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Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
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process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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EXPERIMENTAL STUDY OF RATES ‘OF CRYSTAL GROWTH
FROM ORGANIC MELTS

Cheng T. Cheng and Robert L. Pigford

Department of Chemical Engineering
and Lawrentce Radiation Laboratory
University of California
Berkeley, California 94720

" 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 1ncorporates facilities for the Optical determlnation
of interfaoial liquid and solid compositions;and temperature through the
use of light diffraction by.a thio‘wedge of %iqoid. ‘The imposed temperatufe

3

gfadient causes the profile of the sq;id—liqﬁid interface to be more stable

“than iﬁ an isothermal liquid, despite compositional undercooling. Some

results are presented for a binary system which forms_a eutectic solution.

INTRODUCTION ' j

Measufements of the rates of growth of crystale in molten mix- _
tures of organic compounds can not be interpreted prOperly unless the
compositlon and the temperature of the interface are known. Slnce the flux
of material needed to form new solid phase sets up a diffusion'gradientvin
the liqqid and since the heat of fusioh, released at the interface, hag to
beldiesipated by heat conduction, use of bulk temperaeure'ahd composition
in the study of intefface kinetic'pheﬂomena may lead to error. Consequently;

Kirwan and Pigford (1§69) end Berg (1938) Bunn (19&9) Humphreys‘(l9h8),

:have employed optlcal 1nterference methods for the observation of con-

| et

centration patterns around crystals as they grow in supersaturated
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s@lgtibns undgr-micposcopes,\kSimilar methods havéibeén usgdv(Nishijima
}-ana,05£er, ;956,_and secbf, 1§6S) forlthé determinaiioh-of diffusion co-
éfficieﬂts from tﬁe_shapgs of iﬁﬁefference fringés obser&ed dufing tbev‘
mixing of two liquids. | | |

In most éuch work thg liqﬁid Withiﬁ which the cfysﬁgls'grow'has
'beeh kKept at a uﬁiform teﬁperﬁture, except fof thé uSually small temperature
rise at the intefface._ By setting thg temperﬁture of the solution at a
valﬁe beﬁeéth thé équilibrium liquiéus temperaturé the‘growth ratg éanlﬁé
vuntiely detérmigéd. Such méasurements afe Very suit&ble for thé study
of cfystal nuclg%tion rates but they héve an im?ortént handiéap when growth
-of crystgls,talféady presént in the solution, is being obseived. This is.
. for the reéédnvthat the:profile of a crystgl interface as it advanceS'inté
:ﬁhe adjacent liquid is16fteﬂ unstable gt finite rates of growth. An inter;
face which mayAbé'flatjinitially may project sharp points or "dendriteé"
into the undercoaled liquid ahead; especially ﬁhen that‘liquid is under-
cooled more than the iﬁterface liquid is. 'Thﬁs, thé shape‘of_the liquid-
solid iﬁterface may change as growth proceeds, especially when the systeﬁi
tends to grow rapidly even with small amounts of undercéoling. In sucﬁ
a éituation, as with the components salol and thymol, the freezing inter-
face acts as a étrong'source of heat and the interface temperature riéé,
ATi,'may be as much as 2 to 3 deg. C. above the pemperaturé, Ts? of the
presumably-isothermai microscope stage. A sharp ?ointed cfystal, pro-
jecfing itself into the adjacent liquid, will find even colder and more
concentrated liquid a short distance from the interface than it feels at

the interface itself..
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T§ a&oid such experiméntal'problems duriﬁg crystai érowth studies
. Hunt, Jackson,:and Brdwn‘(1966).introduced a'temperayﬁrngradient.micro—.

: scﬁpe stage.(hereafter,éalled TGMS) to study thé'gfowth behavior of cer-
tain purevorganic substances, esPecially those fof whiéh the ﬁolecules'are
nearly spherical so that.the freezing phenomensa are like those for metals.,
By providing a flux of heaﬁ through the liguid within which the crystals
were growing, the direct¥dﬁ of.the teméerature gradient'being.normai to
the interféce, thé shape of the ihterf&ée was much more régular and more
easily éontrblled. No provisions were méde in their apparatus, however,
for the measurement of bulk_liquid or interfacial temperature. 'Funthermore,
it is not easy t&iuse theif apparﬁtuélfor observing the growth of crystals
from solution because no means is provided for the_determination of con-
centration patterns, | ; |

| In the present wérk a new TGMS ﬁas‘béen designed which provides
not. only a temperafurg gradient forvthe control éf interfacé shape bﬁt
-also optical 1nt¢rference patterns for the célculation of‘tempe}atufe;and
c@ncentration profiles near the cfystal faces. The purpose of this papef
is to describe this new equipment and to feport avfew results obtained.with
.it using the binary systems s#lolaﬁhymol. The bibenzyl-stilbene system.is
6ne'in which undercoopling is extremély slight, even at large rates of
- growth. Measurements for it wére:éitrémely difficult using an isothermal
stage (Kirwen, l967)§and have been made possible with the aid of interface
shape.céntrol. Details df the studies fqr this éystém will be reported

in the future article, .
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| DESCRIPTION OF TEMPERATURE—GRADIENT MICROSCOPE STAGE

The new TGMS, shown in Flg. 1, is sultable for growth rate studies
‘u51ng not only pure materlals but also blnary mlxtures. The main features
of thls apparatus 1nclude hot and cold stages made from aluminum blocks
3/8 in. thick. éhese_are placed et_the left and rlght of a statlonary
mount which‘cankbe acjusted.in position with the microscope's mechanicel
stage. The liquid is placed inside an optical;wedge formed by two half-
.aluminized glass,slides,‘as ip the previous microscope optical interfecehce
apparatus (Kirwen ahd Pigford, 1969, and Kirwen, 1967). The opposite ends
ofvfhe lower microscc?e slide reet on the hot and.coldvsteges;'respecti%ely,
and the temperatufe 6f fhe-glass and of the:liquid confained in fhe wedge
varies nearly linearly w1th pos1tion in the space above the gap between
the two stages. The glass slldes are held in p051t10n relative to each
other by:a Teflon boat which_is connected to a lead_screw turned by a
variable‘speed motcr.‘ As the screﬁ advances the boat is moved horizontelly
" under the micrqécope objective, the bcat_advancing tcward the cold stage,
Thus, a point‘in the wedge encounters progressively lower_temperatﬁres{‘
and increasing undercoolicg isﬁexperienced by the iiquid at that point.‘
The'growth rate is determined by the setting of ﬁhe'cotor ﬁhich'drives the
lead scgew. | |

In Fig; 2, the picture at the left shows the Teflon ﬁoat,gused to
,move the diffractioﬁ aesembly siowiy tcward the cold:stage;'.The‘lead screw
:ffcm the dfive.motor-fits intc‘the'yoke af the:left. The partiaily alumin-
ized slides‘are et the right. .The larger slide fits icto the bosat from |
'below ana forms the bottom of the wedge. The smeller slide is held at an

angle to the longer‘elide by the adjustable lever‘on the boat.
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XBB 693-1781

Fig. 1. Temperature-gradient microscope stage.
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Fig. 2. Optical wedge for crystal growth measurements.
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Light for the diffraction pétterns was provided by a helium-neon
éas laser. The spacing between adjacent interference fringes and their
sharpness are governed by the angle of the optical wedge, by the reflec-
tivity of the metallic coating on the slides, and by the refractive index
of the liquid in the wedge. The quantitative measurements depend on know-
ing the value of the wédge thickness corresponding to each position on
the plan view of the slide. Thus, it is necessary to have some way for
setting the wedge angle at a desired value and of adjusting it slightly.
For this purpose a lever mechanism with a thumb screw was a;tached to the
Teflon boat.

In most of the work done with this apparatus the gap between the
opposed aluminum coatings varied from zero at the thinner edge of the
wedge, where the edges of the slides touched, to about 0.25 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 wedge angle. In every case, however, the thickness values were
checked'by observing scratches in the upper and lower coatings and reading
the corresponding positions of the vertical fine adjustment scale of the
Leitz Ortholux microscope.

Liquid temperatures near the advancing crystal faces were observed
with a very fine, calibrated copper—consténtan thermocouple made from wire
only 0,004 in, in diameter. This was inserted into the optical wedge per-
pendicular to the direction of motion. Since the thermocouple junction
moves with the wedge while, at steady state, the crystal interface was

fixed relative to the microscope objective temperature measurements at
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different times corresponded to different distances from the interface.

A last measurement of the thermocouple's position was made just as the
junction touched the crystal itself. BY using a linear least-squares fit
of the observations the interface temperature could be computed accurately
and its standard error estimated. The temperature gradient through the
bulk of the liquid could also be determined. Fig. 3 shows the typical
temperature distribution.

In some measurements trouble was encountered owing to the volatil-
ity of both solid and liquid components. When the hot stage had to be
very hot and when the composition of the high-melting component was large
it was not possible to complete measurements with the open-sided optical
wedge Just described. In these situations an optical wedge having a fixed
angle was employed. This was prepared by closing all four sides of the
wedge, except for small holes for injection of the sample and for the

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

EXPERIMENTAL PROCEDURE

1. Sample Preparation: Salol (phenyl salicylate) and thymol

(3-p-cymenol) system, which forms a single eutectic system for which the
phase diagram is given by Timmermans (1959), was selected for the growth
rate experiments. All the chemicals were obtained from the Eastman Kodak
Company as "Reagent Grade." Salol was used as received after it had been
degassed. Thymol was sublimed several times. The melting points of the
purified samples were: salol, 42.14°C.; thymol, 49.60°C. These values

compare favorable with the higher values accepted in the literature.
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2. Experimental Method: After the temperatures of the hot and

cold sfages had become steady, crystallization was started by introducing
a small seed crystal into the opening at the colder side of the optical
‘wedge, in which the sdlution had been injected earlier. Then the drive
‘motor was turned on to push the Teflon boat farther foward the cold stage.
Eventually the crystal interface assumed a position that was apparently
steady as viewed through the microscope such that the growth rate was equal
to the velocity of the boat. If the crystal interface being observed
through the microscope was not perpendicular to the direction of movement
of the boat the velocity of the interface was computed from the motor speed
by multiplying the boat's velocity by <os Yy, where <y 1is the appropriate
angle.

Thermocouple readings were recorded for the junction immersed in
the liquid within the wedge and Polaroid pictures were taken to record
the interference patterns. Figure 5 shows a typical photograph of such
fringe.patterns. A small correction was applied to the computed temperature
of the interface, extrapolated from measurements in the adjacent liquid,
owing to the heat release there caused by freezing. The corrections were
based on measurements of temperature rise using the interference method
to observe diffraction with the pure substances on the isothermal stage.
The diffraction effects corresponded to temperature rises of 1.5 deg. C.

3 cm. /sec. and 2.0 deg. C. for

for thymol at a growth rate of 1.0 x 10~
salol at 1.5 X lO'-3 cm, /sec., At other growth rates the temperature 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. 5a. 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 fo be in good agreement withkfhe 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
)2

vV = K(AT)C , (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, Yo will deposit pure solid thymol when cooled to the

ligquidus 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 Y- The finite thermal driving force, Te - Ti = AT, is needed to
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Fig. 5b.
in 15 mole % stilbene solution.
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'force the solid to form at the prescribed rate, Furthermore, the solid
whlch forms may not be the pure thymol phase which is exPected at equll—

brium from the phase diagram instead, it may have a mole_fractlon, xi, greater

~than zero. The.interferometric apparatus makes it possible to determine

the quantities: Yie X and Ti'
The interference fringes pattern is characterized by the equation
2nt 5 ' S (

= = N, : (2)
% _ _ . - 2

_ where N is an integer and is constant along each line in the pattern.

In this equatlon n = n(T,y) is the composition of temperature—dependent
refractive index of the llquld t is the 1ocal thickness of the 11qu1d in
the wedge, and A is the anelength of the monochromatic light source
used. The determlnatlon of yi' is based on@the fact that the dlsplacement
of the fringes from ‘their straight-line.projections from the unaffected

liquid to the interface implies a certain change in n. Part of this may

- be owing to the interfacial temperature rise; the residual part isvowing

C to the difference in composition, Yo = ¥y

- The solid composition, x,, is harderfto find but cen be computed

i
from the same interference pattern. This is;based on an interfacial
diffusion flux balance. - This leads to the equation’

2220

—T5-7E£7 ( ) | ‘~ ‘3)

A

‘whére D is the binary liquid diffusion coefficient, V is the measured

:growth velocity, z is the coordinate perpendicﬁlar to the-interface, and
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the 'p's‘ are den31t1es of liquid and solid phases. The computation of the
composition derlvatlve depends on:the geometry of the fringe pattern and
upon Eq. (2); In Fig. b the: X—axls is drawn parallel to the vertex of the
optical wedge. The thickness, t,lls asspmed to vary linearly 1n_the Y
direction, Far away-from the interface the fringes are sﬁraight but arev
at the angle o froﬁ the X-axis;.owing to the temperature gradient. The
‘v—w.coordinate eystem has its oriéin in the interface and the v-axis is
parellei to the distent fringes. .Coordinates of se?eral fringe lines were
.measured in‘the V-W eysteﬁ using a precise instrument designed originally_e
for locating particle tracks in photogfaphic negatives. Ey.considering the'
geometfy ihvolved it can be shown that the interfacial composition gradient

is given by

ﬁ[v : : A (dw/dv)
) - 2s t; cos o [51n B + (dw/dv) cos B] (Bn/ay) » (W)

'where s .is the}fringegspacing measuring in Y direction. A detailed
’ derivatlon of Eq. (h) can be found elsewhere (Cheng, 1969)

Equations (2), (3), and (4) were used to compute the interfacial
eompositiohs and temperatures for the salol—thymollsyStem. Some of the
resulfs hAVe been included in Fige. 6, and T, where growﬁh rates of the
salol phase and the thymol phase from the solution afe shown. .Figure 9
shows the coﬁpﬁted solid compositions of the thymol phase.and indicates

that the solid phase which grew af e finite velocity apparently contained
as muchtas 10 mole peroent salol., The interfacial liquid cohtained about

85 mole percent thymol in the same experiments.
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‘The accuracy of the computed interface solid composition depends

‘nof only on the accuracy of the'fringe measurements and on the composition-

derivative of the refractive index. It depends also on thelliquid diffusion
coefficient, which was'not.measured directly in this work end may be in
error. The value used 0.7k x 10_6 sq. cm./sec. at 29.5°C, based on a few

measurements by Kirwan (1967) and on the empirical correlation of Wilke

end Chang (1955). It is believed that the probeble error in this coef-

ficient may account for the 10 percgnt deviation of X, frqm the éxpeqted
value,

| For golutions, as for pure compounds, the growth velocify»is ap-
proximately proportional to the séuare of the tempéfature-driviné force,b

indicating that the Samerspiral growth mechanism applies as before. The

growth velocity on the ordinate oquigs. 6 and 7 is divided by the inter-

fécial 1iqﬁid mole fraction_df the substance which is being deposited.

Although it  is not possible to prove that the velocity is proportional to-

~ the interface composition because of the scatter of the data, and because .

of the small variation of yi,‘this quantity ‘is included on the basis of
a theory of,crys%al.gfowth from solution which forms a eutectic system
(Kirwvan and Pigford, 1969),
CONCLUSIONS

The presence of an'imposed constant temperature gradient is a

decided advantage in measurements of the rate of growth of crystals in

.undercooled melts of organic substances, eépeciaily when mixtures are used

and constitutional undercooling can occur} This is owing to the improve-

" ment in'thé stability(of the interface as it advances, permitting
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measurements of témperaﬁure and diff?action tq be c&rried‘out long enough
fqr.repeatAdbsérvationsvto Be teken auriné'periods §f'nearly steady state;
Tﬁe aqditibn of facilities fér quanfitative measuremeht to the apparatus
previously used By Jackson et. g;.‘(%966).makés it bossible for the first
tiﬁe fdr interfacial;raté phenomepa io.be studied successfully for organié
substances. ‘

The results indicate that deviations of interfacial éompositions
and temperatures'frOm the phas¢ diagram values can be considerablé, even
at small growth rates and suggesté‘that designs of crysfallizatién equip-
ment whicﬁ afe‘baséd on'the assumptioh of instantaneous phasé equiiibrium

may be considerably in erwor.

NOTATION

D = liquid phase diffusion coefficient, sq. cm./sec.

K = conétant ¢
n =_refraétive index of liquid

N = integer |

s = frihge spacihg, mm.,’

t = thickness of optical wedge, mm.

T = temperatﬁre, 96.

V = freezing velocity, cm./sec.

VoW = coofdinates‘fdi intéfference fringe
x = mblejfraction in'solid phésé'

N = molé fraction in liquid phaée 
X,Y = coordinates for optical wedge

. 2z = distance perbendiculdr to growing crystal face

@

&
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GREEK LETTERS

d =‘gngle5 degree

B = angle, degree

‘Y‘= angle, degree .

0= wave length of monochromatic light 6328 A, far He—Ne gas laser
bv= molar density, g. mole/cc. |
 SUBSCRIPTS

e = equilibrium condition

i = interfacial condition

L = liqﬁid phase

s = stagé condition, or,soiid‘phaée

0 = initial condition
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