03° C
for bibenzyl (vs. 51.1° C reported (Kolosov? 1958)). Other properties of

the pure components are shown in Table I.

The liquid diffusion coefficientpwas not measured directly. A value

observed by Kirwan (1967) was combined with an estimate based on the

empirical correlation of Wilke and Chang (1955); the value used was

i e ol v v e oA
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7.6 xf1076 sq. cm/sec at 63.3° C. It is believed to have a probable
unéertainty of about *20%. The intermolecular spacing for the solid, XS’
was computed by taking'thé cube fqot of the column of the sblid phase per

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

Table I. Physical Properties of Pure Materials®

{

? ' _ - T ¥ ¥
Substance M°wfi T, AHf | ASf 0x10 n AHV* ASV
°K. cal/g mole - (cal/cmz) c.p. cal/g mole

Bibenzyl 182.27 325.18 5580 17.18 k.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 PURE STILBENE
Figure 4 shows the experimehtally observed growth velocities for
pure trans—stilbene. The daté are plbtted:in the form ,VI vs. the square
of the ﬁndercooling, AT. It can be shown that fof thé screvw disiocation". ' .v'i
surface mechanism anq for values éf ASfAT/RTm thaﬁ are sufficiently small{
'EQﬁating'the average velocity of'hovementltoward the sufface of
the B .molecules to the fluid veibéity towérd the same surface, V(pS/pL)5

we get

‘ P ‘P - bsar
Vo= £ Agky Ay = £ Akp (1 - exp(- BT )]

ST SR PR S D S
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DATA FOR STILBENE- BIBENZYL SOLUTIONS

7;23;,‘  ,:  ._4: I[" UCRL—19512".
Qr
v &‘(1/1;2n)(Aé#g)(AszT/AHf)(AszT/QTm) -
| ="(1/1.2n)(Aékg)(Asf/R)(AT/Tm)g . | | "._:   (26)

in which the éﬁponential term has been expanded in a.ééries. The data on

- the figure are not sufficiently accurate, owing to uncertainties in the

interface temperature, to test the hypothesis that V 1is proportional to
the square of AT. However; if we evaluate the entropy of activation in
kg from the equation, . = . _ : : ;

o . A7)
bs, = AsV - (Asf - R) , . . | (21)

and approximate the enthalpy of activation by chdésing ¢ =0.15 in Eq.
(22) we obtain a line from Eq. (26) which passes through the data points.

In view of the reasonable values of the activation quantities and the

" at. least approximate agreement of the exponent on AT with the expected

value, it seems likely that the pure stilbene érystals grew by the screw '
dislocation mechanism.
. ‘ , \

-Evaluation of the surface fraction leads to f v 6 x 10~ for

stilbene at one degree of subcooling.

. The experimental data for interface liquid and solid compositions
and interfacial liquid temperatures'are’listed in Table II for three series

of runs, each series cofresponding to a constant value of the liquid mole
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fraction of stilbene at a. great distance from the crystal, yBO Thev
observed 11quid and solid compositlons are plotted in-Fig. 5. There one
sees that, owing to the flnlte growth veloc1ty, the 1nterfaclal llquid
"~ mole fractlon of stilbene fell sllghtly below YRo "at finite values of
V. The greatest deviatlon from equ111br1um occurred in the SOlld compo-
s1tlon, as shown by the upper 11nes in the figure. At very small values
-of V the values of Xp tended toward the equilibrium value but at most
of the values of; V used Xg fell considerably below its equilibrium
velue. At 1erge.values of v the'crystal's-composition differed only
very slightly from that of the liquid from which it grew, The figure ehows
thet the principal'ceuse of the failure to reach equilibrium was not the
© diffusioral resistanoe of the liquid. but the slounese‘of-phase growth.
lAlthough the measurements were carried out with great care it is
of couree'possihle that the’solid,compositions‘which'were'obtained by
calculation from the diffueion flux heiance, Eq. (24), were in error. This
could haveioccurred if any of the.measurements were not precise, if the h.
estimated diffusion coefficient was wrong, or if the growing crystals did
not fill the optical wedge completely. Byvcomputation of the possible
errors of measurement it was concluded that the true value of ‘yB might
have been off by about»O.dOhE mole fraction and.that the'derivative,
dyB/dz might_be in error bj about 0.0052 mole fraction units. The probable
error of ,D wae estimeted to be-ahout 20 percent. The other quantities
in the equatlon were precise. Thus,-the total probable error in :xB |

should have been sbout 0.0l mole fraction units, which is smaller

than the vertical difference between the pairs of curves on Fig. 5.
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N TQJ':nglé iI Crystallizdtion of Mixed Cryatals from: Binary Melts
P of Stilbene and Bibenzyl System

CRaTe. v, yB(O) MO ORI ST T T

(cm/sec)x103: mole.fraqtion_, °c °c mole fraction

‘ Yo © yB(w) ='0;15 mole fraction, stilbene

L III-. 72 0.68 01356 fo.1h98 - 63.53 © 6h.22 . 0.131 . 0.397  0.150 N
:i  III- 73 1.00 ﬂo.i319 ?f;o}1hi1 64.17 63.70° 0.135 ,:o.ho7 - c
CIII-T5 1.92 '0.1388 -_‘o;ih3f; 62.11  6M.6T 0.120 0.3Th 6.157 
. ‘III-.76  0.51:§ 0.1263}jU;o,1671 + 63.61° 62.93 0.131 0.398, e
| III-'771 d.so;ﬂ'o.lhof;f;*o.lsss;f .63,08: 64.97 0.127 0.390 - 0.189
III- 99;f0.7hj? o.1273f 1:0,1513~;i 63.37 63.0T 0.129 0.39% - e
III-101 o.3h;l o.1295>;3 0.1767; :‘62.86 63.38 0.126 0.386 0.150

. III-202 0.M0 ' 0.1370°  0.1662  62.68 . 6k.kl 0,125 0.383  0.190
111-103_;0.15f 10,1365 '.fo;20551‘;v62.h8 64.35 0.123 0.380 0.249
A':;L'III-lbh' 0;13; 10.1397 &f.o.222hv . 63.17 6k4.78 0.128 o.391'1 .10.252
”" III—105.10.3Q': 0.1415 }LQ.17Q2fI 62.73 65.04 0.125 0.384 ' 0.210

| III-;oé _0.215  o.1h52ﬂl;;o.178hv  61.82 65.53 0.118 . 0}370 : ;6§281V<

. III-107 70,31 0.1436 . 0.1736 . 63.28 65.32 0.129. 0.393  0.220

mIM0 0.2 0.1436  0.1651  63.65 5.3 0.131 0.399  0.196
L III-1l 0.35 0;1358'ﬂ_ o,162hl_' 62.h9' 64,19 0.123 0.380 °  0.189 |
“_'III-lh3_.O.237 '0;1h01 }  0.1760  63.76 64.84° 0.132 0.hoo - 0.198 -

CIII-14k 0.5 0,1410 00,2019 63.06 64,98 0.127 0.389  0.258
. III-145 0.09 .0.1L61 .0.1923 63.49 65.66 0.130 0.396  0.307
% ,7111-1h6~;0.03.:.0.1hb5l33_o,3168'; 62.13 - 65.4% 0.121 0.375 0.381 -

. — (continued) . .

A N3 PR
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Table II. .contihuedv‘

. o - | ' - 8 R . b
Run No. Vo, YB(O) ’ xB(O) > (o), Te > YBer *Be » pr,cal ’

o (cm/sec)x103' mole fraction = °C °c mole’fraction’

be‘= yB(w) = 0.15 mole fraction, stilbené

III-147 0.20 0.1371 o.i973 . 62,66 6h.43 ‘o.1éhv. 0.383 = 0.225
ITI-148 0.73 0.1466 0.1519  60.10° 65.73 0.106 0.3%2  0.228
III-149 0.25 0.1398 0,186k | 62.22‘ 64.80 0.121  0.376 o}2ho
IV- 1 0.21 0.1428" 0.1907  63.13 65.21_ 0.128 0,391  0.243
IV - 2 0.15 0.1425  0.2123  63.95 65.16 0.13% 0.k03.  0.232

IV -

3 0.10  0.1431°  0.2483" 62.93 " 65.25 0.126  0.387 0.301

IV - 4 0.07 o0.1424  0.2801 : 63;12 65.15  0.128  0.390 © 0.313

IV - 5 0.79 » o.1h29‘_ _0.1508 ©64.86  65.23  0.140 0.417  0.150
IV- 6 0.65 0.1kok : o.lshél" 62.90 6&.89 0.126  0.387 0.180

IV - 7 0.35 0.1381  0.1616  62.37 6h.5T '6.122 1 0.379 9;208

IV { 8 0.15 0.1417  0.201k 62.7h - 65.08 . 0.125 0.38k 0.271

V-9 o.2h" 0.1459  0.1647 ~ 63.64  65.63 0,131 0.399 0.237

IV - 10 0.12 0.1h416 0.2256 63.42 65,08 0.130 0.395 = 0.261

Ypo = yﬁ(w) = 0.25 mole fraction, stilbene

III- 78 0,48 0.2314 0.2623 - Th.0h T6.33 0.212 'o.5h8 0.333
III- 79 0.87 0.2307 0.2kok 75.86 T76.25 0.227 0.5T1 0.24L
I1I- 80 1$%3 0.2271 o.236h © TW.TT 76,84 0.218  0.557  0.269
I1I- 81 ¥:62 0.2353  0.24h11 7h.36 76.77 0.215  0.552 0.276

(continued)
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Table II. continued.

CRmNo. V., yy(0), Cxglo), w0y, T, vy3é.;‘. Xe» xB,caib,

(cm/Sec)Xlo3 mole fraction °c °C . mole fraction

Y50 = yB(w) = 0.25 mole fraction, stilbene

ITI- 84 0.16 0.2327  0.3257  75.56  T6.48 0.225 0.568  0.350
I11- Ss 052 0.2404  0.257h  75.03 742 0.220 0.561  0.3u
III- 86 1.éh 0.2357 0.2486 75.13  76.81 - 0.221  0.562 0.274
II1- 89 0.89 0.2276  0.2452  7Th.83 75.89»,vo,219' 0.558 0.260

- III- 91‘ 2.00 ':0.2392‘” 0.2450  Th.26 77.22,' 0.214  0.550 0.280
- III- 92 0.71 0.22h7~ ’ 0;2h7h ; 74.80 © 75.56  0.218 0.558" 'o.zsh;
III- 93 0.96 0.2297. 0.2L39 : Th.34 . 76.13 0.§1h 0.552 . .0.278
IiI—>9hv 0.57 0.2330 0.2505 T4.26  T6.51 0.214 0.550':  0.323
III- 96 0.10 0.2345 0.3953  76.h2 76.68 0.232 0.579'_ 0.301
IT1- 97 0.06 0.2377" 10.5202 T6.k2 1‘77.0& 0.232 0;579 0.hk11

ITI- 98 0.13 0.2368  0.3842 . 74,90 76.9% 0.219  0.559 0.kk2

Yo = yB(W) =.0.45 mole fraction,-stilbene

| III-108 0.83 o.h350' 0. k4546 - 92.7h  93.88 0.419° - 0.762 0.506
»"111-109‘.0.58 0.4356  0.4685 © 93.88  93.93 0.3 0.77h 0.k
III-110 0.39  0.h412 . 0.4790 . 92.59 9h.33 0817 0761 0.597
| III-113 0.16 .0.L4L36. 0.5000 ~ 91.37 9%.50 0.k01 0.749 0.70T
III-115 0.76 0.L4308 0.4646 91.17' 93.58  0.399  0.T46 | 0.556 .
- III-116 0.34- 0.4398 0.493% 92,75 9h.23. 0.420 0.763  0.59h

(continued)
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" Table IT.. continued |
-Rug- No. Ve, yB(O) ’ xB(O) > T‘O).'- Te _yBe > *Be » .xB,cal >
' (cm/seé)xlo3 _mble'frqctidn'f °c’ | _QC-" mole frﬁction
s yB0'= yB(w)‘= Q.hS}mole fraction,'étilbehe'
ITT-117 0.29 0.M427  0.k9k6  93.00 Cobkk 0.h23  0.765  0.609
111-118 0.15 0.kko 0.5795 93.38 '.gh.53 0.428 0.769 0.645
III-119 0.14 0.4309  0.5815 = 90.32 _.93;59‘ 0.388 0,738 0.70k
CIII-132 0.86 0.4318  0.4678  87.55° “93.65 C0.353 0.708%  0.6162
| III-133 047 0.4276  0.MTBM - 95.63 93.34  0.460  0.T9L ¢
III-13% 0.72 0.hk12 ~ 0.4648  93.23° 94.33 0.k26 0.767  0.519
IITI-135 2.08 0.4412 . - 0.4470 ~ 92.96 - 9k.33  0.k22  0.765 0.480
"111-136 2.99  0.4h28  0.44T1 91,19 9k.b5 0.399 0. 74T 10.500
ITI-137 1.49  0..4388 0.4485 - 9é.39  94.16 0.415 0.759 0.502
ITI-138 2.06 0.4361 0.4443 ©,-91.90 93.97 o.hoa 0.75k 0.490
TII-139 0.45 0.4318 ~ 0.4704  95.62 93.65 . 0.459 0.791 e

8 Equilibrium temperature bdsed'on interfacial composition, yB(O).

Pyith kg calculated from E§. (21) using X = 0.01, and AT = T, - T(0)

for computing step densiﬁy f.

.CBecause of negativé AT, this value is not computed.

Aeasured interfacial temperature T(0) was in error.
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An even :stronger indication that the méasﬁred values of Xp are
rélisble was oﬁtained when some of:the-crystallization runé wefe repeated
and small samples of thér§olid were taken from the optical wedge and |
analyzed'by ultré violetbabsorption. The.folloﬁing table summarized the
values obtained and'supporfs the use of Eq. (Qh) 'The results of such
enalyses are also shown in Fig. 5. |

Table III. Comparison of Sdlid«Compositions Computed from Flux Balance
' : with Values from Ultra Violet Absorption

Growth Velocity - . . - Mole Fraction Stilbene, x,
v x=103, cm/sec - - , . V
‘ . . From Eq. (2k) From Ultra Violet Analysis
1.85  0.240 + 0.010 ©0.300 £ 0.031
.31 0.243 % 0.010 0.27h £ 0.019
0.88 . 0.251 % 0.010 . . 0.284 £ 0,033
0.51 : 0,260 £ 0,015 . 0.248 t 0.039
0.17 . 0.340 £ 0,015 - . 0.252 * 0.017

One other piece of evidencé iﬁ_availabie to>suppoft the repdrted"
vaiueS‘of 'xB.v‘It consisté of tﬁe measurements, also using Eq. (2h),.of ,
thé composition of the solid phase:which.grows at a finite rate in the
system of sélol-thymol;i<These.compounds"are épmpletely-insoluble ih each
o#ﬁer aslsolids,“the phaée diaegram indicating that to thé right of the |
eutectic éoint, xﬁe = 1 and er =‘Q. Application 6f Eq. (11) shows that

the rate theory is satisfied under these conditions only by the value X, = 0 &1

at finité V. Compute values of X, based on the diffraction fringes, were

not precisely zero but were close. The average value for several experiments

b meareE
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‘ wasnabout.o;;; Recognizeilhowever, that“the theory which we;hare.ueed

may be defeotiye inisuchiaisituation for it'assumea that_the surface,frac;‘
tion for‘attachment of A- moleculesiand that for B molecules ia exaétiy'
the sanegi‘in fact; it may be posaible‘tnat‘ fA[ is zero:on_a'pure;ﬁ

surface..

INTERPRETATION OF THE RESULTS B oA

The~Separation Factor;'B: Flgure 6 shows values ‘of the separatlon
vfactor based on Eq. (13) us1ng the thermodynamlc propertles of the stllbene—
bibenzyl system and essuming ¢ =:0.15 in Eq. (22), The dlmenslonless ‘;v
quantlty gB = fA k /V is sufficient to‘determine ‘B as a function of the
.interface comp051tlon and temperature. As gB 'inCreasee the'equilibrium |
_separation;factor is approached. Flgure 7 compares the aeparatlon factors
computed:fronvthe obserred compositionsvwith values foundvfrom”Fig.?G.
Some of tne>data points are based on c”= l;Oe others, on c'=‘0.15; The,
difference is small because only the ratlo of the two forward coefflcrents,

-k /kB, is affected in the rate theory. The agreement is satlsfactory

’;Determination of“the Surface Step Deneitv and. the Rate
vCoefficient' Using the observed solid and interfa01al llquld comp031t10ns and
temperature and the crystal growth veloc1ty it is p0551b1e to compute values_
'of the product .ka from Eq..(ll). The determlnatlon of the_separate‘
,values of f and_'kg is not possible;.one has to be foundffrom the’theory‘i
',iﬁ order to determine,the-other from the.data.v o
Tnere»are two wa&s in‘#nich tneusurface fraction,vf, can be deter-
mlned from the experlmentally observed interface temperature; and the 1nter—

face liquidfand'solid compositions. First, ‘the values of V,. T, yB, and
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xﬁ caﬁ be eubstituted in Eq. (11) to obtaiﬁ'values of thefgroup fxskg,
Then with estimates;of Ay ‘and of kB and ki (the latter from the
Eyring ﬁheory, Eq. (21), ana Asz- and AHE ‘from Eq. (27)-and (22) with

= 0.15) f follows directly, provided X is known. Assumihgv.x =
yields f e=1o‘5; whioh-is‘ebout two orders of magoitﬁde greater than the
value obtained from the-aata for pure stilbene. Thus, in order to recoocile
the date for_the pure crystal withvfhose_for;fhe solution one may assuﬁe

X = 10-2, | | |

Alternatlvely, £ can be computed from Eq. (17) u81ng values of

AG found from the compositlons and temperatures using Eq. (20) and, in the
absence of any data,vassumlng 1deal solution behaviorvin both the solid and.
the‘liquid phases. Acoordihg to such,calculaﬁione; AG was negative for all
but twoﬂof the experimehtal runs--a sitoetion which is menifestly impossible
since it 1mp11es that the spontaneous process of phase growth occurs with .

an increase in the Gibbs free energy of the material formlng the crystal r
~surface.

it seens vefy_possible thet in aisystem whichxexhibits peritectic

phase behavior overosome.part of the compositioo range there will be devi-
'apions from ideal solution behavior throughout the ohase diagram and that
the values of chemical’potential estimated'by assuming.that Y and T are
"~ both unity ﬁill be‘erroheous; No-deta‘are available to test this belief
but, in order tovdetermine how sensitive the computations might be to:emall ‘

deviations in ideality the regular-solution equation for activity coef-

ficients was introduced:
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o
5

‘ (w /RT) yA (liquid phase)

=
=
3
i

= («5/mD) xi (solid phase)

The result of adding the non-ideal terms to Eq. (20) is to increase the
value of AG/RT by the quantlty
Y yBe

(w® /RT)(:LB xB) - 2(u” /RT)(yB - yBe)(xB ——-——-—)
jThé first term, reflecting the influence of non-ideal behévior in‘the solid
- phase, has a positive CCefficieﬂt§ the cbeffiéient of thé second terﬁ is
negative;' In a ﬁypical‘expériment; Run No. III-93 of Table II, tﬁg eipression
‘above. is —0.0007(wL/RT) + 0;095(wS/RT) and the uncorrectea ideél valué
‘ of AG/RT based on thé observed liquid and solid compositions and the.
temperature was -0.359. The coefficient of (wL/RT) is small because the
vinterfacg liquid compositibh was rather close to the equilibrium value; the.
coefficient bf (wS/T) is.largerfbecause x was considerably less than.
¥Be' Sincé wL is likely to be smalle? thap‘ wS it seems liké;y ﬁhat
_thevterm represénting the lack of ideality in the liquid can be neglected'
Ny complétely and that we can conéiﬁde fhat (mS/RT) must have been at least
0.359/0.095 = 3.78 or ws = 2;5 kcal/mole in order to force the chénge in
Gibbs free energy negative férrthe transition from liquid to solid.

Iﬂ the absence of reliable thermodynamic information for the solid
solution wé can only éonciqde that the experimentaily obéerved compositions
rprébably do not vioiate thé 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.thé.#33umption of growth bj afécrew dislocation
mechanism. :In the mean time We.hafe no regéonito doubt the validity of
Eq. (11) fér the solia'cém;osition_of of Eq; (l7) for the surface fraction.
Table I? shows:falﬁes of the sblid ?dﬁpositibp,txé, coﬁputed from
the theory using X = 0.01 and’taking.the %ctivafion'quantities from
viscosit& with modifications according to E%..(Ql)vahd (22) with ¢ = 0.15.
‘Thé values are by no means.in perfecf agreé;gnt with those observed but
the depafture from equilibrium is of the right magnitude and the.variation
with the growth vélécityéis.abcuﬁ right. When no experimental information

"whatever is available this'prdcedure is suggested.

.CONCLUSIONS

Use of fhe temﬁeraturé—gradientjmicroscope stage with provisions for
defermination of interfaée‘cdnditions b& Opticai'ihterfgrence is a promising
method for ihvestigaﬁing the interfaciél-kinetic éhenbmeﬂa}. For the binar&
sysfém used hefé'andaprobably for most oﬁﬁer high-melting organic compounds
which form solid solutions the interfacial rate of phase growth is the con-
‘ trolling factor in the determination of theisolid-composition; the diffusion_
process in the interfacial liquid‘is of minar importance.

A'theory.based on Eyring'é theory for thé first-order ;rocess of
“solid deéositién and on a screw-dislocatfon mechanism for surface attach-
mént'acéounts approximately-for.thé observed ﬁhenomena, including the large
depafture’of the solid composition from its equilibrium'value according to
the phase diagram; In the abseﬁce of any experimentél rate data, estimates
of the interfacial rate coefficients can be based on activation enthalpy
and viscosity from viscosity data suitably adjusted to account for dif-

ferences in the molecular.phenomena accompanying crystal growth and viscous

flow.
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NOTATION

Cp‘= molarvheat.papacity, cal/g mole °C.

D = diffusion coefficient, or interface trépsﬁort @oefficient; gq cm/sec.
- f = surface step density, dimensionless _

gy = diménsionless grdwth rate parémeter, Akag/V.“
G = molar free ene%gy, égl/g‘molé | |

h = Planck's constant |

H = molar enthélpy, cgl/g mole

k = interfacial rate constént, sec—l, or Boltzménn!s constant, erg/°K
. K ='equilibriﬁm or effective distributioq-coefficient, a function of

composition

M = molecuiarlweight

n- = refractive index of liquid

N = crystallizétion flux, g mole/sq cm sec, or Avogadro's humber;»or
integer in Eq. (38)

r = critical radius of two -Aimensioﬁai nucleus, cm.

R = gas constant, cal/g mole °K, or ratio of interfacial rate constants
for species'A and B | |

s = interference fringe spacing, mm.

S = molar entropy, cal/g mole °K



X

Y

- =38~
thickness of opticgl'wedge,atwobservation point, mm.
. temperature, °C or °K.
average molecular velocity, cm/sec.

specific volume, cc/gli

freezing velocity, cm/éec, or molar volume, cc/g mole.

mole fraction in solid'phasé

mole fraction in liquid phase

GREEK:LETTERS

o

angle, degree

B = separation factor, dr.angle,.degréé

I' = solid phase acﬁivity_coefficient |

Y = iiquid phase acti&it&_coefficient_

n o= visgosity,ipoise |

A= interatomié'spaéing,.cm.

AO = wavelength, 6328 A, for He—Ne gas lgsér

U = chemical pofential, cél/g mole

p. = leér density, g mole/cc o

0 = interfacial surface free énergy, cal/sq ém

X . = traﬁsmission coefficient

W = excess free:enérgy, cal/gvmole‘

SUPERSCRIPTS

F = for#érd process

L = liquid state pfoperty
v=“standard'state;property

o :

reverse process

UCRL-19512
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‘

]

solid state property -
¥ = acfivated‘statevpropérty
* = equilibrium condition
SUBSCRIPTS
A = component A, minor component, bibenzyl

B = compénent‘B, hajor component , stilbene
Cc = crystailizatién'activaﬁed state froperty .
e = equilibrium condition |

ex = experimental condition

f = fusion process

i = interfacial cOndition: 

L = liquid state property"

m‘ =‘méltingﬁprdcess

0 = initial condition

S = solid state property -

T = consﬁant temperaﬁure‘édhdition'

V. = viscous flow activated state property
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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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