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ABSTRACT
Small angle Xray scatterind SAXS) and polarized Raman spectroscopy wesed to
examine the structure ofunidirectional all-polypropylene compositeprepared at
different consolidation temperaturésalysis of the anisotropy of the-day scattering
pattern provided a way to quantify the disorientation of dhystallitesand a direct
correlation has been found between a measurverall orientation and the Young's
modulusof the compositedn the case of the Raman spectroscopic measurentieaits
molecular orientation state of the reinforcidgfibres were evaluatedy classical least
squares CLS) modelling with real reference specti@trong correlation was evinced
between the estimated relatidegree of orientationf the reinforcing fibres and the

Young's modulus ofthe multi-layeredall-polypropylene composite®ased onthese
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results, both SAXS and Raman spectroscopy aweitable methosl to predict the
mechanical performance of gdblymer composites, being especially sensitive to

manufacturing andpplication conditions, in aon-destructive way.

Keywords: A. Polymer fibres;A. Polymermatrix composites (PMCsB. Mechanical

propertiesD. Non-destructive testing

1 Introduction

In selfreinforced polymer§SRPs) the reinforcement anadatrix are composed of
the same polymer or polymers belonging to shenepolymer family The intensive
stretching of extruded tapes or fibres results in high degree of moleculaatioierof
the polymer chains (both in crystalline and amorphous phase) and by this means
polymer fibres of high strength and modulus can be matwfd. The high
performancepolymerfibres can be embedded in a matrix polymer by-8tacking []
or coextrusion techologies [2,3 serving as suitable reinforcing substanaasd
creating an SRP composite material with low density, enhanced stretfifjtless and
impact resistance compared to the unreinforced polydleBly selective meltingria
hot-compaction $] or partial dissolution of the skirj§] of the polymer fibreso form
the matrix phaseso called singlpolymer composites can be creatif]. During
production of selreinforced composites, there are various parameters influencing the
properties of the finally formed composite. Besides the ratio and characteakthe
constituents (matrix polymer and reinforcement), the most crucial paansethe
achieved consolidation quality. Full compaction means the least void content and the
theoretical maximum density is achieved. The most relevant parameters aftbeting
consolidation quality are the type amibcosity of the matrix, the type anstructure
(fibrous, knitted, woven, etc.) of the reinforcement, the volume fraction of the

reinforcement, the temperature, pressure and hetdimg applied during hepressing
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and the cooling speed. It has to be noted, that in contrast to conventiesabigtarbon

fibre reirforced thermoplastic compositéthe consolidation quality of which can be
improved by increasing the processing temperancethus decreasing the viscosity of

the matriy, in the case of SRCs the melting temperature of the reinforcing polymer
fibre or tape determines the upper limit of the applicable temperdthesefore, e

basis of all SRP techniques is to set a suitable processing window which enables the
partial fusing of the fibres(hotcompaction techniquepr exploits the difference
between the melting temperatures,(Tof the structurally similarreinforcement and
matrix polymer.Neverthelessthe ncreased processing temperati@as to molecular
relaxation of fibres and consequently to loss in reinforcing effici¢8cyn case ofll-
poly(ethylene terephthalat@ll-PET) composites increased processing temperature and
holding timehave found to caudeydrolytic degradatiorembrittiement anchoticeable
deterioration of the mechanical properties of the polyester compor&i].[The

effect of processing parameters on the mechanical properties was first presented by
Ward and Hine for polyethylene (PE) based compositésdnd by Alcock et al. for
all-polypropylene composites (dMPCs) 12,13. Theseinvestigationsshow that the
consolidation quality ofall-PRCs improves as a function of increasing processing
temperaturgas alsaevealed by tensile, flexural apeelstrength modulus and density
measurementdy lzer et al.[14]. The modulus and strength values pass through a
maximum, whilethe energy absorption capability (perforation energy) decreases with
increasing consolidation temperature. Therefore, it is essential to findptmeal
processing conditions, where the SRCs are-vaikolidated and accompaniedthw
excellent interlaminar streng{preferablyin a presence of transcrystalline |gyend

have prominent mechanical performance with good energy absorption at the same time.

The optimization and monitoringf the processing parametense crucial in rgpect to



the SRPs quality[3,10,15,16], evertheless,for the quality assuranceof SRP
prefabricates omarts during service only destructive @emidestructive tests are
currently availableQuality of the products waainly assessed by diffent kind of
mechanical loadingoupled with further irsitu (such as acoustic emissidi¥]) or post
mortem €.g.light and scanning electron microscopy) failure inspections so far Non
destructive techniques werarely used forquality management, though ultrasonic
testing [L8] and Xray microcomputed tomography9] as pioneer investigations can
be found in the literature. This till an open issue, especially if-ime qudity
inspection is the targed]

In this work, multi-layeredunidirectionalall-PPCs composed of highly stretched
isotactic polypropylene (iPPmultiflament fibres and propylenethylene random
copolymer (rPPP matrix, were investigatedThe tensile modulus dhe reinforcingiPP
fibres basically depends on the fraction of chain segments that are oriébtell
amorphous andrystalline orientation) and the degree of orientation alongldae
direction.From combined Wide Angle -Xay Scattering(WAXS) and Small Angle X
ray Scattering (SAXS) experiments the crystallinity, the type and amount ofisgsth
their lamellar thickness, among others, can be obtair#yj2]]. However, for
estimation of the mechanical propertiesnailti-layeredall-PPCs prepared at varying
composite processing temperaturdbe investigation of the thermally induced
relaxation and structural transitionstbéiPPfibres needed a simplified approaatthe
data evaluationof the X+ay patterns The overall anisotropy was planned to be
quantified by means of azimuthal scattering curves.

Besidescattering method$olarized Raman spectroscopy proved to be effective
to study regularity and mstcture of iPHibres[22,2324]. In the former studieshe ratio

of Raman bands at 808 énrepresenting the helical conformation of the chains present



in crystalline regionand 841 ci, representing the defects in the helibgsgenerally
used to estimatthe overall molecular orientation (including crybted and amorphous
phases)[23,25,26. However, the structure of reinforcing iPP fibres embedded in a
structurally similar polymer rPP) matrix has not lea investigated yet. For this
purpose, lte entire frequency rangé the Raman spectraollectedfrom all-PPCswas
proposedio beevaluated bya multivariate evaluatioimethod [27].In this work, he
classical least squares (CLS) modebs setcted for determinng the relative
macromolecular orientation of thereinforcing fibres and thus estimay ther

mechanical performance at the same time.

2 Materials and methods

2.1 Materials

Highly oriented isotactic polypropylene (iPP) homopolymer multifilament
(Stradom S.A., Poland) was usasl reinforcement. Theeinforcing multifilament has
melting temperature 0171°C,asdetermined by DSC from the first melting curve with
a heating rate of 5°C/migshown inFigure 1), single fibre diameteof 34.4 £ 1.1um,
tensile strength of 581 + 30 MPa and tengiledulusof 7687 + 932 MPddetermined
between strain levels of 0.1 and 0.3%)resasured in single fibre tensile tests.

A propyleneethylene copolyme(rPP) basedthermoplastic elastomer (Versify
4200, Dow Chemical CompanySA) was selectedas matrix materialAccording to
DSC measurements with a heating rate of 5°C/min, the rPP basad crystalline
melting temperaturgange betweeb5 and 100°C with @eak temperaturef 78°C (as

can be seen frorigure 1). Accordingly, the processing window, approximated by the



difference between the melting temperatures of thdareement and matrix materjal
is about D°C.

60 £ 5 um thick films were manufactudefromthe rPPgranules by film extrusion
technique using habtech LCR 300 laboratory flat film line (Labtech Engineering Co.,

Thailand).

Figure 1 DSC curves of the iPP fibre and rPP matrix

2.2 Composite preparation

All-PPC sheetswere prepared by filament winding followed pmpression
moulding process[28]. 5 plies of matrix films and4 iPP multiflament layers were
laminatedtightly onto a6 mm thick aluminium core (308 300 mm) in a filament
winding process tmbtain unidirectionally(UD) alignedfibres The allPPCswith a
thickness ofL.7 mm and a nominal reinforcing multifilament content of 65 wt% were
produced by compression mouldinthe filamentwoundlaminateswere consotlated
at different temperatureat 130, 140, 150, 160, 170 and 180°C, respectigelying as
series regarding molakar orientation of fiboresand mechanical performancehe film-
stackedpackages were inserted in between the preheated moulds and hel80®rs
without pressurethen ompressed fo#d20 s under a pressure 4f MPa and finally

cooled to 45°C (under pressure).

2.3 Methods

2.3.1 Tensile tests

Comparative static tensile tests were performed on water jet cut rectangular

composite specimens of 20 mm x 120 mm (width x length) (the gauge length was 70
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mm) using a Zwick Z020 universal testing machine (Zwick GmbH & Co. KG,
Germany) with a crosshead speed of 5 mm/min. Young’'s msdidlues were
determined from the stressrain curvesetween the strain levels of 0.1 and 0.5be (t
specimen strain was measured by using a Messphysik ME 46 Mgssghysic,

Austria) video extensmetej.

2.3.2 SAXS

Smallangle Xray scattering measurements were carried out on the CREDO
instrument[29] of the Research Centre for Natural Scien¢ésngarian Academy of
Sciences (Budapest, Hungaryhe sample platelets weneounted on the sample holder
without further treatment, the direction of the fibres being nearly verasshown in
Figure 2. X-rays were produced by a GerniXCu ULD integrated beam delivery
system (Xenocs SA, Sassenage, France), which consists iofadatus Cu anode X
ray tube (30 W nominal power, 30 um thermal focus) operated at 50 kV and 0.6 mA
and a FOX3D multilayer parabolic mirror. The divergence and the diametke o¢
ray beam were limited by af@nhole collimation scheme, resulting in igliy parallel
beam of Xrays witha cca. 1 mm diameteB()]. Scattered photons were recorded using
a Pilatus300k CMOS hybrid pixel detector (Dectris Ltd, Baden, Switzerland), placed
2415.8 mm downstream from the sample. This determined the resolvedofatinge
momentum transferg(= 4 sin 8 /4, where26 is the scattering angle ard= 0.154
nm is the Xray wavelength of Cu Ko radiation) between 0.034 to 1.168 fim
corresponding to 182.5 to 5.4 nm Bragg distantesminimize the effects of sample
inhomogeneity, scattering images were recorded at 15 positions across the breadth of
the sample, placed 0.8 mm apart (the diameter of the circulay Keam at the sample

was cca. 1 mm). At each position, 12 exposuresweade, each 120 second long.



Frequent raneasuring of the calibrant samples and instrumental background was also
included in the procedureAll scattering patterns were corrected for instental
background, sample sebsorption and geometrical distortions and normalized into
absolute intensity units by the standard data reduction algorithm implementieel in
instrument control software. The abscissa was calibrated from pixel edge leniigth

into the scattering variable ) using a precalibrated spamen of silver behenate. For

the intensity calibration, a piece of glassy carbon with known scatteringsaotssn

has been used.

The distinct exposures were averaged for each sample and the ones affected by
external radiation background have been exaludsing statistical tests. Finally, the
complete scattering images for each sample were radially averaged in the range of
0.04 < g < 0.1 nm’ to obtain azimuthal scattering curves, i.e. the intensity as a

function of the azimuth angle of the scattering pattern.

Figure 2 Schematic representation of the experimental setufpr small-angle X-ray

scattering

2.3.3 Polarized Ramanmicro-spectroscopy

Raman spectra were collected using a Horiba Jgbon LabRAM system
coupled with an external 785 nm diode laser source and an Olympu B)tial
microscope. An objective of 0% magnification was used for optical imaging and
spectrum acquisition. The laser beam is directed through the objective, and
backscatteredadiation is collected with the same objective. The collected radiation is
directed through an edgiter that removes the Rayleigh photons, then it passes

through a confocal hole and the entranceasid gets onto a grating monochromator
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(950 groove ') that disperses the light before it reaches the CCD detector. The
spectrograph was set to provide a spectral range of1200 cm' with a 2 cm'
resolution.

The schematic representation of the experimental setup for Raman imaging is
shown inFigure 3. The incident laser radiation propagates in the negative Z direction
with polarization in Y direction. When a haifave plate (A/2) was inserted, the
polarization direction of the linearly polarized light shifted to X directibhe UD
composite samplesexe mounted horizontally with reinforcing fibres oriented in the Y
direction in all cases so thus the electric field of excitation was parallel (Y) or

perpendicular (X) to the fibre orientation.

Figure 3 Schematicrepresentation of the experimental setufor Raman imaging

Reference Ramarpsctra were collected from the matmxaterial (rPP) (test
specimen wagabricatedfrom a 2 mm thick plate obtained after {pressing thePP
granules at 160°Cand fom thereinforcing iPP fibre in itsoriginal highly oriented
form (iPPsa0ms), and in its completely heat relaxed fo(RP,.00) Obtained after heat
treatng (melting) 5 g ofiPP fibre at 180°C for 20 minut@s an oven(and let them cool
without pressure)The Raman spectra of the references wmigected with a 100
objective using an acquisition time of 9Gsd aveaging 3 measured spectra at each
measured point.

Raman spectra were collected along the depth of the comptusitesate line
mapsand to determine the optimal depth for tdimmension (2D) Raman mapping
Small areamaps were collectewith 50x objective (laser spot size2.0um) and 6 m

and 12 pmstepsizein the X (perpendicular to the fibre orientation) and in Yhe



direction (parallel to the fibre orientation), respectively. each experiment the
acquisitiontime of a single spectrum was 8@nd3 such spectra were averaged atheac

pixel. The analysedreawas 36 x12 pixels, ie. 210 x 13qun7 in all cass.
3 Results and discussion

3.1 Tensletests

The tensile strength and modulus values determined foexaminedall-PPCs
prepared at different consolidation temperatamessummarized iffiable 1 These data
were used as referenéer comparison otthe estimatedmolecular alignment of the
composites anceinforcingfibresby SAXS andRaman spectrometry, respectivelne
Young's modulus of the composites was found to be more sensitive to the increasing
processing temperatureft. can be seerthat the tensile strgth of the alPPC
consolidated at 170°C, at the melting temperature of the used iPP fibre st
approximately the same as that of theP#Cs prepared at lower temperatures, but its
tensile moduluslready decreasdsy 45% compared to the @PCprepared at 130°C.

The drop in tensile modulus while tensile strermgtimains constartan be explained by
the fact that modulus is more dependent thie orientationof the amorphous phase
while tensile strength is more dependent on cryséabrientationand structural effects
[31]. In agreement with thigffect even though the shrinkage of wound fibres is
hindered, microstructural changes such as relaxationttarghoticeable decrease in
tensile modulus can occur during processing intePRICs without any visible
indications [32 This observation highlights th#te precisemonitoring and control of

the composite preparatigmarameters is crucial in respecthe product’s quality.
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Table 1 Tensile strength and modulus of the alPPCs prepared atdifferent

consolidation temperatures

3.2 SAXS

SAXS was used to characterize the anisotropy of the composites on the nanometre
scale. The SAXS patterns of the samples, showrFign 4, demonstrate strong
dependencen the thermal prehistory amgfinite changes in the orientation. The most
striking part is the higintensity horizontal streak, which is a direct result of vertically
extended scattering objects, typically the nanocrystallites in the PP fibrigés. W
increasing consolidation tempéure these streaks decrease in intensity even below the
melting point, but once this temperature is surpassed, they vanish completely, giving
place of a new scattering signal in the vertical direction, which can tieutdt to

broken remnants of the grnal crystallitesandisotropically recrystallizedomains.

Figure 4 Small-angle X-ray scattering patterns of the allPPCs prepared at

different consolidation temperatures

The overallanisotropy can be quantified by means of azimuthal scattering curves.
As the most significant changes to the anisotropy occur at the very ¢naalje, we
have chosen the 0.05-0.1 fimterval (a thin ring very near the centre of the image, just
apart fom the beam stop) to calculate the dependence of the intensity on the azimuth

angle of the scattering pattern. The scattering curves are shéig b

Figure 5 Azimuthal scattering curves of the allPPCs in the range of 0.05-0.1 nfh
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As seen from théigure, the main peak pair (cca. at 90° and 270°) correstond
the horizontal streaks. Additionally, another peak pair emerges at higher temgserat
orthogonally to the previous two, at 0° and 180° (and of course 360°), as a contribution
of the recrystized iPP fibrils. To obtain a quantitative characteristic of the
nanarystallinesystem, the azimuthal curves were fitted in the legqaares sense with
a model of two sets of Gaussian peaks, placed 180° apart. The peaks in each set had
common height and width parameters. Additionally, a constant baseline term @as use
to model the isotropic scattering.

The width of the horizontal streaks can be regarded as a measure of the orientation
of thelamelles: the narrower the streaks, the better the crystallites are oriented. & can b
expected that with the loss of orientation of the reinforcingciyBtallitesthe stiffness
of the material in that direction should also decreasesirbag correlatiorfcoefficient
of determination R= 0.983) between the Young’s moduli and the reciprocal of the
width parameter of the peaks at 90° and 270° shiowkig. 6 fulfils this expectation
nicely. For cloer examination of the changetcrystalline and amorphousientation
and to understand their contribution to the evolution of the macroscopic properties

during processing, comparison of SAXS and WAXS measurements is planned.

Figure 6 Correlation of Young’s moduli with the reciprocal width of the horizontal

streak
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3.3 Raman spectroscopy

3.3.1 Depth profiling of orientation ratio by line mapping

Orientation ratio (OR) along line maps was determined as propoggikebet al.
as a simple and robustethod for characterisation of tineolecular orientation across
the crosssection ofextruded oriented polymer composite samples using polarized
micro-Raman spectroscopB3|. In Equation (1)lgos andlgs; stand for the intensity of
Raman bands at 808 and 841 ‘tmespectively. TheX and Y in subscript denote
whether the spectrum is collected with the electric field of the applied eswitzgam is

parallel or perpendicular to the direction of the iPP fibres.

OR = Ig08,x/1841,x (1)

Igosy/Ig41y

The (R for the alPPC constituestwas determined based on the spectra shown
in Figure 7, andwas calculated to be 9f8r the iPP fibre and 1.4 for the hptessed
rPP matrix material, respectively. TheROof 93 is a high value indicating very high
draw ratioof the fibres,while for acompletely relaxed sample the GRould be close

to 1 as the polarization should not affect Raman spectra of isotropic materials.

Figure 7Y and X spectra of ther PP matrix and the iPP fibre

Two line maps with differing polarisation directions (Y and X) were collected
from the same, evenly spaced points from the surface into the core from eR€&Call
sample The obtained ORprofiles representing the changes in the ovevalkntation

(including crystaline and amorphous phasgaje shown irFigure 8. It can be seen that
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the ORvalues ircrease with depth in all cases; in the first 50 um radiation is mainly
collected from the isotropic matrix materialth low OR, then as we proceed deeper
more and more photons abackscattered from the higtenacity iPP ibres causing
increase of the ORwvhile around 100 um depthe ORreaches a plateandicating that
the majority of the photongecollected from the iPP fibs.It can alsdeobserved that
the maximal ORvaluescalculatedfor the allPPC samples decrease with increasing
processing temperatures.maximal ORof 9.1, close to that of the neat iPP fibre (9.3),
was determined for the composite prepared at 130°C indicatingthat at this processing
temperature theeinforcing iPP fibre could maintain its highly ordered structure. In
contrast, based atle noticeable lower maximal OR value of tlePPC prepared at
180°C, considerable structural changéelaxation) of the reinforcing fibrewere

revealed

Figure 8 OR profiles collected from the surface region of the alPPCs

In Figure 9, fairly good correlation (Pearson’s r = 0.884fan be observed
between theleterminednaximal R valuesand the tensile moduli of the &IPCs The
better thecorrelationthe more accurateould betheRaman spectroscopy basedirect
estimation of themechanical performance of the-BIPCs In order to improve the
estimation accuracysmallarea maps being more representative regarding the

orientation state of the reinforcemengre analysed.

Figure 9 Correlation of Young’s moduli with the maximal OR determined for the

all-PPCs
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3.3.2 CLS modelling of smallarea maps

Raman mapping contributes to further understanding of the orientation and
relaxation process through visualization of the structural changes (includingll over
molecular orientation and crystallinity) in @PCs. Based on the OR profiles given by
the linemaps inFigure 8, the Raman maps were decided to be collected from 125 pum
depth from the surface of the composites. At this depth the intensity of thenRam
scattering was still sufficienfmuch deeper sampling would have caused significant
intensity los). Furthermore, the multivariate evaluation of the Raman spectra was
expected to increase the accuracy of the estimation omtrphological changes,
including the degreef crystallinity and extent adverall macranolecular orientation, of
the reinforcng iPP fibres.

ReferenceRaman spectravere collectedwvith excitation polarization in the Y
directionfrom the highly oriented iPP fibre (iRRos), from the fully relaxed iPP fibre
(IiPPyo%) and flom the matrix polymer (rPPF{gure 10). The spectra collected from
IPP fibre both in oriented and relaxed form match the typical Ratiéia ef a semi
crystalline iPP, the vibrational assignments are givehaible 2 [34]. The noticeable
differences in the peak intensities and ratios of the highly oriented, &k and
relaxed iPP fibres (iRB«) providea goodbasisfor estimatirg the structurdormation
of the reinforcing fibres during composite processimguding heat and compression
exposure. In contrast, the rigfatrix shows great similarity to the spectrum of tieat
relaxed iPP fibre (iPfR), which makes the modelling and estimation fairly difficult.
As for a solution, instead of evaluatingly the Raman peak intensity ratios at 808'cm
and 841 cni, as sggested byParadkar et al. P5], CLS method was applied to the
entire frequency rangg00-1400 cni), providing betterestimation forthe orientation

state oftheiPPfibresembedded in rPP matrix.
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Before chemometricevaluation, all spectra were baseline corrected and
normalized in order to eliminate the intensity deviation between the measurgsl poi
The morphological changes (overall molecular orientation and crystalliwity)he
reinforcing iPP fibres of the aPPCsas a function of increasy consolidation
temperaturewere evaluated in relation to the initial morphology of the reference
constituentsThe relative orientation statevas determined by CLS modelling withe
real reference spectra collected from B iPP-0% and rPP. Each Raman spectrum
obtained from an alPP composite is assumed as a linear combination of the three
reference spectra. All changes in the spectra are equally weidlmecelative degree
of orientation of the iPP fibre is estitea after subtracting the contribution of the
matrix component. It is defined regarding its relation to the reference spedBg,.of
100%, being considered as 100% relative orientation state, and §@.4RIB 0% relative

orientation state.

Figure 10 Reference Raman spectra collected frontPPo.1000, IPPo-0ss and rPP

Table 2 Vibrational assignments for Ramanbands of iPP[34]

Raman maps were collected frdn®2772 mm areaof each alPFC prepared at
consolidationtemperatures between 130°C and 18@h@analysedusingCLS method.
The maps of iPR100% contribution calculated for the eélPCs consolidated dtfferent
temperatures arghown inFigure 11. With increasing processing temperatune area
of darler (blue or red)domainscorresponding to the lessdered structures clearly
increasesBelow the starting temperature of the crystalline melt (158.5°C) only slight

relaxation occur during heat treatment, while above 160°C the increasingyrailithe
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polymer chains, trying to return to the thermodynamically stable coil stat@fsrén
noticeaby decreased orientation degreBsised on the uneven interfaces andhller
characteristic orientation degreesnsiderablemolecular relaxation andhfusion of
fibre/matrix interfaces werevincedfor the fibres embedded in the-8IPC prepared at

170°C and 180°C.

Figure 11 Maps ofiPPy.1009 contribution estimatedfor the all-PPCs

Theaverage relative degrees of orientation obtained from CLS mod#ikrsgnalt
areaRaman mapsef the examined alPPG are shown irFigure 12 in relation to the
composites’ Young's moduliFairly strong correlation Rearson’s r = 0.9)5was
evinced between the tensile moduli andrélativeorientation degreg®stimated based
on the polarized Raman mapof the alPPC3, indicating improved adequacy of
multivariate evaluation of smadireamapscompared to the determination of orientation
ratios of line maps.It can be noted, however, that Raman spectroscopy is sensitive to
the overall chain conformation but insensitive to the lateral order of théalines
phase, unlike SAXS technique. Furthermore, during @hodellingall changes in the
spectra are equallyeighted, but thenacroscopic properties like Young’s modutaoay
be more influenced by the variation specific factors such a®rientation of the
amorphous region.

In this work theRamanspectra were acqd at an accumulation time of 30 s, but
in situ results of Martinet al. B5 evidenced the ability of the Raman method to
characterize molecular orientation also in 4tgake with less than 5 s time resolution.
Transmission Raman spectroscopy may aler rapid and even better sampling for

solids than conventional backscattBaman It is presumed that Raman spectroscopy
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based techniquesan serve as core usif an online control loop aiming at the precise
control of the manufacturing proce&ich asontinuous doubkpelt presmg) of self
reinforced composites, being especially sensitive to the preparation pasa(setdr as

consolidation temperature, time, pressure, etc.).

Figure 12 Correlation of Young’s moduli with the estimated relative degree of

orientation valuesin all-PPC samples

4 Conclusions

Both gnall-angle Xray scattering andgbarized Ranan spectroscopy proved to be
suitable methosl to characterize the structure of reinforcigP fibres of alPP
composites in a nodestructive way.

Smallangle Xray scattering meairementshelped to evince the changed
orientation in the iPP fibres on the nanometric level. Analysis of the anisotropy of the
scattering pattern provided a way to quantify the disorientatiocrystallitesand a
direct correlation has been found between a measure of orientation and the Young's
moduli of the composites.

Based on thd&kaman spectra collected from tak-PPCs the orientatiorstatesof
the embedded iPP fibres were determjraeda new approach, byltivariatemodelling
with real reference spectr&urthermore, visualization of the morphological changes
could be performed through Raman mappihige strong correlation evinced be@n
the tensile moduli of the aPPCs and the estimateglative orientation degrees of the
iPP fibres served as proof for the adequacy of the elaborated method.

Comparing the two methods, SAXS provides more subtle morphological details
and accurate correlation, while the polarized Raman spectroscopy, dueqtocks
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samplingand flexibility, is suitable for establishing real time monitoring and Raman
signal based process control. Thus it is expected to gain application-ieistfced
composite manufacturing and also in other fields where ordered structure of

macromolecules is relevant.
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