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Abstract

The kinetics of secondary crystallization during spherulite growth of isotactic poly(propylene) (iPP) and poly(vinylidene ¯ouride) (PVF2)

is studied using a novel technique that employs a micron size X-ray beam. The data are combined with separate conventional simultaneous

on-line SAXS/WAXS measurements and optical microscopy studies. In our experiments, crystallization takes place at low undercooling so

that slowly growing large single spherulites are obtained. The data reveal that the main mechanism of secondary crystallization is the growth

of new lamellae stacks within remaining amorphous regions. It is shown that a substantial amount of crystallites form as a result of secondary

crystallization while the spherulite is growing. Furthermore, secondary crystallization is strongest directly behind the boundary of the

spherulite and is independent of its size or growth state. A separate, off-line microfocus study on a quenched spherulite sample con®rms

this observation; the crystallinity is higher in the main body of the spherulite and lower near the boundary, where crystallization progressed to

a lesser degree. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

During isothermal crystallization of polymers from the

quiescent melt, one often observes the formation and growth

of spherulites or other morphological entities. A spherulite

consists of crystal lamellae and noncrystalline regions; thus,

the crystallinity within these morphological units is usually

far less than 100%. The ®rst step of the crystallization

process, when the spherulites grow until they impinge on

each other is denoted as primary crystallization. A secondary

crystallization process can be observed when the sample is

completely composed of spherulites. At this time, an increase

in crystallinity can only occur within the spherulitic macro-

structure [1]. In principle, secondary crystallization can

involve thickening of the crystals, growth of new lamellae

within or between existing lamellae stacks, and growth of

entire new lamellae stacks from remaining amorphous regions

within the spherulites. A re®nement of existing crystals

through the removal of lattice defect distortions is also

possible.

Often, Avrami's theory is used to interpret the sigmoidal

shape of the crystallization curve [2]. The theory, however,

assumes that the crystallinity within the growing entities is

constant during spherulite growth and unsuccessfully

describes the later state of primary crystallization. There-

fore, the Avrami equation has been modi®ed to account for

secondary crystallization [3±5].

The nature of secondary crystallization was studied in a

number of real time experiments and scattering methods,

such as small- and wide-angle X-ray scattering (SAXS

and WAXS), and light scattering (LS) were widely used

[6±10]. Sometimes these methods were combined with

differential scanning calorimetry (DSC) [11,12]. Schultz et

al. performed simultaneous measurements of SAXS/

WAXS/LS and found lamellar thickening, growth of new

crystals within existing lamellae stacks, and formation of

new lamellae to occur. The authors assumed that the crystal-

linity was constant within the spherulite during its growth

and that Avrami's theory could be applied [7]. Wang et al.

investigated the secondary crystallization of Poly(ethylene

terephthalate) [13]. They used a correlation function method

to extract the lamellar thickness from the SAXS data. To

explain their results, Wang et al. favored a lamellar insertion

Polymer 42 (2001) 5257±5266

0032-3861/01/$ - see front matter q 2001 Elsevier Science Ltd. All rights reserved.

PII: S0032-3861(00)00920-4

www.elsevier.nl/locate/polymer

* Corresponding author. Tel.: 11-908-730-2970; fax: 11-908-730-3314.

E-mail address: rkolb@erenj.com (R. Kolb).



model as the most important mechanism during secondary

crystallization of PET. Further progress has been made by

Akpalu et al., who performed simultaneous SAXS/WAXS,

and independent LS and DSC studies on polyethylene [14].

The authors were able to separate secondary and primary

crystallization effects at the end of the spherulite growth

period. It was concluded that secondary crystallization

was predominant at the end of spherulite growth.

The present paper introduces a new method to study

secondary crystallization during spherulite growth employ-

ing microbeam wide-angle X-ray scattering (mWAXS). A

micron size X-ray beam was used to monitor the structural

changes inside the spherulite while it was growing. Two

polymers that form suf®ciently large spherulites, namely

isotactic poly(propylene) (iPP) and poly(vinylidene ¯uoride)

(PVF2) were investigated. To supplement the information

about secondary crystallization, the microbeam data were

combined with additional conventional on-line SAXS/

WAXS measurements.

2. Experimental

2.1. General procedure

In order to study crystallization effects inside the growing

spherulite most effectively, it was desired to study the

kinetics of long periods during spherulite growth. Therefore,

the polymers were crystallized at a temperature close to

their melting point. Conventional time resolved measure-

ments of SAXS/WAXS during isothermal crystallization

were conducted to study the secondary crystallization

processes after the spherulites had become volume ®lling.

The experimental set up for the conventional SAXS/WAXS

measurements during crystallization was described earlier

by Zachmann et al. [8,11,12,15]. Further examples can be

found by Ryan and Hsiao [13,16,17]. The wide- and the

small-angle scattering were recorded simultaneously during

isothermal crystallization of the polymer. This method

employed a rather large focus covering an area of

2 £ 3 mm2, which was far bigger than the spherulites yield-

ing an average scattering curve of spherulites and the

nonspherulitic regions. Here, this type of experiments is

denoted as the conventional method to study the crystalliza-

tion kinetics in order to distinguish it from the microfocus

experiments described next.

The concept of the time resolved microfocus measure-

ments made use of a very small focus that covered an

arbitrary area of the sample, which was far smaller than

the spherulites. The X-ray scattering of this area was

recorded on-line by means of a two dimensional detector.

The sample was molten and than cooled down to a crystal-

lization temperature close to the melting point. Due to the

low nucleation density at this temperature, very few spher-

ulites grew at a slow rate and formed relatively large units.

During the course of primary crystallization, one of them

eventually grew over the area covered by the static X-ray

focus. From this point of time, the changes in the X-ray

pattern were due to a secondary crystallization process

inside of the growing spherulite. The use of very thin speci-

mens having a thickness of about 10 mm ensured that only

one spherulite is observed by the microbeam. A schematic

sketch of the experimental conception is shown in Fig. 1.

Experiments in which crystallization within the spherulite

was observed early during its growth were especially signif-

icant, because a longer period of secondary crystallization

during spherulite growth could be studied.

Since it could not be controlled at which growth state

the spherulite will cross the area covered by the X-ray

focus, the experiments had to be repeated many times.

This way, the beginning of the secondary crystallization

process was randomly captured at different stages of spher-

ulite growth. In the case of iPP eight experiments and in the

case of PVF2 seven experiments were performed. In order to

control if the microfocus experiments indeed took place

during spherulite growth, they were compared with the

corresponding conventional measurements and optical

microscopy studies.

As we study secondary crystallization during spherulite

growth, it might be useful to rede®ne secondary crystal-

lization at this point: ªsecondary crystallization takes

place in a con®ned environment from the noncrystalline

regions in the presence of existing crystals, whereas primary
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Fig. 1. Schematic sketch of the conception for the microfocus experiments

to study secondary crystallization inside a growing spherulite.



crystallization is crystallization from the free meltº. This

alternate de®nition was promoted earlier by Hsiao and

Marand [18,19].

2.2. Material

Isotactic poly(propylene) (iPP) and poly(vinylidene ¯ouride)

(PVF2) were used for this study. The iPP was supplied by

Polyscience, Germany. It had a molecular weight, Mw, of

135,000 g/mol, and a melting temperature, Tm, of 1628C.

The PVF2 by Solvay, Germany had a Mw of 80,000 g/mol,

the melting temperature was 1858C. Both polymers did not

contain any nucleating agents.

The conventional measurements of X-ray scattering

during isothermal crystallization were performed on

compression molded sheets of these materials having a

thickness of about 100 mm. For the microbeam experiments,

thin ®lms of 10 mm thickness were prepared. The com-

pression molding was done under vacuum 308C above the

melting temperature of the polymer.

2.3. Synchrotron facilities

The microbeam experiments were conducted at the undu-

lator based microfocus beamline, BL1, at the European

Synchrotron Radiation Facility (ESRF) in Grenoble, France.

The white synchrotron beam was monochromatized by

re¯ection from a channel cut Si (111) monochromator

resulting in a wavelength of 0.09 nm. A rhodium coated

ellipsoidal mirror was employed to focus the beam to a

size of 10 £ 10 mm2. To further decrease the spot size,

glass capillary optics were used enabling a focus of

2 £ 2 mm2 to be achieved. A detailed description of the

beamline can be found by Engstrom, Fiedler, and Riekel

[20]. A two-dimensional CCD detector by Micro Photonics

was used to record the wide-angle X-ray patterns. The

detector was placed at a distance of 11 cm from the sample.

The accumulation time was 15 s per picture.

The conventional measurements of SAXS and WAXS

during isothermal crystallization were performed at the

polymer beamline, A2, at the Hamburg Synchrotron Radia-

tion Laboratory (HASYLAB) at the German Electron

Synchrotron, DESY, in Hamburg, Germany. The energy

of the radiation was 8 keV. Further information of the beam-

line can be found elsewhere [21]. To record the WAXS and

the SAXS curves, one-dimensional proportional counters

were used. These counters were placed at distances of

12 cm (WAXS) and 2200 cm (SAXS) from the sample.

The accumulation time was 20 s per frame. In order to

protect the specimen from degradation, the thermal treat-

ment of the specimens took place in a vacuum chamber.

2.4. Optical microscopy

To measure the radial growth rates of the spherulites, the

material was molten between glass plates and isothermally

crystallized at different temperatures using a Linkam hot

stage. The sample was placed between crossed polarizers

and the spherulite growth was observed through a micro-

scope and measured by means of a micrometer scale and a

stopwatch.

2.5. X-ray scattering

Prior to analyzing, the data were normalized for the inten-

sity of the primary beam. Furthermore, corrections for an

electronic background of the detector, and the background

scattering were applied. Two-dimensional X-ray patterns

obtained during the microfocus experiments were used to

determine the crystallinity, xc. xc was calculated from an

averaged scattering curve by ®tting an amorphous halo.

The amorphous halo was obtained from the molten sample.

For anisotropic scattering patterns exhibiting a rotational

symmetry, xc can be approximated by

xc �

Zp

0

Zs1

s0

IC�s;q�s2 sin q ds dqZp

0

Zs1

s0

I�s;q� s2 sin q ds dq
; �1�

where IC is the intensity of the crystal re¯ections and I

represents the scattering intensity of both the amorphous

and the crystalline part, q is the polar angle and s �
2 sin u=l the scattering vector. To calculate xc, it was

assumed that the orientation of the crystals did not change

during the course of crystallization. Careful analysis of the

two dimensional X-ray patterns proved that the orientation

did indeed not change during the course of spherulite

growth. In the case of the conventional WAXS measure-

ments, where isotropic scattering curves were obtained,

the equation simpli®es to

xc �

Zs1

s0

IC�s�s2 ds

Zs
1

s0

I�s�s2 ds

�2�

The relative small-angle invariant, Q, has been calculated

from

Q � 4p
Zs1

s0

I�s�s2 ds �3�

after correction for background scattering, scattering

volume, absorption, and decay of the primary beam. The

long period, L, was determined from the maximum of the

small-angle re¯ection after Lorentz correction.

3. Results and discussion

3.1. Optical microscopy

The spherulite sizes and growth rates for the two different

polymers were determined by optical microscopy for

various crystallization temperatures, TC. Additionally, the
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sizes of the spherulites were measured after both the

conventional and the microfocus crystallization

experiments.

At TC � 1488C; the iPP spherulites grew at a constant rate

of 1.5 mm/min until they impinged on each other. After

66 min, the entire sample was composed of spherulites

having an average end diameter of about 80 mm. These

conditions provided both suf®ciently long periods of growth

and adequately large single spherulites necessary to perform

the microfocus experiments. PVF2 was crystallized at TC �
1628C and formed spherulites that had a diameter of 50 mm

and grew at a rate of 1.3 mm/min. The temperature condi-

tions for both the conventional and the microbeam crystal-

lization experiments were chosen according to the data

obtained by optical microscopy. The results concerning

the crystallization experiments on iPP and PVF2 at TC �
1488C; and TC � 1628C; respectively, are summarized in

Table 1.

3.2. Simultaneous on-line measurements of SAXS and WAXS

during isothermal crystallization of iPP and PVF2

(conventional study of the crystallization kinetics)

An example of the development of the SAXS and the

WAXS as a function of time during isothermal crystalliza-

tion of iPP at 1488C is shown in Fig. 2(a) and (b). After an

induction period of 12 min at Tc, crystal re¯ections became

visible. At the same time, a small-angle peak started to

appear. The half time of crystallization, t (1/2), was 34 min

and the average spherulite size of the fully crystallized

sample was 84 mm.1 These values were in good agreement

with the data obtained from the separate microscopy study

during crystallization under the same conditions. The crys-

tallinity for each of the curves in 2 (a) was calculated

according to Eq. (2). From the SAXS curves the invariant,

Q, and the long period, L, were determined as described

earlier in this paper. Fig. 3 shows xc, Q and L as a function

of crystallization time for this experiment (the scattering

invariant was normalized so that after twice the half time

xc and Q had the same value). During primary crystalliza-

tion, both Q and xc showed a sigmoidal increase. After twice

t (1/2), primary crystallization was ®nished. In the following

time, xc increased due to secondary crystallization from 53

to 58% within 200 min. During this time, Q remained nearly

constant. As the small-angle scattering invariant is propor-

tional to xc(1 2 xc), a decrease of Q of about 2.5% was

expected during the ®rst 200 min of secondary crystalliza-

tion. This slight experimental discrepancy can be explained

with statistical and systematic errors of the measurements.2

The long period was constant after 40 min of crystalliza-

tion, which corresponds to t (1/2). Therefore, it can be

concluded that the most important mechanism of secondary

crystallization was either the growth of new lamellae stacks

(of same lamellae thickness) into remaining amorphous

regions or that existing lamellae grew thicker at the expense

of amorphous regions. Formation of thinner crystals

between lamellae within existing stacks would have caused

a decrease of L and can, therefore, be excluded. Moreover,

due to the high crystallization temperature thinner lamellae

are unlikely to grow because of their lower melting point. It

is to be noted, however, that insertion of new (thick) lamel-

lae into signi®cantly large gaps (.2L) within the lamellar

stack is still possible as pointed out by Schultz [22].

From the wide-angle scattering curves the full width at

half maximum, FWHM, for three re¯ections, the (110),

(040) and the (130) was extracted. Careful examination

showed that FWHM did not change during the entire crys-

tallization process. Furthermore, the analysis showed no

shift of the positions of the re¯ections. Although the widths
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Table 1

Spherulite diameter, half time of primary crystallization, crystallization rate, and crystallization temperature for the different experimental conditions

Polymer Spherulite

diameter (mm)

Half time of

crystallization (min)

Crystallization

rate (mm/min)

Crystallization

temperature (8C)

Poly(propylene)

(a) Microscope measurement 80 33 1.5 148

(b) Conventional X-ray

measurement

84 34 ± 148

(c) Microfocus X-ray

measurement

83 ± ± 148

Poly(vinylidene ¯uoride)

(a) Microscope measurement 50 25 1.3 162

(b) Conventional X-ray

measurement

50 25.5 ± 162

(c) Microfocus X-ray

measurement

52 ± ± 162

1 The spherulite size was determined by optical microscopy after the

crystallization experiment.

2 Determination of xc according to Eq. (1) does not yield the absolute

degree of crystallization. If the true volume fraction of the crystals were

46% at the beginning of secondary crystallization and 53% after 6 h, no

change in Q would have been observed.



of the re¯ections are not very sensitive to small structural

changes, it can be concluded that neither a substantial

growth of the crystals nor a re®nement of existing crystals

occurred. These ®ndings are not surprising since crystal-

lization took place at low supercooling where growth

occurred very slowly. Therefore, the resulting structures

were relatively free of lattice defect distortion. Unfortu-

nately, only (hk0) re¯ections were accessible and a determi-

nation of the lattice parameters of the c-axis (chain axis) was

not possible.

In a second experiment, the isothermal crystallization of

PVF2 at TC � 1628C was investigated. Fig. 4 shows the

development of xc, Q, and L during isothermal crystalliza-

tion of PVF2 at TC � 1628C as a function of time. The

enlargement of the early part of the crystallization curves

proves that SAXS appeared before crystal re¯ections could

be detected. This indicates that SAXS, which detects elec-

tron density ¯uctuations, is more sensitive to structural

changes at the beginning of crystallization than WAXS.

This phenomenon can be easily observed in PVF2 because

of the large electron density contrast �ramorph � 1:67 g=cm3
;

rcrystalline � 1:94 g=cm3�: It will be discussed in great detail

in a forthcoming paper [23].

The sample was crystallized for 180 min. After primary

crystallization was ®nished (twice t (1/2)), xc was 54%.

During the following 130 min of secondary crystallization,

xc increased to 62%. Q did practically not change. Analysis

of the line widths of the wide-angle re¯ections showed no

change of the lattice parameters. Similar to the experiments

on iPP described above, L was constant after 12 min of

crystallization (just after a discrete SAXS signal could be

detected), which can be explained by the low undercooling

at which lamellae growth took place. From this it can be

concluded that no thinner crystals grew between lamellae

within existing stacks.

The conventional X-ray measurements of the crystalliza-

tion kinetics demonstrated that both polymers investigated

exhibited substantial secondary crystallization at constant

TC. After 220 min, or seven times t (1/2), 10% of the crystal-

line fraction of iPP was due to secondary crystallization. For

PVF2, xc increased by 13% as a result of secondary crystal-

lization after seven times t (1/2).

At the present thermal condition (low undercooling),

lamellae grew fairly slowly forming rather stable crystals

close to their equilibrium size. Therefore, growth of new

lamellae within remaining amorphous regions inside the

spherulite was more likely to occur than a substantial lamel-

lar thickening. Marand pointed out that at very low under-

coolings there is a tendency for a more open and coarse

structure of the lamellae to develop and new lamellae can

grow from the relatively free melt. In this case the structural

differences between primary and secondary lamellae should

be very small [24]. The ®nding of a constant value of L

reported in this paper supports Marand's conclusion.

3.3. Microfocus measurements of WAXS during isothermal

crystallization of iPP and PVF2

The thermal conditions for the microfocus measurements

of secondary crystallization were the same as for the

conventional kinetic measurements. Table 1 shows that

the spherulites obtained during the microfocus measurements

had the same diameter as the ones crystallized under the
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Fig. 2. Development of WAXS and SAXS during isothermal crystallization

of iPP at 1488C: (a) WAXS, and (b) SAXS.

Fig. 3. Crystallinity, xc, scattering invariant, Q, and the long period, L,

as a function of crystallization for the isothermal crystallization of iPP

at 1488C.



microscope. It is to be noted that the spherulite grew at a

slower rate because of the small thickness of the ®lms that

were used during the microfocus experiments. After a three-

dimensional beginning of the growth, the spherulites were

forced into a two-dimensional geometry [25,26].

The development of the wide-angle scattering during the

microfocus experiments is shown in Fig. 5(a) and (b) for the

isothermal crystallization of iPP and PVF2, respectively.

The initial scattering pattern showed no re¯ections, because

the area covered by the microbeam was still amorphous

R. Kolb et al. / Polymer 42 (2001) 5257±52665262
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Fig. 4. Development of xc, Q, and L during isothermal crystallization of PVF2 at TC � 1628C as a function of time. The scattering invariant was normalized.

The enlargement shows the early part of the crystallization curves.
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Fig. 5. Microfocus experiment: Development of WAXS during isothermal crystallization: three mWAXS patterns at different times during the crystallization

of iPP: (a) and PVF2, and (b) at TC � 148 and 1628C, respectively, are shown. The left pictures show an amorphous scattering pattern, because no spherulite

has crossed the irradiated area yet. The center and the right pictures are taken directly after the spherulite grew over the spherulite and at the end of the

experiment, respectively. It is to be noted that the positions of the re¯ections do not change over the course of crystallization.



(outside of a spherulite). After the spherulite crossed the X-

ray focus (approximately 30 min), re¯ections started to

appear. In both cases, the crystallites exhibited a rotationally

symmetric orientation distribution about the spherulite

radius. The orientation of the crystallites did not change

during the entire course of crystallization. The results of

the microfocus experiments on iPP are represented in Fig.

6. The crystallinity, xc, is shown as a function of time for the

isothermal crystallization at 1488C (data acquisition started

as soon as the sample had reached its crystallization

temperature). For clarity, only three of the eight measure-

ments are shown. In measurement 1, crystal re¯ections

started to appear after 27 min because a spherulite crossed

the area that was covered by the X-ray focus and a sudden

increase of xc was observed. After another four minutes of

growth, the spherulite had ®lled the irradiated volume

completely and primary crystallization for that region was

®nished. At this point, the crystallinity was 48%. In the

following time, all changes were due to secondary crystal-

lization, i.e. further crystallization within the spherulite. It

can be seen very clearly that the increase in xc was strongest

just after the material was incorporated into the growing

spherulite. After 260 min, xc approached a value of 61%.

A slightly lower number was obtained by the conventional

measurements. This can be explained with systematical

errors inherent to the determination of xc
3 [27,28].

Fig. 6 further shows that the spherulites were detected at

different stages of primary crystallization. In measurement

1, a spherulite was detected in the very early stage of

crystallization just after the induction period. For the

measurements 2 and 3, the appearance of re¯ections was

observed after 36 and 46 min of primary crystallization,

respectively. In all eight experiments, re¯ections were ®rst

detected after 27 min and before 46 min of crystallization

at TC. Although secondary crystallization curves were

observed in different spherulites and after different periods

of annealing, all eight curves had practically the same shape

indicating that the growth of secondary lamellae (or thick-

ening of existing lamellae) was strongest just behind the

growth front.

Although the spherulite was arbitrarily chosen, it is

reasonable to assume that at eight random measurements

the spherulites were observed in a variety of different

growth states. It must, therefore, be concluded that second-

ary crystallization was strongest directly behind the growth

front of the spherulite and was independent of its size or of

the progress of its growth. Unfortunately, microcopy data

could not be taken simultaneously to identify the growth

state of the spherulite.

The curves of the microfocus measurements further

showed that secondary crystallization did not account for

only 10% of the overall crystallinity, as estimated from the

conventional measurements, but for as much as 21%, if

secondary crystallization effects during spherulite growth

were considered as well. As shown by conventional

measurements, the crystal lamellae developed during

secondary crystallization have about the same size as

those formed during primary crystallization indicating that

relatively large amorphous regions must be present after

primary crystallization.

Fig. 7 shows xc as a function of time for the isothermal

crystallization of PVF2 at 1628C. Three out of seven

measurements are shown. In the case of PVF2 the ®rst growing

spherulite could be observed after 20 min, corresponding to

one third of the primary crystallization time. When the beam

was completely within the spherulite, xc was 48%. During

R. Kolb et al. / Polymer 42 (2001) 5257±5266 5263

3 To determine the absolute value of xc of a semicrystalline polymer, it is

necessary to measure X-ray scattering very high angles, which was impos-

sible with the given set up.

Fig. 6. xc as obtained from the microfocus experiments for the isothermal

crystallization of iPP at 1488C. Data acquisition started when the sample

had reached 1488C. The initial part of the curves shows no crystallization

because the microfocus area has not yet been crossed by a growing spher-

ulite. After the microfocus was completely in the spherulite, secondary

crystallization is observed. A vertical line indicates this point of time.

Fig. 7. Development of xc during the microfocus experiments for the

isothermal crystallization of PVF2 at 1628C. The vertical lines mark the

time from which on secondary crystallization could be observed.



the ®rst 150 min of secondary crystallization, xc further

increased to 62%. For the present conditions, secondary

crystallization effects in PVF2 accounted for 26% of the

overall crystallization process, if the period of spherulite

growth is considered as opposed to 13% as estimated

from the conventional measurements.

In all seven experiments crystal re¯ections were detected

within a time window of 17±44 min and followed the

same growth kinetic. Measurement 3 of Fig. 7, however,

represents a special case: the spherulite was detected after

44 min, thus, at the very end of primary crystallization as a

comparison with Fig. 4 and Table 1 shows. It is, therefore,

reasonable to assume that this spherulite had reached its ®nal

growth state just before it impinged onto other spherulites.

Interestingly, even this curve was practically identical with

the other six experiments, which represented earlier stages

of primary crystallization. This ®nding is in very good

agreement with the ®nding of Akpalu et al. who concluded

that secondary crystallization effects predominate the late

stage of spherulite growth.

The results for PVF2 were very similar to those obtained

on iPP. Secondary crystallization effects were strongest just

after the amorphous material had been incorporated in the

growing spherulite and the effects were strongest at the

boundary of the spherulite, regardless of its growth state.

This was true even if the spherulite was nearly fully grown

just before it impinged onto other entities. Unfortunately,

no PFV2-spherulite could be observed short after the

induction period, which would have provided secondary

crystallization data over the whole period of spherulite

growth.

3.4. Local variation of the crystallinity within a quenched

spherulite

To further study secondary crystallization effects inside

growing superstructures, a spherulite was prepared under

isothermal conditions and rapidly quenched before it

impinged onto other spherulites. As a result of quenching,

growth of new lamellae stacks and substantial lamellae

thickening were frozen. Consequently, near the boundary

secondary crystallization had progressed to a lesser degree

than in the main body of the spherulite. Therefore, the radius

of the spherulite corresponds to different stages of second-

ary crystallization inside the spherulite where the center

represented a mature, and the boundary an initial stage of

secondary crystallization.

Although thinner lamellae may have grown within exist-

ing lamellae stacks during quenching and storing at room

temperature throughout the spherulite, this process would

have occurred at the boundary as well as in the center.

Therefore, it would not have changed the relative ratio of

xc at the boundary and at the center. Unfortunately, the

present set up did not allow to perform microfocus SAXS

measurements to verify this.

Fig. 8 shows a polarizing micrograph of the resulting

spherulite surrounded by semicrystalline material. The

spherulite was obtained through isothermal crystallization

at TC � 1528C: After 20 h, the specimen was rapidly cooled

to room temperature. Before quenching, the primary crystal-

lization was not yet ®nished and a few large spherulites were

situated in an amorphous matrix. These amorphous regions

crystallized during quenching and formed much smaller

spherulites having a diameter of well below 10 mm. Two-

dimensional X-ray patterns of the spherulite were taken with

the microfocus camera. It was scanned in steps of 10 mm

from the center to the boundary.

Fig. 9 shows a comparison of the local variation of xc

within the quenched spherulite and the development of xc

from the beginning of secondary crystallization as obtained

by the microfocus kinetic experiments. It can be seen that xc

was lower at the boundary and nearly constant inside the

quenched spherulite. The two curves have a very similar

shape, which indicates that the variation of xc in the

quenched spherulite was indeed due to different levels of

secondary crystallization. The thickness of the boundary

layer that had a lower xc was 30 mm, which corresponded

to a radial growth period of 45 min.

At this point, it might be argued that fractionated crystal-

lization according to Keith and Padden took place in the

quenched spherulite that would have lead to the variation

of xc along the radius of the spherulite [29,30]. Keith and

Padden found that fast crystallizing material forms the inner

part of the spherulite and slower crystallizing fractions and

impurities are built in at a later state resulting in a lower

crystallinity at the boundary of the spherulite. Calvert et al.

concluded from ultra violet microscopy that secondary

crystallization is not uniform within the spherulite but is

strongly affected by the variations in the concentration of

polymeric impurities rejected during the initial spherulite

growth [31]. By contrast, the microscopy data reported in

this paper showed a linear growth rate of the spherulite,

which indicated that the concentration of the impurities
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Fig. 8. Polarizing micrograph of a spherulite (200 mm in diameter)

obtained by isothermal crystallization at TC � 1528C for 20 h. The

spherulite of interest is surrounded by semicrystalline material forming

much smaller spherulites of well below 10 mm in diameter.



that might have existed, was constant at the growth front

throughout the crystallization process. Hence, the impurities

accumulate in the amorphous regions between bundles of

crystalline lamellae. Moreover, the experiments on iPP and

PVF2 showed the same crystallization kinetics independent

of the state of the growing spherulite. Therefore, it is

concluded here that secondary crystallization is independent

of the spherulite's growth state, but is closely coupled to the

growth front. The local variation of xc found in the quenched

iPP spherulite is due to different stages of secondary crystal-

lization within that unit.

4. Conclusions

Secondary crystallization effects during spherulite

growth were studied by using a combination of conventional

simultaneous on-line WAXS/SAXS techniques and separate

on-line microfocus measurement. The concept of the

microfocus method allows studying the structural changes

within the growing spherulite. Upon crystallization at

low undercooling, iPP and PVF2 form suf®ciently large

spherulites to successfully apply the microfocus technique.

Conventional SAXS/WAXS measurements show that

the main mechanism for secondary crystallization at low

undercooling is the growth of new lamellae stacks into

amorphous regions. No thinner crystals are inserted

between lamellae within existing stacks because their melt-

ing point would have been lower than the crystallization

temperature.

The microfocus measurement showed that an appreciable

fraction of crystallites grow as a result of secondary crystal-

lization (from a con®ned melt) while the spherulite was still

growing. Furthermore, the contribution of secondary crys-

tallization effects to the total crystallinity is underestimated

when measured after the spherulite became volumen ®lling.

Secondary crystallization effects were strongest closely

behind the growth front of the spherulite and slowed

down as the spherulite boundary moved away. This ®nding

was con®rmed by a separate off-line microfocus study of an

isothermally crystallized and then quenched spherulite. The

crystallinity varied locally within this spherulite; xc was

lower near the boundary, where crystallization progressed

to a lesser degree.

Since the kinetics of secondary crystallization did not

depend on the actual growth state of the spherulite, it

must be concluded that the concentration of impurities

was constant at the boundary during the entire time of

crystallization. The ®nding of a constant growth rate

supports this. Moreover, in one instance, a very mature

PVF2-spherulite was detected just before the end of primary

crystallization; its crystallization curve was practically

identical to the ones found for spherulite formed during an

earlier stage.
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