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Domain-spatial correlation functions and scaling relations of nucleation and growth
in polymer films
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A theoretical model of nucleation and growth is presented in terms of a domain-spatial correlation function
G(r,t). The domain-spatial correlation function directly explores the transformed volume fraction, the time-
dependent domain-size distribution function, and the spatial correlation function of domain core centers,
simultaneously throughout the entire process. The scaling relai@iR,(t))=G(r,t)/G(r=0}), where
Rg4(t) is the location of the first minimum d&(r,t), has been defined and evaluated from experimental data.

It is exact for free growth during the postnucleation stage, and it also provides a basis for the interpolation
between the impingement stage and the grain structL84€63-651X%98)10907-§

PACS numbes): 64.60.Qb, 61.4%e, 83.80.Es

Domain growth and the evolution of spatial structuresgrowth velocities (about 10°3~10 wm/sec) are much
have long received attention in various fields of scienceslower than in diffusion controlled systems, so that higher
[1,2]. Domain growth associated with first-order nonequilib- spatiotemporal resolution can be easily achieved. Thirdly,
rium phase transformation occurs by spinodal decompositiothe nucleation rate, linear growth velocity and geometrical
or nucleation and growtf3,4]. Reasonable agreement be- shape of domain growtlipolymer spherulitésare easily
tween scattering experiments and theory for phase separatigharacterized14,16. Also, experimental observation shows
and ordering has been achieved in many different materialshat spherulitic domains grow independently from each
In contrast, the details of nucleation and growth are not welbther, and there is neither Ostwald ripening nor elastic long-
established5]. Experimental results on early stage nucle-range interactions during the nucleation and growth process.
ation and growth in mixtures of low molecular weight com- The above features of the postnucleation and growth of poly-
pounds(6], colloidal suspensiong7], and polymer blends mer spherulitic domains simplifies the experimental mea-
[8,9] are in qualitative disagreement with classical theory. surements and theoretical analysis.

Although the Kolmogorov, Johnson-Mehl, and Avrami |n this paper, we present a theoretical model of nucleation
(KIMA) [10] theory of nucleation and growth predicts the and growth in terms of a domain-spatial correlation function
time dependence for the reacted fraction, it does not provide(r,t). This model probes the patterns and spatiotemporal
any information on the domain-size distribution. The kineticevolution of the nucleation and growth process and agrees
studies of first-order phase transitions have been devoted {gith experimental data obtained for nucleation and growth in
the characterization and evaluation of correlation functionsemicrystalline polymer films. The dynamic domain-spatial
and their relationship with time-dependent diffraction stud-correlation function directly and simultaneously explores the
ies. Sekimotd 11] evaluated an exact expression, deducedransformed volume fraction, the time-dependent domain-
by Ohta, Ohta, and Kawasaki imdimensiong12], for the  size distribution, and the spatial correlation for the entire
two-point correlation functions related to the crystallizedprocess.
fraction. Axe and Yamadgl 3] obtained an expression of the ~ Experiments were carried out with a common polymer,
grain autocorrelation function in a one-dimensional systemsotatic polyporpylene (iPP, molecular weight M,
and estimated it by Monte Carlo simulation in two dimen- =250,000). A polymer thin film was formed between two
sions. They did not consider spatial correlation, which isglass slides and by pressing the top slide to form a
another very important structural measure for any kind ofl0-um-thick polymer film. A Leitz polarized microscope,
domain growth or ordering. The above efforts are limitedequipped with a Leitz hot stage for polymer film solidifica-
and lack experimental validation. tion was used in the direct observation experiments. In this

Polymer nucleation and growth is a first-order phase tranisothermal solidification study, the temperature is controlled
sition. There are several advantages to studying nucleatiowithin +0.1 °C. JAVA-Jandel Scientific’'s video measure-
and growth phenomena during the postnucleation stage usingent and image processing system was directly connected to
semicrystalline polymer films. First of all, due to the slow the microscope via a charge-coupled-device camera. We fo-
dynamics of polymer crystallization, a deeper quench orus on the postnucleation stage, during which the size of the
larger supercoolingAT=T,,—T.>1~10 °C) is needed for nucleus is greater than Lm and visible under the optical
normal nucleation and growth, so that small thermal fluctuamicroscope for real-timen situ observation and accurate
tions have less effect on the system. Secondly, polymereal-space measurement. To characterize the experimental
nucleation and growth is interface kinetics controlled, anddata and elucidate the governing scaling laws, we propose a

domain-spatial correlation function.
For any droplet pattern, the order parameter is defined as
*Electronic address: bbn5@musicb.mcgill.ca follows:
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FIG. 1. The static domain-spatial correlation function for equal-
size particles where the spatial distributions are (@eliquidlike
state, andb) solidlike state(hexagonal symmetyy

1 if xedroplet domains,

)

PX¥)=10 ifxs droplet domains,

wherex is the position vector. The new domain-spatial cor-
relation function, for an arbitrarily chosen domainvith ii
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FIG. 2. Dynamic domain-spatial correlation function as a func-
tion of distancer, from simultaneous nucleation experiment under
isothermal condition; the crystallization temperature Tg&
=140 °C. See text.

with radiusR, whereH(R—r) is Heaviside's step function;
and G(r)=(1/p) [5[1—f(R)]dR for a polydisperse droplet
pattern with size distribution functiori(R). ThereforeG(r)
represents the domain size distribution function when
<Rpax- (2) Whenr> R, G(r) represents the spatial cor-
relation function of domains and the peak positions are the
same as those of the pair-correlation function of the domain
core centers.

To evaluate the domain-spatial correlation function
(DSCBh, Eg. (3), we generate images where the spatial dis-
tributions are liquidlike[the inset picture in Fig. ()] and
solidlike [the inset picture in Fig. (b)] states. Figure 1
shows the corresponding DSCF’s. The characteristic features
of the DSCF's in Fig. (a) are a broad first peak, a smooth
second peak, and a third peak with an appreciably dimin-
ished intensity, confirming the complete absence of the long-
range order, corresponding to a liquidlike state. Figute) 1
shows that the DSCF’s have pronounced peaks at positions

as the origin of the domain core center, is found by counting:orresponding to a hexagonal close-packé@P) crystal. A

the domains whose position vectors lie within a distadce
from a shell of radiug with center at the origin at timg,
which yields

Gi(r)=(8(r =X —X|) (X)). 2

considerably sharper and narrower first peak compared to the
liquidlike state, a split in the second peak, and the presence
of a distinct third peak in Fig. (b) are the characteristic
features of a solid state. Also, the periodic distance in peak
positions confirms long-range order. The step curves in the
left corner of both Fig. (a) and Fig. 1b) show the equal-

Considering the whole system, the domain-spatial correlatioQ;,« gistribution.

function is the ensemble average of this number for all core

center positions of over all domains placed at the origin:
N
1 I . s
G(r)=;<2 f 5(r—|xi—XI)¢(X)dX>, ()

where p=(1/Q) [ (X)dx is the domain densityx; is the
core center position of the domaif}, is the total geometrical

In the polymer nucleation and growth process, the order
parameter is the spherulitic growth domain, thus

1 if Xxe growth domain at time,

YXD=10 i Xe metastable melt attime ¥

Sekimoto indicated tha,tf(i,t) is connected with the volume

measure in the space, ahlis the total number of the do- fraction of the stable crystallized phasgt), in KIMA for-

mains.

mula[10], which reads as followgl1]:

Considering the droplet patterns in which domains are

isolated from each other, the static domain-spatial correlation

function has the following propertiegl6]: (1) When r
<Rpax and Rpax is the maximum domain size, we get
G(r)=(1/p)H(R—r) for a monodisperse droplet pattern

(P(X,1))=1—x(1)

=exp< —f;dtl(t)\lf(t)), (5)
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FIG. 3. Dynamic domain-spatial correlation function as a func- = 05}
tion of distancer, from continuous nucleation experiment under 04}
isothermal condition, the crystallization temperature T& T 03}
=133 °C. See text. 0.2
0.1
wherel (t) is nucleation rate, an@ (t) is the volume of the
unit hypersphere in the KIMA model. Because the solid frac- 1.0 —e— =4800 sec
tion changes from zero to one during the transformation,  ~ ..l o 156600 sec
N ~ 09 —v— t=8400 sec
#¥(X) is not conserved. T ~—v— t=15600 sec
In the simultaneous nucleation case, polymer crystalliza- 5 81
tion involves a constant growth velocity, and a constant = 07}
nuclei densityl 5. Forr<R(t) and before impingement, the e
domain-spatial correlation function can be expressed as: U
05F (c)
T -1 0.4 ' ' !
exp —§I0V2t3 0.0 0.5 1.0 1.5 2.0
G(r,t)= A H(Vt—r). (6) r/Ry(t)
FIG. 4. Experimental results of the scaling relation,

] ) . ] G(r,t)/G(r=04), as a function of /Ry(t) from continuous nucle-
So, in the free growth stag&(r,t) is a step function with @  ation experiment at isothermal temperatilig=133 °C. (a) The
width of Vt, and the height oG(r,t) decreases with increas- early growth during the postnucleation stage shows a perfect scal-
ing time. After impingement, there is a mixture of isolated ing relation[see Eq.(8)]; (b) growth and impingement with trans-
spherulitic domains and some impinged grain islands, anébrmed fraction less than 0.5; the scaling relation is partially
G(r,t) is a step function, representing the equal-size spherwbeyed. (c) growth and impingement with transformed fraction
litic domains. It is connected with a smooth oblique curvegreater than 0.5; the scaling relation breaks down in late stages of
part that decreases with increasirig representing the growth.

domain-size variation due to impingement.

Figure 2 shows the experimental data involving simulta-
neous nucleation under isothermal crystallization condition
T.=140°C. The data agree with above analysis very well.
For r<R(t) in Fig. 2, the major features af@) G(r=0;)

G(r,t)=

exp| — 3

A

-1
a
——IV2t3)

fr[l—f(R,t)]dR. (7
0

is a decreasing function of time because of increasing trans-

formed area, an(?) the step line part of the DSCF becomes

larger due to spherulitic domains growth. FoeR(t) in Figure 3 shows the domain-spatial correlation functions

Fig. 2, the positions of the first peak and the average intertDSCH for experiments involving continuous nucleation un-

domain center distance remain unchanged because there aler isothermal crystallization condition.= 133 °C. The left

no new domains born during the domain growth process impart of Fig. 3 is the smooth curves of the domain-size dis-

simultaneous nucleation cases. tribution whenr <R, ,,(1). It represents the growth domains
In the continuous nucleation case, the growth velo¥®ity with different sizes and some local impingement structures.

is constant during polymer crystallization. The experimentalThe right part of Fig. 3 is the spatial pair-correlation func-

measuremenfl6] shows that the nucleation rateagrees tion of domain core centers when> Ry,.(t). The first peaks

with the Kashchiev's nucleation kineticgl7]. For r shift slightly to the left with increasing time, which means

<Ra{t) before impingement, the domain-spatial correlationthat the average internuclei distances decrease with increas-

function can be expressed as ing time due to the nucleation of new domai@&(r,t) ap-
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proaches one in an oscillatory manner at very largehich In summary, the above results indicate that the domain-
means that there is no long-range order. spatial correlation function directly explores the time-

It is convenient to introduce a scaling relation similar to dependent domain-size distribution function and the spatial
[13,15: correlation function of domain core centers simultaneously

for the entire process, including the postnucleation, domain

G(r/Ry(1))=G(r,)/G(r=04), (8  growth, and grain formation stages. The scaling relation,

G(r,1)/G(r=0), as a function of /Ry(t), whereRy(t) is

the maximum domain size at time t, has been found from
: ) experimental data. It is exact for free growth during the post-
_G(r,t). Flgu_re 4 ShQWS the experimental results of_the SC"""nucleation stage and also suggests a basis for interpolation
ing correlation funct|on$3(r,t)/G(r=_O,t) as a function of between the impingement stage and grain structures. The
r/ Eg(t)’ ﬁa) frr]\ows tl_hat thlet.expeErlmer}tal datla SUpetrﬁos%omain—spatial correlation function and the direct imaging
when using the scaling relation, E(), for early grow program are suitable to characterize any static droplet pat-

during the postnucleation stageb) shows the case for omg and dynamic processes in a wide range of scientific
growth and impingement when the transformed fraction Sields

less than 0.5; and the scaling relation is partially obeyed:;

shows the case for growth and impingement when the trans-

formed fraction is greater than 0.5, the scaling relation is no This work is supported by research grants from the Natu-
longer exact in the late stages of growth, characterized by theal Science and Engineering Research Council of Canada
emergence of grain structures. and the Ministee de I'Education, Gouvernement du Qee.

where G(r=0t)=p ! is the area fraction of transformed
grains; andRy(t) is the location of the first minimum of
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