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Spherulites are polycrystalline structures and can be found
in a variety of natural solids such as metals1 and rocks2 but
also in synthetic materials such as polymers.3 Back in the 19th
century Lehmann4 described the spherulites as spherical ag-
gregates being comprised of fibrillar crystal arrays radiating from
a common central nucleus. In spite of their technological
importance particularly for engineering plastics, a unique
description of their formation and growth is not as yet complete.3

In polymers the spherulites themselves are semicrystalline
structures that consist of single-crystal lamellae and interlamellar
amorphous matter. Although the relative proportion of the two
phases within the spherulite can be altered by material factors
such as the molecular weight and/or crystallization conditions,
there is no technique available to date that can yield quantitative
information on the crystalline fraction within the spherulite at
the microscale. Polypropylene, for example, is a semicrystalline
thermoplastic that finds wide use in a variety of applications.5

Key aspects of its performance regarding solvent penetration,5

vapor transport,6 and mechanical strength7 are greatly affected
by the degree of crystallinity. Needless to say, the size of the
spherulites obtained during crystallization in the melt3,8 and the
intrinsic interplay of the crystalline and amorphous moieties are
factors of great significance.3

Crystallizable polypropylene can be produced in two distinct
stereoisomers, namely isotactic (iPP) and syndiotactic (sPP).
iPP, itself, crystallizes in four distinct forms (R, â, γ, andδ)
depending upon cooling conditions and additives. The most
frequently crystal modification obtained is the monoclinicR
form.9 The â form is thermodynamically less stable and is
crystallized into a hexagonal unit cell.10,11 For low molecular
weight iPP or under crystallization at elevated pressures theγ
form12 of triclinic symmetry unit cell can be obtained. Theδ
form refers to a pseudo-hexagonal unit structure (smectic form)13

and is produced at high cooling rates. TheR form of iPP has a
high tendency to build spherulites upon crystallization in the
melt. The growth and interplay of these regions are directly
related to the crystalline volume in the interior of the spherulite
and thus with the overall degree of crystallinity.

As presented recently,14 laser Raman spectroscopy (LRS) can
be used to evaluate the crystallinity in iPP, exploiting the
vibrational peaks in the region of 750-880 cm-1. 3-d crystal-

linity can be expressed by the 809 cm-1 band assigned to the
F(CH2) mode coupling with the skeletal stretching mode,
whereas all noncrystalline domains result in a primary peak at
841 cm-1 and two other minor peaks at 830 and 854 cm-1.
The 841 cm-1 peak corresponds toF(CH2) vibrations present
in unoriented hydrocarbons while the other two satellite bands
are assigned to short-range 31-helical conformations.14 The
relative integrated intensity of the 809 cm-1 band can be
considered as an easysnondestructivesand reliable method for
the determination of degree of crystallinity,Xc, via the following
equation:14

The denominator of eq 1 has been found to be a measure of the
total F(CH2) vibrations and is approximately constant at all
crystalline fractions and the melt.14 Since the crystalline 809
cm-1 appears to be a very sharp Lorentzian peak, the main
source of error in estimating Raman crystallinity is the value
of the denominator in eq 1, which is in turn dependent on the
quality of the raw data and the goodness of the fit for all bands.
For relatively small values of crystallinity near the melt the
predicted error in crystallinity measurement is less than 5%.
For higher crystallinities the corresponding error can be as high
as 10% of measured values. As is evident, the error in
crystallinity measurements does not affect the trend observed
in Figure 2.

The iPP granules (INSPIRE H507-03Z supplied by Dow
Chemicals) were placed between two cover slides at a thickness
of about 100µm and set on a Linkam THMS 600 hot stage. A
temperature controller (Linkam TMS 93) was employed to apply
the desired temperature profile. The hot stage was mounted
under a modified Nikon microscope, and a long focal distance
80× microscope objective was used to focus the incident laser
beam onto the specimen. The Raman spectra were taken with
the 514.5 nm line of an argon ion laser and analyzed in a SPEX
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Figure 1. Raman spectra recorded along a diameter of an iPP spherulite
(∼80 µm in diameter) during isothermal crystallization from the melt
at Tc ) 130 °C. The band of interest in the region of 750-880 cm-1

is highlighted. Note that the path of the laser beam along the spherulite
is indicated by the line connecting A to B.

Xc )
I809

I809 + I830 + I841 + I854
(1)
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triplemate monochromator. The iPP was taken to full melt under
an inert atmosphere and then was crystallized isothermally at
Tc ) 130 °C. As the distance between the two cover slides
glasses was∼100µm, nucleation was induced first at the surface
of the top cover slide which yielded spherulites of hemispherical
shapes (facing the glass), as depicted in Figures 1 and 2.
Recording of Raman spectra at steps of 10µm was carried out
when a spherulite of about 80µm (in diameter) had been clearly
grown. Raman scanning along the diameter (see Figure 3a) of
the hemispherical spherulite were made at no preferred laser
polarization or analysis. Hence, the effect of crystalline orienta-
tion on the integrated intensity of the Raman peaks is deemed
very low. The spherulite obtained under isothermal crystalliza-
tion from the melt at 130°C is a positive radialR-spherulite
type presenting clearly the pattern of the so-called “Maltese
cross”.3,8 Every measurement lasted∼60 s; by the end of the
experiment the spherulite had not shown any remarkable change
in size.

As shown in Figure 1, the Raman spectra recorded along the
diameter of an iPP spherulite were recorded between points A
and B. The characteristic Raman bands (at 809 and 841 cm-1)
that were fully analyzed in order to obtain the crystalline fraction
are also indicated in Figure 1. Their interplay is related to the
degree of crystallinity,14 and as seen in Figure 1 it varies notably
as the laser beam scans along the∼80 µm spherulite diameter.
At points A and B (cf. Figure 1), the weakness of the 809 cm-1

band indicates high amorphous content as expected also from
the lack of any structure in the optical micrograph. However,
as explained elsewhere,14,15 the nomimal value of 5% obtained
through the Raman technique represents statistically random
conformations that can give rise to a very weak∼809 cm-1

band and cannot be considered as “true” crystallinity. This has
indeed been taken into account when value of crystallinities
are estimated on the basis of vibrational spectroscopy measure-
ments.14,15The Raman spectrum recorded just as the laser beam
enters the spherulite indicates an abrupt increase of crystallinity
to 35% (Figure 2). Moving along the diameter of the spherulite,
the crystallinity values increase further to a maximum 45% as
the beam approaches the core of the spherulite. It is interesting
to note that the crystallinity profile is symmetrical and peaks
approximately at the spherulite nucleus. The results presented

in Figure 2 have been obtained with a laser beam probe of a
spatial resolution of∼2 µm. Thus, as shown schematically, the
information is collected from polymer chains within an optical
skin of ∼2 µm and at a scanning step of 10µm. The more
dense packing of the chain-folded lamellae (magnified section
in Figure 2) away from the fronts of the spherulite is usually
attributed to the fibril branching at small noncrystallographic
angles of the main fibril growth.8

The advantages of laser Raman microscopy over other
techniques for the determination of the degree of crystallinity
have been examined in a previous publication.15 In short, the
LRM can provide information at the molecular level in a
nondestructive way at a fraction of time required by other
methods. In Figure 2 the time taken for a spherulite crystallinity
“snapshot” is on the order of seconds rather than minutes or
hours required by other techniques. The half-time for crystal-
lization at 130°C as determined by microscopic observations
was about 28 min, and this agrees broadly with the results
obtained by Kolb et al.16 by means of microfocus WAXS/SAXS
experiments. The spherulite growth presented here was com-
pleted within∼6 min (Figure 2), whereas the sampling of one-
half of the sperulite took no more than 3 min. Futhermore, no
spherulite impingement was observed within the sampling time
(Figure 1), and therefore, it can be safely assumed that no
appreciable secondary crystallization took place. It is worth
adding here, however, that the laser Raman technique is indeed
ideal for the determination of secondary crystallization at long
residence times. Such work is currently in progress.

In order to get a better insight into the interior of the
spherulite, images from the vicinity of the spherulite center after
its full growth were taken. A polarized transmission optical
microscopy and an atomic force microscopy (AFM) were used
(Figure 3). As shown in Figure 3a, the branching of the main
fibrils creates a “hedrite-like” structure, as a subunit of the
spherulite. The AFM experiment was performed in tapping
mode at room temperature by means of a MultiMode scanning
probe manufactured by Digital Instruments (Santa Barbara, CA).
Note that no use of image filtering was employed. A micro-
fabricated silicon cantilever with an integral tip (tapping mode
tip) was employed to examine the surface topology of poly-
morphism after chemical etching. The etching procedure itself

Figure 2. Crystallinity evaluation along a diameter of an iPP spherulite (∼80 µm diameter size) during isothermal crystallization from the melt at
Tc ) 130 °C. Both scanning length and time of spherulite growth. The depicted spherulite slice of∼2 µm is related to the spatial resolution of the
laser beam. The two zoomed spherulite areas correspond to its edge and interior region showing the lamellae packing.
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was conducted according to the procedure proposed earlier.17

The lamellar organization of PP has been studied in the past,
revealing essential features from the interior of PP spheru-
lites.18,19 In Figure 3b, the radial morphology of the iPP
spherulite is evident, and the more condensed packing in the
center of the structure is well resolved. The permanganic etching
removed parts of the amorphous regions between the lamellae,
revealing the crystalline material at the surface. It seems that
the higher crystallinity values, which were obtained at the center
of the spherulite (cf. Figure 2), emanate from an area of the
spherulitic structure where a more condensed and folded fibril
packing is present (Figure 3b).

Since, as mentioned earlier, the spherulitic structure was not
fully expanded due to the constraints imposed by the proximity
of the cover slides, the presented measurements correspond to

sampling along the diameter of a circular “disk” that is 2µm
in thickness. As shown in both Figures 2 and 3a, the crystalline
orientation along the diameter of the spherulite does not vary
appreciably to affect the results reported here. Hence, one can
safely assume that the variations in the relative intensities of
the Raman bands are due to variations in the crystalline content
rather than crystalline orientation. As expected, the crystalline
profile obtained exhibits a maximum at the center of the
spherulite due to the more condensed packing of the lamellae
and a minimum value in regions near the circumference.

The current study attempts for the first time to obtain the
crystallinity profile in the interior of a single iPP spherulite
crystallized from the melt. As is evident, Raman microscopy
appears to be an ideal technique for fast quantification of
crystallinity at the microscale. The methodology presented here

Figure 3. (a, top) Polarized transmission optical microscopic and (b, bottom) atomic force microscope (AFM) images recorded from the center of
an a-iPP spherulite crystallized at 130°C. The “mountains” and the “valleys” appeared in the AFM image after etching, corresponding to the
crystalline and amorphous regions, respectively.
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can be further elaborated by means of Raman measurements at
resolutions under the diffraction limit of classical optics20,21 to
yield information on even finer scale. However, in that case,
crystalline anisotropy at the submicron scale may affect the
relative intensities of the two peaks, and further calibration
measurements may be required. Other problems that can be
studied by laser micro-Raman could be secondary crystallization
during spherulite annealing. Finally, the analysis presented here
can also be applied to iPP/polymer blends to assess the
crystallinity of the iPP domains as well as to iPP composites
for which important issues such as the development of crystal-
linity at the vicinity of filler/fiber can be quantified at the
microscale.
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