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compositeg>46 A precise description of the mechanisms
involved in the generation of thgphase is still a much debated
issue.

Recently, significant interest has centered on the trigonal
p-modification because a high proportion of thgphase can
lead to improved mechanical properties, particularly toughness
and impact strength-—34 However, crystallization of the lower
stability S-modification requires specific conditions such as
thermal gradient8 or shear stressé&36or the presence of low
concentrations of selectiveé nucleating agent:3”-4° In the
latter case, by far the most widely studied, the resulfifich
iPP generally contains a varying amount of thenodification
which will depend on the efficiency of the nucleation agérft,
although pures-iPP has been reporté8 It should also be
pointed out that structures rich in thfemodification form if
the crystallization takes place in the temperature range of-100
141°C1934

p-phase transcrystalline-like morphologies can also be gener-
ated by the application of shear stré%g%19.23.47.4§or example,
by pulling the fiber in the crystallizing polymer melt. The shear
at the polymeric matrixfiber interface leads to specific
alignments of the macromolecular chains in the vicinity of fiber.
The morphology developed during the crystallization process
is termedcylindritic,1%41 differentiating it from transcrystalline
superstructures because the crystallization is induced by self-
nucleation of the polymeric matrix rather than heterogeneous
Introduction nucleation on a foreign surface. Thus the nature of the fiber is

Fiber-reinforced crystallizable thermoplastic polymers draw €SS important, and even fibers without nucleating ability can
considerable attention in the literature because of their funda- 9enerate self-nucleation sites in iPP when pulled through the
mental importance in the development of composite materials crystallizing melt.
with attractive thermal and mechanical properties. It is well- ~ Currently accepted models to explain the origin of the
known that the presence of reinforcing fibers can significantly B-cylindritic phase are based on the careful and systematic work
modify the crystallization behavior from the quiescent melt of of Varga and Karger-Kocsis in pulled-fiber systetad® 19,2347
semicrystalline polymers such as polypropylénetheir sur- They proposed that the shear produced in the melt by fiber-
faces providing heterogeneous nucleating sites. When a highpulling generated a series afrow nuclei along the surface of
nucleation density is obtained at the fiber surface, the habitual the fiber!® At the interface of this thin layer of oriented
three-dimensional spherulitic growth is impeded due to over- o-Crystals, a transition from the- to the8-phase takes place,
crowding by neighboring entities, such that the resulting termedbifurcation of growth giving rise to the formation of
crystalline growth front is perpendicular to the fiber surface, thep-cylindritic crystalline superstructure.
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and the so-callettanscrystallinemorphology is formed around
the fiber. Since the first observation of transcrystallifitye

Transcrystalline layers in iPP/fiber composites have been
mainly investigated by polarized optical microscdgy®13-2541

nature of this phenomenon has been extensively studied andby far the most common and widespread method, SEbf,

recently reviewed.

Isotactic polypropylene, iPP, exhibits three crystalline poly-
morphs,a, B, andy, and a metastablemecticform, whose
formation depends on the crystallization conditién¥. The

AFM,1223.27 glthough there are some AR* and wide-angle
X-ray diffraction studie€/-*%in one case, X-ray microdiffraction
using synchrotron radiation was used to stwdyranscrystal-
linity induced by aramid fiberg! However, to our knowledge,

monoclinica-modification predominates because it is thermo- there are no direct structural studies of the polymorphic
dynamically more stable when melt-processed under normalinterphase generated by pulling fibers through an iPP melt.
conditions, and a spherulitic morphology is usually observed.  The ability to study the structure of the interphase region in
Correspondingly, in the vast majority of systems where fiber- fiber-reinforced composite materials with high spatial resolution
reinforcement generates a transcrystalline morphology, theis of particular interest, and a number of techniques can be
a-form is observed in the transcrystalline region. The nucleating considered. X-ray diffraction provides crystallographic informa-
ability of many different types of fibers has been reported such tion, and microdiffraction techniques can routinely probe areas
as glass? 8 carbon'®2® and vegetable fibets 26 as wellas  from a fewum into the submicron rang®.However, X-ray
some polymeric fiber;720242including LCP fibers®-30 Only diffraction only provides information on the long-range order
a few fibers have been reported to generate a transcrystalling(crystalline) part of the polymer structures, and it is important
p-phase in iPP from a quiescent melt, such as bamboo ffers, to be able to complement this information with other techniques.
glass, or polymer fibers coated withnucleating agent&, 44 Vibrational microspectroscopy can provide both local structural
and more recently, single-polymer fibematrix homogeneity ~ and chemical information at high spatial resolution. Thus,
Raman spectroscopy can routinely achieve a lateral spatial

* Corresponding author. E-mail: gary@ictp.csic.es. resolution of +-2 um and has previously been used to study
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interface effects in fiber-reinforced polyméfsincluding trans-
crystalline regions in polypropylene composités*5°A logical
development is therefore the combined use of synchrotron
radiation microdiffraction and micro-Raman spectroscopy,
which provides access to both local and long-range order
information®® On the other hand, the spatial resolution of
infrared microspectroscopy, defined by the numerical aperture?
of the microscope and the wavelength of the bands to be studied +,__=
has a practical limit of around 10m due to the limited IR g
intensity available through the energy-limiting apertures. How- *
ever, synchrotron IR microspectroscopy overrides this limitation, % ¢
providing a very bright diffraction-limited beam, and a spatial
resolution of aroundi/2 has been reported for confocal IR
microscopes’ :
Our main goal in this work was to obtain precise structural = '}
information of the fiber-matrix interphase by mapping regions Figure 1. Crystalline superstructure formed by a Vectra A950 fiber

Pf interest _using both wide-angle X_—ray microdiffraction_and on a iPP matrix during isothermal crystallization at T& The fiber
infrared microspectroscopy employing synchrotron radiation was previously pulled at 149C.

sources. We have focused our efforts on samples where fiber- )
pulling generates shear in the melt, investigating the nature of of 4 cnT* through an &m confocal aperture at a data point step
the crystalline interphase after crystallization is completed. ~ Size of 8um using the Thermo Nicolet Atk IR mapping software.

i
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Experimental Section Results and Discussion

Figure 1 presents polarized optical microphotographs of the

SOL-YPF) was employed (isotacticity index95%, M, = 164 700) morphology forme_d in iPP close to the pc_)smon w here an
and was characterized elsewh&ehe LCP fiber used was a  embedded LCP fiber has been pulled prior to isothermal
wholly aromatic thermotropic main-chain liquid crystal copolyester, Crystallization at 135°C. A complex interphase morphology
Vectra A950 167 TEX (Hoechst Ibiea), based op-hydroxyben- ~ can be observed, corresponding to a cylindrjfiphase in
zoic acid (73 mol %) and 2,6-hydroxynaphthoic acid (27 mol %). agreement with the literature. By far the most important evidence
Single filaments, around 2%m in diameter, were carefully  for the nature of these polymorphic interphases is provided by
separated from the fiber bundles and sandwiched between two thinpolarized thermooptical light microscolsy6.19.2348 Further,
films of iPP and two microscope slides or a microscope slide and hecause thg-phase crystals of iPP melt at a lower temperature

povel\;l Slilp' Vl‘:’g'scg We|:r§8t£‘e” heated tgl 21(10 and hel_(ﬁhfor 5min  than thea-phase crystals, selective melting has demonstrated
in a Mettler or programmable hot stage. The temperaturey, persistence of a thin layer close to the fiber, which has been

was then lowered to the isothermal crystallization temperature, andascribed toa-phase crystals. This observation along with

the fibers were manually pulled through the melt at a slow constant . .
rate along the direction of the fiber aX¥sAfter crystallization, morphological data from SEM and AFM are the basis of the

the samples were cooled slowly to room temperature. Varga and Karger-Kocsis moq@ll. ) ) .

An overall sample thickness of around 6 was used for the The nature of the polymorphic interphase in an iPP/LCP fiber
X-ray measurements, whereas for transmission infrared microspec-composite film, where the fiber was sheared at @and
troscopy, to avoid saturation of the absobance, a sample thicknesgrystallized isothermally at 130C, was investigated by
close to the fiber diameter was required. synchrotron IR microspectroscopy. Figure 2 shows an optical

Microfocus X-ray Diffraction. The X-ray diffraction experi- microphotograph obtained from an area of a free-standing film
ments were carried out at the European Synchrotron Radiation sample that contains a region around where the fiber was pulled,
Facility (ESRF) microfocus beam line (ID13) using a wavelength rich in different birrefringent structures, similar to those observed

A = 0.0948 nm (Si-111 monochromator) and a® diameter j, Figyre 1. A close up of the area studied and spectra obtained
beam®2 A two-dimensional CCD detector (MAR; 64.45 64.45 from the points indicated are given.

PO . g i
wm? pixels; 16 bit readout) was used to record the wide-angle X-ray In previous work, subtle differences between the infrared

patterns. The accumulation time was 30 s per step. The sample- . i i
to-detector signal distance was calibrated by an Ag-behenate sampl&P&ctra ofa- and S-iPP have been identified and used to
asD = 175.6 mm. differentiate between the two crystalline forfisSubsequent

The sample was aligned on a goniometer head so that the Lcpstudies using synchrotron IR microspectroscopy has demon-

fiber was almost horizontal. A specific point of the sample was Strated that high spatial resolution polymorphic maps can be
selected by microscope and then transferred to the center of X-rayobtained®5° Using the information from relative band intensi-

Materials. A commercial grade isotactic polypropylene (REP-

beam. The sample was scanned through the beanuim Steps, ties at specific sampling geometries in the highly polarized

with the fiber axis orthogonal to the X-ray beam. Data analysis synchrotron IR beam, it is possible to differentiate between

was performed with the FIT2D software package. a-transcrystalline ang-cylindritic iPP 3960 Furthermore, the
Infrared Microspectroscopy. A Thermo Nicolet Continum presence of a thin-iPP layer close to the fiber in sheared iPP/

Microscope, with a 5gim detector area MCT detector, coupled to | cp fiber composites was demonstrated, supporting earlier work

a Thermo Nicolet Magna 860 FTIR spectrometer, was employed | ; ; ; : .
at the U10B beamline of the National Synchrotron Light Source at gglrr:]gon;i(:(raggglloglcal and thermal techniques in other iPP/fiber

Brookhaven National Laboratory, NY. The IR source is produced A .
by the broadband synchrotron infrared radiation from a bending | "€ SPectra in Figure 2 correspond ds, -, and a-iPP,
magnet. As such, a highly polarized and bright beam is available feSpectively, and correlate well with the polarized optical
at the focal plane of the microscope. microscopy data, in that they also show a thin layengfthase

The free-standing composite film was placed on the microscope iPP close to the fiber. The film was examined by point-by-
stage, and crossed visible polarizers were used to locate the areg0int mapping in the area marked. The spectra were recorded

of interest. Infrared spectra were collected at a spectral resolutionthrough an 8um aperture with a step size of8n, and theCDV
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recorded (numbered white boxes) and the mapped region (blue box),
marked region employing the 1296/1304 Tnntensity ratio.
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Figure 2. (a) Polarized optical microphotograph of a region of an isothermally crystallized film sample, showing points where IR spectra were

(b) spectra recorded at positions 1, 2, and 3, and (c) false color image of the
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Figure 3. WAXS patterns of an iPP matrix crystallized under isothermal conditions af@38 which a Vectra fiber was pulled out at 140
The sample was mapped from one side of the transcrystalline region to the other side with step®.ofa) diffractogram corresponding to
spherulite ofa-crystalline form, (b) pattern showing reflections fecylindritic structure and (c) WAXS pattern recorded at the region that the

fiber occupied.

resulting map measures 88n x 224 um and contains 348
spectra. In Figure 2b, the spatial distribution of the different
polymorphs is reflected by a false color contour image
constructed using the 1296/1304 cthrband ratio, described
previously3%-89|n this map, we can clearly differentiate between
o- and S-iPP, but we obtain no information from the fiber

For this reason, we have studied the same interphase structure
employing wide-angle X-ray microdiffraction, scanning through
the region of a sample where a Vectra fiber has been pulled
out. The size of the microbeam, aroung, is highly suited
for analyzing the different regions of the sample, and particular
attention was paid to the zones closest to the LCP fiber. A

because the bands employed are not affected by the spectrundistance of around 20@m from each side of the fiber was

of the LCP fiber.

scanned in steps of/im, and the diffractograms obtained from

The synchrotron infrared microspectroscopy technique ap- 3 different regions are shown in Figure 3.

pears to provide solid evidence for the nature of the polymorphic

The intensity of the WAXS patterns was radially integrated

interphases generated in iPP from shearing the LCP Vectra fiber.and the intensity profiles calculated and presented in Figure 4

However, it should be noted that unequivocal identification of

as a function of the diffraction angle#2A schematic repre-

the different polymorphs by IR microspectroscopy depends on sentation of the different regions is given to the right of this

the relative orientation of the polymer chains with respect to
the polarization axis of the synchrotron be#m.

figure. Since in this case the fiber has been completely removed
from the sample, the shaded area corresponds with the poajBC{?
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Figure 4. Integrated intensity of X-ray diffraction patterns at differeit @ngles for the diffractograms collected across the sample covering a
large distanced #m) from one side of fiber to the other. The sample is an iPP matrix crystallized under isothermal condition n$Gtri@®ich
a Vectra fiber was pulled out at 14C. The positions corresponding to the diffractograms in Figure 3 are indicated.

initially occupied by the fiber. The discontinuous lines indicate environment, and sample optimization and measurement is quite
the limit of the a-phase close to the position occupied by the versatile, facilitating the use of dual sampling strategies that
fiber. From this figure, we can clearly observe that, in the region allow microscopic samples to be studied in the same position
approximately corresponding to the first 60On, crystalline in multiple techniques.
reflections corresponding to the-form of iPP at 2 = 14°, Recent developmert&®3in high-temperature AFM imaging
17, 18.53, 21°, and 21.8 are clearly observed, as seen in Figure have provided clear discrimination between different types of
3a. This region corresponds to the spherulitic region distant from a- and g-crystalline superstructures and may provide more
the LCP fiber. From around 60 to 2(@n, the diffraction pattern insight into the polymorphic interphase region during its
corresponds t@-phase reflections at?= 16° and 22 and is formation in fiber reinforced materials. It is our intention to
associated with the cylindrical phase, Figure 3b. In the center pursue the study of this transition zone using high spatial
of Figure 4, once again, reflections of thephase of iPP are  resolution synchrotron microscopies in order to provide direct
observed and correspond with the iPP matrix close to the original structural evidence.
position of the fiber, Figure 3c. In the diffractograms recorded
on the other side of the fiber, an identical crystalline morphology ~ Acknowledgment. Financial support is acknowledged from
hierarchy can be clearly observed. the Spanish Government in the projects MAT2002-03831 and
These results unequivocally demonstrate the structure of theMAT2002-04599. The infrared microscopy research was carried
shear-induced cylindritic interphase, and confirms the model out at the National Synchrotron Light Source, Brookhaven
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