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The homogeneous primary nucleation of spherulitic crystallization in isotactic polypropylene (iPP) and
its blends with atactic polypropylene (aPP) was studied. Bulk samples of iPP and iPP/aPP blends were
crystallized isothermally under high undercoolings (~ 100°C) using a specially designed crystallization cell.
In crystallized samples the fifth-order average spherulite radius was determined on the basis of small-angle
light scattering measurements. The parameters for homogeneous primary nucleation were obtained from
the fitting of curves calculated on the basis of theoretical predictions for regime I to the experimental
data. For that purpose the theoretical background for homogeneous nucleation in polymer blends and for
small-angle light scattering by an assembly of impinged spherulites was developed. The results obtained
for homogeneous nucleation in plain iPP are in very good agreement with theoretical predictions. For
iPP/aPP blends it was found that the main reason for depression of nucleation in blends is the additional
energy barrier connected with the separation of components of a homogeneous blend during crystallization

of one of the components (iPP).
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INTRODUCTION

Polymer blends with crystallizable components are
systems of continuously increasing industrial interest. In
most cases the crystallizable component of the blend
forms the spherulitic structure during its crystallization
from the molten state’. The mechanical properties of
blends depend strongly on the spherulitic structure. The
number and the type of primary nuclei of spherulites in
the blends, controlling spherulite sizes and size distri-
bution, appears to be of special importance.

In our previous studies?> we have examined the
heterogeneous and self-seeding modes of primary nucle-
ation in blends of polymers based on isotactic poly-
propylene (iPP). The aim of the study reported here was
to investigate the homogeneous primary nucleation of
iPP spherulites both in plain polymer and in iPP-based
blends. :

Homogeneous primary nucleation of some pure poly-
mers (including isotactic polypropylene) crystallized from
the melt has been investigated by several authors*—®. The
method used in those investigations was the so-called
‘droplet technique’ in which the crystallization of a
polymer proceeds at very high undercoolings in a sample
of polymer prepared in the form of very small, isolated
droplets (~ 1 um in diameter) dispersed in an inert liquid
medium or deposited on a glass surface. The application
of such a technique enables direct determination of the
number of homogeneous nuclei as well as the kinetics of
homogeneous nucleation of a polymer. The results
obtained using this technique confirmed generally some
previous theoretical predictions for homogeneous nucle-
ation in polymers. However, there was a discrepancy
between theoretically predicted and experimentally deter-
mined values of the nucleation constant I,, the pre-
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exponential factor in the Turnbull-Fisher equation. The
experimental values were several orders of magnitude
higher than the theoretical ones.

The study of the homogeneous primary nucleation
process in polymer blends has not yet been reported.
There is an experimental complication in using the
droplet technique to study the nucleation process in
multicomponent systems—no method of dispersion can
assure the uniformity of composition and molecular-
weight distribution of components in all droplets. The
conditions for nucleation in each droplet would be
different and different from those in bulk samples. For
this reason, one is rather forced to study the nucleation
behaviour in bulk samples. The method developed by us
comprises the isothermal crystallization of samples having
the form of thin films (~40 um thick) in a crystallization
cell specially designed to achieve very high undercooling.
At such undercooling the average spherulite size is much
smaller than the sample thickness, so the sample can be
considered as a bulk, three-dimensional sample. The
spherulite sizes in the sample can be studied by smali-
angle light scattering (SALS). The nucleation parameters
were determined on the basis of SALS measurements
performed upon completion of crystallization of the
samples. Mathematical expressions for intensity of light
scattered by a system of size-distributed and truncated
spherulites were developed and used for this purpose.

As an object of investigation the blend of two
polypropylene isomers was selected: isotactic (iPP) and
atactic (aPP). In this blend iPP constitutes the crystallizing
component whereas aPP is unable to crystallize. The
advantage of using such a blend is in the rather simple
interpretation of experimental data because of the
identical chemical composition of both components,
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nearly the same glass transition temperature for both
components, and surface energies of iPP crystals inde-
pendent of the blend composition. For all compositions
the mixture of iPP with aPP constitutes a homogeneous
system in the molten state, with no phase separation.
Samples of plain iPP were additionally studied for
comparison.

THEORETICAL BACKGROUND

Homogeneous primary nucleation and spherulite growth
rate in blends of compatible polymers

The rate of homogeneous nucleation in a homo-
polymer melt is usually described by the well known
Turnbuli-Fisher equation'®1:

%* %*
I=Ioexp<—i?>exp<—ii> 1)

where I, is the nucleation constant, approximated by
nkT/h, where n is the number of crystallizing segments
per volume unit and k and h are the Boltzman and Planck
constants; AF* is the free enthalpy of activation of the
transport of crystallizing segments across the melt—crystal
interface; and AG* is the free enthalpy of formation of a
critical-sized nucleus.

The term AF* is usually approximated by the WLF
equation for viscous flow'*:

AF*  U*
kT ~R(T-T,)

@)

where U* is a constant characterizing the activation
energy of viscous flow (U*=4120calmol~!) and T, is
the hypothetical temperature at which all motion con-
nected with the flow ceases (T,,=T,—51.6K, where T,
is the glass transition temperature). ‘

Assuming a rectangular shape of the nucleus, equation
(1) can be expressed in the form:

320%a, )
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in which ¢ and o, are the lateral and fold-surface free
energies of the lamellae; Ag;=(Ah; AT/T;)f is the free
enthalpy of fusion; Ah; is the enthalpy of fusion; T,
is equilibrium melting temperature; AT=T. —T; and
f=2TNTL+T)'.

Similarly, the equation describing the spherulite growth
rate in a plain polymer (controlled by a secondary
nucleation process) is:

G=G < U* > ox ( 4boaae)
=Gyexp| ————— -
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where G, is a constant and b, is the distance between
two adjacent fold planes. Equation (4) is written here
in the form appropriate for regime IIT crystallization.
Isotactic polypropylene crystallizes according to this
regime at temperatures lower than 137°C!2.

The homogeneous primary nuclei in the melt of the
homogeneous blend have the same nature as in the melt
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of the homopolymer, hence the equation describing the
rate of nucleation in the blend should be similar in form
to equation (3). On the other hand, the concentration of
macromolecules from which a single nucleus is formed
in the blend is lower than that in plain crystallizing
polymer. Also different are the conditions of transport
of crystallizing segments across the melt—crystal interface,
which influences the transport energy barrier. The most
important difference between crystallization in plain
polymer and homogeneous blend is that crystallization
in the blend causes the separation of blend components:
the crystalline phase may consist only of macromolecules
of one blend component. The additional work performed
by the system is connected with that component separa-
tion. Taking the above into consideration, we propose
the following form of the equation for the rate of
homogeneous nucleation in blends:

326%¢

_°_> (5)

U*
I=1I SR -
°"°xp< R(T—%))e"p( (Ag kT

in which I, =I,c’, where I, is the nucleation constant
representative of crystallizable polymer and ¢’ is a factor
dependent on concentration of crystallizable polymer in
the blend, ¢ (¢ < ¢’ < 1). If the nucleation rate is calculated
per unit volume of crystallizable component, the nucle-
ation constant I, should be used instead of I,. In
equation (5), T, = T,—51.6K, where T,, is the glass
transition temperature of the blend; and Ag' = Ag; + Ag,
is the free enthalpy of fusion in the mixture (Ag; is the
free enthalpy of melting of the crystal phase and Ag, is
the free enthalpy of mixing of blend components, both
caiculated per unit volume of crystallizing component in
the blend).

In the proposed equation (5) the concentration of
crystallizing polymer, ¢, does not appear explicitly.
Instead there is the ¢’ parameter depending on c¢. The
reason for this is that the nucleation events occur
preferably in a place where the local concentration of
crystallizing segments ¢’ fluctuates to values larger than
the macroscopic concentration ¢. Some confirmation of
such a concept is given by the investigation of crystal-
lization of linear polyethylene from solution!?, which has
shown that in the case of secondary nucleation ¢’ ~c!/3.
One can expect that a similar relation might be observed
for primary nucleation in multicomponent systems.

The first exponential term in equation (5) describes the
temperature dependence of the transport process. The
transport of the segments that will be attached next to
the forming nucleus proceeds in some limited surround-
ings of that nucleus. The size of such surroundings is at
least of the order of the dimensions of a random coil, i.e.
significantly larger than the nucleus size. Its volume is
occupied by segments of several macromolecules of both
components of the blend, although, as was stated above,
the region is probably richer in crystallizable component
(concentration ¢’) than the blend (concentration c).
Nevertheless, the transport process should be still con-
sidered as transport proceeding in the blend, not in plain
crystallizing polymer. Thus, in equation (5) we introduced
the parameter T, (dependent on the glass transition
temperature of the blend, T,,) instead of T,, which is
proper for plain polymer. Because both parameters, Ty,
and T, depend on composition, the T, used in the
equation should refer to the concentration ¢’ rather than
¢. However, the local concentration ¢’ may be different
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for each nucleus, and in general its value is unknown
and difficult to estimate. We propose to use the values
of T,y and T, connected with the macroscopic concen-
tration ¢ instead of local concentration ¢’. The error
introduced in this way into the calculation should be
very small. In the case of blends of isomers (as in reported
study), T, practically does not depend on the composition
in such systems, so T, =T, (c)=T,u(c').

The free enthalpy Ag’ instead of Ag; appears on the
last term of equation (5). It takes into account the
necessity of local separation of blend components during
formation of a stable nucleus. The blend components are
compatible in the molten state, thus Ag, <0, so the free
enthalpy of separation Ag,= —Ag, is greater than 0, i.e.
the separation requires work. Since Ag;>0, hence Ag’ =
(Ags+Ag,)<Ag, and therefore the energy barrier of a
stable nucleus in a blend of compatible polymers is
greater than in plain polymer. This results in the decrease
of nucleation rate in the blend compared to that in plain
polymer.

An additional assumption is made in the proposed
equation: the surface energies of the crystal growing in
the blend, ¢ and ., do not depend on the blend
composition and are equal to those in plain polymer. In
the blends the values of ¢ and o, are most probably close
to their respective values in plain polymer because they
are mainly the result of surface ordering of the crystal
rather than the crystal environment. In the case of a
blend of isomers the above assumption is, in our opinion,
justified.

Based on a similar consideration one can also describe
the growth rate of spherulites growing from the melt of
compatible polymers by the following equation (written
for regime III crystallization):

E
G=Gy, exp< - U7> cxp( - 4b°00°> 6)
R(T—-T,,) Ag'kT
in which Gy, =c'Gy and Ag’' =Ag;+ Ag,.

The analysis of equations (5) and (6) shows that in
blends of compatible polymers both primary and second-
ary nucleation (which controls the spherulite growth rate)
should be depressed in comparison to a plain polymer
because of significant increase in energy barrier of stable

nucleus formation, connected with the phase separation
phenomena.

Small-angle light scattering by impinged
truncated spherulites

Small-angle light scattering (SALS) appeared to be a
valuable technique for examining certain features of
spherulitic polymers. It has been shown theoretically and
demonstrated experimentally that the Hy SALS patterns
(crossed polars) from unoriented spherulitic polymer film
have the four-leaf clover appearance, with the scattering
intensity showing a maximum at an azimuthal angle
u=45° and at polar scattering angle 6 dependent on the
size of the spherulites!*!5, The angle 6, at maximum
scattering intensity, can be used for determination of the
size of spherulites.

The first theoretical description of the light scattering
pattern of spherulites was proposed by Stein and
Rhodes'*. They based their work on the model of a single
spherulite as a homogeneous sphere with anisotropy of
radial and tangential refractive indices, embedded in a
homogeneous isotropic medium. They used the Rayleigh—
Gans-Debye (RGD) approximation and developed from

the RGD integral the expressions for intensity of scattered
light. For Hy geometry they obtained the following
equation:

Iy, = C cos? p,(R3/U3)*{(a, — a,)[cos?(8/2)/cos 0]
x sin g cos p [4sin U—U cos U—3 Si(U)]}?>  (7)

where C is a constant, o, and «, are the radial and
tangential polarizabilities of scattering elements within
a spherulite, 4 and 6 are the azimuthal and polar
scattering angles, cos p,=cos 6/(cos? 8 +sin? 8 sin? u)!/2,
U =(4n/A)R sin(6/2) and:

Si(U)= J ’ [(sin x)/x] dx.
0

Recently Champion, Killey and Meeten!®, using the
identical spherulite model and the RGD approximation,
derived the spherulite scattering matrix S, on the basis
of which they calculated the expressions for the intensity
of light scattered by spherulites, which are more general
than those obtained by Stein and Rhodes. For Hy
geometry they obtained:

I, = C(R*/U**{2(m—1) sin?(6/2)(sin U — U cos U)
—3$Am[2 + cos?(6/2)]
x [4sin U—U cos U—3 Si(U)]}?*sin? u cos? uu (8)

where m= (n,+ 2n,)/(3n,)=f/n, and Am= (n,—n,)/n,. The
other symbols are the same as in equation (7). The
quantities Am and m are the anisotropy and the mean of
the refractive index of the spherulite relative to that of
the surrounding material (n,), respectively.

At small scattering angles 8 the first term of equation
(8) is negligibly small compared with the second,
provided that Am is similar in magnitude to or larger
than (m—1). Under these conditions equation (8) reduces
to a form equivalent to equation (7), so the Stein—Rhodes
expression is wholly adequate. However, equation (8) is
a better approximation if m—1+#0 and 6 is larger, and
if a spherulite is weakly anisotropic or has a large
mismatch with its surroundings'®.

Although the theoretical equations based on the model
of perfect spherulites!*'% predict well many of the
features of SALS patterns, the experimentally measured
scattering intensities, especially for samples filled com-
pletely with spherulites, were found to differ in detail
from those calculated (see e.g. ref. 17). The experimentally
measured intensity is lower at the maximum and higher
at both smaller and larger angles than that predicted.
Moreover, theory predicts zero scattering intensity at
0=0° as well as at u=0° and 90°, whereas a finite
scattering intensity is experimentally observed. These
discrepancies between theory and experimental results
are attributed to the internal and external disorder of
spherulites within a polymer sample!”. In addition, other
various experimental factors (such as refraction at sample
interfaces and multiple scattering of light inside the
volume of the sample) produce deviations from the
predicted intensity profile.

The influence of internal disorder on the Hy SALS
pattern is described well by the Yoon-Stein theory of
orientational disorder'®. The internal disorder lowers the
scattering intensity at the maximum and increases it at
larger and smaller scattering angles, giving the finite
scattering at 8=0°.

The external disorder includes incomplete spherulite
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development, interspherulitic interference, distribution of
spherulite sizes and their truncation due to impingement
of neighbouring spherulites during their growth.

The effect of interspherulitic interference gives rise to
the sinusoidal modulation of the scattering profile!®.
Such modulation produces some coarseness of the
scattering pattern and can be neglected if the sample
contains a larger number of scattering spherulites.

The distribution of spherulite sizes leads to the
lowering and broadening of the scattering intensity
maximum, and so does the truncation of spherulites2°-23.
The broadening of scattering profile caused by the
truncation of spherulites is much more distinct than that
due to size distribution and gives rise to finite scattering
at =0° as well as at u=0° and u=90°2%23, Moreover,
the effects of truncation and spherulite size distribution
together change the meaning of an average spherulite
radius as determined from SALS. The SALS-determined
average radius appears to be heavily weighted in favour
of larger spherulites?'~23, Tabar et al.???* have found
that the average spherulite radius determined from SALS
is the quotient of averages of n and (n—1) order, where
n varies in the range 4—6 depending on the dimensionality
of the spherulites and the mode of primary nucleation.

We have attempted to describe the SALS by an
assembly of impinged truncated spherulites using a
mathematical description of the spherulitic structure. For
that, we have utilized the description of spherulitic
structure developed recently in our laboratory based on
statistical mathematics®4.

Although the expression for Iy, obtained by Champion
et al.'® on the basis of another approach is more general
than that proposed by Stein and Rhodes!*, we have used
the Stein—Rhodes method to derive the equation for Hy
intensity. The Stein-Rhodes treatment seems to be a
sufficiently good approximation in the case considered
here of a spherulite surrounded by other spherulites with
identical optical properties (i.e. sample filled completely
with spherulites). The refractive index of the surrounding
medium, n,, is very close to the average index of a single
spherulite, 7. In such a case |m— 1| is expected to be of
the order of 10~3 or smaller!*25, hence, most frequently
smaller than the anisotropy of spherulites, An. If the
condition |m—1|<Am is satisfied, for small scattering
angles both Stein—Rhodes and Champion et al. equations
for Iy, are equivalent (see discussion of equation (8)).
The above condition is valid also for the model proposed
here. However, the model is applicable only to those
polymeric systems in which the spherulites have an
anisotropy at least of the order 1073,

Statistical description of spherulite boundaries. The
spherulite size distribution and spherulite truncation are
readily considered within a statistical description of
spherulite structure, in particular in the equations
describing the distribution of distances between the
spherulite centres and their boundary points. Such a
distribution defines the probability p(r) of finding within
a sample filled completely with spherulites a point
belonging to the interspherulitic boundary at distance r
from the centre of a spherulite. All boundary points of
all spherulites in the sample are represented in that
distribution. The positions of boundary points are fully
determined by the effects of impingement of neighbouring
spherulites during their growth, so that the distance
distribution of boundary points consists of overall
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information concerning both spherulite size distribution
and truncation of spherulites in the spherulitic sample.
The distance distributions for cases of two- and
three-dimensional spherulitic structures as well as different
modes of primary nucleation (instantaneous, sporadic
and mixed) are described by the following equations*.

(i) Instantaneous nucleation (in normalized form):
p?(r)=4nD3?r? exp(—nDr?) (9a)

4
3(r)=2(3nD)*? —— exp(—4nDr® 10a
p*(r)=3(3nD) T'2/3) p(—3 ) (10a)
where D is the density of instantaneous nucleation (i.e.
number of instantaneous nuclei per unit volume) and
I'(x) is the gamma function.
(ii) Sporadic nucleation (in normalized form):

20— B\ T <_EJ_’_3>
P (')_3<3G> re3) P\ 36 ©b)

3 E"‘/“ r? (__nJr“)
P (r)_4<3G> TG4 P\ " 36 (106)

where J is the rate of sporadic nucleation (number of
sporadic nucleation events per unit volume per unit time)
and G is the spherulite growth rate.

(iii) Mixed nucleation (in unnormalized form):

J
p*(r)= 2nr<2nD2r +nD é r+ é) exp[ —nr? <D + I—>:|

3G
(%)
DJ J
3(r)=4nr?| 4nD*r* +4n — 3+—)
p>(r) nr(n r n3Gr e
x exp[ —4nr? <D + ﬂ)] (10c)
4G

The formulae (9a)-(9c) describe the distribution for the
case of two-dimensional spherulitic structures, whereas
formulae (10a)-(10c) are for three-dimensional structures,
respectively.

Using the normalized form of appropriate distribution
of distances of boundary points to the spherulite centres,
one can define an nth-order average spherulite radius of
the assembly of spherulites:

(R _ fo r'p(r) dr
(R [ ipr)dr
where n> 1 denotes the order of averaging. The definition
of the average radius given by equation (11) is a

continuous analogue of the discrete definition proposed
by Tabar et al.22:23,

(R = (11)

Light scattering. In the Rayleigh—-Gans-Debye ap-
proximation the amplitude of light scattered by an
anisotropic system is given by the equation:

E.=C J (M- 0), explik(r-s)] d*r (12)

where C is a constant; M is the induced dipole moment
in the scattering element whose position is determined
by the vector r; O is the unit vector perpendicular to the
scattered ray and in the plane of polarization of the light
transmitted by the analyser; k=2n/4 is the wavenumber
(4 is the wavelength in the medium) s=s,—s; denotes
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the propagation vector (s, and s, are unit vectors parallel
to the incident and scattered beams); and d°r is the
differential volume element. The subscript x refers to the
particular orientation of polarizer and analyser.

In early models the integration was conducted over
the volume of a single spherulite; hence those models do
not take into consideration the effects of either spherulite
size distribution or spherulite truncation in the polymer
sample.

In order to consider those effects we introduce here
the concept of a representative of the sample ‘mean’
spherulite. The basic idea of the proposed approach is to
substitute the assembly of size-distributed and truncated
real spherulites (generally not centrosymmetric in shape)
completely filling the volume of sample by a single
centrosymmetric model spherulite built from anisotropic
elements having radial and tangential polarizabilities
identical to the elements within the real spherulites
(similar to Stein’s model of perfect spherulite’**%). The
most important feature of this new object is that it has
infinite dimensions, and that the amplitude of light
scattered by any element is modified by the weight
dependent on the position of that element within the
model spherulite. The weight for scattering is determined
by the probability p(R) that in particular direction R in
the sample one finds an interspherulitic boundary located
at distance |R| from the centre of a spherulite. Such a
probability can be approximated by the normalized
distance distribution of boundary points, p(R), presented
in the previous section. As was mentioned earlier, the
distribution p(R) includes the overall information on size
distribution and truncation of spherulites averaged over
all directions and all spherulites within this sample.
Owing to the weighting procedure, that information will
be transferred to the calculated scattering pattern. One
must remark, however, that the probability given by the
distance distribution depends only on the distance R from
the spherulite centre and not on the direction within the
sample. Also the scattering by a real sample is produced
by a limited number of neighbouring spherulites, not by
the infinite sample as in the statistical description. As a
consequence, the proposed approach will not predict
satisfactorily all the details of the scattering profile.

We propose the following equation for the Hy ampli-
tude of scattered light produced by a representative
‘mean’ spherulite (three-dimensional case):

E =c J i p%R)(fR J " f (M-O),
R=0 r=0 Ja=0 J¢=0

x exp[ik(r-s)}r? sin o da d¢ dr) dR (13a)

The three internal integrals over ¢, « and r, respectively,
represent the scattering by a single ideal spherulite having
radius R as derived by Stein and Rhodes!4. Thus:

E?‘lv = '[ pa(R)Esingle(R) dR

0
=C(x, —0a,) cos p, sin u cos u [cos?(6/2)/cos 6]
x fw p*(R)R3/U3)[4sin U —U cos U—3Si(U)]dR
° (13b)

where k is a constant and the other symbols are the same
as in equation (7).

However, in equation (13) the interpretation of R is
different than in Stein’s model. The radius R now
describes the sequence of scattering elements in the model
‘mean’ spherulite starting from its centre and ending at
the distance R, and to which the weight p*(R) is ascribed.

The model has a flaw because the representative ‘mean’
spherulite is centrosymmetric while truncated spherulites
show in general a lack of a centre of symmetry. It was
shown?? that lack of a centre of symmetry in truncated
spherulites leads to finite scattering at 6=0°, but
otherwise does not change the scattering pattern. Our
model predicts zero scattering intensity at that angle,
similarly to the perfect spherulite model'*!>. For the
same reason the intensity profile along azimuthal angle
u has for the proposed model a shape similar to the
profile resulting from the perfect spherulite model, with
zero intensity at u=0° and 90°. The scattering patterns
of non-centrosymmetric structures, such as truncated
spherulites, have a different profile along p—broader
and with finite scattering intensity at y=0° and 90°22-23,

The main advantages of the proposed model are the
relative simplicity of the calculations and the possibility
of the correlation of the intensity profile directly with
the parameters of primary nucleation and growth of
spherulites. These parameters, which determine the shape
of the spherulitic structure, are present in the distribution
P(R).

Typical calculated intensity profiles are depicted in
Figures 1a and 1b for two- and three-dimensional cases,
respectively. The intensity curves for a single non-
truncated spherulite calculated using Stein’s model are
also plotted for comparison in those figures. It is seen
that, in all considered cases of dimensionality of the
system as well as nucleation modes, the profiles of
intensity of Hy light scattering differ markedly from those
calculated for perfect single spherulites with equal
dimensions (R, = (R>). One of the differences is that
for our model the higher-order peaks are not present in
the scattering intensity curve. Instead the first-order
peak has a tail at higher values of reduced variables
w=(2n/A)(R) sin f (two-dimensional case) and U=
(4n/A){R> sin(f/2) (three-dimensional case). Another,
most important, difference is that the positions of the
maxima of scattered light intensity in the presented model
are located at lower values of w and U than the position
of the first-order maximum for the respective perfect
spherulite. This leads to the conclusion that the number-
average spherulite radius (R) is not an adequate
parameter for the purposes of light scattering.

Our calculations show that for two- and three-
dimensional spherulite structures the average radii (R, ) =
(R*/KR? (as defined by equation (9)) and (Rs>=
{R3Y/{R*) should be used, respectively. An illustration
of the above is given in Figures 2a and 2b, in which the
intensity profiles as in Figure 1 are replotted against
reduced variables w, = (2n/4){R,) sin 8 (two-dimensional
case, Figure 2a) and Ug=(4n/A){Rs) sin(6/2) (three-
dimensional case, Figure 2b). It is seen that the maxima
predicted by our model and by the perfect spherulite
model coincide at the same value of reduced variables:
w,=3.9 (two dimensions) and U =4.1 (three dimensions).
Such coincidence takes place independently of the values
of nucleation parameters used for calculations (i.e. of size
of spherulites). Moreover, the calculations show that the
shape of the intensity curve plotted versus w, or Us,
respectively (for a given dimensionality), depends very
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Figure 1 Typical Hy SALS intensity profiles at p=45° calculated
using the proposed model (full curve), plotted against the reduced
variables (@) w=(2x/A){R) sin @ (two-dimensional case) and (b)
U =(4n/A){R) sin(6/2) (three-dimensional case), where R is an average
spherulite radius. The profiles calculated according to the perfect
spherulite model for spherulites with radius R={R) are also shown
(broken curves). (a) Two-dimensional spherulitic structure: values
of D=10°% nuclei/cm?, I=2x10° nuclei/cm®s, G=1ums™' and
R=228 um were assumed for calculations. (b) Three-dimensional
spherulitic structure: values of D = 10'° nuclei/cm3, I = 101° nuclei/cm?s,
G=1pms ! and R=2.38 ym were assumed

little on the mode of nucleation and on the values of
nucleation parameters (in the range studied).

On the basis of the above considerations, one can
conclude that the average spherulite radius determined
by the SALS measurements is not the number-average
but the nth-order average spherulite radius (R,>. The
value of n depends only on the dimensionality of the
spherulite structure: n=4 for assemblies of two-dimen-
sional spherulites and n=35 for assemblies of three-
dimensional spherulites. Such a conclusion is in good
agreement with that drawn previously by Tabar et al.22:23
on the basis of computer simulation.

The average radii {R,) (n=4 or 5) can be determined
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directly from the angle of maximum scattering intensity

using formulae similar to those known from perfect
spherulite models:

two-dimensional case

394
Ry=— " 14
Rer = sin0s) (142)
three-dimensional case
4.1
Rs)=——F—— (14b)
47 8in(6,,,,/2)

Although the average radii (R, ) and {(Rs), appropriate
for dimensionality of the sample, are independent of the
type of nucleation, the number-average radius (R)
depends on it. Thus, the ratio (R,>/{(R} depends on the

arbitrary units)

.
?

I =459
u, (P

arbitrary units)

I =45°
u, (b

1 T
0 4 8 12 U
Figure 2 The Hy SALS intensity profiles at u=45°; the same as in
Figures 1a and 1b but replotted against reduced variables: (a) w,=
(2r/AYX R, sin 8, two-dimensional structure; (b) U s = (4n/A){R ) sin(6/2),
three-dimensional structure. The profiles calculated according to the
perfect spherulite model for spherulites with radius R=(R,) (two

dimensions) and R={R;) (three dimensions) are also shown (broken
curves)
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type of nucleation or on the ratio of instantaneous to
sporadic nuclei numbers in the case of mixed type of
nucleation. The range of this variation is 1.47-1.50 for
two-dimensional systems and 1.25-1.33 for three-dimen-
sional systems, respectively. The limits of the variation
are given by the values for pure instantaneous and
sporadic nucieation modes. Only in such extreme cases
can one determine precisely from the SALS data both
{R,> and (R} average radii. In the case of mixed
nucleation, if the fractions of sporadic and instantaneous
nuclei are unknown, the average radius (R,> can be
determined precisely but the radius (R) can only be
estimated because the ratio {(R)/{R,> depends on the
ratio of sporadic to instantaneous nuclei numbers.

In the proposed model the Hy scattering pattern is fully
determined by the parameters of primary nucleation and
growth rate of spherulites, which control the shape of
the spherulitic structure within the sample and hence also
the distribution p(R). Because the position of the
maximum of scattering intensity in Hy pattern depends
on primary nucleation parameters, it is possible to
estimate them on the basis of the SALS data.

Determination of primary nucleation by
SALS measurements

The truly instantaneous or truly sporadic (with single
-nucleation rate) modes of nucleation are observed experi-
mentally very rarely. In most cases of polymeric materials
and crystallization conditions, the nucleation process can
be approximated with a mixed mode.

The boundary points distribution p(r) for mixed
nucleation mode in a three-dimensional sample is given
by equation (8c). It depends on density D of instantaneous
nuclei, sporadic nucleation rate J and spherulite growth
rate G.

The average spherulite radius (R, defined by equation
(9), in such a case is also a function of those three
parameters: {Rs>=f(D,J, G). However, the sporadic
nucleation rate J and the spherulite growth rate G appear
in equation (8c) always as a ratio J/G. Thus, the number
of independent variables reduces to two: D and J/G. It
follows then that at least two independent experimental
values of (Rs) are needed for a successful application of
the SALS technique to the study of primary nucleation.
We suggest the ‘best fit” of (R5) over the temperature
range of crystallization as a more precise solution.

All primary nuclei formed during polymer crystalliz-
ation can be classified into three types: homogeneous,
heterogeneous and self-seeded. The theory predicts that
homogeneous nucleation is sporadic (with constant rate
dependent on temperature of crystallization), whereas
heterogeneous and self-seeding nucleations may exhibit
more complicated behaviour (see e.g. ref. 11). The
heterogeneous nuclei can appear as sporadic (with some
spectrum of nucleation rates) or instantaneous, dependent
on the type of heterogeneities inducing the nucleation
(the substrates) as well as their surface geometry. The
self-seeding nucleation behaves similarly. Experimental
observations show that at low and intermediate super-
coolings the heterogeneous and self-seeded nuclei are
most frequently instantaneous or almost instantaneous
(with some induction time)!!. Detailed study of nucleation
in poly(3-hydroxybutyrate) (PHB)?® showed, however,
that all nucleation types are in fact sporadic, although
the heterogeneous and self-seeding nucleations have
much higher nucleation rates than homogeneous nucle-

ation; for example heterogeneous nuclei formed on
saccharin crystals have nucleation rate approximately
2-3 orders of magnitude higher than homogeneous nuclei
formed at the same temperature. One can expect that for
other nucleants and/or polymers such differences may be
even higher. As a result, the heterogeneous nuclei are
frequently observed as instantaneous.

Another property of the heterogeneous and self-seeded
nuclei is that their number is limited in a given sample
independently of crystallization conditions. The popu-
lation of these nuclei is limited to the number of
heterogeneities present in the volume of the sample as
well as the number of sites in which the pre-existing
crystal ordering was not completely destroyed during the
melting and melt-annealing prior to crystallization.

Taking the above into consideration, one can assume
that during crystallization proceeding at very high
supercooling the homogeneous nucleation is sporadic
in time, whereas the heterogeneous and self-seeding
nucleations are instantaneous (a few or more orders of
magnitude difference in the rates of homogeneous and
heterogeneous nucleations is in our opinion sufficient
support to make the above assumption here). Moreover,
for sufficiently high supercooling, the number of hetero-
geneous and self-seeded nuclei in a given sample is
constant because of the saturation effect—all potential
nuclei are active. On the other hand, the homogeneous
nucleation rate depends only on the crystallization
temperature. The final number of nuclei of this type
depends only on time from start to completion of
crystallization.

Summarizing, the assumptions made here mean that
the sporadic nucleation rate J in equations (9) and (10)
can be substituted by the homogeneous nucleation rate
I, alone, expressed by equations (3) and (5) for a plain
polymer or blend, respectively. The density D of instan-
taneous nucleation can be approximated by the sum of
the numbers (per unit volume) of heterogeneous and
self-seeded nuclei active for given melting and crystalliz-
ation conditions. If the melt-annealing temperature and
time prior to crystallization are sufficiently high, all
self-seeded nuclei are destroyed, and thus D is represented
only by the density of heterogeneous nucleation.

It follows from equations (3), (4), (5) and (6) that, in
plain polymer:

J_ 1 _ I exp[ —320%0,/(Ag;)*kT]

R, (15)
G G G, exp(—4byo0,./AgikT)

and in a compatible blend:
J_ I I, exp[ —320%0,/(Ag')?kT] (16)

G G G, exp(—4byos /AgkT)

It is apparent that J/G does not depend on the transport
properties in a material and depends only on the energetic
conditions of formation of stable primary and secondary
nuclei. On the basis of the above equations and equations
(10c) (the case of mixed nucleation; normalized) and (11),
it is possible to calculate a theoretical dependence of
fifth-order average spherulite radius (R5) on crystalliz-
ation temperature for plain polymer and for the blend.
The unknown parameters of the equation describing the
case of plain polymer are now D and I, (both independent
of temperature) instead of D, I(T) and G(T). All other
parameters, i.€. 6, 6., T, Ags, Gy and b, are known or
could be determined on the basis of separate experiments.
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For the blend, the unknowns are D and I, (I, is the same
as for plain polymer) and additionally the free enthalpy
of mixing of blend components Ag,. Assuming different
values of these parameters, the calculated curve (Rs) vs.
T can be fitted to the curve obtained experimentally. As
a result of such a procedure, the ‘best-fit’ values of
.nucleation constants D (heterogeneous and self-seeding
nucleation density), I, (homogeneous nucleation rate
constant) and Ag, (free enthalpy of mixing of components
in the blends) can be determined.

EXPERIMENTAL

The materials used in this study were: isotactic poly-
propylene, iPP (RAPRA, iPP1, M_,=3.07x10°, M =
1.56 x 10*, p=0.906gcm™3, melt flow index=39g/
10 min), and atactic polypropylene, aPP (Polish product,
M, =24x10* p=0.855gcm3).

Before blending, the atactic n-heptane-soluble fraction
was removed from commercial iPP by extraction. Blends
of iPP (purified in such a way) with aPP, containing 0,
10, 20 and 30 wt% of aPP, were prepared by dissolving
both polymers in the desired proportion in boiling xylene,
followed by precipitation with excess methanol. The
powders obtained were washed with acetone and dried
under vacuum. The powders were then compression
moulded into 40 um thick foils in a laboratory press
(P=50atm, T=220°C, t=10min). After compression
moulding the foils were quickly cooled down using liquid
nitrogen in order to minimize the phase separation
induced by crystallization. Samples in the form of circles
5mm in diameter were cut out from the foils. A set of
samples with different composition was placed in an
aluminium spacer 40 um thick possessing circular holes—
one hole for each composition—itted for the samples
and sandwiched between two thin (5 ym thick) aluminium
foils. In order to reduce the effect of fluctuations in
thermal treatment, at least three sandwiches were crystal-
lized for each crystallization temperature studied. Before
crystallization the samples were melted and melt-annealed
at 190°C for Smin in order to restore the homogeneity
of the blend. Then they were quickly transferred to the
special crystallization cell maintained at a constant
temperature within the range +60 to +82°C. The
temperature of the cell was controlled using an electronic
control unit with accuracy of +0.05°C. The crystalliz-
ation cell comprised two opposing cylindrical aluminium
blocks (15cm in diameter, 10cm high) equipped with
electrical heaters and temperature sensors connected to
the temperature control unit. The surfaces of the blocks
contacting the samples were carefully polished in order
to improve thermal contact. The blocks were pressed
quickly and firmly against each other (the force was
~10kg) immediately after placing the samples between
them. Owing to the small heat capacity of the samples,
the large heat capacity of the cell and precise control of
its temperature, as well as very good thermal contact
between the samples and the cell via thin soft aluminium
covering foils, the sample could be cooled down very
quickly. Isothermal conditions were reached within the
sample volume in less than 0.5 s after transferring it to the
cell, as independently measured by a copper—constantan
thin thermocouple placed inside the sample. That time
is more than one order of magnitude shorter than the
time needed for complete crystallization of iPP at those
temperatures, estimated on the basis of published data'!.
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Samples crystallized at different temperatures were
investigated using the small-angle light scattering (SALS)
technique in order to determine the fifth-order average
spherulite radius (Rs) from the Hy scattering pattern.
A He-Ne laser (A=632.8nm) was used to generate the
scattering patterns. The Hy scattering light intensity
distribution along scattering angle @ was measured at
fixed u=45° directly using the goniometer with photo-
detector connected to the recorder.

For each blend composition and crystallization tem-
perature, three or more samples were studied. On the
basis of the measured scattering angle of maximum
intensity, 0, the values of (R;) for each sample were
calculated using equation (14b). Then the mean values
of (R) were calculated for each blend composition and
crystallization temperature. The absolute error of the
values of average spherulite radii determined in that way
did not exceed +0.5 um.

On the basis of the SALS-determined dependence of
{Rs) on the crystallization temperature, the instan-
taneous nucleation densities and the sporadic nucleation
rates were estimated according to the procedure proposed
in the previous section.

As was stated in the theoretical section, the justification
for using a procedure based on the proposed model
(similar to the use of Stein’s equations for a single
spherulite) is that the spherulite anisotropy relative to
the surrounding material, Am, is larger than in—1|, i.e.
it is of the order of 10~3 or larger.

We determined the value of Am for iPP spherulites
(grown from molten plain iPP or the mixture of iPP with
aPP) on the basis of estimates from the literature data
only, because direct measurements of spherulite ani-
sotropy in the studied iPP and iPP/aPP samples, in
which rather weakly anisotropic spherulites completely
fill the sample volume and have sizes of only a few
micrometres (i.e. much less than the sample thickness),
are extremely uncertain. Spherulites in polypropylene
crystallized below 137°C have anisotropy An=(n,—n,)
ranging from +0.001 to +0.004 (higher values are
associated with lower crystallization temperatures)?’.
Because in the present study the crystallization of the
samples was conducted at very low temperatures, the
value close to 0.004 should be used for estimation of Am.
The average refractive index of polypropylene, n,, ranges
from 1.471 to 1.525 depending on the degree of crystallinity
(from 0%, i.e. fully amorphous material, to 100%,
respectively)?®. Hence, Am=~0.0026-0.0027, which is
larger than m— 1 (postulated?’ to be equal to or less than
10~3), which suggests the applicability of the procedure
proposed in this paper for analysis of the SALS experi-
mental data obtained for the studied iPP and iPP/aPP
blend samples. On the other hand, taking An=0.001,
then Am can be estimated as 0.00066 only, i.e. the
condition Am>m— 1 is not satisfied. Assuming this lower
value of Am and m — 1 =0.001 (upper limit for a spherulite
surrounded by other identical spherulites, postulated in
ref. 25), we have calculated the intensity of light scattered
by a single spherulite, Iy, using two equations, i.e. that
given by Stein and Rhodes (equation (7)) and that given
by Champion et al. (equation (8)). For those values of
Am and (m—1), both equations predict practically the
same profile of the intensity of scattered light with
identical location of the maximum (U =4.1). This shows
that the Stein—Rhodes approach is still adequate even
under the extreme conditions assumed here. This in turn
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suggests the applicability of the procedure proposed in
this paper to analyse the SALS experimental data
obtained for iPP and iPP/aPP blend samples.

Some supplementary measurements of spherulite growth
rate and melting temperature of iPP and iPP/aPP blends
were performed. The radial growth rate of spherulites
was determined using a light polarizing microscope
equipped with a hot stage (the temperature of which was
controlled with an accuracy of 0.1°C) and TV camera.
For that purpose samples of blends placed on microscope
slides and covered with cover glass were melt-annealed
at 220°C, and then crystallized isothermally on the
microscope hot stage at temperatures within the range
121-132°C. In appropriate time intervals the spherulite
diameter was measured directly on the TV monitor and
the growth rate was calculated.

In order to determine the melting behaviour, the iPP
and the samples of blends were crystallized isothermally
in a d.s.c. cell (Perkin—Flmer DSC 2B) at temperatures
in the range 119-131°C. After completion of crystalliz-
ation the samples were heated at 10°C min ! in order to
observe melting. The melting temperature of each sample
was determined as the temperature of the maximum of
the melting peak. On the basis of the observed melting
temperatures as functions of crystallization temperature,
the equilibrium melting temperature of iPP, T, and its
depression in the blends were calculated!!.

RESULTS AND DISCUSSION

Figure 3 shows the dependence of fifth-order average
spherulite radius {(R) on the crystallization temperature
for iPP and iPP/aPP blends, determined on the basis of
SALS measurements. It is seen that for each composition
the shapes of the curves are similar. On each of these
curves three regions can be distinguished: for highest
crystallization temperatures (smallest undercoolings, AT)
all the curves are flat and {R;) is almost independent
of T, for lower crystallization temperature (AT increased)
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Figure 3 Dependence of the average spherulite radius (Rs) on the
crystallization temperature T in the samples of iPP and iPP/aPP
blends: (Q) iPP; ([1) iPP/aPP, 9:1; (A) iPP/aPP, 8:2, (¢) iPP/aPP,
7:3. The full curves represent the ‘best-fit’ curves calculated for the
nucleation parameters reported in Table 2
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Figure 4 The model curves of the dependence of the average spherulite
radius on the crystallization temperature. The curves were calcu-
lated from equations (8c), (9) and (13) assuming various values of
instantaneous nucleation density D (D,;=10® nuclei/cm?®, D,=10°
nuclei/cm?, D, =10'° nuclei/cm?®) and sporadic nucleation constant I,
(full curves, 103° nuclei/cm?s; broken curves, 1037 nuclei/cm3s)

{Rs) depends strongly on temperature and decreases
with the decrease of T; and for lowest crystallization
temperatures the dependence of (R > on T is again weak.

Figure 4 shows examples of model curves of (Rs) vs.
T calculated for various assumed values of the instan-
taneous nucleation D and the sporadic nucleation rate
constant I, both independent of 7. Other parameters
used in the calculations were typical for isotactic poly-
propylene. The shapes of the model curves are similar to
the shapes of the experimental ones. It is seen that for
smallest undercooling the sporadic nucleation is weak,
so the spherulite radius is controlled by the instantaneous
nucleation (whose density is independent of tempera-
ture); thus the curve of {(Rs> vs. T is flat in that range
of temperature. With increased undercooling, the number
of sporadic nuclei increases markedly and finally becomes
larger than the number of instantaneous nuclei. That
results in a strong decrease of (R5). With further increase
of undercooling, the rate of sporadic nucleation con-
tinuously increases, but the number of spherulites increases
much more slowly because of the simultaneous decrease
of time for spherulite nucleation and growth. As a result,
the dependence of (Rs> on T is not as strong as for
intermediate undercoolings.

For fitting the calculated curves {(Rs)> vs. T to the
experimental data, it is necessary to know the following
material constants for iPP: equilibrium melting tempera-
ture Ty, enthalpy of fusion Ak, crystal surface energies
o and o, spherulite growth rate constant G, and distance
of fold planes b,. All these data are known from published
reports (see e.g. ref. 11). However, a large variety of values
of T2, 6. and G, for iPP exist in the literature. For this
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reason we determined the values of those parameters for
iPP used in this study on the basis of independent
experiments.

The value of Ty, for iPP was determined from the
dependence of melting temperature on the temperature
of isothermal crystallization, presented in Figure 5.
Additionally, the depression of the melting temperature
in the blends was also determined. The results are
presented in Table 1. The value of T, =191°C determined
was used in further calculations.

In Figure 6 the measured growth rates of spherulites
in plain iPP as well as in iPP/aPP blends are plotted
against crystallization temperature. From Figure 6 the
values of g, and G, were calculated for plain iPP based
on equation (4) in logarithmic form. Regime III crystal-
lization and values of U*=4120calmol !, T,=-12°C,
Ah;=1.96 x 10° ergcm ™2 and o=11.5ergcm ~ 3 were as-
sumed'®!2, Depending on the assumed fold plane, the
following results were obtained:

(i) (110) fold plane (b, =6.26 A)
6,=86.1ergem ™3
Go=1.17x10°cms™?!

(i) (040) fold plane (by=5.24 A)
g.=1029ergecm™
Go=1.17x10°cms™*

3

Both (i) and (ii) sets of by, o, and G, values were used
in the calculations of theoretical dependences of {Rs)
on T from equations (10) (normalization performed), (11)
and (15). Varying the values of the instantaneous
(heterogeneous plus self-seeding) nucleation density D
and the sporadic (homogeneous) nucleation rate constant
I,, the calculated curves were fitted to experimental data
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Figure § The dependence of the observed melting temperature on the
temperatures of isothermal crystallization for iPP and iPP/aPP blends:
(Q) iPP; (O) iPP/aPP, 9:1; (A) iPP/aPP, 8:2; (&) iPP/aPP, 7:3

MELTING TEMPERATURE (°C)

Table 1 Equilibrium melting temperatures T'g, of iPP and its depression
in the blends

Composition T2, T, (°C) AT=T%~T, (°C)
iPP 191 0

iPP/aPP, 9:1 190.5 0.5

iPP/aPP, 8:2 189.4 1.6

iPP/aPP, 7:3 188.6 24
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Figure 6 The dependence of the spherulite growth rate on the
temperature of isothermal crystallization for iPP and iPP/aPP blends:
(O) iPP; (O) iPP/aPP, 9:1; (A) iPP/aPP, 8:2; (&) iPP/aPP, 7:3

Table 2 ‘Best-fit’ values of athermal nucleation density D, homo-
geneous nucleation rate constant I, and free enthalpy of mixing Ag,
calculated for iPP/aPP blends

D Iy Ag,
Composition (cm~3) (cm™3s71) (ergem™3)
iPP 9.6 x 108 9.5%x 1038 -
iPP/aPP, 9:1 7.0x10° —5.0x10°
iPP/aPP, 8:2 40x108 —7.5x10°
iPP/aPP, 7:3 2.8x 108 —9.0x 108

for iPP. Good fits were obtained when the (040) fold
plane was assumed, whereas under the assumption of a
(110) fold plane it was not possible to fit satisfactorily
the calculated curves to the experimental data for any
values of D and I,. The possible cause of this is that at
high undercooling polypropylene crystallizes according
to regime II1*2. In this regime the chains may fold not
only in the (110) plane (which is preferred in regime I)
but frequently also in other than (1 10) planes, including
the most probable (040) plane (see ref. 12). At high
undercoolings the (0 4 0) plane may become a major plane
of crystal growth.

The ‘best fit’ is achieved for D=9.6 x 108 nuclei/cm?
and I,=9.5 x 10* nuclei/cm?s ((04 0) fold plane assumed
in calculations of o, and G,). The homogeneous nucleation
rate constant I, is valid according to the proposed model
for both plain iPP and its blends with aPP. Its value is
close to that predicted by theory, i.e. 103* nuclei/cm?3s°,
and seems to be reliable. In previous investigations of
homogeneous nucleation in plain polymers by the droplet
technique®8, the estimated values of I, were several
orders of magnitude higher.

Using determined homogeneous nucleation rate con-
stant I, the fitting procedure was also performed for
iPP/aPP blends. The ‘best-fit’ values of D, I, and Ag,,
for iPP and iPP/aPP blends are summarized in Table 2.
The data presented in this table show that the absolute
value of the free enthalpy of mixing |Ag,| increases with
increasing content of aPP in the blend, which is in
accordance with the predictions?®.

In order to test the reliability of the determined
parameters and the proposed approach to homogeneous
nucleation in blends, the values of Ag, were compared
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with values of Ag, estimated on the basis of the results
of independent experiments. The free enthalpy of mixing
was calculated from the depression of melting tempera-
ture in the blend, AT,,, using the following equation>°:

Agy=—Ah(AT,/Tr)

The values of Ag, were also estimated independently
from spherulite growth rates in the iPP/aPP blends.
Equation (6) was used in those calculations.

A comparison of the Ag, values obtained from the
procedure of nucleation-constant determination, melting-
point depression and growth-rate depression is sum-
marized in Table 3. It is seen that all three independent
sets of Ag, do not differ markedly. This indicates that
the presented approach to homogeneous primary nucle-
ation in blends is correct. Using the parameters I, and
Ag,, reported in Table 2, the homogeneous nucleation

Table 3 The free enthalpy of mixing Ag, calculated per unit volume
of iPP in the blend estimated on the basis of the measurements of
nucleation constant, melting-point depression AT, and spherulite
growth rates G in the iPP/aPP blends

Ag,, x 1076 (ergcm ~3) estimated from
measurements of

Primary
Composition AT, G nucleation
iPP/aPP, 9:1 -20 -20 -50
iPP/aPP, 8:2 —6.5 —4.0 -175
iPP/aPP, 7:3 -10.0 -5.0 —-9.0

N
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Figure 7 The rates of homogeneous nucleation in iPP and in iPP/aPP
blends, calculated per unit volume of iPP in the blend (equation (5);
I, and Ag, taken from Table 2), plotted against crystallization
temperature

rates I, calculated per unit volume of iPP present in
the blend, as a function of crystallization temperature
for different blend compositions were calculated from
equation (5). The curves determined in this way are
plotted in Figure 7. It is seen that at any fixed temperature
of crystallization the rate of homogeneous nucleation
decreases with increasing content of aPP in the blend.
The cause of this decrease is the phase separation of blend
components necessary for the formation of primary nuclei
and growth of iPP crystal phase. The separation is
connected with overcoming the additional energy barrier,
which increases with the increase of the concentration of
aPP in the blend. Moreover, the rate of homogeneous
nucleation calculated per unit volume of the blend (not
iPP in the blend, as above) is also lowered due to the
decrease of the concentration of crystallizable macro-
molecules of iPP in the system.

The results presented in Table 2 show also that the
instantaneous nucleation, being the sum of heterogeneous
and self-seeded primary nucleations, is depressed in the
presence of aPP in the blend, although not as strongly
as for homogeneous nucleation. However, the hetero-
geneous and self-seeding nucleations are not as sensitive
as homogeneous nucleation to the changes in energy
barrier for crystal nucleus formation!. In our opinion,
the changes in the number of heterogeneous and self-
seeded nuclei in the blends compared with plain iPP are
induced mainly by the changes in concentration of
crystallizing polymer in the blend.

CONCLUSIONS

On the basis of the results presented in this paper, the
following conclusions can be drawn.

A method for studying homogeneous nucleation and
other modes of primary nucleation of spherulites in plain
polymers and in polymer blends crystallized in bulk was
developed and tested.

An average spherulite radius (Rs) in a polymer
sample, which is an experimentally measured quantity,
is determined by the total number of primary nuclei
formed during crystallization and by the mode of primary
nucleation. For higher crystallization temperatures, prac-
tically all nuclei are heterogeneous and self-seeded, so
their number determines (R, )>. With decreasing tempera-
ture of crystallization, homogeneous nucleation becomes
stronger and finally the number of such nuclei exceeds
the number of other nuclei (in plain iPP, without
nucleating agents, this occurs near T, =80°C). However,
the number of homogeneous nuclei formed during
crystallization does not depend simply on the rate of
nucleation I but on the quotient of the nucleation rate
to the spherulite growth rate, I/G. In this way the quantity
I/G controls (Rs) in samples crystallized at lower
crystallization temperatures.

It was found that the homogeneous nucleation rate
constant I, for iPP is close to 9.5 x 10 nuclei/cm?s,
which agrees very well with the theoretical prediction®.
In the case of homogeneous nucleation in blends
calculated per unit volume of iPP in the blend, the same
value of I, can be used.

The decrease of the homogeneous nucleation rate [ in
blends compared with plain iPP is caused by the decrease
of the concentration of crystallizing macromolecules and
by the presence of an additional energy barrier for the
formation of stable nuclei in the blend. The energy barrier
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is connected with the necessity of phase separation of the
homogeneous blend during formation of the nuclei. The
influence of this barrier on the nucleation rate in blends
is much stronger than the influence of changes in
concentration of crystallizing component.

The presence of aPP in the iPP/aPP blends also

induces some decrease in the number of heterogeneous
and self-seeding nuclei.
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