Investigation of natural fiber composites
heterogeneity with respect to automotive
structures

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,
op gezag van de Rector Magnificus prof.dr.ir. J.T. Fokkema,
voorzitter van het College voor Promoties,
in het openbaar te verdedigen

op 31 oktober 2005 om 10.30 uur

door

Kirill Gennadjevich KAVELIN

Master of Science in Mechanical Engineering,
Budapest University of Technology and Economics,
geboren te Izhevsk, Rusland



Dit proefschrift is goedgekeurd door de promoter:
Prof. ir. J. L. Spoormaker

Samenstelling promotiecommissie:

Rector Magnificus, voorzitter

Prof. ir. J. L. Spoormaker Technische Universiteit Delft, promotor
Dr. P. V. Kandachar Technische Universiteit Delft

Prof. dr. ir. |. Verpoest Katholieke Universiteit Leuven, Belgié
Prof. ir. A. Beukers Technische Universiteit Delft

Prof. dr. ir. A. Bakker Technische Universiteit Delft

Prof. dr.ir. L. J. Ernst Technische Universiteit Delft

Dr. G. T. Pott Adviseur

ISBN-10: 90-9020036-3
ISBN-13: 978-90-9020036-1

Keywords: automotive design, composite, heterogeneity, natural fiber, spectral
analysis

Copyrights © 2005 by K.G. Kavelin

Printed by PrintPartners Ipskamp, Enschede, Netherlands



Investigation of natural fiber composites
heterogeneity with respect to automotive
structures

Thesis

Presented for the degree of doctor
at Delft University of Technology,
under the authority of the Vice-Chancellor, prof.dr.ir. J.T. Fokkema,
to be defended in public in the presence of the committee
appointed by the Board of Doctorates

October 31, at 10.30

by

Kirill Gennadjevich KAVELIN

Master of Science in Mechanical Engineering,
Budapest University of Technology and Economics,
born in Izhevsk, Russia






To my lovely wife and my son






Summary

SUMMARY

This work is carried out within the scope of the program “Smart Product Systems”
focusing on the life cycle efficiency of products. This program has emerged because of the
growing interest towards environmental protection, which requires a sustainable
development of the industrial progress. A Dutch-EVO concept car was taken as a vehicle for
the research within this program.

One of the innovations in the Dutch-EVO project is the use of modern lightweight
materials to reach the sustainability of the concept car. Thus, “Exploring the use of modern
materials for automotive applications” project has been conducted as a part of the program.
The purpose of this project is to explore new materials that have the potential to meet the
requirements of modern automobile design.

In this research a number of modern materials applicable to automotive structures
like magnesium alloys and composites are compared with the conventional materials like
steel and aluminum alloys. Not only mechanical properties of the materials are compared,
but also potential car weight reduction. However, the application of new materials requires
sometimes a complete change in production technology. The costs of these changes are
also discussed alongside with the mechanical properties of new materials. Complex
interaction between economical, technological and environmental aspects is considered
during the selection of suitable materials. As a result, a polymer composite reinforced with
natural fibers is chosen as one the most challenging materials to be applied in automotive
structures of the future. Structural and semi-structural application of these materials is
considered as challenging the car sustainability.

The mechanical properties of natural fiber composites are researched in detail.
Polymer composites reinforced with randomly distributed natural fibers in form of non-woven
mats are considered. A low price of these materials in combination with low density and good
mechanical performance makes them especially attractive for automotive structures, where
low cost and lightweight are the main issues. Some car manufacturers have already started
to apply these materials in their cars. However, the current field of natural fiber composites
application is limited to non-structural automotive components, partly because of the low
impact properties, poor moisture resistance and difficulties to reach A-class surface quality.
These are mainly technological problems, which sooner or later will be solved. But there is
one more aspect, which is inherent in these materials. Large variation in mechanical
properties is encountered in composites reinforced with natural fibers in the form of non-
woven mats. The variation appears due to large heterogeneity of the reinforcement. This
cannot be completely avoided by technology without substantial increase in price of final
composite. The averaged values of mechanical properties derived from testing are usually
used for engineering design of structures. However, mechanical properties determined by
using traditional methods of testing of these materials can be unreliable. Therefore large
safety coefficients are introduced to overcome the non-uniformity in material properties. As a
result the material usage is far from optimal.

A reliable estimation of mechanical properties of heterogeneous natural fiber
composites in combination with the new methods of engineering design is necessary for their
successful application in automotive structures. The estimated heterogeneity can be
incorporated in numerical engineering tools like finite element analysis (FEA) to enable
engineering of structures using heterogeneous materials.

In this work a novel technique is proposed for quantitative estimation of heterogeneity
in the properties of composites reinforced with natural fibers in the form of non-woven mats.
The technique is based on the analysis of the digital image of the reinforcement using the
signal processing technique. The digital image of the reinforcement could be obtained either
by scanning of a non-impregnated fiber mat or X-raying the composite. It is found that the in-
plane heterogeneity of the natural fiber composites is caused by the variation of local amount
of fibers (fiber volume fraction variation), which is clearly seen in the images as the variation
of image local brightness. In some places in material the natural fibers form clusters, while in
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the others there are voids. Fiber clusters and voids are stochastically distributed in the
composite. The heterogeneity through-the-thickness of material cannot be observed in X-ray
images; therefore it is not taken into consideration.

Complex in-plane heterogeneity present in composites is described by the introduced
approach of heterogeneity primitives. The heterogeneity primitives “hump” and “cavity”
represent fiber clusters and voids correspondingly. And it is possible to describe the complex
heterogeneity of natural fiber composite (or mat) by using simple equations.

Spectral analysis is employed for the estimation of the parameters of heterogeneity
primitives. Several linear excerpts are stochastically chosen in X-ray image of the composite
(or fiber mat) in order to perform the analysis. The excerpt represents the variation of the
image’s brightness. Derived spectrograms are used to identify harmonics in excerpts.
Harmonics are described by two parameters: wavelength and amplitude, which are linked to
“size” and “intensity” parameters of the heterogeneity primitives correspondingly. The size
parameter is used to determine the linear in-plane dimensions of the primitive, while the
intensity — the magnitude of variation of the fiber volume fraction within the primitive.
Harmonics with the major amplitudes are representative harmonics within the excerpt and
are determined by the means of correlation. This set of harmonics is a quantitative
characteristic of heterogeneity. Statistical parameters of harmonics: size and intensity are
also estimated.

It is obvious that in order to carry out the FEA of structures made of heterogeneous
materials, it is necessary to implement the variation in material properties according to the
estimated characteristics of heterogeneity into a finite element model. However, the
observed heterogeneity of considered material is rather difficult to implement directly into the
finite element analysis. Therefore, a special procedure is developed in order to generate the
heterogeneity using the derived characteristics.

A technique to generate the in-plane material heterogeneity is developed in this
thesis. As the basis, the parameters of representative set of harmonics are used to generate
stochastically distributed heterogeneity primitives. The heterogeneity primitives are described
by a specially chosen mathematical function. The function describes the variation of material
properties within the heterogeneity primitive. The harmonics parameters from the
representative set are used to generate a low-order in-plane heterogeneity. Several low-
order heterogeneities being generated simultaneously result in high-order in-plane
heterogeneity. The generated high-order heterogeneity has characteristics similar to those
observed in real composite materials and the similarity largely depends on the number of
low-order heterogeneities involved. The simulated in-plane heterogeneity represents the
variation of fiber volume fraction in the composite. This variation can be directly used to
determine the mechanical properties of a composite material.

For linear elastic analysis the material model could be limited to the material modulus
of elasticity. Modulus of elasticity of composite is assumed to be correlated with the fiber
volume fraction variation. A reliable theoretical material model is required for a correct
correlation.

In this thesis a vast number of theoretical models for estimation of elasticity modulus
for natural fiber composites are evaluated to fit available experimental data on natural fiber
reinforced composites with randomly distributed reinforcement. Three main parameters
determine the modulus of elasticity of a composite: modulus of fibers, modulus of matrix and
fiber volume fraction. It is discovered that no suitable model exists. The modification of one of
the existing models is proposed. The modified model is successfully tested on available
experimental data. This model is incorporated into the heterogeneity generation procedure.
As a result the in-plane variation of modulus of elasticity of a composite can be simulated.

A method for implementing the simulated variation of material’s elasticity modulus
into FEA of structures made of heterogeneous materials is developed in this thesis. This
method is based on the assumption that most of the structures made of composites are thin-
walled structures. Therefore they can be numerically simulated using shell finite elements
with constant properties through their thickness. The variation in structure’s mechanical
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properties is implemented as the variation in elastic properties of adjacent finite elements
according to generated in-plane heterogeneity.

The required technique of appropriation of elastic properties of the finite element
according to the generated in-plane heterogeneity is developed. It is based on geometrical
primitives as plane and cylinder which are used to approximate the complex 3D shape of a
real structure. The geometrical primitives are specified using the information derived from the
finite element model of a structure in accordance to suggested principles. The developed
method is suitable for simulation of 2D plane and 3D shell structures made of heterogeneous
materials. The method is programmed as a FORTRAN procedure and implemented into
MSC.MARC finite element code.

The developed approach is checked with available experimental data obtained from
standard tensile tests of composite specimens. A contactless strain measurement system
(ARAMIS) has been used during experiments in order to investigate the non-uniformity of
strain at the surface of the specimens. The reinforcement in specimens made of natural fiber
composite is investigated by using X-ray photographs and compared with the surface strain
field obtained with ARAMIS. A good agreement of surface strain variation with the structure
of the reinforcement is observed. The heterogeneity parameters of the material are estimated
and implemented into the finite element model of plates with simulation conditions similar to
a standard tensile experiment.

The surface strain field in modeled plates and in tested specimens is examined.
Reasonable agreement between simulations and experimental data is observed. The effect
of the finite element size on the results is investigated and a method for proper size
estimation is suggested as the result.

An automotive component is chosen for a full-scale verification of the developed
approach. A rear seat base structure is manufactured within the cooperation with the
industrial partners. Certain numbers of structures made of two different composites are
produced. Polypropylene reinforced with non-woven flax fiber mat and polypropylene glass
mat thermoplastic (GMT) are used. The overall flexural stiffness of structures is tested using
an experimental laboratory setup. It is found that the structure made of natural fiber
composite can compete in stiffness/weight ratio with the structure made of GMT. However,
the mechanical properties of the used natural fiber composite have to be improved to
achieve the optimal performance.

The structure made of polypropylene reinforced with non-woven flax fiber mat while
being flexurally loaded is also researched with contactless strain measurement system
(ARAMIS). In these tests the non-uniformity of surface strain field is observed in the
structure. However, the comparison the results of ARAMIS with X-ray photograph of the
structure shows that the derived surface strain field can be unreliable. The image of the
cross-section of the natural fiber composite is examined in order to find a reasonable
explanation for this phenomenon.

The through-thickness heterogeneity of natural fiber composite appears to have great
influence the surface strain results. This eventually results in the loss of correlation with the
X-ray image of the reinforcement. Additional flexural tests of structure using strain gauges
were performed in order to validate the results of ARAMIS locally. The conclusion drawn
from the experimental result is that the contactless strain measurement system certainly has
its limitations in measuring the surface strain in heterogeneous materials under complex
stress states.

All the developed techniques can be summarized into a novel approach to model
structures made of heterogeneous materials, which consists of the following steps:
estimation of heterogeneity parameters, heterogeneity generation, tuning the model for the
modulus of elasticity estimation and approximation of a complex geometry with geometrical
primitives. The developed approach can be used for more reliable simulations of the
structures made of heterogeneous materials through more accurate description of their local
mechanical properties. Moreover, the estimated parameters of heterogeneity can be used for
the proper choice of the specimens’ dimensions for tests in order to avoid the so-called “size
effect” and can improve the reliability of the results.



Summary

The developed approach to model structures made of heterogeneous material is
successfully implemented into the FE model of the seat base structure. The heterogeneity
parameters are estimated applying the developed technique based on the X-ray image of the
structure. Reasonable agreement between simulation and experimental results is observed.
Occurring problems and the possible ways of their solution are discussed.

The novel approach developed in this thesis, is a step towards a better understanding
of the complex mechanics of natural fiber composites and behavior of the structures made of
these materials. Using this approach one can perform more reliable simulations of structures
made of heterogeneous materials resulting optimal material utilization in structures. Some
future improvements of the developed approach are also suggested. General design
guidelines using heterogeneous natural fiber composites are drawn in respect to design of
automotive structures.

Kirill KAVELIN



Samenvatting

SAMENVATTING

Dit onderzoek is uitgevoerd binnen het programma “Smart Product Systems” gericht
op de efficiency van levensduurcyclus van producten. Dit onderzoeksprogramma is gestart
vanwege de toenemende interesse voor de bescherming van het milieu, die een duurzame
ontwikkeling van industriéle vooruitgang vereist. Als carrier in dit onderzoeksproject werd de
DutchEVO gekozen.

Eén van de innovaties in het Dutch-Evo project is het gebruik van moderne
lichtgewicht materialen om de duurzaamheideisen van dit concept voertuig te halen. Het
“Verkennen van de toepassing van nieuwe materialen in auto’s” is als een deel van het
programma uitgevoerd. Het doel van dit project is om nieuwe materialen te exploreren die de
potentie hebben om aan de eisen van modern auto-ontwerp te voldoen.

In dit onderzoek wordt een aantal moderne materialen, zoals magnesiumlegeringen
en composieten, die toegepast kunnen worden in de constructie van auto’s, vergeleken met
conventionele materialen zoals staal en aluminiumlegeringen. Niet alleen de mechanische
eigenschappen van deze materialen worden vergeleken, maar ook de mogelijkheid van
gewichtsreductie van auto’'s. De toepassing van nieuwe materialen vereist soms een
complete verandering van de productietechnologie. De kosten van deze veranderingen
worden ook beschouwd samen met de mechanische eigenschappen van nieuwe materialen.
De complexe interactie tussen economische, technologische en milieuaspecten wordt
meegenomen gedurende de selectie van in aanmerking komende materialen. Als resultaat
hiervan is een polymere composiet versterkt met natuurlijke vezels geselecteerd als één van
de meest uitdagende materialen om gebruikt te kunnen worden in toekomstige
autoconstructies. De toepassing van deze materialen in structurele en semi-structurele delen
in auto’s wordt beschouwd als een uitdaging voor de duurzaamheid van auto’s.

De mechanische eigenschappen van composieten met natuurlijike vezels zijn
gedetailleerd onderzocht. Polymere composieten versterkt met “at random” verdeelde
natuurlijke vezels in de vorm van “non-woven” matten worden beschouwd. Een lage prijs van
deze materialen gecombineerd met een lage dichtheid en goede mechanische
eigenschappen maken hen heel aantrekkelijk voor constructies in auto’s waarvoor lage
kosten en lichtgewicht de belangrijkste aspecten zijn. Enige autofabrikanten zijn al begonnen
met de toepassing van deze materialen in hun auto’s. De huidige toepassingen van
composieten met natuurlijke vezels zijn beperkt tot delen van de constructie die laag belast
worden, gedeelteliik vanwege de lage slagsterkte, slechte vochtbestendigheid en de
moeilijkheden om klasse A opperviaktekwaliteit te bereiken. Dit betreft voornamelijk
technologische problemen die vroeger of later zullen worden opgelost. Grote variaties in de
mechanische eigenschappen komt men tegen in composieten met natuurlijke vezels in de
vorm van “non-woven” matten. Deze variatie ontstaat tengevolge van de grote heterogeniteit
van de versterking. Dit kan niet volledig worden vermeden door technologie zonder een
substantiéle verhoging van de prijs van de uiteindelijke composiet. De gemiddelde waarden
van de mechanische eigenschappen ontleend aan testen worden gewoonlijk gebruikt voor
het technische ontwerp van constructies. Echter de mechanische eigenschappen bepaald
met traditionele testmethoden aan deze materialen kunnen onbetrouwbaar zijn. Daarom
worden hoge veiligheidscoéfficiénten gebruikt om rekening te houden met de niet-uniforme
materiaaleigenschappen. Het resultaat hiervan is dat het materiaalgebruik verre van optimaal
is.

Een betrouwbare schatting van de mechanische eigenschappen van heterogene
natuurlijke vezel composieten samen met nieuwe methoden van technisch ontwerpen is
nodig voor hun succesrijke toepassing in autoconstructies. De geschatte heterogeniteit kan
worden ingebouwd in numerieke technische methoden zoals de eindige elementen methode
(EEM) om het ontwerp van constructies met heterogene materialen mogelijk te maken.

In dit onderzoek wordt een nieuwe techniek voorgesteld om de heterogeniteit van de
van de eigenschappen van composieten met natuurlijke vezels in de vorm van “non-woven”
matten te kwantificeren. De techniek is gebaseerd op de analyse van het digitale beeld van
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de versterking door gebruik te maken van signaalverwerking. De digitale afbeelding van de
versterking kan worden verkregen of door het scannen van een niet geimpregneerde
vezelmat of door réntgenopnamen van de composiet. Er is gevonden dat de heterogeniteit in
het vlak van de natuurlijke vezel composiet veroorzaakt wordt door de variatie in de locale
hoeveelheid vezels (variatie in de Vezel Volume Fractie), welke duidelijk zichtbaar is in de
afbeeldingen als de variatie in de locale helderheid in de afbeelding. Op sommige plaatsen in
het materiaal vormen de natuurlijke vezels clusters, terwijl er op andere locaties er leemten
zijn. Vezel clusters en leemten zijn stochastisch verdeeld in de composiet. De door de dikte
heterogeniteit van het materiaal kan niet worden waargenomen in réntgenopnamen; daarom
wordt dit niet in beschouwing genomen.

Er wordt voorgesteld om de complexe heterogeniteit in het vlak die aanwezig is in
composieten te beschrijven door de introductie van de benadering met
heterogeniteitprimitieven. De heterogeniteit primitieven “verhoging” en “holte” representeren
respectievelijk vezel clusters en leemten. En het is mogelijk om de complexe heterogeniteit
van een natuurlijke vezel composieten (of mat) te beschrijven door gebruik te maken van
eenvoudige functies.

Spectrale analyse wordt gebruikt om de parameters van heterogeniteitprimitieven te
schatten. Enkele lineaire excerpten worden at random gekozen in de réntgenopname van de
composiet (of de vezelmat) om de analyse uit te voeren. Het excerpt representeert de
variatie in de helderheid van de afbeelding. De afgeleide spectrogrammen worden gebruikt
om de harmonischen in de excerpten te identificeren. De harmonischen worden beschreven
door twee parameters: golflengte en amplitude, welke zijn verbonden met de “afmeting”’en de
“intensiteit” parameters van de corresponderende heterogeniteit primitieven. De afmeting
parameter wordt gebruikt om de lineaire in het vlak afmeting van de primitieve te bepalen,
terwijl de intensiteit de grootte van de avariatie van de Vezel Volume Fractie in de primitieve
is. Harmonischen met belangrijkste amplituden zijn de representatieve harmonischen binnen
een excerpt en worden bepaald door middel van correlatie. Het stelsel van harmonischen is
een kwantitatieve karakterisatie van de heterogeniteit. De statistische parameters van de
harmonischen: afmeting en intensiteit worden ook geschat

Het is vanzelfsprekend dat om de EEM uit te kunnen voeren op een constructie uit
een heterogeen materiaal het noodzakelijk is om de spreiding in de materiaal eigenschappen
te implementeren in een Eindige Elementen Methode model dat overeenkomt met de
geschatte karakteristiecken van de heterogeniteit. De waargenomen heterogeniteit van het
beschouwde materiaal is echter tamelijk moeilijk direct te implementeren in een Eingige
Elementen analyse. Er is daarom een speciale procedure ontwikkeld om de heterogeniteit te
genereren met gebruikmaking van de afgeleide karakteristieken.

Een techniek om de materiaalheterogeniteit in het vlak te genereren is in deze thesis
ontwikkeld. Het uitgangspunt is dat de parameters van een representatief stelsel van
harmonischen gebruikt worden om de stochastisch verdeelde heterogeniteit primitieven te
genereren. De heterogeniteit primitieven worden beschreven met een special geselecteerde
wiskundige functie. De parameters van de harmonischen van het representatieve stelsel
worden gebruikt om een in het vlak heterogeniteit van een lage orde te genereren.
Verscheidene lage orde heterogeniteiten die simultaan worden gegenereerd resulteren in
een hogere orde in het vlak heterogeniteit. De gegenereerde hogere orde heterogeniteit
heeft karakteristieken die gelijkend zijn aan die van het reéle gedrag van de composiet en de
gelijkheid hangt grotendeels af van het aantal lagere orde heterogeniteiten dat wordt
gebruikt. De gesimuleerde in het vlak heterogeniteit representeert de variatie van de volume
fractie van vezels in de composiet. Deze variatie kan direct worden gebruikt om de
mechanische eigenschappen van een composiet te bepalen.

Voor een lineair elastische analyse zou het materiaal model beperkt kunnen worden
tot de elasticiteitsmodulus van het materiaal. Daarom wordt de elasticiteitsmodulus van een
composiet verondersteld gecorreleerd te zijn met de variatie in de vezel volume fractie. Een
betrouwbaar theoretisch materiaal model is vereist voor een correcte correlatie.

In dit proefschrift wordt een groot aantal theoretische modellen voor het schatten van
de elasticiteitsmodulus van composieten met natuurlijke vezel geévalueerd om de
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beschikbare experimentele gegevens over composieten met natuurlijke vezels met at
random verdeelde versterking te fitten. De drie voornaamste parameters die de
elasticiteitsmodulus van een composiet bepalen zijn: de modulus van de vezels, de modulus
van de matrix en de volumefractie van de vezels. Er werd ontdekt, dat er geen geschikt
model bestond. De aanpassing van een van de bestaande modellen is voorgesteld. Het
aangepaste model is met succes getest op de beschikbare experimentele data. Dit model is
geincorporeerd in de procedure van het genereren van de heterogeniteit. Het resultaat is dat
de variatie van de elasticiteitsmodulus van een composiet in het vlak kan worden
gesimuleerd.

In dit proefschrift wordt een methode voor het implementeren van de gesimuleerde
variatie van de elasticiteitsmodulus van het materiaal in een EEM analyse van constructies
uit heterogene materialen ontwikkeld. Deze methode is gebaseerd op de aanname dat de
meeste constructies uit composieten dunwandig zijn. Daarom Kkunnen zij numeriek
gesimuleerd worden door gebruik te maken van schaalelementen met constante
eigenschappen door de dikte. De variatie in de mechanische eigenschappen van een
constructie wordt geimplementeerd als de variatie in de elastische eigenschappen van
aanliggende eindige elementen in overeenkomende met de gegenereerde heterogeniteit in
het viak.

De vereiste techniek van de benadering van de elastische eigenschappen van de
eindige elementen overeenkomende met de gegenereerde heterogeniteit in het viak is
ontwikkeld. Het is gebaseerd op geometrische primitieven als viakken en cilinders die
worden gebruikt om de complexe 3D vormen van een reéle constructie te benaderen. De
ontwikkelde methode is geschikt voor de simulatie van 2D vlakke en 3D schaal constructies
uit heterogene materialen. De methode is geprogrammeerd in een FORTRAN procedure en
geimplementeerd in het MSC.MARC eindige elementen programma.

De ontwikkelde benadering is geverifieerd met beschikbare experimentele gegevens
verkregen uit standaard beproevingen van proefstukken composiet. Een contactloos rekmeet
systeem (ARAMIS) is gedurende de experimenten gebruikt om de niet uniformiteit van de rek
aan de oppervilakte van de proefstukken te onderzoeken. De versterking in proefstukken uit
composieten van natuurlijke vezels is onderzocht door réontgenopnamen te gebruiken en
deze te vergelijken met het rekveld aan het opperviak verkregen met ARAMIS. Er werd een
goede overeenstemming tussen de variatie in het rekveld aan het oppervlak met de structuur
van de versterking waargenomen. De heterogeniteitparameters van het materiaal zijn
geschat en geimplementeerd in het Eindige Elementen model van platen met simulatie
condities die gelijk zijn aan die van een standaard trekproefstuk.

Het rekveld aan de oppervlakte van gemodelleerde platen en in proefstukken is
onderzocht. Een redelijke overeenstemming tussen de simulaties en de experimenten is
waargenomen. Het effect van de afmeting van de eindige elementen op de resultaten is
onderzocht en een methode om de juiste element afmeting te schatten is voorgesteld.

Een component uit een auto is gekozen voor een ware grote verificatie van de
ontwikkelde benadering. De onderkant van de constructie van een zitting is gefabriceerd
binnen de samenwerking met een industriéle partner. Een aantal constructies gemaakt uit
twee verschillende composieten zijn gefabriceerd. Polypropeen versterkt met "non-woven”
vlasvezel mat en polypropeen met glasmatten (GMT) zijn gebruikt. De totale buigstijfheid van
de constructies is getest gebruikmakend van een experimentele laboratoriumopstelling. Er is
gevonden dat de constructie gemaakt uit composieten met natuurlijke vezels kan
concurreren voor wat betreft de stijfheid/gewichtsverhouding met constructies gemaakt uit
GMT. De mechanische eigenschappen van de gebruikte composiet met natuurlijke vezels
moeten nog worden verbeterd om de optimale prestatie te bereiken.

De constructie uit polypropeen versterkt met “non-woven” vlasvezel matten is op
buiging belast en is ook onderzocht met het contactloze rekmeetsysteem (ARAMIS). In deze
proeven is het niet uniforme rekveld aan het oppervlak waargenomen. De vergelijking echter
met de resultaten van ARAMIS met réntgenfoto’s van de constructie toont dat de verkregen
oppervlakte rek onbetrouwbaar kan zijn. De microscoop foto’s van de doorsnede van de
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composieten met natuurlijke vezels is onderzocht om een aanvaarbare verklaring voor dit
verschijnsel te vinden.

De door de dikte heterogeniteit van composieten met natuurlijke vezels blijkt een
grote invloed te hebben op de resulterende opperviakte rek. Dit kan eventueel resulteren in
een verlies in correlatie met de rontgenopnamen van de versterking. Er zijn aanvullende
buigproeven uitgevoerd met rekstrookjes om de resultaten van ARAMIS lokaal te verifiéren.
De conclusies van deze experimentele resultaten is dat contactloze rekmeet systemen hun
beperkingen hebben in het meten van de oppervlakte rek in heterogene materialen in een
complexe spanningstoestand.

De nieuwe benadering om constructies te modelleren uit heterogene materialen
bestaat uit de volgende stappen: schatten van de heterogeniteit parameters, het genereren
van de heterogeniteit, aanpassing van het model voor het schatten van de
elasticiteitsmodulussen de benadering van een complexe geometrie met geometrische
primitieven. De ontwikkelde benadering kan worden gebruikt voor een betrouwbaardere
simulatie van constructies uit heterogene materialen door de accuratere beschrijving van de
locale mechanische eigenschappen. Bovendien kunnen de geschatte parameters van de
heterogeniteit worden gebruikt voor de juiste keuze van de proefstukafmetingen voor testen
en kunnen de =zogenaamde afmeting effecten worden voorkomen en kan de
betrouwbaarheid van de resultaten worden verbeterd.

De ontwikkelde benadering om constructies uit heterogene materialen te modelleren
is met succes geimplementeerd in het EEM model van de onderkant van de constructie van
de zitting. De heterogeniteitparameters zijn geschat door toepassing van de ontwikkelde
techniek gebaseerd op Réntgen opnames van de constructie. Een redelijke overeenkomst
tussen de simulatie en de experimentele resultaten is waargenomen. De opgetreden
problemen en oplossingsmogelijikheden worden besproken

De nieuwe benadering die in deze thesis is ontwikkeld is een stap in de richting van
een beter begrip van de complexe mechanica van composieten met natuurlijke vezels en het
gedrag van constructies uit deze materialen. Door gebruik te maken van deze benadering is
het mogelijk om betrouwbaardere simulaties uit te voeren aan constructies uit heterogene
materialen en dit kan resulteren in optimaal materiaalgebruik in constructies. Enige
verbeteringen van de ontwikkelde benadering worden ook voorgesteld. Algemene
ontwerprichtlijnen voor het gebruik van heterogene composieten met natuurlijke vezels
worden geschetst voor het ontwerp van constructies in auto’s.

Kirill KAVELIN
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Chapter 1

Introduction

1.1 Background

This work is performed within the scope of the program “Smart Product Systems”
focused on Life Cycle Efficiency of Products conducted at Delft University of Technology. In
other words, the production of goods is performed with the minimal waste and maximum
recycling of raw materials and reuse of components. The central objective of the program is
a multidisciplinary research on the program level, which combines the expertise of at least
several traditional technical disciplines.

Innovative technology, otherwise coined as ‘industrial progress’, continually delivers
new products. Some of them even have become an essential part of everyday life in modern
society. All products require both materials and energy for their production and usage
phases, while at the-end-of life they all must eventually be discarded. Growing public
concern about issues such as waste prevention and energy saving, however, has led to the
emphasis on environmental issues within our consumer society. The concept has emerged
which requires the industrial progress to be accompanied by sustainable development.

The following general understanding on sustainable development is used. “Humanity
has the ability to make development sustainable - to ensure that it meets the needs of the
present without compromising the ability of future generations to meet their needs. The
concept of sustainable development does imply limits - not absolute limits, but limitations
imposed by the present state of technology and social organization on environmental
resources and by the ability of the biosphere to absorb the effects of human activities. But
technology and social organization can be managed and improved to make way for a new
era of economic growth. In the end, sustainable development is not a fixed state of harmony,
but rather a process of change in which the exploitation of resources, the direction of
investments, the orientation of technological development, and institutional change are made
consistent with future as well as present needs.*

The co-operative challenge as a background of the program is to develop a scientific
methodology able to assimilate the diverse knowledge about materials, products and
processes, which can be used in various levels of optimization. This can help to understand
the insights of the combined knowledge better and can lead to the improvement of the trade-
off involved in economy, technology and environmental protection.

Sustainable development of products involves a delicate trade-off between the
aspects related to the mass balance, consumed energy and economy, throughout all life
cycle phases of products. It must be supported by sustainable technology, which strives
towards the minimal use of raw materials and energy, minimal hazardous emissions, and
maximal reuse and recycling in a balances life cycle.

A concept car with a working name Dutch-EVO was taken as a vehicle of the
research within the “Smart Product Systems” program. The concept has to meet the
philosophy of the whole program on sustainable product development. The Dutch-EVO
project aims at designing and building an affordable, lightweight car satisfying the current
and/or future legislation on safety, emissions, recyclability etc.

One of the innovations in the Dutch-EVO project is the use of modem lightweight
materials to reach safety and sustainability of the concept car. Therefore a project 3.2.1:
“Exploring the use of modern materials for automotive applications” has been conducted as
an important part of the project. The purpose of this project is to explore new materials that
have the potential to meet the requirements of automobile design.
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1.2 Objectives

Obviously, the main objective of the automobile industry is to deliver on the market
cheap, reliable and economical cars. The cost aspects are very important especially for
passenger cars. The price of raw materials has a major influence on the total price of a car
assembly. Therefore, firstly the price of raw materials used in a passenger car design is the
main issue. Secondly, the car structure has to fulfill the design requirements in the sense of
strength, reliability and durability. Materials with sufficient mechanical properties have to be
used. Saving fuel becomes more and more crucial nowadays. This makes car manufacturers
look for ways to reduce the fuel consumption. According to the latest survey the fuel
consumption, using current engine technology, mainly depends on the weight of the car,
unless alternative energy source is used. Therefore, modern lightweight materials come to
substitute the currently used materials.

The main aim of this thesis is to make an overview of modern lightweight materials,
which have potentials to satisfy the automotive requirements in the sense of price,
mechanical properties and sustainability. Then the properties of most suitable materials have
to be analyzed in detail to find the boundaries of their application in cars.

Engineering design with new materials requires new methods. Therefore, the most
challenging task is to develop an engineering design technique, which can be used in order
to utilize the properties of modern materials efficiently. As a result of this thesis, general
guidelines for product development using modern materials with respect to automotive
design will be developed.
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Chapter 2

Overview of modern structural materials

2.1 Introduction

Not so long ago automobiles were almost exclusively made from steel. But fierce
competition and social push for lighter, more economical vehicles has led to the introduction
and continuing usage of aluminium, plastics and various composites. The main driveline is to
strengthen the technological base of the automotive industry with a primary focus on
developing and implementing lightweight materials in order to reduce energy consumption of
a car while taking into consideration safety and costs. Safety regulations, however, decrease
weight reduction.

Major shifts in automotive materials are of vital interest to manufacturers in the raw
materials industry, but are also of keen interest to the spare parts suppliers. Thus, the
challenge for the automotive industry is to produce inexpensive, environmentally sustainable
vehicles that are safe, attractive and economical to operate.

The environmental aspect of modern automobiles is very important nowadays.
Automotive transport in Europe consumes about 9% of the total European material use, of
which 63% by mass is needed for passenger cars. From the energy consumption point of
view the transport sector is the third (16% of the total energy consumption) largest energy
consumer (after industry and housing), where 80-85% of the total energy consumption
happens during the use phase of a car [7, 76, 83, 87, 208]. According to recent studies the
energy consumption of an automobile largely depends on its weight [1, 191, 219]. By weight
reduction it is possible to reduce both the energy consumption and emissions substantially
[159, 160]. It is shown in [40, 87] that the energy required for materials production and
technological process is rather small in comparison with the energy consumed by a car
during the use phase.

Over the last few years, ecological concern and global warming have initiated a
considerable interest in using natural materials to produce “green” products and reduce
carbon dioxide (COz2) emissions by all possible means. Fossil fuel combustion is the main
source of worldwide CO2 emissions, which account for more than 99% of all green house
gases [130]. It is estimated that about 75% of transport energy consumption and CO2
emissions come from road transport and of this around 70% by cars [7, 40, 208].

Lightweight, high performance materials like aluminium, magnesium and composites
enable lightweight design. However, the concerns about the waste generation in the
transport sector should be taken into account. The EU has announced a waste management
strategy resulting in the policy measures such as the End-of-Life-Vehicle-Directive [43]. This
directive imposes a marked reduction in the use of virgin materials during the manufacturing
process and a certain increase in the amount of recyclable materials recovered during
dismantling. Thermal recycling is considered to be not sustainable and, therefore, not
supported. In the present scenario, bio-materials based on renewable resources have
excellent potential to reduce not only CO2emissions but also save non-renewable resources
by substituting conventional mineral and petrochemical (fossil) materials. This appear to be
quite efficient especially in the automotive sector due to large production scale [130].

Modern materials including metals, plastics and composites have excellent
mechanical, ergonomic and eco-performance if properly assessed in lightweight design [44].
Structural and semi-structural materials in automobiles can be divided into conventional
materials and advanced materials. Composite materials are considered as advanced
because of the ultimate performance and are de-facto state-of-the-art materials nowadays.
Also magnesium is a very lightweight material with good performance. This material is rather
new in automotive applications.
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A short overview of the properties of structural and semi-structural materials such as
metals, polymers and composites, which applicable to car body and to other light- and
medium-loaded structures in automobiles and perspectives of their usage in near future is
made. This overview regards mechanical, environmental and economic performance of
these materials.

2.2 Conventional materials

2.2.1 Steel

Steel is most widely used in automotive structures starting from the beginning of
automotive era. Steel is being derived from iron ore and nowadays is available in many
different grades by alloying it with other metals and by mechanical and heat treatment. Steel
combines very good strength properties with ductility, which is very important for the
automotive industry. Steel is relatively cheap and almost 100% recyclable, which is
undoubtedly important for the eco-efficiency of cars.

Because mechanical properties of steel are well-known and engineering design rules
well established it is feasible to design reliable and durable structures. Thus, a steel car
might seem to be the best option ever. However, the main disadvantage of a steel car is its
weight, which negatively affects the fuel efficiency and therefore eco-performance of cars.
According to the recent studies on lightweight cars [1,130, 191] the weight reduction is
beneficial. The same figure is estimated in the life cycle analysis presented in [87]. High
strength steel enable thinner structures, which can contribute to the lightweight design [228].
However, even using high strength steel only limited weight savings are achievable [76].

Considering limited feasibility of eco-efficiency improvement of a steel car (due to its
weight) the application of steel as the primary material in automotive structures in future is
considered not very preferable.

2.2.2 Aluminum

The primary application of aluminum belongs to the area of aerospace structures. It
offers very good mechanical performance, high corrosion resistance and low weight. The
properties of aluminum, like that of steel can be modified to a large extent by alloying them
with other metals as well as applying mechanical and heat treatments. The recyclability of
aluminum is also quite good. The density of aluminum is three times less than steel; thus, it
has great opportunities to be applied in lightweight automotive structures. These attributes
are very attractive to automotive manufacturers. Weight saving in the whole car structure can
be as high as 25% and for some structures as high as 52% in comparison with steel design.
The optimal usage of aluminum requires a different approach to design structures. Thus, one
of the latest achievements for cars is the recently developed new technology of Aluminum
Space Frame (ASF) which allows to utilize most of the material performance [8, 15, 224].
Currently some car manufacturers like Audi (model A8), Honda (model NSX) and Lotus
(model Elise) already use aluminum as primary material for the car body, but such design is
quite expensive due to a high price of raw aluminum [27, 76]. Therefore only expensive,
luxurious or racing cars are currently being made from aluminum.

The production of aluminum requires enormous amount of energy, which undoubtedly
influences the price (about €4.41 per kilogram for aluminum sheet, compared to about €0.97
for steel). Unfortunately no breakthrough is foreseen to significant reduce the cost of raw
materials. However, no high investments are needed to convert a “steel” technology
equipment into an “aluminum” one [2].

Aluminum is produced from bauxite mineral ore. High material price limits a wide
usage of aluminum as the primary material for mass automotive production in the future.
Moreover extensive usage of limited mineral ore resources can hardly be considered as
sustainable.
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2.2.3 Synthetic plastics

A large number of plastics are available nowadays. Plastics produced by
petrochemical industry from fossil oil are synthetic plastics. Plastics as engineering materials
are widely used in various applications due to good mechanical properties, excellent
aesthetics and low production price. This is mainly due to a low energy consumption during
the production of raw material and subsequently component production. The main advantage
of plastics is the possibility to manufacture very complex shaped products in one step, which
considerably cuts the production costs [67, 76]. These attributes are very attractive for car
manufacturers.

Therefore nowadays there are many plastics used in automotive structures carrying a
wide range of functions. For example, internal panels in cars are made of plastics: the rear
parcel shelf, door trim panels and the dashboard. Some of the structures can even carry
limited load during the service, like the dashboard (light loads and thermal loads) and door
trim panels (medium loads). Engine covers and liquids containers are external example of
plastics applications. A light to a medium load is associated with these structures. Recently
Daimler Chrysler has attempted to make a complete plastic car, where all body parts are
made from polyethylene teraphthalate (PET). But this is just a rare example because most of
cheap plastics (commodity plastics) do not provide sufficient performance for heavy loaded
applications [130].

With regard to chemical and technological behavior, plastics can be divided into two
main groups: thermoplastics and thermosets. Thermoplastics become viscous at higher
temperatures and solidify at lower temperatures. Therefore, they can be reversibly reshaped.
Thermosets can flow only once and cross link with the applied heat and curing agents.
Thermoplastics can be recycled, which is an advantage over thermosets because they can
be reused several times, although their properties can degrade. The only way to reuse end-
of-life thermoset parts can be as fillers (shredded material) in other materials; otherwise they
can be thermally disposed or subjected to landfill [35]. The production of synthetic plastics
results in much lower environmental impact than production of metals, because of the
reduced energy consumption. Plastics can be recycled or their thermal energy can be utilized
by incineration, which hence has questionable eco-performance.

Engineering and high-performance plastics can be used for structural automotive
applications. They have very good mechanical properties, but the high price limits their
usage. If their price would drop, the automotive components made from these materials can
have mechanical performance close to those made of steel, but their weight will be much
less. Thus, substituting steel components with plastics contribute to the weight reduction of
the car. This scenario thus can be exploited in future.

2.3 Advanced materials

2.3.1 Magnesium

Magnesium is an even lighter construction material than aluminum and it offers
comparable mechanical properties. The usage of magnesium in automotive applications can
bring benefits from the point of view of weight, but it can also allow more extensive functions
integration in a single part due to a better castability compared to that of aluminum and iron.
Thus it will be possible for a single component to integrate the same functions performed
presently by several different parts, leading therefore to considerable savings coming from
assembly saving and machining costs. The cost of magnesium is the same as aluminum.

There are already some examples of magnesium applications in cars, like Mercedes
Roadster (complete seat frame) and Mercedes SLK (petrol tank partition panel). In these
cars magnesium components are made using the die-casting technology. The weight saving
can be as high as 40% compared to a component made from steel. Door panels are also
feasible applications of magnesium. However, the use of magnesium in sheeted panels is
very complicated because a sheet has to be deformed at high temperatures (over 300 °C),
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which requires heated tools [76]. Heated tools lead to large equipment investments, which
are sometimes not economically efficient. Therefore processing of magnesium parts is very
expensive. In addition structures made from magnesium corrode faster and therefore
sufficient and reliable coating has to be provided [3, 47]. Thus, from the point of view of
weight application of magnesium in automotive structures of the future can be beneficial, but
it is still problematic technologically and economically.

2.3.2 Bioplastics

Biopolymers are based on renewable raw materials, which in this context we defined
as “products derived from the agricultural and forestry sectors and being used for other
purposes than nutrition”. The amount of carbon dioxide released in the atmosphere when
products from renewable materials are disposed is equal to that absorbed from the
atmosphere during plants growth. This is what is called “closed carbon cycle” [14, 156].

Such materials as starch, plant and animal oils, etc are used for production of
biopolymers. The main advantage their usage is that only small amount of limited minerals
and fossil resources are used for their production. Most of bioplastics are thermosets. Up to
98% bioplastics consists of renewable material and only 2% are synthetic components
(usually catalyst). Their application in automotive structures can be considered as
environmentally friendly, since they belong to lightweight renewable materials [38]. The
advantage of bioplastics is that they can be either safely disposed or even self degrade after
some time under certain conditions [14, 133].

The main disadvantage of bioplastics is their low mechanical performance, which is
similar or worse than of commodity synthetic plastics. Moreover most of bioplastics are
moisture, temperature and UV-radiation sensitive. These factors may cause rapid or
unpredicted degradation of their mechanical properties. Nowadays bioplastics are mainly
used in food packaging applications, where long life of the material and high mechanical
performance are not necessary. The price of engineering bioplastics (see Table 2.1) whose
performance is suitable for structural or semi-structural applications is quite high and can be
up to 10 times higher than of similar synthetic ones (see Table 2.6) [133]. Engineering
bioplastics was developed by several laboratories in recent time and not available on a mass
production scale yet. High price and low production volume currently limit automotive
application, where these issues hence are of a primary importance [133].

Table 2.1 The price for some of biodegradable plastics [after 120, 132, 133].

Material Average price €/kg.

Polylactic acid (PLA) (Cargill Dow Polymers) 25-5

Starch-based resins (Novon/Novamont) 27-48

PHA (BIOTEC/Monsanto) 6.6-11

Cellulose acetate 28-3.1
Polycaprolactone (PCL) ~45

Polyster amide (Bayer's BAK) ~34

Alphatic aromatic copolyester (Eastman’s Easter Bio) ~34

2.3.3 Composites

Composite materials consist of two or more rather than one material. They have a
matrix material, which encapsulates discrete elements of one or more different materials. In
general, composites are constructed by combining strong and stiff fibers with a lightweight
matrix. The obtained material has better properties, than the matrix material alone, especially
some specific properties (i.e. property-density ratio). The matrix material is usually tough and
ductile rather than strong and brittle, while the reinforcing material is conversely strong, stiff
and brittle. The resulting composite material has a good toughness due to the matrix material
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and high strength due to the reinforcement. Fibers of different types and length are used as
reinforcement in any composite material.

Nowadays synthetic composites are widely used. The synthetic plastics are usually
used as matrix (based on fossil non-renewable resources) and glass or carbon (also
synthetic, based on mineral resources) is used as fibers [76].

A new type of composites based on renewable resources has been recently
developed. These composites are called biocomposites. In biocomposites the plastic matrix
is based on starch, plant and animal oil, while plant or animal fibers are used as
reinforcement [130]. Both types of composites (bio- and synthetic) will be discussed and the
perspectives of their application in automotive structures will be presented.

2.3.4 Synthetic composites

The matrix material in synthetic composites is a synthetic polymer. The common
fibers in polymer-matrix composites are glass, carbon and aramid. The properties of
composite materials depend on many parameters. The material of matrix and fibers, the
amount of fibers and their distribution are the most important of them [72]. Therefore, there
are many possibilities to design the properties of composites adjusting them for specific
needs, for example, orientation of fibers in the direction of maximum load etc. Thus,
composites can be considered as materials with better designable properties [1].

Composite materials have had their first application in military aerospace technology,
where fiber reinforced plastics are successfully used for various applications due to excellent
specific properties, e.g. high strength and stiffness, low weight and the possibility of
optimization by varying fibers orientations. Nowadays the application of composites is widely
extended to civil areas like sport equipment and, of course, automotive structures [63]. They
are used in those applications where lightness and high strength are required [229].

However, in automotive sector the application of composites started in early 1980’s
and after that has gradually increased [31]. Nowadays leading car manufacturers are
applying more and more composites in their cars (see Fig. 2.1). However, there are
difficulties in applying composites in ordinary cars. Most of them are due to high production
costs of structures made from composites [1, 76, 207]. Usually it requires a complete
upgrade of the production technology (more complex and expensive) and therefore large
investments into the new equipment are required. Accordingly, the price of car increases,
which negatively affects its market attractiveness.

Thus, considering eco-efficiency of a car, the application of composites can be
considered as sustainable, but on the other hand synthetic composites contain a mixture of
materials obtained from non-renewable resources. Therefore the reuse or utilization of
composite structures at the end-of-life is questionable. None of the synthetic composites can
be utilized without damage to the environment. The disposal of end-of-life composites, as
these materials tend to be regarded as non-recyclable [25, 119], and much of the waste
currently produced is ultimately sent to landfill sights for disposal. Composites with
thermosetting matrices cannot be recycled otherwise than by landfill or incineration only,
while composites with thermoplastic matrices are more attractive in that sense. Depending
on composition they can be reused (recycled) up to several times, but with certain
degradation of mechanical properties. When reuse is not possible any more, the only option
to utilize them is to incinerate them (recycle into energy), but producing pollution as
consequence. The slag remained after incineration of all types of synthetic composites has to
be buried in landfill only.

A variety of ways of composite reuse at the end-of-life time have been developed
recently. These methods include incorporating the end-of-life material into new composite
materials [25, 193], recovery of the fiber reinforcement and filler material [25, 153, 158] and
energy recovery through incineration [99, 158]. For example, a recycled carbon fiber
thermoplastic composite material can be grinded into virgin composite to form high quality
reinforcing material in injection moulds or as compression molding compounds [193]. By
incinerating glass fiber reinforced thermosets in a fluidized bed the recovery of both glass
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fibers and energy is possible [99, 158]. The latest method for recycling the sheet molding
compound (SMC) utilizes solvent dissolution, hydrolysis and pyrolysis [153].

The development of composites with one material (the same materials for matrix and
reinforcement) can help to achieve a better recycling performance. Such composites already
exist, like all-polypropylene composite [155]. The polypropylene is used as a matrix material
and as reinforcement. The technological know-how is to make the fibers stronger than the
matrix by drawing the polymer to orient molecules. Also the fibers arrangement to specific
orientation requires a sophisticated technology. All-polypropylene composites have slightly
better mechanical properties than pure polypropylene [26, 155], but their properties are
significantly worse than those reinforced with glass fibers. Thus, a low gain in mechanical
properties limits the area of application of such composites. However, the problem of
recycling has been reduced.

Fiber-reinforced composite plastics with appropriately oriented reinforcing fibers offer
a suitable lightweight construction potential for a load-bearing body-in-white structures, even
compared to aluminum and magnesium. Thus, in those structures where high stiffness is a
major concern, carbon fibers are preferred, whereas glass or even natural fibers can be used
if less stiffness is required. With this technology the achievable weight reduction is about
50%. Composites depending on the structure and orientation of the fibers not only have high
stiffness and strength but also a much higher energy absorption potential than metals, that
means in principle they can even be used as lightweight materials in crash-relevant structural
areas (monocoque, bumper crash absorbing structures) [76].

Despite the negative factors due to recycling of synthetic composites and their high
price, their applications in automotive structures is a good perspective due to a potentially
reduced weight of future cars and therefore, better fuel economy.

Figure 2.1 Parts made of glass mat thermoplastics (GMT) in Mercedes A-class.
(www.daimlerchrysler.com).

2.3.5 Biocomposites

The concern about the preservation of natural resources and recycling has led to a
renewed interest in biomaterials with the focus on renewable raw materials. Application of
composites based on renewable or easily recyclable materials in automotive structures
allows to avoid (to some extent) the problems with recycling of components at the end of life.
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New types of composites — biocomposites have been developed in recent time.
Biocomposites offer a good mechanical performance and eco-efficiency at the same time.

Biocomposites application is rapidly growing nowadays. This is especially related to
certain problems concerning the use of traditional fiber composites. They are often
considerable with respect to reuse or recycling of traditional fiber composites at the end-of-
life time, mainly due to the compound of miscellaneous and usually very stable fibers and
matrices. A simple landfill disposal is more and more excluded in Europe due to the
increasing environmental sensitivity. Therefore, environmentally compatible alternatives are
being looked for and examined recently. This might be recovery of raw materials, CO.-
neutral thermal utilization, or biodegradation in certain circumstances. That is why
composites based on renewable resources consisting of either natural fibers or co-called
biopolymers or both at the same time are economically and ecologically acceptable [133].

In a biocomposite at least one component either matrix materials or reinforcement is
based on renewable resources. Thus, several combinations of composite structure are
possible:

¢ renewable bioplastic matrix reinforced with natural fibers (100% renewable composite);

¢ renewable bioplastic matrix reinforced with synthetic fibers (partly renewable composite);

e matrix material made from synthetic resources reinforced with natural fibers (partly
renewable composite).

As mentioned above (see sect. “Bioplastics”) bioplastics do not sufficiently fulfill the
requirements to be used as matrices in biocomposites in the sense of mechanical properties
and durability. This main disadvantage is based on their historical development. These
polymers have originally been designed for the packaging sector and therefore their
properties were oriented for that purpose. In particular cheap bioplastics show either too high
values of elongation at failure, low durability, fast degradation, or rheological behavior.
Therefore they are not suitable for application in biocomposites. Automotive structures are
often exposed to high humidity and/or elevated temperatures during service. Most of the
bioplastics are critical to moisture, which may result in a great dimensional instability or
properties degradation. Therefore, biocomposites with bioplastic matrix can be considered as
very good materials from the eco-efficiency point of view, but their mechanical properties
(especially their moisture, temperature sensitivity and fast degradation) in combination with
high price (see in Table 2.1) at present do not make them attractive for automotive
producers. These biocomposites based on bioplastics, especially those reinforced with
natural fibers, have a great challenge to be applied in automotive structures, but not in near
future [169].

Biocomposites based on synthetic plastic matrix and reinforced with natural fibers is
the last type in the classification. Synthetic plastics both thermosets and thermoplastics can
be used as matrix in these materials. Mechanical performance of synthetic plastics has been
discussed earlier and considered as sufficient for the automotive application. The only
disadvantage of synthetic plastics is a large environmental impact, especially when they are
reinforced with synthetic fibers (glass, carbon, aramid).

Environmental impact of fully synthetic composites can be substantially reduced by
the replacement of synthetic reinforcement by natural-based one. The natural fibers are a
good option for that purpose. Natural fiber reinforcement can be derived either from animal or
plant resources. They offer quite good mechanical performance and they are based on
renewable resources. Some of the natural fibers have mechanical properties like strength
and modulus comparable to that of glass fibers. Moreover, their density and price are much
lower than of glass fibers [56, 143].

Natural fibers possess excellent sound absorption efficiency. They are more shatter
resistant, and have a better energy management characteristics than glass fiber in their
respective composite structures [137]. Thus, in automotive parts, compared to glass
composites, the natural fiber composites reduce the mass of the component, lowering the
energy needed for production by 80%. For example, it takes 3.1 MJ of energy to produce 1
kilogram of kenaf, whereas it takes almost four times the same energy (~12 MJ) to produce 1
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kilogram of glass fiber [102]. Other studies [56, 143] also show low energy requirements of
natural fibers over synthetic ones. A more detailed information is presented in Table 2.2.

Thus, biocomposites based on synthetic matrix and natural fibers demonstrate the
mechanical performance comparable to that of completely synthetic composites,
accompanied by low price and reduced environmental impact [225]. Although, they can be
considered as the most promising materials to be applied in automotive structures their low
impact strength and high moisture sensitivity require further investigations. This will be
discussed further in detail.

Table 2.2 Comparison of properties of different natural fibers (after [143]).

Fiber type Specific Modulus of Specific tensile Cost Energy to
gravity elasticity, strength (GPa/kg) ($/ton) produce
(GPa) (GJ/ton)
Lignocellulosic 06-1.2 11-53 1.6-2.95 200 - 1000 4
Glass 26 70-85 1.35 1200 - 1800 30
Carbon 1.8 100 — 140 1.71 12500 130

2.4 Natural fiber composites

Biocomposites based on synthetic matrix and natural fibers or simply natural fiber
composites are very promising materials to apply in automotive structures. They offer good
mechanical performance in combination with a better eco-performance and lower price (in
comparison to synthetic fiber reinforced composites) [130, 146, 156, 157]. Since these
materials are rather new their behavior under different conditions is not fully researched yet.
Properties of natural fiber composites with different types of fibers and matrices are still being
researched in order to develop feasible design rules for automotive and other applications.

2.4 .1 Natural fibers

Natural fibers have attracted the attention of scientists and technologists because of
environmental advantages that these fibers provide over conventional reinforcement
materials, and the development of natural fiber composites has been a subject of interest for
the past 15 years. Natural fibers are low-cost fibers with low density and high specific
properties. They are biodegradable and nonabrasive, unlike other man-made reinforcing
fibers. Specific properties of some natural fibers are comparable to those of synthetic fibers
used as reinforcements in composites [18, 56, 103, 143, 195, 220].

There are some difficulties, however, in dealing with natural fibers. Unlike manmade
synthetic fibers (which have constant quality) natural fibers have large variation in
mechanical properties; they are moisture and UV sensitive and they have low impact
properties. Therefore, some problems have to be solved for successful application of natural
fiber in composites.

Types of natural fibers. Natural fibers are based on renewable materials and
depending upon the source can be subdivided mainly into two major groups: plant fibers
(based on agricultural resources) and animal fibers (based on resources derived from
animals). The group of plant fibers can be subdivided into several classes: straw, seed, bast,
leaf and wood fibers as depicted in Fig. 2.2.

All mentioned above types of natural fibers are currently commercially available. For
example, sisal fibers are widely cultivated in Tanzania and Brazil. Sisal plant though native to
tropical and sub-tropical North and South America, is also widely grown in tropical countries
of Africa, the West Indies and Far East [16]. Henequen is produced in Mexico, abaca and
hemp in the Philippines and China [39]. The largest producers of jute are India, China and
Bangladesh. Flax and hemp are largely being cultivated in Europe, Russia, Canada,
Argentina and India. Kenaf is a crop grown commercially in the United States [186]. India is

10



Chapter 2: Overview of modern structural materials

Bast
(Kenaf, Flax, Jute, Hemp)

(Bamboo fiber, Switch grass,
Elephant grass, etc.)

D Leaf

e (Sisal, Henequen, Pineapple leaf
Q@ fiber)

=

N

n .
o Seed/Fruit
o) (Cotton, Coir)
=

©

S Grass
ot

©

Z

Non-wood natural fibers/biofibers

Wood fibers
(Soft and Hard woods)

Figure 2.2 Classification of natural fibers derived from pants (after [130]).

also producing 20% of world production of coir [189]. Ramie fibers are the longest and one of
the strongest fine textile fibers and mostly available and used in China, Japan and Malaysia
[39].

Thus, each specific type of the fibers (plants) can be grown in these countries
depending on favorable climate [20]. The prices of natural fibers vary to a large extent,
because there are many factors influencing the price, they will be discussed further, but
generally the price of plant fibers is much lower than that of animal fibers. The price of animal
fibers can be up to up to 10 times higher (ex. wool and silk fibers) [133]. The animal fibers
are not suitable because of high cost and low stiffness and therefore will no longer be
discussed. The term “natural fibers” then implies in “plant fibers” in this thesis.

Chemical composition. The chemical composition and the structure of plant fibers
depend to a large extent on climatic conditions, age and the digestion process of the plant,
which they are derived from. Component values of some of plant fibers are presented in
Table 2.3. With the exception of cotton, the major components of natural fibers are cellulose,
hemicellulose, lignin, pectin, waxes and water-soluble substances. The physical properties of
the fibers are mainly determined by cellulose (content and orientation of molecules),
hemicellulose and lignin. Hemicellulose and pectin are responsible for the biodegradation,
moisture absorption, and thermal degradation of fiber. Lignin is thermally stable, but
degrades under UV radiation. Individual fiber properties and the structure of fiber bundles
can vary widely depending on the plant, part of the stem (close to the roots or close to the
top), age, extraction technique, moisture content, speed of testing, history of fiber, etc.
Because of so many influencing factors there is a large variation in their properties.

Microstructure of natural fibers. A natural fiber in itself is composite. It consists of
hollow cellulose fibrils held together by lignin and pectin in hemicellulose matrix. Each fibril
has a complex, layered structure, consisting of a thin primary wall encircling a thick
secondary wall (see Fig. 2.3). The secondary wall is made up of three layers and the thick
middle layer determines the mechanical properties of the fiber. The middle layer consists of a
series of helically wound cellular micro fibrils formed from long chain cellulose molecules; the
angle between the fiber axis and micro fibrils is called a micro fibril angle (see in Table 2.3).
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Table 2.3 Composition of different natural fibers (after [52, 133]).

Component Natural fibers

Cotton Jute Flax Hemp Sisal
Cellulose, wt.% 82.7 61-71.5 64.1-71 70.2-744 65.7-78
Hemicellulose, wt.% 5.7 13.6-20.4 16.7-20.6 17.9-22.4 10.0-14.2
Pectin, wt.% - 0.2 1.8-2.3 0.9 10
Lignin, wt.% - 12-13 1.7-2.0 3.7-5.7 9.9
Wax, wt.% 0.6 05 1.5-1.7 0.8 2.0
Moisture wt.% 10.0 10.0-12.6 10.0 10.8 11.0
Microfibrillar spiral angle - 8.0 10.0 6.2 20.0
(degrees)

Component Natural fibers

Kenaf Coir Ramie PALF Henequen
Cellulose, wt.% 31-39 3643 68.6-76.2 70-82 776
Hemicellulose, wt.% 215 0.15-0.25 13.1-16.7 - 4-8
Pectin, wt.% - 34 1.9 - -
Lignin, wt.% - 41-45 0.6-0.7 5-12 131
Wax, wt.% - - 0.3 - -
Moisture wt.% - 8.0 8.0 11.8 -
Microfibrillar spiral angle - 41-45 7.5 14.0 -
(degrees)

Secondary wall S3 Lumen

Helically Secondary wall S2
arranged Spiral angle
crystalline
microfiblils Secondary wall $1
of cellulose
Primary wall
Amorphous

region mainly
consisting of lignin
and hemicellulose

Disorderly arranged
crystalline cellulose
microfibrils networks

Figure 2.3 Structure of a natural fiber (after [172]).

The mechanical properties of natural fiber are dependent on the cellulose content in
the fiber, the degree of polymerization of the cellulose and the angle of the micro fibrils [64,
178]. Fibers with higher cellulose content, higher degree of polymerization and a smaller
microfibrillar angle exhibit higher tensile strength and modulus. Several studies on estimation
of the mechanical properties of natural fibers have been carried out [20, 112, 145].

Processing of natural fibers. Processing of natural fibers is required in order to
obtain fibers from a plant stem (or leaf) in the form suitable for composites. Technology for
fibers processing determines their quality. Currently there are three main technologies:
microbial deterioration (dew retting), hot water retting and hydrothermal treatment. The
central problem of fiber production is its procurement. In order to obtain a maximum value
gain, it is important to optimally use the facilities of nature. This means that the structure of
the fibers should be retained and optimally used. The traditional dew-retting is one of the
most important and widely used methods. This process is the only commercially developed
by producers of plant stem fibers (at least for flax and hemp). It consists of simple and cheap
procedures. Following this process freshly cut stems of a plant are left in the field for a
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certain period of time (about 6 weeks). Under the natural condition they are exposed to
combined deterioration of microbes, humidity and UV radiation. After that, the fibers reach
the condition when they can be easily mechanically extracted from the stem, they will be
collected and transported to the subsequent processing stage. The resulting fibers can have
a large property variation and high moisture sensitivity due to non-optimal deterioration of
hemicellulose and pectin (both influencing the fibers separation) and degree of cellulose
crystalinity (responsible for mechanical properties) [101]. However, there are some
developments in order to improve fiber quality.

Hot water retting is a technology, which can be used to extract natural fibers in a
shorter time (several hours or days). However, this process requires much energy. The
plants are processed in batches in tanks with hot water. After that the fibers can be
separated from stem. This result in better mechanical properties of extracted fibers due more
controlled processing conditions and therefore more optimal pectin and hemicellulose
degradation.

New modern methods based on hydrothermal processes have been developed
recently. One of the examples is Duralin® process [161 - 163]. Just harvested “green” plant
straw can be directly processed, thus no dew retting is required. The technology has been
proved on flax, hemp and jute fibers. Bundles of plant straw are heated in water in a pressure
vessel at temperatures between 160-180°C for about 15 minutes (hydro-thermolysis). After
drying, the plant straw is heated in the air or dry steam for about 30 min at temperatures of
up to 180°C (curing). After that the fibers can be easier separated than after dew-retting
process. A standard decortificator can be used. The fiber yield is considerably higher than
after dew-retting. Also, this process results in less damage to the fibers’ structure than in
traditional dew-retting process, which positively affects the quality of the extracted natural
fibers and is therefore more consistent with their mechanical properties [100]. In addition
extracted fibers become less sensitive to the moisture [162, 163, 208].

In order to obtain even more fine fibers the so-called “steam explosion” process can
be applied to the fiber bundles obtained after decortification. In that process steam and
additives (if necessary) under pressure and increased temperature penetrate into the space
between fibers of the fiber bundle. As a result, the middle lamella and the fiber adherent
substances are become “soft” and after pressure release can be removed by washing and
rinsing [20]. The quality of natural fibers processed with steam explosion process is more
constant than before the processing. Moreover, fine fibers when introduced into a composite
result in better performance of the composite.

Geometrical properties. Unlike man-made synthetic fibers (glass, carbon) natural
fibers extracted from plants have variable geometry. The fiber length and diameter are the
main parameters, which have certain influence on reinforcing capabilities in composites.
These geometrical parameters of the extracted fibers vary not only from one plant to another
but even from one part of the plant to another (close to roots, middle and top of a plant stem)
[112]. Typical geometrical parameters of some natural fibers are presented in Table 2.4.
Stiffness, strength and impact resistance of composites increase fiber length and hence
composites with flax and hemp (provide the longest fibers) can have the best mechanical
properties [72].

Table 2.4 Geometrical parameters of some natural fibers.

. Fiber dimension, mm
Fiber type Length Thickness
Cotton 10 to 60 0.02
Flax 51060 0.012 t0 0.027
Hemp 51055 0.025 t0 0.050
Jute 15105 0.02
Deciduous Wood 11018 0.03
Coniferous Wood 35105 0.025
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Mechanical properties. Mechanical properties of natural fibers alike geometrical
properties vary to a large extent. Natural fibers exhibit considerable variation in diameter
along with length of individual bundles. Quality as well as most their properties depend on
the factors like size, maturity as well as processing methods adopted for the extraction of
fibers.

Properties such as density, tensile strength, modulus, etc., strongly depend on the
internal structure and chemical composition of fibers. It is known from the experiments that
modulus of natural fiber decreases with increase of its diameter [112, 145].

According to the data collected from other scientific publications the strength of
natural fibers is lower than that of glass fibers (see in Table 2.5), while the stiffness is on the
same level. However, taking into consideration low density of natural fibers, which are up to 2
times lighter than glass, the resulting specific stiffness of natural fibers is substantially higher
than the same parameter of glass fibers.

Flax, hemp and jute fibers are particularly standing out due to good specific stiffness.
They are attractive candidates to be used as reinforcement in composites for automotive
applications. Natural fibers like sisal, coir cotton and ramie are only beneficial if they are
cheaper.

Wood fibers in the form of short fibers or flour are also used in natural fiber
composites, but mainly as filler. The properties of natural fibers presented in Table 2.5 are
mostly for those fibers extracted by using dew-retting process, and could be regarded as
conservative.

Table 2.5 Properties of some synthetic and natural fibers [59, 120, 121, 133, 179].

Fibers Tensile Tensile Specific | Specific | Specific Failure Price,
strength, MPa | modulus, GPa | gravity | strength | stiffness | strain, % Euro/kg

E-glass 2500-3500 70-73 2.56 27 29 2.5-3.0 1.5-2.5
Carbon 2500-6000 220-700 1.75-1.9 116 400 14-2 30-50
Flax 500-900 50-70 1.4-1.5 33 50 1.3-3.3 0.5-1
Sisal 80-840 9-22 1.3-1.45 6 17 3-7 0.3
Jute 200-450 20-55 1.3-14 14 42 1.16-15 0.12-0.5
Hemp 310-750 30-60 1.48 20 41 2-4 0.5-1
Banana 530-750 7-20 14 5 14 1-4 0.5
Coir 130-175 4-6 1.15 3 5 15-40 0.25
Cotton 300-600 6-10 1.5 4 7 70-8.0 1.6-4.6
Silk - - 1.34 - - - 18.3-36.7
Wool 125-200 - 1.31 - - - Upto 154

Thermal stability. Natural fibers are complex organic materials and, higher
temperature result in physical and chemical changes in their structure. The thermal stability
of natural fibers can be studied using thermogravimetric analysis. From recent studies [51] it
was learned that natural fibers start to degrade at temperatures between 170 — 260 °C
(depending on chemical composition). Under these conditions natural fibers do not
completely degrade immediately, but only start to do so.

The degradation level depends not only on temperature, but also on the duration of
the exposure. The degree of thermal degradation of natural fibers is an important condition in
the manufacturing of natural fiber composites. Thus, the curing temperature in case of
thermosetting matrix and extrusion temperature of thermoplastic matrix should be within the
limits. The process duration should be limited as well. Thermal degradation of natural fibers
leads to emergence of poor organoleptic properties, such as odor and color change as well
as deterioration of their mechanical properties. Changes in the surface of fibers due to
thermal degradation cause changes in the bonding properties between fibers and polymer
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matrix, which results in decrease of mechanical properties of a composite. The thermal
stability of natural fibers can be slightly improved by chemical treatment [179].

Moisture content. All natural fibers derived from plants are based on cellulose,
which is hydrophilic and hence absorb moisture. Usually a moisture content in natural fibers
varies between 5 and 15%. It is higher in green natural fibers, but decreases during
processing of natural fibers (after retting and drying). In composites a high moisture content
in reinforcement can lead to dimensional variations and affects mechanical properties.
During processing of thermoplastic composites, moisture can lead to poor processability and
porous products. Therefore, natural fibers must be processed and stored under optimal
conditions and must be dried before impregnating them with polymers.

Price of natural fibers. The price of natural fibers varies in a wide range depending
on the economical wealth of the countries where fibers are grown (see in section “Types of
natural fibers”) and applied processing techniques. In fact the price of raw natural fibers (i.e.
just extracted from stem) is substantially lower than the price of glass fibers (see in Table
2.2). The price depends also on the length of fibers. Such difference originates not only from
the techniques of handling the fibers, but also from the origin of fibers. For example, the flax
fiber industry has already a well established infrastructure for fabrics (linen) production.
Superior quality flax fibers are used for that purpose. They are long and handled in a way to
keep the fibers parallel in bundles (for spinning). Such fibers are very expensive to apply in
composites. However, the rest of fibers, such as tow fibers, are short. They are not suitable
for linen production and usually thrown away. Tow fibers are cheap and can be successfully
used as reinforcement for composites in the form of non-woven mats, for example. The price
of natural fibers in woven form (fabric) is up to 10 times higher than that of non-woven.

The mechanical properties of composites with woven or unidirectional reinforcement
are high due to good fiber orientation and better fiber quality, but the price is exceptionally
high. Hence there are no economical benefits of woven natural fiber composites in
comparison to synthetic ones, except the cases when an improved eco-performance needed.
Therefore, natural fibers in non-woven form are more economically efficient as reinforcement
in composites even if their reinforcing abilities in composites are lower that of the woven
ones.

Chemical treatment of natural fibers can improve their mechanical properties, thermal
stability and reduce moisture content of natural fibers and, therefore, improve properties of
the composite. However, additional processing of natural fibers increase their price.
Therefore cheaper chemical treatment of natural fibers can be chosen in order not to affect
the price too much.

Environmental and other properties. Plant fibers are renewable raw material and
their potential availability is unlimited, as they can be grown every season. When natural
reinforced plastics at the end of their life cycle are incinerated or naturally biologically
decomposed in the soil the released amount of CO, of the fibers is neutral i.e. in balance to
the assimilated amount during their growth [79]. This helps to reduce the co-called
“Greenhouse effect”. The abrasive nature of natural fibers is much lower compared to that of
glass fibers, which leads to advantages with regard to fibers extraction, material recycling or
processing of natural fiber composite materials in general. Natural fibers do not cause skin
irritation and therefore results the better labor conditions. Under the impact load the
composite materials reinforced with natural fibers do not split into pieces. This helps to avoid
additional injuries when natural fiber composites are applied in automotive structures (for
example, in door panels).

15



Properties of natural fiber composites

2.5 Properties of natural fiber composites

The mechanics of natural fiber reinforced composites is largely similar to those
reinforced with synthetic fibers. Like in a synthetic fiber reinforced composite the main
parameters are the properties of matrix, fiber properties, fiber volume fraction, fiber aspect
ratio, fiber orientation and fiber—matrix interface.

Most of the studies on natural fiber composites in existing literature have been carried
out in order to determine their mechanical properties as a function of different types of fibers,
fiber length [50, 218], fibers content [1, 27 - 29, 80, 146, 165, 171], effect of various
treatments of fibers [13, 28, 29, 80, 85, 86, 166, 223] and optimal processing conditions [81,
217, 223]. The data from different sources are sometimes quite contradictory due to diverse
properties of natural fibers and processing conditions of composites. This makes the
information complex to analyze.

An overview of properties of some natural fiber composites is presented in Tables 1 -
3 in APPENDIX 1. The properties of some synthetic fiber composites are shown in the same
table for comparison. Polypropylene (PP) matrix based composites reinforced with natural
fibers are of prime interest, because PP is easy to process and it is one of the cheapest
polymers on the market, which is of primary importance in the ‘cost-performance’ sector, like
automotive. Therefore, particularly PP based composites will be in focus further. In the group
of thermosets the unsaturated polyester (UP) has the similar price advantage over other
polymers. It will be also discussed further.

Figure 2.4 Flax, hemp, sisal, wool and other natural fibers are used to make interior
Mercedes-Benz E-Class components. (www.daimlerchrysler.com)

Several well-known automotive manufacturers like Daimler-Chrysler, Opel-GM and
Volkswagen-Audi are already started to apply natural fiber composites in their series
passenger cars. At the moment, mostly interior lightly loaded components like door trim
panels, rear parcel shelf and seat squabs [114, 196] are in focus (see an example in Fig.
2.4). The lightweight design possibilities with plant fibers have already been proven, for
example with the door panels and even exterior underbody panels of the Mercedes E-Class.
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Volkswagen has also applied natural fiber composites (phenol-formaldehyde/Flax) in their
door structures. Considering the specific properties of natural fiber composites, a weight
saving of components potential of about 15% compared to glass fiber-reinforced is feasible.
At the moment this is one of the most relevant technical driving forces for further
developments in applying natural fiber composites for automotive applications [196].

2.5.1 Polymer matrix and processing technology

The matrix material in composites is a load transferring medium between fibers. The
ability to transfer load between fibers is mainly characterized by mechanical properties of
matrix (for example, modulus of elasticity, strength, etc.) and quality of its adhesion to the
fibers [72]. Therefore, matrix plays a significant role in the performance of any composite.
The main limitation in choosing a suitable polymer matrix for natural fibers impregnation is
the processing temperature, which is restricted to temperatures below 170 - 260 °C to avoid
thermal degradation of natural fibers. Both thermoplastic and thermosets offer significant
advantages over metals, due to design flexibility and ease of molding of complex parts.

Drying of natural fibers is an important factor before processing of both thermoplastic
and thermoset composites. Moisture on fibers surface can act as a separating agent in the
fiber-matrix interface. Since most of thermosetting and thermoplastic resins have a
processing temperature of over 100°C, water evaporates and voids in the matrix appear.
This phenomenon leads to significant decrease of mechanical properties of natural fiber
composites.

Thermoplastic matrix. The major advantage of thermoplastics over thermosets is in
low cost of polymer itself and easy, fast and cheap processing technology. Methods such as
extrusion, compression (NMT, similar to GMT) and injection molding can be used for
processing of these composites [169]. In the field of thermoplastic composites most of the
work reported so far deals with polymers such as polyethylene with different molecules
weights (PE, LDPE, HDPE) [30, 42, 58, 60], polypropylene (PP) [28, 50, 84, 85, 123, 146,
156, 185, 226], polystyrene (PS) [188, 201], and polyvinylchloride (PVC) [104, 105, 115,
122]. Processing of natural fiber composites based on thermoplastic matrix involves
extrusion of the ingredients (fibers mixed with polymer) at melt temperatures followed by
shaping operations, such as injection molding or thermoforming (widely used in GMT). The
induced flow of the melted material during the processing requires certain viscosity of the
mass. Therefore there is a limitation of the amount of fibers and their length, especially in the
injection molding process [174].

Natural fiber thermoplastic composites offer good recyclability perspectives. But,
despite good process ability, they have not the best mechanical properties. This is mainly
due to poor surface adhesion of thermoplastic polymer to natural fibers and some other
features like absence of fiber orientation optimization. Therefore in most cases adhesion
improvement is required.

Thermoset matrix. Thermoset matrix composites are processed by techniques such
as hand layup and spraying, compression molding, pultrusion, resin transfer molding (RTM)
and sheet molding compound (SMC) [169]. A few other methods such as centrifugal casting,
cold press molding, continuous laminating, encapsulation, flament winding, and reinforced
reaction injection molding are being used for composites, but the use of these methods for
natural fiber composites are hardly reported. In composites with thermoset matrix, the fibers
can be used as unidirectional tapes as well as woven and non-woven mats. First, they are
impregnated with the thermosetting resins and then exposed to elevated temperature for
curing to take place.

Natural fiber composite materials based on thermoset matrix usually have a very
good mechanical performance, high solvent resistance, tough and creep resistant. Some
research on thermosetting composites has been done, which covers the effect of process
parameters such as curing temperature and various fiber treatments on the properties of
composites [58, 74, 170, 187, 197, 213, 231].
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The most popular thermosets for natural fiber composites are: unsaturated polyester
(UP) [42, 58, 60, 68, 126, 141, 147, 151, 156, 170, 177, 197, 202, 214, 218, 231], epoxy (EP)
[63, 54, 59, 148, 172, 173, 185, 202, 211] and phenol-formaldehyde (PF) [4, 64, 117]. These
thermosets contain components, which have good compatibility with the surface material of
natural fibers and therefore the adhesion is rather good.

The basic properties of some popular thermoplastic and thermosetting polymers are
presented in Table 2.6.

Table 2.6 Properties of some polymers [120, 121, 215].

Polymer Modulus, Tensile strength, Density, Price,
MPa MPa kg/m?3 Eurolkg
Thermoplastics
Polypropylene (PP) 800 — 1300 25-30 902 - 907 0.68-0.73
High density Polyethylene (HDPE) 600 - 1400 20-32 940 - 965 0.74 -0.81
Low density Polyethylene (LDPE) 200 -400 8-12 910 - 928 0.77-0.80
Polyvinylchloride (PVC) 2410 — 4140 35-65 1350 — 1550 0.79
Thermosets

Epoxy (EP) 3100 65-79 1150 4.9
Unsaturated polyester (UP) 1400 - 2000 30 1170 - 1260 0.15-0.30
Polyurethane (PU) 3000 - 8000 20-45 1100 - 1700 04-1.9
Phenol-formaldehyde (PF) 5600 — 12000 20-25 1400 — 1800 0.35
Polyethylene terephthalate (PET) 3100 70 1370 2.55

2.5.2 Length, quantity and orientation of fibers

Fiber aspect ratio is very important to achieve sufficient strength and impact
properties of composites. This parameter is determined by the ratio of fiber length to its
diameter. Unlike synthetic fibers, which can be made continuous, natural fibers are usually
not longer than 50 mm. This is mainly because of natural fibers are being extracted from the
stem for technical applications are often residual fibers (tow) from the textile industry [64] or
waste from the wood products industry [78]. Wood fibers are short fibers or fillers. Thus,
natural fibers with a length in range of 5 — 50 mm are considered as long, fibers with length in
range of 0.5 — 3 mm are considered as short and even shorter fibers are considered as
fillers. The higher aspect ratio the better mechanical properties of the composite. But the
material cost is also gets higher.

Another important parameter to achieve significant reinforcement of polymer matrix
by fibers is the critical fiber length [42, 77, 110]. If the length of fibers in a composite is
shorter than critical length then failure in the fiber-matrix interface can occur even at low
stresses due to debonding (resulting in a weak composite), whereas if the fiber length is
greater than the critical length, the fiber-matrix load transfer is better and therefore fibers are
better stressed under the applied load (resulting in a strong composite). The critical fiber
length is different for every combination of fibers and plastic matrix.

Higher fiber contents and longer fibers in composites usually lead to improvement of
mechanical properties of both, thermoplastic and thermosetting composites [42, 77, 110]. But
the composite processing technology limits the length of natural fibers. For example, in
composite structures made by injection molding, fibers should be short (not longer than 0.5 -
1 mm) in order to allow the flow of the melted material [174]. Long fibers as well as high
volume fractions increase the viscosity of melted composite mass and, therefore, might
cause bad filling of mold and inhomogeneity of the structure (thus, worsening processability
of the composite). In other processing methods like compression molding, RTM, SMC, NMT
etc. there is no limitation on fiber length, but the limitation on fiber volume fraction still
remains. Therefore, a balance between the mechanical performance and the processability
of the material must be found [53, 54, 139].

Thermoset matrix. Technologies like resin transfer molding (RTM), vacuum
injection, hand lay-up and similar ones are applicable for thermoset natural fiber composites.
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Using thermoset matrix in a composite the amount of fibers can be increased (up to 75 vol.
% as reported in [173]). The movement of fibers during the impregnation is minimal and
therefore better properties of composites can be achieved. This allows a local optimization of
the performance of a composite structure by preliminary (before impregnation) fibers
orientation.

The values of strength and Young’s modulus of natural fiber reinforced thermosets
are rather high and even comparable to those reinforced with glass fibers. Thus in [64] it is
reported modulus 10 — 13 GPa and strength 37 — 43 MPa for MF/flax with 22wt. % of fibers
in form of non-woven mat. In other study of Epoxy/flax with 30 vol. % of non-woven fibers it is
reported 7.8 GPa modulus and 54 MPa strength [59]. For comparison, these properties of
glass fiber composite with 15 — 65 wt.% of randomly distributed fibers are in range of 5,4 —
7.0 GPa for Young’'s modulus and 85 — 144 MPa for strength [68, 143, 177].

Since the processing techniques of the thermosets based composites sometimes
allow to preserve the fiber orientation, there are numbers of research papers about
determination of mechanical properties of natural fiber composites with unidirectional fibers
(see in Table 1 — 3 presented in Appendix 1). The strength of Epoxy/flax fiber composites
reinforced with unidirectional fibers is reported in [59, 148, 171, 217]. It is as high as 50-130
MPa and modulus 8-30 GPa with fiber volume fraction at 30 — 48 vol. %. There is a
significant improvement in the properties of the composite with at higher fiber volume
fraction. A similar improvement in the mechanical properties of an unidirectional Epoxy/sisal
composite with higher fiber volume fraction is reported in [173], where levels of modulus up
to 8 — 10 GPa and strength up to 160 — 300 MPa are reached at fiber volume fraction 25 — 75
vol. %. In [148] for UP/sisal composite at least 40% increase in tensile strength, modulus and
impact strength with increase of amount of fibers from 22 to 46 vol. % is reported.

The impact properties of a composite also largely depend on fiber length. In [218] at
least 130% improvement of impact strength of UP/flax composites with fiber length 38 mm
rather than 13 mm is reported. But, still, the impact strength of the natural fiber reinforced
thermosetting composites is quite low in comparison with those reinforced with glass fibers.
In [143] at least 10 times difference in impact properties between UP/jute and UP/glass
composites in favor of those reinforced with glass fibers is observed. Fiber volume fraction in
both composites is equal to 15%, which, however, can be considered rather low. Very likely
the low amount of natural fiber reinforcement does not improve quite brittle polyester matrix
sufficiently and the impact energy absorbed by a composite is mainly due to a brittle matrix
fracture. On the contrary the impact strength of UP/coir composites is rather high and
significantly increases (by 50%) after increasing the amount of long fibers (150 mm) from 17
wt. % to 33 wt.% [176].

Thermoplastic matrix. Thermoplastic composites can be processed using
compression molding or GMT (in other words, NMT — natural mat thermoplastics), vacuum
forming and technologies, in which the fibers have been pre-mixed with the polymer or
preimpregnated in form of sheets (prepregs). These technologies allow processing of long
natural fibers.

Most of the research on thermoplastic natural fiber composites is concentrated on the
usage of non-woven fibers or needle-punched mats. This is, of course, due to cheap fibers
and low processing costs. In [146] a good comparison has been made of the mechanical
properties of PP reinforced with 25 - 50 wt. % non-woven flax fibers available from different
manufacturers. All investigated natural fiber reinforced composites have quite good modulus
up to 2.9 — 6.5 GPa which is comparable to PP/glass fiber (typical GMT), which has modulus
about 5.1 — 5.4 GPa. The strength of tested PP/flax composites is also rather high up to 21 —
56 MPa (74 — 77 MPa for GMT). Most of the tested PP/flax composites have 38 — 200 J/m of
Izod impact parameter, which is rather low in comparison with GMT composite (Izod impact
410 J/m). The only PP/flax composite from Mihimeier GmbH, Germany has its impact
properties in the range of 266 — 403 J/m, thus comparable to GMT.

The influence of fiber volume fraction is researched in [28, 80, 123, 146, 156, 157,
165, 171]. Most experiments have been done using composites with the fiber weight fraction
up to 10 — 60 wt. %. Increasing the amount of fibers in a composite produced a positive
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effect on its stiffness, strength and impact performance. For example increase in fiber
volume fraction in PP/flax composites from 30 to 60 vol. % results in 100% improvement in
the modulus and 50% of its strength. However, there is a certain limit of fiber volume fraction,
beyond which the properties of composite will go down. This limit is induced by a poor
impregnation of fibers with polymer. The thermoplastic polymer has a high viscosity and
hydrophobic nature, which bring porosity in composite. Thus, in [157] it is reported 10 — 150
% drop in mechanical properties of PP/Hemp composite while increasing fiber weight fraction
from 57 to 68 wt. %.

The fiber length has an effect on mechanical properties of thermoplastic composites.
In [50] it is reported that an increase can be achieved of up to 100 % in impact properties and
up to 20 % in stiffness and strength in PP/flax composite (20 vol. % fibers) with change of
fiber length from 6 to 13 mm. Also the influence of fiber length on the properties of UP/palm
leaf fiber composite is investigated in [110]. It is reported that 180% improvement in strength
and 250% in modulus at constant fiber volume fraction can be achieved just by changing
fiber length from 5 mm to 30 mm.

Different types of fibers certainly play a role in properties of the composite. Thus,
good results are achieved by [123] with 60 wt. % of randomly oriented flax fibers embedded
in PP (without using any copolymer) reaching levels of modulus 8 GPa and strength 60 MPa.
While in [165] PP (with 3% MAPP)/Jute composite (randomly oriented fibers) reaches levels
of modulus up to 11 GPa and strength up to 73 MPa. These are quite remarkable properties
and they are comparable to PP composite reinforced with randomly distributed glass fiber,
which has the modulus about 5.4 — 9 GPa and the strength about 77 - 110 MPa [29, 1486].

A newly developed process applicable for natural fiber composite production is
thermoplastic pultrusion [57, 125, 216]. Using this process it is possible to produce
unidirectional composites on a continuous basis. The reinforcement can be in form of
preimpregnated yarns, tapes or interweaved prepregs. The resulting composite quality is
very high because continuous feed of the reinforcement is used. Long and oriented fibers
secure very good mechanical properties. Using this process, composite profiles with tailored
mechanical properties can be produced [57, 125, 216]. Unfortunately this process is not on
the commercial scale yet.

2.5.3 Fiber-matrix adhesion and methods of its improvement

Achieving good bonding between fibers and matrix polymer is one of the major
problems in composites engineering. In synthetic fiber reinforced composites this problem
has been researched since the beginning of composites era. Therefore there have been
some solutions already found to handle the problem, while natural fibers are more recently
being introduced and for them the problem still exists. According to the latest research
studies, the mechanisms of fiber-matrix adhesion in natural fiber composites are rather
different from synthetic fiber composites. This is due to a large difference in chemical
composition of natural fibers and synthetic polymer matrix. This problem is especially
relevant for thermoplastic polymer based composites. The difficulties are associated with
highly polar character (hydrophilic) of natural fibers, making them less compatible with
weakly polar (hydrophobic) synthetic polymers (like polypropylene, polyethylene) [46]. This
results in poor load transfer and therefore poor mechanical performance of the composite.
Therefore, new physical and chemical methods to improve fiber-matrix adhesion for natural
fiber composites have been developed. They optimize the interfacial characteristics and
improve the properties of natural fiber reinforced polymer composites [19, 21, 203].

The purpose of the physical methods, such as stretching, calandering [197, 198],
thermotreatment [167], and the production of hybrid yarns [41] is to change structural and
surface properties of the fiber and, thus, improve the adhesion to polymers. Electric
discharge (corona, cold plasma) is another way of physical treatment of fibers. Corona
treatment is one of the most interesting techniques for surface oxidation activation. This
process changes the surface energy of cellulose fibers before impregnation [9] and makes it
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more compatible to the polymers. Electric discharge methods are known [62] to be very
effective for certain polymers such as polypropylene, polyethylene and etc.

The old chemical method of cellulose fiber modification is mercerization [107, 140,
180], it has been widely used on cotton textiles. Mercerization is an alkali treatment of
cellulose fibers; it depends on the type and concentration of the alkaline solution, its
temperature, time of treatment, tension of the material and on the additives [140, 166, 180].

Thus, strongly polar cellulose fibers [222] are inherently incompatible with weakly
polar synthetic polymers [9, 116, 192]. When two materials are incompatible, it is often
possible to bring about compatibility by introducing a third material that has properties
intermediate between them. There are several mechanisms [128] of coupling in materials:

¢ Elimination of weak boundary layers — coupling agents eliminate weak boundary layers;

¢ Creation of deformable layers — coupling agents produce a tough, flexible layer;

e Creation of restrained layers — coupling agents develop a highly crosslinked interphase
region, with a modulus intermediate between fiber and polymer;

¢ Improve the wettability — coupling agents improve the wetting between polymer and fiber;

e Chemical coupling — coupling agents form covalent bonds with both materials;

¢ Changing of acid-base effect — coupling agents alter acidity of fiber surface.

The mechanism of bonding by coupling agents in composites is very complex. In
spite of the large variety of methods the most popular technique applied by different
researchers belongs to chemical coupling methods. Chemical coupling improves the
interfacial adhesion by forming chemical bridges between fiber and matrix. These methods
include treatment of either fiber (ex. graft copolymerization [107]) or polymer (compatibilizing
agents). The compatibilizing agents, which are added to the matrix polymer can be a polymer
with functional groups grafted onto the chain of the matrix polymer. The most popular and
commercially available compatibilizing agents are presented in Table 2.7 [179].

Table 2.7 Some typical representative commercial coupling agents [179].

Functional Group Applicable Polymer

Vinyl Elastomers, polyethylene, silicone elastomers, UP, PE,
PP, EPDM, EPR

Chloropropyl EP

Epoxy Elastomers, especially butyl elastomers, epoxy, phenolic
and melamine, PC, PVC, UR

Methacryl Unsaturated polyesters, PE, PP, EPDA, EPM

Amine Unsaturated polyesters, PA, PC, PUR, MF, PF, PI, MPF

Cationic styryl All polymers

Phenyl PS, addition to amine silane

Mercapto EP, PUR, SBR, EPDM

Phosphate (titanate) Polyolefins, ABS, phenolics, polyesters, PVC,
polyurethane, styrenics

Neoalkoxy (zirconate) | Polyolefins, ABS, phenolics, polyesters, PVC,
polyurethane, styrenics

The grafting of natural fibers involves attaching a suitable polymer with a solubility
parameter similar to that of the polymer matrix to the surface of a fiberffiller. This polymer
acts as an interfacial agent and improves the bonding between the fiber and the matrix. The
resulting co-polymer possesses properties characteristic of both, fibrous cellulose and
grafted polymer. In this case the cellulose fibers are treated with a suitable solution
(compatible with the polymer matrix), for example vinyl monomer [107], methyl methacrylate
[61], polystyrene [116], maleic anhydride [45] etc. An example of grafting scheme is
presented in Fig. 2.5, where the compatibilizing agent possess at one end a functional group
F able to react with hydroxyl groups (OH) of cellulose and at the other end an alkyl chain of
varying length. The polymeric chain has a structure similar to that of the matrix.

21



Properties of natural fiber composites

Cellulose Compatibilizing agent Matrix Composite

OH

+ +

OH OH

Figure 2.5 Chemical modifications of cellulose for compatibilization with matrix in composites.
(after [55]).

Table 2.8 Chemical treatments used for modification of natural fibers (table after [179]).

Fibers Chemical treatment Coupling agents
(compatibilizers)

Wood flour Succinic acid, EHMA, styrene, urea—formaldehyde, m- Maleated PP, acrylic acid grafted PP,
phenylene bismaleimide, acetic anhydride, maleic Silane A-174, Epolene C-18, Silane A-
anhydride, itaconic anhydride, polyisocyanate, linoleic acid, | 172, A-174, and A-1100, PMPPIC,
abietic acid, oxalic acid, rosin zirconates, titanates

Jute Phenol-formaldehyde, malemine-formaldehyde, cardanol- | -
formaldehyde

Sisal NaOH, isocyanate, sodium alginate, N-substituted
methacrylamide

Pineapple p-phenylene diamine

Banana Sodium alginate

Coir Sodium alginate, sodium carbonate

The important parameters for such treatment are the degree of grafting and the length of the
grafted alkyl chain. The modification of natural fibers is attempted to make the fibers more
hydrophobic (to change surface tension) and to improve interfacial adhesion between the
fiber and the matrix polymer. Chemical treatments such as dewaxing (defatting),
delignification, bleaching, acetylation, and chemical grafting are used for modifying the
surface properties of the fibers and for enhancing its performance in a composite [5, 21, 73,
111, 118, 134, 154, 181 — 184, 203]. The summary of the various chemical treatments and
coupling agents used so far for the modification of natural fiber surface is presented in Table
2.8. As a result, composites reinforced with treated natural fibers might have better
mechanical properties (strength and modulus as well as impact strength) due to better fiber-
matrix adhesion [20, 53, 54, 165, 223]. The research is mainly concentrated on the finding of
the best chemical coupling agents for natural fiber composites [28, 29, 42, 68, 71, 80, 86,
131, 132, 143, 202].

A more detailed experimental information on the chemical way of improvement of
mechanical properties of natural fiber composites with thermoset matrix is presented in [10,
13, 29, 42, 68, 85, 86, 123, 143, 146, 165, 176, 202]. The positive effect of using chemically
(silane, glycol or methacrylamide) treated natural fibers on all mechanical properties
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(modulus, strength and impact) of composites is reported. But in [68, 143] a slight decrease
of impact and strength properties of UP/jute composite is observed if glycol treated fibers are
used. The results of experiments reported in [143] are quite contradictory to the other papers
[42, 85, 202] with regards to strength. In [143] it is reported that the strength of UP/jute
composite does not change when treated fibers are used. But the results in [143] are similar
to the other papers with regards to decrease of the impact strength if treated fibers are used
in comparison with those composites with untreated fibers.

Since PP is the most popular resin used in natural fiber reinforced composites, many
researchers [28, 29, 80, 85, 86] study the influence of copolymer (maleic anhydride
polypropylene - MAPP) on mechanical properties of the composite. Thus, in [28, 29, 85, 86]
a significant improvement in modulus (up to 15 — 50 %) and strength (up to 10 — 80 %) in
PP/kenaf, PP/sisal and PP/jute composites with addition of MAPP copolymer is reported.
Also, the impact properties of PP/kenaf are improved up to 10 — 90 % [29, 86] using the
same copolymer. In [28] it is also reported, that the increase of concentrations of MAPP from
0 wt. % to 4 wt. % results in the improvement of strength and modulus, but deterioration in
impact properties of PP/sisal composites.

Different chemical treatments of natural fibers and the resulting effect on the thermal
stability of composites are being studied in [127, 138, 156, 223, 227]. It has been reported
[42, 202, 209], that the treated natural fibers have lower moisture absorption than untreated
ones. Lower moisture absorption results in better behavior of structures made from natural
fiber composite subjected to humid environment [53]. An increased dimensional stability and
unchanged mechanical performance are expected. A better wetting (and therefore mixing) of
chemically treated natural fibers with thermoplastic polymers enables an improvement of
formability of a composite and helps towards homogeneity of a final component [179].

Some examples of the applied treatments to some natural fibers and the gain in
mechanical properties are presented in Table 2.9, but there is a lack of economical data on
these treatments. However, a value of about 20% of untreated natural fiber price can be
taken as an approximate indication of fiber treatment costs.

Table 2.9 Influence of coupling agents on the mechanical properties of natural composites [52].

Fiber/matrix Coupling agent Increase in properties, %
Tensile Young’s Impact
strength modulus energy
Thermosets
Jute/EP Acrylic acid Constant - 100
Jute/UP and EP Polyesteramid Polyol 10 10 -
Sisal/EP Silane 25 - -
Cellulose/UP Dimethanolmelamine Constant 100
Thermoplastics
Cellulose/PS Isocyanate 30 Constant 50
Cellulose/PP Stearinic acid 30 15 50
Maleicanhydride PP- 100 Constant
copolymer
Flax/PP Silane Constant 50 Constant [71]
Maleicanhydrid PP 50 100 Constant [71]
Hemp/PP [131] Maleicanhydrid PP 30 15 - 30 (negative)
Henequen/PP [131] Maleicanhydrid PP 70 70 - 5 (negative)
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2.5.4 Moisture and temperature sensitivity

Moisture sensitivity. Natural fibers are quite hydrophilic and their properties are
moisture sensitive. As they absorb water easily their mechanical as well as geometrical
properties change, resulting in degradation and rotting, or swelling correspondingly. This has
a great effect on the polymer matrix, which surrounds fibers in composite. Cracks can appear
in a polymer around fibers due to their swelling and, therefore, worsen the mechanical
properties of the composite. Fibers on the surface of a composite are subjected to moisture
influence most of all. Natural fiber composites with high fiber volume fraction have more
fibers in the core of composite as well as on its surface. Therefore, higher fiber volume
fraction results in more moisture sensitive composite, because the fibers simply can absorb
more moisture. The moisture soaked by fibers on the surface can go deep into the composite
via interfacial areas (capillary effect) [108]. Studies on unmodified Epoxy/jute composites
regarding their moisture absorption (in distilled water at 23 °C) reported in [53] show, that the
kinetics of absorption and the moisture content at equilibrium distinctly increase with
increasing fibers content. Similar results are shown in [129] on Epoxy/jute composites and in
[197, 198] on UP/jute composites.

Therefore, in general, natural fiber composites should be prevented from moisture
exposure. Some techniques to reduce moisture sensitivity of natural fiber composites are
already under development. There are two different approaches to reduce moisture uptake
by natural fibers:

e Chemical treatment that reacts with OH-groups present on the surface of the cellulose
fibers and thereby increase its hydrophobicity (silane, acetic anhydride);
¢ Hydrothermal treatment, for which no chemicals are used, only water and energy.

Chemical treatment of natural fibers, for example, with silane or acetic anhydride can
be applied to reduce fibers moisture gain [152]. For example, composites with silanized jute
fibers have about 20% lower moisture gain at equilibrium [53]. The applied silane reduces
the amount of hydroxyl groups (OH) on the surface of cellulose fibers, which are free to bind
moisture. An increase at about 30 % (compared to composite with unmodified fibers) of
modulus and strength at standard humidity of composites made of treated fibers is observed.
Researchers in [124, 197] have also observed an improved water repellence in UP/jute
composites treated with polyvinylacetate.

In [52] it was observed that the tensile strength of the composites reinforced with
silanized fibers is nearly independent of the moisture content in the composite (see Fig. 2.6).
A similar effect has already been known for glass fiber reinforced plastics: the usage of
silane coupling agents reduces the dependence of the mechanical properties in glass fiber
composite on moisture content. Unmodified Epoxy/jute composites reach only 65% of the
values of their dry-strength at the maximum moisture content of 5.2 wt. %. In [41] similar
results were reported on composites without any coupling agents. The used materials were
unidirectional Epoxy/jute (fiber content ~ 33 vol. %) and UP/jute (fiber content ~ 22 vol. %)
composites, which were stored for 2 hours in boiling water. Tensile strength of these
composites was reduced by 10 — 16 % and the decrease of the modulus by 13 — 25% was
observed [41].

The improved moisture resistance caused by the application of coupling agents is
explained by the improved fiber-matrix adhesion. The coupling agent builds chemical silanol
and hydrogen bonds, which reduce the moisture penetration between fiber and matrix and
prevent fiber-matrix debonding.

Applying hydrothermal treatment (has been discussed earlier, see section
“Processing of natural fibers”) for natural fibers preparation such as the Duralin® process,
one can reduce moisture content (up to 3 times) as well as moisture uptake in natural fibers
[17, 162, 163].
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Figure 2.6 An example of the influence of silane coupling agents on the strength and stiffness
of Epoxy/jute composites at different moisture contents (after [52]).

Temperature sensitivity. In principle, composites reinforced with natural fibers have
similar temperature sensitivity as the original natural fibers and polymer matrix. Thus,
structures made from thermoplastic polymer reinforced with natural fibers should be
prevented from higher than maximum allowable service temperature of the polymer matrix to
avoid melting, if its melting temperature is lower than the maximum service temperature of
fibers. In case of thermoset the maximum service temperature of natural fibers determines
the maximum allowable service temperature of a composite to avoid fiber degradation.

2.5.5 Discussion of mechanical properties

The properties of matrix and fibers as well as processing conditions are very
important in achieving good mechanical properties of the composite. The strength parameter
is more sensitive to matrix properties, whereas the modulus is dependent on the fiber
properties. A strong fiber-matrix interface, low stress concentration and better fiber
orientation are required to achieve good strength of composite, whereas the fiber
concentration, fiber wetting in the matrix and high fiber aspect ratio determine stiffness [72].
An optimum bonding level, possibly long natural fibers and stronger fibers are necessary in
order to achieve a good impact performance of the composite. The degree of adhesion, fiber
length and mechanism to absorb energy are the parameters that have the major influence on
the impact strength of a composite.

Processing of short natural fiber composites (ex. injection molding) is not complex
and, therefore, and economically attractive. However, the mechanical performance of
injection molded composites is rather low and suitable only for non-loaded applications.
Whereas composites reinforced with long natural fibers are better suitable for medium and
heavily loaded applications.

Thermosetting composites. It is clear that thermosetting polymer based composites
have better mechanical properties than thermoplastic ones. First of all, due to better
mechanical properties of thermosetting polymer itself and secondly due to presence of
reactive groups in its formulation, which aid the interfacial adhesion. The reported work on
the composites based on thermosetting matrix covers the effect of fiber contents and various
treatments on the properties of composites. Reported strength of the composites reinforced
with randomly distributed flax fibers varies (Epoxy or UP matrix) in range 40 — 80 MPa and
modulus is in range 7 — 12 GPa at 25 — 40 wt. % fiber volume fraction. Thermoset matrix
composites have better mechanical properties than thermoplastic ones. First of all, this is
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due to better mechanical properties of polymers and secondly, thermosets contain reactive
groups, which aid the interfacial adhesion.

Obviously, there is a strong relationship between the fiber volume fraction and
modulus and the strength of composite, the more fibers in composite the better mechanical
properties are. However, the fiber length is also one of the important parameters which hase
an influence on the composite properties. For example, the influence of the fiber length on
the properties of UP/palm leaf fiber composite is studied in [110]. It is reported that 180%
improvement in strength and 250% in modulus can be achieved at the constant fiber volume
fraction just by changing the fiber length from 5 mm to 30 mm.

The processing technique of thermosetting polymers based composites sometimes
allow to preserve the fiber orientation, therefore there is a number of research papers on
based determination of mechanical properties of the natural fiber composites with
unidirectional fibers. The values of strength and modulus of natural fiber reinforced
thermosets are rather high and comparable to those reinforced with glass fibers. Thus in
unidirectional composites modulus and strength can be improved at least 100% in
comparison to randomly oriented ones (see in Table 1 — 3 presented in Appendix 1). Of
course, the manufacturing technology for unidirectional composite is much more complex
and expensive than that for composite with randomly oriented fibers.

The fiber volume fraction here plays a quite important role in mechanical properties of
the natural fiber composites (random or unidirectional): the higher parameters the better
properties. Particularly, the fiber volume fraction in thermosetting matrix composites can be
very high (up to 75 vol. % as reported in [173]), due to benefits of technology, like lower
viscosity of polymer and elevated temperature which allow good fibers impregnation (ex. hot
pressing technology, resin transfer molding, etc.).

Thermoplastic composites. In spite of the fact that thermoplastic natural fiber
composites have lower performance than thermosetting ones, they offer other benefits, like
easy and cheap processing, as well as possible recycling or reuse of the end-of-life material.
The major problem is that thermoplastic natural fiber composites demonstrate poor fiber-
matrix adhesion. Current research in this area is mainly focused on that aspect.

Obviously, when fiber-matrix interface is improved, the load is better transferred to
the fibers. In this case the stiffening potential of the fibers is better utilized, resulting in a
better performance of the composite in stiffness and strength. However, the decrease of
impact strength in treated natural fiber composites can be explained by the fact that loose
natural fiber itself has a poor impact strength (at least it is lower than that of a glass fiber). In
composite with improved interface a different mechanism of energy absorption appears.
Thus, the fibers due to good bonding with matrix easily break (small energy required) than
pull-out (large energy required), while absorbing impact results in low impact performance of
composite. However, the decrease in impact strength is not due to a negative effect of
compatibilizer applied, but weak fibers.

The strength of thermoplastic composites reinforced with randomly distributed flax
fibers (PP matrix) varies in range 20 — 60 MPa and Young’s modulus is in range 3 — 7 GPa at
25-50 wt. % of fibers.

The impact properties of thermoplastic composites can be improved by modification
of matrix with additives. For example, in [13] up to 130 % improvement in impact properties
of composite based on PP with 30 % of rubbery additive and reinforced with random flax
fibers is reported, while a negative effect on the strength and stiffness is observed. However,
it is reported in [10] that the impact strength of natural fiber composites can be improved by
adding small amount of glass fibers resulting in hybrid composite.

Although positive effects of application of chemical treatment to natural fibers used as
reinforcement in composites are known, deep understanding of the complex nature of natural
fiber and its surface properties is still needed in order to optimize the natural fiber treatment
processes. Undoubtedly this will help to increase the usefulness of natural fibers as
reinforcing material for plastics and to gain insights in the interaction between these materials
[46].
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The application of non-woven natural fiber mats in composites is economically
attractive, but the efficiency of fibers usage is not optimal, which results in poor mechanical
properties of the composite (especially impact properties). Therefore, in [157] the possibility
of application of chopped loose fibers in combination with non-woven mats as reinforcement
in composites has been studied. This may result in even cheaper composite (loose bast
fibers are twice cheaper than non-woven mat) with a better mechanical performance. The
increase in the impact strength is feasible while applying long loose bast fibers in
combination with non-woven natural fiber mat. However, new technology has to be
developed yet in order to handle loose fibers effectively.

The overview of natural fiber composites are made by different researchers and
under various conditions. The overall tendency is quite clear: natural fiber composites with
thermoplastic matrix produced under optimal conditions (fiber length, fiber volume fraction,
using compatibilizers, etc.) can compete with glass fiber composites in stiffness and can be
used in those applications where stiffness is of a primary importance. A low weight and a low
price of natural fiber composites make them good alternative to synthetic composites in
lightweight and cost effective applications.

2.5.6 Heterogeneity

A major disadvantage associated with the use of natural plant fibers is the variation in
fiber quality. Important parameters are the type of ground on which the plant grows, the
amount of water the plant receives during growth, the year of the harvest, and, most
importantly, the kind of processing and production route. A possible approach to solving this
problem is in mixing batches of fibers from different harvests. Manufacturing of the
composite, especially the quality of the fibers distribution in the polymer matrix plays even
more important role in the lowering of the properties variation.

We have proved with several experiments on PP composite reinforced with 30% flax
fibers in form of non-woven mats that it has a significant variation in its mechanical properties
[97]. Determining tensile mechanical properties (strength and modulus) of that material by
using a standard procedure (ISO-527), large variation in their properties has been found. The
experimentally obtained stress-strain diagrams are presented in Fig. 2.7. It was determined,
that modulus and strength of specimens cut out from one sheet of material varies up to 20%.
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Figure 2.7 Experimentally obtained stress-strain diagrams as an example of heterogeneity in

the properties. The number of curves detects the number of tested specimens
(after [97]).
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Following the standard ISO-527 averaged properties of the tested material can be
taken as reliable characteristics. However, due to a large scatter observed in the testing
diagrams the usage of such material in structural applications with averaged characteristics
is unreliable. This effect is hardly covered in the literature and, therefore, should be
discussed in more detail.

Although, heterogeneity in natural fiber composites is currently rarely being
researched, it has a direct influence on the reliability of the products. Therefore we consider
this issue as an important component in the design using natural fiber composites and will
discuss further in detail.

2.6 Conclusions

Having been almost completely replaced by their synthetic counterparts in the sixties
and seventies of the last century, natural materials are regaining ground in the automotive
applications. The use of renewable materials has gathered much momentum throughout the
nineties of the last century. One of the major reasons for this renewed growth is an increased
awareness of environment protection, reflected by protection of resources, reduction of CO,
emissions and recycling. Plant fibers are brought in focus because they are renewable, have
low production costs and good mechanical properties. The use of plant fibers as insulating or
damping materials or as fillers and as reinforcement in polymeric materials plays an
important role nowadays.

The overview of modern materials showed, that not only conventional materials like
metals and synthetic composites are suitable for automotive application. Recent independent
studies [56, 157, 169, 194] including giant automotive suppliers like Johnson Controls
Interiors [114, 168] show much interest in application of natural fiber reinforced composites in
cars. Thus their characteristics such as:

e Low density (weight savings);
Low price;
High specific properties;
Not brittle fibers (no skin irritation, better post-impact behavior);
Non abrasive;
Possible recycling;
e Low energy consumption [23].
make them attractive for car producers [23].

At the moment, composites with thermosetting binders such as Epoxy or Phenols
fulfill the requirements for high-performance applications. They provide sufficient mechanical
properties, in particular stiffness and strength, at acceptably low price levels. Compared to
compounds based on thermoplastic polymers such as polypropylene, thermosetting
compounds have a superior thermal stability and lower water absorption. However, the
demand for improved recycling concepts and alternative processing techniques is expected
to result in a substitution of the thermosetting polymers by thermoplastic ones. Considering
the ecological aspects of materials selection, the substitution of synthetic fibers by plant
fibers is only the first step. The pressure to curb the emission of greenhouse effect causing
gases such as CO; into the atmosphere and an increasing awareness of the finiteness of
fossil energy resources are leading to the development of new materials, that are entirely
based on renewable resources. But all that kind of materials developed until now (based for
example on starch, cellulose, sugar) do not fulfill the requirements for automotive
applications [23].

Apart from the well-known methods such as dumping, incineration, and recycling, the
so called “biocomposites” could offer a new way of disposing industrial waste: biological
decomposition. Prototype materials, some of which are already established in other
industries, are under consideration, but not yet available at acceptable properties and prices
for automotive applications.

Modern technologies applicable for natural fiber composites processing are as
follows:
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e Compression Molding of
o Pre-impregnated plant fiber mats;
o plant fiber/PP hybrid mats;
o NMT (Natural fiber Mat reinforced Thermoplastics) comparable to GMT (Glass
fiber Mat reinforced Thermoplastics);
o EXPRESS Process (extrusion-compression molding);
e Structural Reaction Injection Molding (S-RIM);
e Injection Molding with short fiber reinforcement.

The applicable processing technology depends on the used polymer and the form of
natural fibers (mat, loose fibers, fiber length, etc.) and the geometry of the structure to secure
homogeneity. The technology based on pre-impregnated materials has a number of
advantages in view of processing and allows a commercial production of materials with good
and constant quality mechanical performance. The technology that can handle long fibers
and preserve their orientation is rather time consuming and costly, therefore its applicability
for mass production is limited.

Processing short natural fiber composites by using, for example, injection molding, is
not complex and economically attractive. However, the mechanical performance of injection
molded composites is rather low and suitable only for non-loaded applications, whereas
composites reinforced with long natural fibers are better suitable for medium and heavily
loaded applications due to good mechanical properties. In unidirectional natural fiber
composites modulus strength can be improved by at least 100% and their impact properties
are much better in comparison to randomly oriented ones, but the manufacturing technology
for unidirectional composite is much more complex and expensive, than for a composite with
randomly oriented fibers.

The most promising technology is undoubtedly compression molding. Different
variations of this process depending on the company are available for processing natural
fiber composites. As almost all processes use the fibers in the form of mats decortications of
the fibers and the processing of the mats are key issues for the technology.

Natural fibers in form of non-woven mats are the most economically advantageous in
polymer composites due to low production costs. Roving and weaving is expensive. Loose
fibers are bulky and difficult to handle. Therefore, techniques such as needle punching and
air laying have been developed to aggregate fibers into non-woven mats. The non-woven
fiber mats can be made entirely of plant fibers or a mixture of plant fibers, plastic fibers and
resin in various amounts depending on the required properties of the end product [149].
Handling and processing of reinforcement in form of non-woven mats is much easier and can
be highly automated (composites reinforced with unidirectional natural fibers are usually
hand made, except for pultrusion). They can be used well as in thermoplastic as in thermoset
based composites. Currently natural fibers in the form of non-woven mat are commercially
available (ex. HempFlex BV, Netherlands, Muhlmeier GmbH, Germany) [64]. Therefore, the
application of natural fiber composites based on non-woven fiber mats is considered most
suitable for automotive applications [196].

However, the efficiency of the usage of fibers potentials in non-woven composites is
not optimal, which results in poor mechanical properties of composite (especially impact
properties). Recent studies show that there is a possibility of application of chopped loose
fibers in combination with non-woven mats as reinforcement in the composites. This may
result in even cheaper composite (loose bast fibers are twice cheaper than non-woven mats)
with a better mechanical performance. The increase in impact strength is feasible while
applying long loose bast fibers in combination with non-woven natural fiber mat. However,
new technology has to be developed yet in order to handle loose fibers effectively.

The amount of natural fibers in composites fibers can be as high as 25 - 50 vol.%, in
exceptional cases up to 60 vol.%. The usage of pre-impregnated materials helps to reduce
the extended flow of the material in moulds during processing and, therefore, secures a
better mould filling resulting in a more homogeneous material.

One inherent characteristic of plant fibers is their ability to take up and store humidity.
For example, in seat cushions this characteristic is desired, but for other applications
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(especially structural), water absorption must be prevented. This is the main reason why until
now plant fiber applications have been limited to the interior of the vehicles (see in Fig. 2.4).
However, several methods like acetylation, hydrothermal treatment of natural fibers and/or
protective layers can be used to improve the moisture repellence of composites.

As to any internal application (such as a cabin), unpleasant smell and fogging must
be prevented. It has been found that the use of plant fiber materials in standard production
does not present a problem in this respect. The best results, however, were achieved with
the natural fibers embedded in thermosetting matrix. In terms of fogging these materials are
often better than conventional synthetic materials.

In the discussed literature no examples of medium-loaded or highly-loaded
automotive structures made of natural fiber reinforced composites have been found.
Probably, this is due to marketing policy and absence of experience of automotive designers
in dealing with such materials and, therefore, fears of possible unreliability in their design.
However, as it was discussed earlier in this chapter, the mechanical properties of natural
fiber composites are rather sufficient for medium- and even for highly-loaded components
and can satisfy the automotive design restrictions [124, 168, 194, 205]. But considering low
impact properties of the natural fiber composites their application in components subjected to
impact loads is questionable.

During the assessment of natural fiber reinforced composites properties it was found
that first of all these materials are quite new for researchers and designers [92]. Most of the
research work related to the estimation of the mechanical characteristics of natural fiber
composites deals with hand-made specimens and trial-and-error methods of improvement of
their mechanical properties. Many researches try to optimize the processing conditions of
composites and test them afterwards, while others - try to predict their mechanical properties
using various theoretical approaches. In those papers where authors perform mechanical
testing of natural fiber composites the testing is performed using standard methods. This is
reasonable when conventional composites are being tested, but for natural fiber composites
not all existing standards are suitable.

This point of view originates from basic understanding that natural fibers are not like
synthetic man-made fibers. By nature their geometrical and mechanical properties as well as
surface properties are different from one fiber to another. Therefore, when natural fibers with
variable properties are used as reinforcement they cause large variation in properties of
composite. This variation is not taken into account by any of the existing standards yet.
Hence, using them for testing of natural fiber composites a large variation in their properties
can be underestimated. This results in unreliable mechanical properties estimation and might
cause unpredicted failure of the designed structures.

For example, ISO 527 is a standard for determination of tensile properties of
composite materials [75]. Following that standard, only 7 specimens are offered for a test in
order to obtain reliable results. However, for the testing natural fiber composites this is not
enough to due to large variation in their properties. Unfortunately in most papers based on
determination of their mechanical properties, there is not enough information published on
the testing conditions, like, for example, the number of tested specimens. After that the
authors give determined mechanical properties with standard deviation, which might be not
reliable. Therefore, either a deep understanding of mechanics of natural fiber composites or
a careful and confident testing is required in order to obtain reliable characteristics.

Due to high safety consideration, automotive components should be engineered
using reliable methods and made from materials with reliably determined properties. Thus, in
order to apply natural fiber composites (for example, investigated in [97] non-woven PP/flax
composite) in automotive components it is required that their homogeneity is approved or
new technique is introduced taking into account variation in their properties. The
improvement of the material properties requires the upgrade of the production process,
which is rather costly. A new technique of engineering (design rules) can be suggested
instead. A research on heterogeneity in the properties of natural fiber composites should be
performed in order to develop new design rules.
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This will allow the extension of application of natural fiber reinforced composites in a
larger number of components including load bearing automotive structures. This, in its turn,
can help towards a lightweight and cheap car design and lead to other benefits.
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Chapter 3

Investigation of heterogeneity of natural fiber mats
and composites

3.1 Introduction and heterogeneity definition

In the previous chapter it was shown that composites reinforced with non-woven fiber
mats have large variations in their mechanical properties, i.e. they are non-uniform.
Therefore there is a lot of uncertainty about the mechanical behavior of these materials when
they are applied in load-bearing structures. During the engineering design of non-loaded or
lightly loaded structures non-homogeneity in material properties can be neglected, because
of low levels of stresses in structures [97]. Average properties of material, determined from
simple mechanical tests, can be used in this case. However, in medium-loaded structures
the variation in strength due to heterogeneity in material properties is high. Sometimes it
plays a significant role in the structural performance and might even cause unpredicted
failure under adverse conditions. In this case heterogeneity in properties of the material
should be taken into account.

The analysis of the material’s heterogeneity should be performed keeping in mind a
considerable scatter in natural fibers properties. For composites with randomly distributed
natural fibers there are several main parameters that may have influence on their non-
uniformity:

a) Properties of the natural fibers. Natural fibers have extremely high variations in
geometrical and mechanical properties due to the difference in their growth and
extraction process conditions. Moreover, natural fibers are not solid fibers but they
consist of smaller fibers (fibrils), which are bonded together;

b) Distribution of fibers. This parameter plays a most significant role in non-uniformity,
since in the manufacturing stage it is hard to distribute natural fibers uniformly at
reasonable costs;

c) Fiber-to-matrix bonding variation. The surface condition of natural fibers is not
constant along its length which influences adhesive ability of fiber to a polymer resin.
Moreover, the seizing (wetting) of natural fibers is less than that of synthetic fibers;

d) Air and moisture entrapment. Natural fiber always contain some amount of air (in
lumen) and moisture (in cellulose and hemicellulose), which is different for each fiber
and cause its degradation in a long term;
etc [89].

All mentioned above parameters have different magnitudes and scales. In order to
simplify the material description the parameters can be ranged into three scale categories.
The variations of the properties of the natural fibers (fibrils), condition of their surface and
bonding conditions with resin are on a microscale (several microns). The microscale in this
case is comparable to the scale of fibers diameter (i.e. several micrometers). But, the
variations in fiber distribution in composite are on the so-called “mesoscale”. The mesoscale
is much larger than the scale of fibers on the one hand, but from the other hand it is smaller
than the size of a structure (macroscale). For example, the mesoscale in non-woven natural
fiber mat can be defined with the reference to the fiber length. Usually, fibers with the length
~5...30 mm can be observed in non-woven natural fiber mat, so the mesoscale for such a
mat corresponds to this range. Macroscale properties in this case can be defined as
properties which determine the overall properties of the structure made of natural fiber
composite.

The variation of properties in natural fiber composites on microscale is hardly
predictable due to natural scatter in the properties of the natural fibers and their low
magnitudes of influence on meso- and macroscale properties of the composite. Therefore,
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from the meso- and, therefore, macroscale point of view the microscale property variations
are uniformly distributed through the whole material domain. The possible weakness in
defect areas is hence compensated by strong areas and these areas are quite small (several
micrometers). On the meso- and macroscale these variations are relatively small and
therefore can be homogenized. Thus, it is possible to assume that microscale variations can
be neglected to a certain extent (unless the micromechanics of a composite is under
investigation). However, property variation on the mesoscale is much larger, than microscale.
The variation of properties in areas with dimensions in range of ~3...30 mm is quite a
significant contribution to the macro-scale properties variation, because in some cases the
dimensions of a structural element, which is made from such non-uniform material, might lay
within that range. This might lead to unpredicted unbalance of relatively weak and strong
areas, which lead to uncertainties in overall mechanical performance of the whole structure.
Thus, the property variations in natural fiber composite material on mesoscale during
structural design cannot be neglected [88].

In general, the mesoscale property variation can be found in any kind of composites.
Like, for example, amount of fibers which is present in certain volume in the material can
vary from one area to another. Fiber volume fraction of the composite material is an
important characteristic and it has large influence on most of properties of a composite
material.

The fiber volume fraction variation is low (less than 5 % [72]) for those composites
reinforced with woven or aligned long fibers, because fibers usually have better quality and
therefore the manufacturing process is more controllable. But, in composites with randomly
distributed fibers (i.e. non-woven) the fraction of fiber volume variation might be high. This is
due to non-uniformities in the non-woven reinforcement itself. Some areas in the mat have
more fibers than others. Therefore, there is a direct influence of the natural fiber mat
structure on the fiber volume fraction in composite materials. Obviously non-uniform
properties of the fiber mat result in the variation of fiber volume fraction in a composite. In
order to estimate the variation of the fiber volume fraction in a composite material it is
necessary to analyze the structure of its reinforcement.

3.2 Heterogeneity investigation technique

3.2.1 Materials

A non-woven natural fiber mat is usually produced by a process of compaction and
needling of carded layers of natural fibers. During that process fibers interweave with each
other in stochastic way and form a mat. Natural fibers are bound together in the form of
bundles. Since natural fibers have different properties (length, diameter and surface quality),
they interact with each other in unique manner which leads to the variation in interweaving
process from one fiber bundle to another. This forms a mat which consists of fiber clusters
with various amounts of fibers in them. It is suggested that fiber clusters can be
characterized by two parameters: size and intensity. Thus, linear dimensions of cluster can
be considered as the size, where as the amount of fibers in a cluster can be considered as
intensity. The clusters with different size and intensity are stochastically distributed along
the mat, resulting in heterogeneous structure. Size and intensity of clusters can be
considered as heterogeneity parameters. It is important to notice that the heterogeneity
parameters of mats, produced from different fibers are not the same due to diverse
properties of the fibers. Moreover the mat production technology also has even greater effect
on the heterogeneity parameters of mats.

A special procedure is needed in order to estimate heterogeneity parameters of the
non-uniform materials. The estimated properties can be used further for the simulation of
structures with heterogeneous materials. The procedure should be suitable to estimate the
heterogeneity properties of the non-impregnated fiber mat (if one available) as well as
composite material (thus applicable to evaluate heterogeneity of final structures). The ability
to estimate the heterogeneity properties of a final composite material gives the possibility to
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study the composite materials, which are not based on non-woven fiber mats but have
randomly distributed fibers. Injection molded and long fiber thermoplastics (LFT) composites
are examples of such composite material.

Four different types of non-woven fiber mats have been chosen for the analysis of
their structure. Three of them were made from natural fibers (Flax, Duralin® Flax and Coir),
the fourth mat was made from randomly distributed chopped short (20 mm) glass fibers.
Such set of fiber types was chosen in order to study the influence of different fibers and
production techniques on mats’ structure. The first two mats both made of flax fibers, but
derived by using different fiber extraction techniques, which might have an effect. The first
flax fibers were extracted from a flax plant by using dew-retting technology, while the
Duralin® flax fibers were extracted by using novel Duralin® process. The third mat has been
made from Coir fibers. The properties of the Coir fibers are rather different from the flax
fibers. They are much thicker than flax fibers. Thus, the Coir mat properties are expected to
be different from flax fiber mat. The non-woven glass fiber mat was chosen in order to ensure
the developed analysis technique is suitable for synthetic fiber mats a well. All fiber mats
were supplied by industry.

3.2.2 Digital image processing

A digital image can be used in order to estimate the heterogeneity parameters of non-
woven fiber mats or composites reinforced with non-woven fiber mats. The digital image can
be obtained using several techniques:

a) Optical scanning;
b) X-ray photography;
¢) Ultrasonic technique.

The applicability of optical scanning is very limited, since the light intensity emitted by
cold cathode lamps (used in scanners) is very low. Low intensity causes a poor light
penetration through the material thickness. Thus it is suitable only for studying thin non-
impregnated fiber mats. But there is a great advantage of this technique because it does not
require complex equipment. Scanners with optical resolution of 600dpi or more are
applicable. In order to use this method the reinforcement not impregnated with the resin
should be available. Due to this there is a chance that the property of the final material (i.e.
after impregnation of reinforcement with resin or subsequent component molding) will be
different from that initially determined.

The X-ray photography is the best method to use. The penetrating abilities of X-rays
is high, therefore it can be used for any materials: fiber mats as well as final composite
specimens or even ready components. The quality of the derived images is very high. Hence
a complex equipment is required. After the X-ray images (usually on wide format film) are
obtained it is necessary to transform them into digital form by means of scanning. A regular
desktop scanner with slide-module adapter can be used for that purpose. The scanning
resolution should be 600 dpi or higher.

The application of ultrasonic techniques is also accompanied by the usage of
sophisticated equipment. This method works only with finished composite material. The
quality of the image might be the poorer than that of the two previous techniques due to a
larger size of the receiver sensors. The image can be obtained directly in the digital form,
therefore scanning is not necessary.

Since non-impregnated fiber mats were available for investigation the optical
scanning technique has been chosen. An ordinary desktop scanner with maximum optical
and resolution 1200x1200 dpi has been used. Scanning of the mats was performed at
maximum scanner resolution in grayscale mode with 256 gradations (8-bit mode). Pieces of
fiber mats with dimension at least 100 x 100 mm were placed into scanner one by one. Non-
woven fiber mat is a dense structure and during scanning the image appeared to be very
dark, since the light from the lamp of the scanner has to pass through the mat twice. This
causes a small range of brightness between the completely translucent and completely non-
translucent parts in the image. This characteristic is called optical density. In order to extend
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optical density of the image it is necessary to apply additional external source of light during
scanning (see the scheme in Fig. 3.1). A regular desktop daylight lamp is suitable for that
purpose. The shape of the lamp is rectangular and gives more or less uniform light on large
area (in comparison to incandescent lamp). One more important parameter of daylight lamp
is its low temperature. This allows attaching the lamp closer to the fiber mat without
overheating the fibers and mechanisms of the scanner.

The resulting image is much better than without a lamp, but further image
improvements are still necessary. The improvements can be made by using a raster image
editing software, like Adobe Photoshop®, for example. It has a large set of tools to work with
raster images. In particular the histogram of the images should be stretched in order to use
the full range of brightness levels (256 levels in 8-bit grayscale scanning mode).
This procedure is called “level-correction” and it is depicted in Fig. 3.2. Further, the image
inversion should be performed in order to put in correspondence the brightness of pixels in
the image and the amount of fibers in the mat. Thus, the areas in a mat with small quantity of
fibers should correspond to a lower brightness of pixels and therefore should be black in the
image and vice versa. The fragments of the digital images of fiber mats after the
improvement and the inversion are presented in Fig. 3.3. It should be noted that a better
image quality can be obtained by using higher scanning resolution accompanied with 16-bit
grayscale mode.

Desktop lamp

/

1\

[ Scanner ]

Figure 3.1 Scanning technique with applied back light.

Y F=N Fay Fy & Fay

a) original histogram b) adjusted histogram

c) original scanned image d) improved image

Figure 3.2 Improvement of image via histogram stretching.
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X-ray investigations of some of natural fiber composites are performed along with
optical scanning. Several wide format films were obtained as a result of X-raying of
composites. Each film was scanned using a scanner with slide module adapter at the
resolution of 1200 dpi in 16-bit grayscale mode (due to very high optical density of films). The
correction of scanned image (similar to described above) has been performed in Adobe
Photoshop®. The digitized images of X-ray films for some natural fiber reinforced composites
are presented in Fig. 3.4. The similarity of the optically scanned flax fiber mats and X-rayed
flax fiber composite can be observed.

a) Flax b) Duralin® Flax c) Coir d) Glass

Figure 3.3 Fragments of digital images of different fiber mats.

a) PP/Flax b) UP/Coir

Figure 3.4 Fragments of digitized X-ray images of different natural fiber composites.

3.2.3 Spectral analysis

A closer look at the images of fiber mats confirms that the distribution of fibers in mats
is not uniform (see Fig. 3.5). All fiber mats are heterogeneous, at least on mesoscale. The
shape and intensity of fiber clusters should be estimated in order to evaluate the
heterogeneity of each mat.

There are number of techniques to perform the analysis of the existing images. The
chosen technique should be capable to work with grayscale images. The integral brightness
(optical density) of the images is different. Therefore the technique should be invariant to this
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Figure 3.5 Fragment of scanned image of flax fiber mat with indication of clusters (1) and
voids (2).

characteristic. Most of the techniques, which meet the mentioned criteria, are based on
methods of photogrammetry. They require either special commercial software or complex
programming, if commercial software is not available. However, there are other methods
which are simple and reliable, for example, spectral analysis. This method is capable to
decompose the complex data series into simple components. Brightness series taken from
images can be used as an input for spectral analysis.

The spectrum of brightness series can be calculated in the same way as for time
series. The linear coordinate along the excerpt line in this case corresponding to the time and
the brightness of the pixels is a variable. The spectral analysis is known as harmonic

analysis or frequency approach to time series analysis [150]. Suppose that a series X,
contains a periodic (cyclic) component. A natural model of the periodic component would be:

X, =Rcos(fi+d)+e,, (3.1)
where R — amplitude of the component; f — frequency of the periodic component,
measured in number of radians per unit time; 4 — phase; e, — random error (noise) of the

series about the periodic component; ¢ — the time period number.
Since cos(ft +d )= cos(ft)cos(d)—sin(f#)sin(d), the Eq. 3.1 can be written as follows:

X, =acos(ft)+bsin(ft)+e,, (3.2)

where a = Rcos(d) and b =—Rcos(d).
This model is a multiple regression model with two independent variables. In this
case, the independent variables are X, =cos(ff) and X, =sin(ft) . The regression
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coefficients are B, =a and B, =b. In other words, the variation in a time series may be

modeled as the sum of several different individual waves occurring at different frequencies.
The generalization of the model Eq. 3.1 to the sum of n frequencies may be written
as follows:

X, =) Ricos(fit+d,)+e, (3.3)

i=1

or, using the alternative form Eq. 3.2 , as follows:
X, =Y (4, cos(fit)+B,sin(ft))+e, (3.4)
i=1

where 4; and B, — the regression coefficients to be estimated; i — number of frequency.

This is an example of a harmonic regression. After performing the analysis we get a
table of frequencies with 4, and B, coefficients corresponding to particular frequencies. A

spectrogram is the common way to visualize the results. The equation to estimate spectrum
is as follows:

S, =4(42+B?), (3.5)

1

where N - the length of the series [150].
In general, the spectrum S, can be plotted vs. frequency f or vs. wavelength

/I:Zﬂ/f. The spectrum plotted vs. wavelengths will be used because the frequencies

which are present in the brightness series are expected to be mostly in the range of low
frequencies and therefore can be better visualized.

3.2.4 Excerpts

The structure of a fiber mat image is complex and it contains information about the
fiber clusters size ant intensity. Therefore the brightness of the image can be used as an
input for a spectral analysis. Since simple spectral analysis uses one dimensional data series
(image is two dimensional) it is necessary to derive that information from images. The
excerpts were employed as an input data for the analysis of images.

The excerpt is a series of pixels’ brightness along the line drawn in the image.
Several excerpts (up to 7...15), with equal lengths were randomly chosen (see white lines in
Fig. 3.6) in each image. The minimum length of the excerpts has been estimated
beforehand. The excerpt with the length of 2000 pixels (approx. 42 mm) is enough to contain
at least one visible large fiber cluster. An example of brightness series of an excerpt is
presented in Fig. 3.7.

3.2.5 Analysis of spectrograms

A well-known NCSS statistical analysis & data analysis package the product of NCSS
Statistical Software Company has been used to perform spectral analysis. The brightness
series of each excerpt was taken as input data series for the analysis. An example of a
spectrogram for one of the excerpts is presented in Fig. 3.8.

The spectrogram consists of harmonics, which are present in the brightness series of
an excerpt. The spectrum of excerpts is quite complex and consists of large number of
humps (see Fig. 3.8). The humps on the spectrum consist of number of harmonics. Each
harmonic is characterized by a wavelength (or frequency), amplitude and phase. The peaks
of the humps represent the most probable harmonics which exist in the brightness pattern of
excerpts. The tails at both sides of each peak represent the scatter of harmonics
wavelengths.

39



Heterogeneity investigation technique

Since the brightness pattern of an excerpt contains information about the fiber
clusters in a mat the spectrum of such excerpt contains decomposed information about fiber
clusters. This allows assuming that harmonics in spectrum with different wavelength
represent the size of fiber clusters and the amplitude of the harmonics represents the
intensity of the fiber clusters.

The analysis of spectrums of different excerpts showed the similarity in the harmonics
which belong to major humps. Therefore it is possible to subdivide the whole range of
harmonics into several groups. The groups were formed according to the wavelengths of the
harmonics (see Fig. 3.8). The depressions in spectrum were used as separators between
groups. The harmonics, which are at the peaks of the humps, are considered the most
probable for a certain group.

The obtained images of fiber mats have quite high resolution; thus, even information
about fibers’ sizes is presented in a spectrum of excerpts by a bunch of corresponding
harmonics with short wavelengths up to 0.2 mm (diameter of the fibers). This results in a
large number of peaks in the spectrums, but it is not necessary to process all of them. Since
the scope of the fiber mat analysis is to determine meso-scale heterogeneity (~3...30 mm) it
is possible to neglect some of the harmonics with wavelengths shorter than ~3 mm.

Figure 3.6 Fragment of the digitized image of Flax fiber mat with indication of excerpts locations.
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Figure 3.7 Example of brightness distribution along linear excerpt.
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Figure 3.8 Example of spectrogram.

Consider the lower bound of the harmonics wavelength is limited to 130 pixels (see
Fig. 3.8). This limit corresponds to the fiber clusters’ size of about ~5 mm. Those harmonics
present in spectrum with the wavelengths less than this limit are neglected. Up to 5 most
probable harmonics (at peaks in spectrum) from each excerpt were taken into consideration.

Each harmonic has its own amplitude, which determines the significance of a
particular harmonic in forming the mat’s heterogeneity. Higher harmonic amplitude means a
higher variation in the image brightness or, in other words, higher variation of amount of
fibers in the clusters (which excerpt passes through). Thus, the harmonic amplitude
determines the second important parameter of heterogeneity - fiber cluster intensity.

For a limited number of harmonics within one excerpt it is possible to normalize their
amplitudes in order to simplify their further analysis. The following equation can be used for
that purpose:

4= S (3.6)

were 4, - the amplitude of the i ™ harmonic, S, — the spectrum of the i ™ harmonic and n —

the number of harmonics determined in one excerpt. After such normalization the amplitudes
of harmonics within one excerpt are in range from 0 to 1, which makes them easy to analyze.
The parameters of excerpts for flax mat are presented in Table 3.1. Graphically the
determined harmonic wavelengths of excerpts are presented in Fig. 3.9.

In each excerpts the set of harmonic wavelengths was analyzed in order to highlight
the common behavior of the excerpts. Visually it is possible to find out some similarity
between the parameters of harmonics of a different order. In the graph (see Fig. 3.9) there
are the so-called first-order harmonics with the wavelengths in the range of 760 — 1154
pixels, second-order harmonics with the wavelengths in the range of 450 — 700 pixels, third-
order harmonics with the wavelengths in the range of 300 — 420 pixels, fourth-order
harmonics with the wavelengths in the range of 200 — 300 pixels and fifth-order harmonics
with the wavelengths in the range of 130 — 200 pixels (see Fig. 3.9). The difference in
harmonic wavelengths between excerpts can be explained. Obviously there are no fiber
clusters with the same parameters present in a mat, they have quite complex shapes and
their sizes are different. Therefore, even if two different excerpts are passed through the
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same cluster in different directions they will contain different information about the same
cluster. This explains the difference in sets of harmonic wavelengths between excerpts.
Thus, harmonics within the defined limits have been processed for each excerpt for
each fiber mat. After that several most probable harmonics for each excerpt were
determined. There is similarity in harmonic wavelengths in those excerpts taken from the
same fiber mat, so there is difference in harmonic amplitudes. Unfortunately each excerpt
has a unique set of harmonic amplitudes. This makes it difficult to determine the parameters
of a fiber mat heterogeneity, since there is no obvious similarity between the excerpts. In
order to resolve this problem a representative excerpt for each fiber mat should be chosen.

Table 3.1 Parameters of excerpts for non-woven flax fiber mat.

Figure 3.9 Wavelengths of excerpts for flax fiber mat.
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Harmo- Excerpt 1 Excerpt 2 Excerpt 3 Excerpt 4
nics Wave, Amplitude Wave, Amplitude Wave, Amplitude | Wave, | Amplitude
at peaks | pixels | (normalized) Pixels | (normalized) pixels (normalized) | pixels | (normalized)
1 1091.31 0.23 1154.2 0.54 1034.91 0.19 857.63 0.31
2 472.87 0.36 422.94 0.07 461.97 0.19 600.48 0.06
3 331.84 0.08 292.99 0.11 349.19 0.13 432.07 0.26
4 234.64 0.17 197.60 0.12 280.68 0.21 255.60 0.20
5 152.47 0.15 136.84 0.15 190.10 0.28 157.26 0.17
Harmo- Excerpt 5 Excerpt 6 Excerpt 7
nics Wave, Amplitude Wave, Amplitude Wave, Amplitude
at peaks | pixels | (normalized) pixels | (normalized) pixels | (normalized)
1 937.96 0.18 759.99 0.41
2 682.31 0.18 619.04 0.41 484.31 0.33
3 361.81 0.23
4 226.67 0.32 293.00 0.22 203.62 0.07
5 138.74 0.07 207.85 0.37 145.86 0.20
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3.2.6 Representative excerpt

A correlation technique can be employed in order to determine the representative
excerpt. The characterization of excerpts involves a few parameters (up to 5 harmonics,
where each of harmonic has wavelength and amplitude); using this technique is essential
since it helps to estimate the similarity between two or more variables. Correlation coefficient
is the measure of similarity of two excerpts containing several variables (amplitudes in this
case). If it is necessary to compare more than two excerpts a correlation matrix will be built.
The harmonic amplitudes of all excerpts, taken from flax fiber mat, were analyzed. A
correlation matrix for Flax fiber mat is presented in Table 3.2 as an example. It is obvious
that large correlation coefficient (up to 1) shows higher similarity between the excerpts.

Table 3.2 Example of correlation matrix for amplitudes for flax fiber mat.

Excerpt1 | Excerpt2 | Excerpt3 | Excerpt4 | Excerpt5 | Excerpt6 | Excerpt7

Excerpt 1 1 0.49 -0.12 043 0.58 0.18 0.86
Excerpt 2 0.49 1 -0.12 0.80 0.37 -0.43 0.76
Excerpt 3 -0.12 -0.12 1 -0.30 -0.49 0.74 0.03
Excerpt 4 043 0.80 -0.30 1 0.67 -0.49 0.46
Excerpt 5 0.58 0.37 -0.49 0.67 1 -0.29 0.27
Excerpt 6 0.18 -0.43 0.74 -0.49 -0.29 1 0.05
Excerpt 7 0.86 0.76 0.03 0.46 0.27 0.05 1

Sum 3.42 2.87 0.74 2.57 2.11 0.76 3.43

The sum of correlation coefficients for each excerpt is calculated in order to
determine the excerpt which parameters are similar to those of the other excerpts The
excerpt with the maximum sum of coefficients can be taken as a representative. In this
example Table 3.2 excerpts 1 and 7 can be considered as representative for Flax fiber mat.

The harmonic amplitudes of chosen excerpt are considered as representative for a
particular fiber mat. They characterize the intensities of fiber clusters with certain size. Since
all fiber clusters a mat have different size and intensity the distribution of these parameters is
stochastic and, therefore, can be correlated to Gaussian (normal) distribution. Thus,
parameters of the representative excerpt can be taken as mean values. The standard
deviation value can be determined using all other excerpts. The wavelength and amplitude of
the determined harmonics can be easily correlated to physical parameters (size and
intensity) of fiber clusters present in a mat. The mean values of size and intensity for each
harmonic are equal to those determined for the representative excerpt only. But the standard
deviation of size and intensity is calculated by using those parameters determined for all
excerpts.

The harmonic wavelengths in the spectrograms are determined in pixels. Hence in
order to determine this parameter in millimeters the following equations can be used:

L
Lz_pKa
N

N

(3.7)

where [ — the cluster size (in mm); L,~- the wavelength of harmonic (in pixels); N - the

length of data series (number of data points in the excerpt); K — the scale parameter (in

mm), which can be estimated as follows:
K=L,-R, (3.8)

where [, — the physical length of the excerpt line (in pixels); R — the resolution parameter
(in mm/pixels), which can be estimated as follows:
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_ linch) _ 25,4(mm)
~1200(2) " 1200(22)

=0.021167(2m ). (3.9)

pixel

inch inch

The procedure of determination of the representative excerpt has been performed for
each fiber mat. The determined mat characteristics are presented in Table 3.3. These
parameters can be used further for simulation of heterogeneous properties of composites
reinforced with randomly distributed fibers.

Table 3.3 Parameters of clusters for some non-woven fiber mats.

Fiber mats Harmonics Size (St. dev) , mm Intensity, normalized
(St. dev)

Flax 1 23.43 (3.87) 0.23 (0.14)
2 13.57 (1.81) 0.36 (0.14)

3 9.10 (1.45) 0.08 (0.07)

4 5.91(0.67) 0.17 (0.12)

5 3.8 (0.91) 0.15(0.11)

Duralin® Flax 1 25.41 (2.39) 0.24 (0.27)
2 14.57 (2.15) 0.09 (0.23)

3 8.61 (1.56) 0.21(0.20)

4 5.53 (0.52) 0.15(0.14)

5 3.10(0.65) 0.31(0.08)

Coir 1 32.8 (3.08) 0.30 (0.09)
2 15.73 (2.59) 0.02 (0.09)

3 9.32 (2.17) 0.31(0.14)

4 5.62 (0.91) 0.24 (0.05)

5 0.39 (0.74) 0.13(0.07)

Glass 1 23.00 (5.59) 0.09 (0.13)
2 13.7 (1.51) 0.41(0.13)

3 8.86 (1.89) 0.08 (0.17)

4 5.55 (0.67) 0.21(0.11)

5 3.92 (0.45) 0.20 (0.10)

3.3 Conclusions

The basis of the high non-uniformity of mechanical properties of natural fiber
reinforced composites was discussed in this chapter. It was shown that certain non-
uniformity can appear on different scales. All natural fibers are different in the micro-scale
due to natural scatter. Their mechanical properties and surface quality vary. The fibers are
processed into non-woven natural fiber mats before being impregnated with resin. The non-
uniformity of the natural fiber mats characterizes the mesoscale properties variation.
Sometimes it is very high due to different abilities of the fibers to interweave with each other
during the mat production process. The fiber clusters with different size and intensity are
stochastically distributed in a mat. Size and intensity are the parameters of fiber clusters and
they can be used to characterize the heterogeneity of fiber mat.

A technique has been developed in order to determine the parameters of fiber
clusters in non-woven fiber mats. The technique is based on the digital image of fiber mats.
The image can be obtained, as suggested, using optical scanning, X-ray photography or
ultrasonic methods. The X-ray is preferable. The suggested technique should is invariant to
optical density of the digital image which might appear due to its high variability from one
fiber mat to another. Spectral analysis is successfully applied for that purpose. Using this
method the decomposition of a complex structure of the image into simple basic components
(harmonics) has been done.
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The parameters of harmonics in spectrum are correlated to certain physical
parameters of fiber clusters. Thus, the wavelength of harmonic determines the size of a
cluster and the amplitude of harmonic determines its intensity. It is determined that the set of
representative harmonics can be highlighted in each fiber mat. The set consists of several
harmonics with different parameters. This allows to characterize the difference in
heterogeneity of different fiber mats.

The derived parameters can be used both for modeling heterogeneous materials as
well as for planning experiments. The estimation of geometrical parameters of the specimens
in order to avoid the influence of a size-effect on the results is essential when working with
such heterogeneous materials. It was shown that the developed technique is suitable for
natural and synthetic fiber non-woven mats. This gives the possibility to characterize almost
any type of composites with heterogeneous reinforcement.
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Chapter 4

Simulation of the mechanical properties of
composites

4.1. Introduction

Heterogeneity by definition can represent variation in physical, mechanical, acoustical
or other material properties. Various material properties can be put into correspondence with
the generated heterogeneity. Since mechanically loaded natural fiber composites are under
consideration here it is reasonable to choose one of the mechanical properties of a material
to vary according to the generated heterogeneity.

The variation of the amount of fibers in a natural fiber composite has been analyzed
in Chapter 3 and the results of the analysis were used to develop the technique describing
that variation. Therefore this characteristic can be successfully chosen to correlate with the
mechanical properties of composite. The amount of fibers is one of the most important
characteristics of any composite material since their mechanical properties are strongly
dependent on it. The amount of fibers in a composite material can be characterized either by
the volume fraction or by weight fraction of fibers. One of these parameters (its average
value, of course) is usually available in specifications of any composite, together with fiber
type, fiber distribution and resin type. The volume fraction value can be recalculated into
weight fraction using the following equations [221]:

__Wip
DY ATE

where V. - volume fraction, W, - weight fraction and p, - density of i ™ component.

Composite producers generally use the weight fraction value since during production
they operate with mass quantities of fibers and resins. But the volume fraction value is used
by mechanical engineers to estimate the mechanical properties of the composite material
and to perform the engineering design of structures. Therefore, only the volume fraction
value will be considered further.

The volume fraction of fibers is commonly used to estimate certain mechanical
properties of the composite material. Besides, the type of fibers distribution (aligned or
random) and their mechanical properties as well as properties of resin should be available.
The modulus of elasticity and strength can be considered as the most significant mechanical
properties of materials required for engineering design of structures. These properties of
composite materials in particular, depend on many parameters, the most important of which
are:

a) fiber type;

b) resin type;

c) volume fraction of fibers;

d) fibers length;

e) fibers distribution;

f) adhesive properties between fibers and resin

etc.

The fiber and resin types, fiber volume fraction, the length and distribution of fiber are
commonly used to estimate the modulus of elasticity or strength of a composite material
[221]. The rest of the mentioned parameters can be regarded not as variables but as
constants in modulus of composite estimation. In this work it is rather important to find an
existing or to develop a new reliable method for elastic modulus estimation of composites

(4.1)
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material with the known properties of fibers, matrix and fiber volume fraction. Composites
with randomly oriented natural fibers are considered.

4.2 Existing models for Young’s modulus estimation

Several methods are available, but due to the complexity of the natural fiber
composites not every method is suitable. It is necessary to perform comparison of the
methods in order to determine the best. In general the existing methods can be divided into
two groups. The first and major group of the methods is based on theories which take into
account basic properties of fibers (including length) and the resin and their mixing conditions:

1) The rule of mixtures (RoM) [200];

2) Cox’s model (modified rule of mixtures) [34];

3) Halpin-Tsai's model [65, 66];

4) Hirsch’s model [70].
The other group of methods is based on micromechanics of fibers and resin polymer
interaction [22, 32, 48, 69]. Let us review some of the methods.

4.2.1 The rule of mixtures

The rule of mixtures (RoM) is the most popular method to estimate the modulus of
elasticity and the strength of unidirectional composite material. This method was developed a
long time ago and has been successfully used for composite materials with long
unidirectional synthetic fibers. The standard representation of the rule of mixtures is the
following:

E =V,E, + (1 -V, )Em - parallel model, (4.2)
E = | series model (4.3)
T | |
Ef Em

where E_ is the elastic modulus of a composite, Vf is the fiber volume fraction, Ef is the

elastic modulus of fibers, and £ is the elastic modulus of matrix.

The modified representation of the RoM which was adopted to estimate the modulus
of elasticity of a composite material with long randomly distributed fibers is as follows:

E =nV,E, +(1-V,)E

f (4.4)

m*

It takes into account the weakening of the composite due to fibers orientation and
fiber length factors through introduced additional coefficient, 7 <1. Some attempts by other

researchers have been done in order to estimate 7. For example, in [230] it is suggested to
apply n = 0.2 for a composite reinforced with randomly oriented natural fibers.

4.2.2 Cox’s model

The Cox shear lag theory [34] adds to the RoM the shear lag analysis, which includes
a fiber length and a stress concentration rate at the fiber’s ends. The model is described by
Eq. 4.4, in which the coefficient 7 is written as follows:

tanh[ﬂlj
n=1 __\2) (4.5)

o
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where [ is the length of fibers and £ is the coefficient of stress concentration rate at the
ends of the fibers, which can be described by the following equation:

E
p= L - (4.6)
r

pn )
Ef (1 + V)ln R

where v is Poisson’s ratio of fibers and ris the fiber radius.

4.2.3 Halpin-Tsai’s model

This model was developed to estimate the elastic modulus of a composite material
with aligned short fibers [65, 66]. Its representation is as follows:

1+ 4BV,
E =E,——", (4.7)
1- BV,

2
where, A:;Z is the aspect ratio of fibers that can be considered here not only as a

measure of fiber geometry but also as a characteristic of fiber loading conditions, d is the
E /E -1
f/Em

diameter of fibers, and B = .
E,|E, +A

4.2.4 Hirsch’s model

Hirsch developed the model for the elastic modulus prediction of a composite
material, which is a weighted combination of RoM parallel and series models [70]. Indeed,
the natural fiber reinforced composite, where the embedded fibers are usually in a random
mat form, can be represented as the combination of parallel and series loaded fibers. The
representation of Hirsch’s model is as follows:

1
E =y,E, +(1-v,)E, |+ (- x)|:Vf TE 0V JE, } , (4.8)

where x is the empirical coefficient. It is assumed that the controlling factors for x are
mainly the fiber orientation, fiber length and stress amplification at fiber ends.

4.2.5 Models based on micromechanics of materials

One of the models within the group of models based on micromechanics is the
aggregate model. This model uses the concept of subunits (unit cells). Each of these units
possesses the elastic properties of the composite in which the fibers are continuously and
fully aligned. Usually it is applicable to polymer composites reinforced with unidirectional
synthetic fibers. The interpolative aggregate model, which is discussed in [212], was
simplified and adopted to short-fiber reinforced composites. A formal equation for this model
is as follows:

{c}=[F1[R1{§}, @9)

where {C} represents the stiffness of the composite (stiffness tensor); [F ] is the fiber
orientation distribution (FOD) matrix; [R] is the constant, essentially determined by Poisson’s
ratio of a unit cell; T and L are the transverse and longitudinal stiffness of a unit cell
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incorporating constituent and interface properties, fiber aspect ratio, fiber volume fraction etc,
but independent from the FOD.

The group of methods based on micromechanics is potentially applicable to the
natural fiber reinforced composites, but the complexity of their construction and verification is
a barrier for this application. As the aggregate model all other methods in this group require
the FOD matrix data. There are some methods which determine the FOD and take into
account a fiber length distribution (FLD) [22, 32, 48, 69]. However, due to the complexity of
the FOD determination for randomly distributed natural fibers in composites in particular, this
group of methods is less preferable than simper methods. Simple models described above
can be more successfully applicable for mechanical engineers. Therefore, it was decided not
to consider the group of methods based on micromechanics, but models based on rule of
mixtures.

4.3 Benchmarking of existing models

In order to perform benchmarking of models under consideration, it is necessary to
analyze the experimental information on natural fiber composites. Here the experimental
studies determining mechanical properties of natural fiber composites with known fiber and
resin properties are considered. A large number of sources including literature, Internet sites,
datasheets from companies and own experimental data are analyzed [89, 90].

It appears that the reported properties of natural fiber composites are quite diverse.
Moreover, most of the reported studies do not contain all necessary characteristics of fibers
and resins for the comparison. Therefore it is not possible to accept the found data as a
reference. The systematization of the sources has been done. The available information has
been arranged by type of resin, type of natural fibers and fiber volume fraction.
Polypropylene (PP) is widely used as a matrix in composite materials due to good
mechanical properties, low weight, low processing temperature (especially important for
processing of natural fibers) and low price. Composites reinforced with various natural fibers
embedded into PP matrix have been chosen as a case study. Three parameters of the
composites material are under consideration: moduli of elasticity of fibers and matrix as well
as fiber volume fraction.

The modulus of elasticity of natural fibers basically depends on the type of the natural
fibers (flax, hemp, jute, etc.), but it can vary in a wide range even for the same types of
fibers. Therefore the maximum, minimum and the average values are important. The
modulus of elasticity of PP also varies (depending on manufacturer and processing
conditions), but the range of this variation is small. Thus, only mean value is considered. The
information collected is presented in Table 4.1.

Table 4.1 Values of modulus of elasticity for several types of natural fiber composites (randomly
oriented fibers) and per component [89, 90].

Modulus of elasticity
Material Fiber, GPa | Matrix, MPa Composite, MPa
Min Max Average
PP / Flax 40% 48.8 1050 3290 6000 4645
PP / Hemp 40% 60.0 1050 n/a* n/a* n/a*
PP / Kenaf 40% n/a* 1050 3550 3550 3550
PP / Jute 40% 375 1050 1480 3340 3960
PP / Sisal 40% 27.0 1050 1040 2060 1550

It is important to note, that the benchmarking of the theoretical models for composite
modulus estimation can be performed under certain conditions. Two of three mentioned
parameters (matrix modulus, fiber modulus and fiber volume fraction) should be fixed and
one can be a variable. Since all the composites under research have the same PP matrix,
the modulus of matrix is fixed. Therefore there are two possible approaches:
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1) Fiber volume fraction is fixed and modulus of fibers is a variable;
2) Modulus of fibers is fixed and fiber volume fraction is a variable.

4.3.1 Approach 1

The first approach was used for primary benchmarking, since enough data on
composites materials with different types of natural fibers and certain fiber volume fraction
(40 % vol.) are available. The experimental and estimated values of the modulus for some
natural fiber composites are presented in Fig. 4.1. In this graph the modulus of composites
(with the same fiber volume fraction) is plotted against the modulus of fibers. The
experimental data of PP/Flax 40%, PP/Jute 40% and PP/Sisal 40% composites with
randomly oriented fibers found in literature are plotted with black dots and error bars. For
each composite the averaged experimental values are used as input parameters in the
theoretical models. The theoretically predicted values are represented by different lines in
that graph. These lines are based on data interpolation between reference (data) points.

In the presented graph (see Fig. 4.1) it is clear that the values estimated by the RoM
models (Eq. 4.2 and 4.3) are quite different from the data that have been found in literature.
The possible reason for poor prediction by the RoM models (Eq. 4.2 and 4.3) might be that it
was initially developed for a continuous aligned fibers reinforced composite material. The
distribution of fibers in non-woven natural fiber composites is far from aligned; moreover

25000 -
. Averaged data from literature
---------------- RoM parallel (Eq. 4.2)
———— Cox model (Eq. 4.4-4.6)
— — — Halpin-Tsai model (Eq. 4.7)
20000 1 —— Hirsch model (Eq. 4.8)
—-—-—-- RoM modified (Eq. 4.4) PR
m — RoMseries (Eq. 4.3) .. 7
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Figure 4.1 Estimated modulus of elasticity of composites using different theoretical models in
comparison with experimentally obtained data for composites reinforced with 40
vol.% of fibers. (Error bars show the scatter of reference data).
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The estimated values of modulus of composite using the modified model of the RoM
model (Eq. 4.4) with 7 =0.2 are quite close to those experimentally obtained, but the

inclination of interpolation curve is, however, different. The error between the theoretically
estimated modulus and experimental data is quite high for Sisal fiber reinforced composite.
Taking into account a lack of sources of experimental studies on Sisal fiber composites the
scatter in properties can be much larger. In this case it can occur that the theoretically
estimated modulus of Sisal reinforced composite lies within that scatter. Considering the
maximum observed error of 10% (between theoretically and experimentally estimated
values) the modified RoM model, hence, can be used for limited types of natural fiber
composites. As follows from the performance analysis, reliable estimation using Eq. 4.4 can
be achieved for those composites in which the modulus of natural fibers are in range of about

E,=35-50 GPa.

The moduli of elasticity were also estimated according to Cox’s model (Eq. 4.4, 4.5,
and 4.6). The values for Poisson’s ratio and fibers geometrical parameters are: v =0.3, /=20
mm and »=0.1 mm. Poisson’s ratio and radius were averaged over the data from literature
sources [6, 36, 89, 113]. A poor elastic modulus prediction (see Fig. 4.1) might be explained
by the involved Poisson’s ratio and fiber diameter in this model. The Poisson’s ratio and fiber
radius are extremely difficult measurable parameters for the natural fibers due to
heterogeneity of their structure and may vary to a large extent. In the work of [82] a poor
agreement of the predicted value of modulus based on Cox’s model with the experimental
results for composites reinforced with misaligned short Sisal fiber is registered.

The modulus of natural fiber PP-based composites has also been calculated using
Halpin-Tsai’'s model (Eq. 4.7) with the aspect ratio 4 =200. This value is based on /=20 mm
and d =0.2 mm as a result of averaging the reference data [89]. Unfortunately, the
agreement of theoretically estimated values with experimentally obtained is very poor. A
possible explanation might be that this model was initially developed for composite materials
with aligned fibers and does not take into account the bonding between fibers and matrix.
However, for unidirectional Jute fiber reinforced composites with different volume fraction of
fibers the model of Halpin-Tsai was successfully applied [11].

The estimated modulus of natural fiber composites under consideration using
Hirsch’s model (Eqg. 4.8) is also plotted in Fig. 4.1. The estimated modulus is quite close to
the obtained with modified RoM (Eq. 4.4). But the inclination of curve is even more different
than the trend resulting from the experimentally obtained data. Thus, this model gives even
less accurate result than modified RoM (Eq. 4.4). Actually, both models use the similar
principle of accounting random fibers distribution. The principle is based on the insertion of
an additional weakening coefficient (77 — in RoM and x — in Hirsch’s model) to the part of

equation responsible for the strengthening of matrix material due to presence of fibers in it. In
Hirsch’s model such coefficient plays the role of weighting factor in both parts of the model:
parallel and series. Usually, this coefficient is empirically estimated and less than the unity.

The results of the benchmarking by using the first approach showed that RoM (Eq.
4.4) and Hirsch’s (Eq. 4.8) are the most promising to be applied for natural fiber composites.
However, additional benchmarking of these models is necessary.

4.3.2 Approach 2

It was discussed in Chapter 2 that heterogeneity in natural fiber composites is
associated with variation of fiber volume fraction. Thus, for successful application of the
selected models their benchmarking using the second approach has to be performed. In this
approach the moduli of fibers and matrix remain constant, while fiber volume fraction is
varies. The most promising models from the previous benchmarking were chosen.

Experimental data on investigation of natural fiber composite properties with different
fiber volume fraction used here for comparison was obtained in [11]. The experiments were
carried out for composites reinforced with randomly distributed Jute fibers embedded
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Table 4.2 Experimentally obtained modulus of PP/Jute composite reinforced with randomly
oriented fibers with different fiber volume fraction, where £, =41 GPa, E, =800 MPa

(after [11]).
Fiber volume fraction | Modulus of composite, MPa
0 800
0.06 1300
0.12 1650
0.18 1800
0.24 2000
0.29 2000
0.34 2200
0.45 2250
© @©
d 50001 o Experimental data 4 5000 *  Experimental data
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Figure 4.2 Comparison of experimentally obtained (after [11]) and theoretically estimated
modulus of PP/Jute composite reinforced with randomly oriented fibers.

into PP matrix for fiber volume fraction 7, =0...45 vol. %. The used experimental data are

presented in Table 4.2.

Experimental data and theoretically estimated values for composite modulus using
Hirsch’s model (Eq. 4.8) are shown in Fig. 4.2a. Two curves represent the behavior of the
model with different parameters x (see Eq. 4.8). The min and max values of x presented in
that graph were adjusted such a way that the theoretical model overlaps at least in two points
with the experimental data. The theoretical model with parameter x =0.15 has reasonable
correlation with the experimental data only in a narrow range of fiber volume fraction

0<V,<0.12 (0 ... 12 vol. %). Beyond this range the theoretical model gives a large error
and cannot be applied. With lower x =0.05 the curve has smaller inclination (relatively
horizontal axis of the graph), but still the behavior of the curve is quite different from the
experimental data.

Comparison of experimentally obtained and theoretically estimated modulus of the
PP/Jute composite has been also performed using RoM model (Eq. 4.4). The graphs of the
theoretical model with 7=0.1 and 77=0.2 are presented Fig. 4.2b. The good agreement with

experimental data can be achieve with 7=0.2, but only in quite narrow range of fiber volume
fraction i.e. 0 <V, <0.12 (thus in range of 0...12 vol. %). The behavior of the curve of this
model is rather similar to that of Hirsch’s model. This means that neither RoM model (Eq.
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4.4) nor Hirsch’s model (Eq. 4.8) can be used for estimation of the modulus of natural fiber
composite with a wide range of fiber volume fraction at least 0 <7, <0.45 (thus in range of

0...45 vol. %). Therefore, a new theoretical model is required in order to obtain a better
correlation with experimental data at least within the specified range of fiber volume fraction.

4.4 Development and verification of a new model suitable for
natural fiber composites

A new theoretical model of the modulus estimation for natural fiber composite is
necessary, since the existing models (at least those found in literature) are not suitable. A
new model should be able reliably estimate the modulus of composite with a different fiber
volume fraction and with different elastic properties of fibers (with constant volume fraction)
as well. The development of a new theoretical model from scratch is not reasonable, while
one of the existing models can be used as the basis for a new model.

During the benchmarking of the existing theoretical models it was found that Hirsch’s
model (Eq. 4.8) and RoM model (Eq. 4.4) give the modulus estimation quite close to the
experimentally obtained data. Therefore, the equations of these models can be used as a
reference for the development of a new model. In composites with randomly distributed fibers
there are fibers which are parallel, series and under an angle orientated to the chosen main
direction. Unfortunately RoM model (Eq. 4.4) does not take into account the influence of
fibers which have series orientation to the chosen main direction, because in its equation the
series part is absent. Therefore the equation of this model has a linear behavior with respect

to V', variable which does not give enough flexibility to adjust the model's behavior to

interpolate the non-linear trend of experimentally obtained data (see Fig. 4.2b). Hirsch’s
model (Eq. 4.8) in that sense seems to be more applicable, since it takes into account both
parallel and series orientations of fibers. This model (Eq. 4.8) has two parts, which take into
account different fiber orientations, but reflect this with only by one weight coefficient x . In
order to increase flexibility to adjust the model it is necessary to introduce two independent
weight coefficients instead of one. The following equation can be proposed:

=aly,E, +(1-v ~)Em]+ﬂ{ 1 } (4.10)

Vi E,+ (1 _Vf) E,

where o and f are the weight coefficients. These coefficients can be independently
adjusted to reach the desired convergence with the experimentally obtained data. The
experimental data presented in Table 4.1 can be used for this purpose. The curve fitting can
be performed using available experimental data on the modulus of composites in
dependence on modulus of fibers at constant fiber volume fraction. At the beginning of the
fitting the analysis of the model (Eq. 4.10) sensitivity to different values of coefficients ¢ and
£ has been done. It was found, that « contribute to the parallel offset of the curve (Eq.
4.10) in vertical direction. But £ influences both: the slope of the curve and its vertical offset,
at the same time. The behavior of the model with several values of « and fixed £ is
presented in Fig. 4.3 and Fig. 4.4. Thus, in order to adjust the curve to the maximum
convergence with experimental data it is necessary to adjust coefficient £ first and only then
o . While adjusting f it was discovered that the best result can be achieved if f < 0. Thus,

the series part of equation lowers the modulus of composite. This can be explained by the
fact that those fibers, which do not coincide with the load main direction, do not strengthen,
but weaken the whole composite. In fact, natural fibers and a synthetic resin due to
difference in chemical composition have quite poor adhesion to each other. Therefore, this
combination when transversally loaded does not contribute positively to the load bearing
performance of the material. It was found, that the best correlation of the proposed
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theoretical model with experimental data is achieved with & =0.34 and S =-1.34. Apparently,

S can be written as follows: f = —(a +1).

In addition to fibers distribution in matrix, the inherent anisotropy of natural fibers can
contribute to the composite properties. There are recent studies on the properties of natural
fibers, where high anisotropy in their properties is discussed [210]. For example, the modulus
of elasticity of fibers is quite different in longitudinal and transverse directions. Thus, for Jute

fibers the determined longitudinal modulus is about Ef =38.9-39.4 GPa, while their

transverse modulus is about E; =3.8-5.5 GPa. Such extreme anisotropy can be reflected in
the new model. The proposed Eq. 4.10 can be rewritten as follows:

v, B 1=V, )JE,

where Ejf and E; - are the longitudinal and transverse moduli of fibers correspondingly. The

E, =anEf+(1—Vf)Em]+,B{ 1 } (4.11)

new model according to Eq. 4.11 was tested on the same set of experimental data. The
constant transverse modulus of the fibers equal to E/T =4 GPa was used during fitting. The
behavior of the curve did not vary much (see Fig. 4.5) and the best agreement with the
experimental data can be achieved with slight correction of the coefficient o =0.32 (then
ﬂ:—(a+1)=-1.32). Thus, with properly determined coefficients the proposed model gives

reliable result at least within given range of fibers longitudinal modulus variation Ef =27-50

GPa.

The subsequent testing of the modified proposed model should be performed with a
constant longitudinal modulus of fibers where the fiber volume fraction is a variable.
Experimental data obtained in [11] can be used (see Table 4.2). The comparison of
theoretically predicted using the developed model (Eq. 4.11) and experimentally obtained
modulus of PP/Jute composite with different fiber volume fraction is presented in Fig. 4.6a.
Unfortunately no agreement with experimental data is observed. Therefore, additional
adjustment of [ coefficient is necessary. Taking into account, that Hirsch’s model with

p =1—a (see Fig. 4.2a) has a good correlation with the experimental data in the range
0 <V, <0.12 and the proposed model (Eq. 4.11) based on data fitting which works good at
V,~04 it is possible to surmise that S largely depends on V. Thus, using the fitting

technique it was estimated that the proposed model with £ = (l—a —5V_/.) gives reasonable

agreement with experimental data. Finally, the following model can be proposed for
estimation of the modulus of composite reinforced with randomly oriented natural fibers:

1
E =al,EL+(1-7,)E, [+ (1-a —SVf{ ] L (412)
" "y B+ -7, ) E,
Indeed, if V', — 0, then S = (l—oc—SVf}V . 1—a and the model approaches to Hirsch’s
-
model, but if Vf — 0.4, then ﬂ:(l—a—SVf}V o =—(1+«a), which corresponds to the
7=V

proposed model in this section in Eq. 4.11. The comparison of the developed model (Eq.
4.12) with experimentally obtained data (Table 4.2) is presented in Fig. 4.6b. Reasonable

agreement can be achieved with following parameters if a =0.22, Ef =41 GPa, E/T =4 GPa,
E =800 MPa for PP/Jute composite.
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Figure 4.5 Comparison of the proposed theoretical model with experimentally obtained data.

The Figure 4.7 shows the developed model results in the wider range of fiber volume
fraction than it has been used for fitting in above. The parameters Ef =41 GPa, E; =4 GPa,

E, =800 MPa and « =0.22 are used. The function gradually rises up to /', ~0.47 and then

goes down. At /', ~ 0.81 the curve change its sign. Such a behavior can be supported by the

fact that an addition of strong fibers into weak PP matrix certainly can produce a positive
effect on the stiffness of a composite, but there is a certain limit of this improvement. Indeed,
the increasing amount of fibers in composite, the amount of matrix resin decreases. Matrix
becomes discontinuous and loses the ability to transfer applied load between fibers. Usually
this happens due to poor impregnation of fibers with polymer resin as a result of
technological problems. In production of composites with high values of fiber volume fraction
the polymer resin can hardly be transferred between densely compacted fibers due to its
high viscosity. In natural fiber reinforced composites (especially in thermoplastic ones) this
problem is even more strengthened due to hydrophobicity of natural fibers, which also
produces additional negative effect on fibers’ wetting. Therefore a natural fiber composite at
high values of fiber volume is only separated fibers, which are poorly connected to each
other by drops of polymer resin. Of course, the stiffness of such combination is low or even
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Figure 4.6 Comparison of theoretically predicted and experimentally obtained elastic
modulus of PP/Jute composite with different fiber volume fraction.

does not exist (like if non-impregnated non-woven natural fiber mat would be loaded). This
effect is different for every natural fiber composite and depends on many parameters, such
as: type of fibers, type of polymer matrix, presence of compatibilizer (adhesion improvement
agent) and processing conditions (especially temperature, which has strong effect on
viscosity of polymers). For natural fiber composite under consideration (PP/Flax) the
negative effect for stiffness due to high fiber volume fraction is in the range of

0.47 <V, <0.80 (see Fig. 4.7). The effect of drop of modulus in natural fiber composites

with extremely high fiber volume fraction was also observed by [157]. Namely it is reported
10 — 150 % decrease in mechanical properties of PP/Hemp composite while increasing fiber
volume fraction from 57 to 68 wt. %.

In order to prove the reliability of the finally developed model (Eqg. 4.12), an additional
testing can be performed using different experimental data. The data obtained by [82] for low
density polyethylene (LDPE) with randomly distributed Sisal fibers (see in Table 4.3) can be
used for that purpose. The comparison is presented in Fig. 4.8. Reasonable agreement can

be achieved at & =0.1 with known other parameters E;=15 GPa, E; =4 GPa, E, =40 MPa.

It can be concluded that the empirical coefficient o depends on a particular
combination of fibers and matrix, in other words it depends on interaction between the
components in a composite. It is also possible to estimate theoretical limit of the fiber volume
fraction, beyond which the further increase of fiber volume fraction negatively affects the
composite properties.

The function Eq. 4.12 has one point of extremum in range of 0 <V, <0.80, which

can be determined by following condition: 8EC/8Vf =0 . Values of a for some of the

combinations of fibers and matrices together with the theoretical limit of fiber volume
fractionV, are presented in Table 4.4. In principle & can be estimated for any natural fiber

composite with randomly distributed fibers. In order to estimate value of « it is necessary to
perform mechanical testing of a composite in order to determine its modulus of elasticity. It
can be advised to perform the testing of a composite with different fiber volume fraction in
order to have more data points and therefore o can be estimated more reliably. However, in
some cases one data point is sufficient. Together with the determined modulus of a
composite it is necessary to know the longitudinal and transverse moduli of fibers, the
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modulus of polymer matrix and fiber volume fraction. With all the mentioned values known
the Eq. 4.12 can be solved with respect to « .

The developed model (Eq. 4.12) also can be used as a tool for estimation of the
elastic modulus of a composite material if the elastic modulus of fibers is known, and vice
versa. For example, with the known elastic modulus of Hemp fibers with the help of the
model it is possible to extrapolate the elastic modulus for composite with 40 vol. % of
randomly oriented Hemp fibers and polypropylene matrix (see Fig. 4.9). With the same
success it is possible to reconstruct the elastic modulus of the Kenaf fibers if elastic modulus
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Figure 4.7 The graph of the proposed model (Eq. 4.12) in range of fiber volume fraction
0<V, <0.80, (PP/Flax composite: parameters Ef=41GPa, Elf =4 GPa, E, =800
MPa and « =0.22).

Table 4.3 Experimentally obtained data for LDPE/Sisal composite reinforced with randomly
oriented fibers (after [82]).

Fiber volume fraction | Modulus of composite, MPa
0 140
0.06 210
0.14 240
0.21 290
© & Experimental data
% 30 Proposed model Eq. 4.12
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Figure 4.8 Theoretically estimated (using Eq. 4.12 with « =0.1, Eﬁ =15 GPa, EJT =4 GPa,

E =40 MPa) and experimentally obtained elastic modulus of LDPE/Sisal
composite.
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Table 4.4 Values of the empirical coefficient « in Eq. 4.12 determined for some types of
natural fiber in combinations with matrices.

Fiber — matrix combination a Predicted theoretical limit of Vf %
Flax / PP 0.32 55-60
Jute / PP 0.22 45-50
Sisal / LDPE 0.1 35-40

of the composite reinforced with 40 vol. % of Kenaf fibers and PP matrix is known (see Fig.
4.9). In this case it is assumed that the bonding properties of the PP to the mentioned fibers

are the same. Properties of the materials can be taken from Table 4.1 (Ef =4 GPa) as an

input properties for estimation and « =0.32. As it was mentioned « should be estimated for
each combination of fibers and matrices, but if there is lack of information the same « can
be used for the estimation (of course with lower reliability of estimation).
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Figure 4.9 Modulus prediction (Eq. 4.12, « =0.32, E, =800 MPa, Elf =4 GPa, Table 4.1) for

PP/Hemp and PP/Kenaf composites reinforced with 40 vol. % of randomly distributed
fibers.

4.5 Conclusions

A number of theoretical models for estimation of the modulus of the natural fiber
composite have been tested on available experimental data. The main objective was to find a
reliable one to estimate the modulus of natural fiber composite in its dependence on fiber
volume fraction (using constant properties of fibers and matrix). It was found that none of the
existing models is suitable for prediction of modulus of natural fiber composite.

A new theoretical model (Eq. 4.12) based on Hirsch’s model has been proposed. The
behavior of the developed model has been tested on available experimental data. Good
agreement with the experimental data has been achieved with properly adjusted empirical
coefficient « . The adjustment of the a coefficient for a particular composite has to be done
using experimentally obtained data. Thus the properly tuned proposed model can be used to
correlate the modulus of natural fiber composite to fiber volume fraction.
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Chapter 5

Heterogeneity simulation

5.1 Introduction

In chapter 3 the analysis technique suitable for heterogeneous composites was
developed, based on which it was determined that non-woven natural fiber composites have
a large variation in properties due to heterogeneity of fiber mat. The properties of different
non-woven fiber mats were discussed. It was found that fiber clusters with various sizes and
intensities are stochastically distributed in non-woven mats. The sizes and intensities of fiber
clusters are considered as the parameters of mat heterogeneity. The parameters of
heterogeneity for different fiber mats were determined based on representative sets of fiber
clusters.

Heterogeneity simulation is needed in order to incorporate the derived parameters of
the heterogeneity of a fiber mat into the structural analysis. Heterogeneity simulation is a
technique that allows a virtual generation of non-uniformity in material. In other words,
heterogeneity simulation is able to recreate the in-plane structure of the non-uniformity in a
fiber mat with the predetermined parameters. It is assumed that the variation in properties of
a fiber mat through its thickness is constant, i.e. homogenized. Simulated heterogeneity
represents the variation of properties at any in-plane location in a mat (or composite). The
development of such technique is essential for successful finite element (FE) simulations of
plane or shell structures made from heterogeneous materials. This technique should take
into account the derived parameters of material (mat or composite) heterogeneity and should
give random distribution of the properties.

Generated heterogeneity should satisfy certain conditions. The smoothness and
discontinuity are the primary conditions since the generated heterogeneity supposed to be
used in subsequent FE analysis. Smoothness is important because even modern FE solvers
are quite sensitive to high difference in properties of adjacent finite elements. This might lead
to instability or poor convergence of calculations. Discontinuity condition of the heterogeneity
secures the ability of the technique to determine the local value of heterogeneity at any point
within certain specified limits. Certainly, computational complexity of the used mathematical
equations should be not very high, since the number of finite elements in a model sometimes
is very high. Complex calculation in this case might negatively affect the speed performance
of the analysis.

5.2 Heterogeneity generation approach

In principle heterogeneity of the natural fiber mat is quite complex. The fibers are
distributed not only in-plane, but in thickness as well (see an example in Fig. 5.1). Since the
natural fiber mats are usually suited to be impregnated with resin to form plane thin sheets or
structures with relatively thin walls, the in-plane distribution of fibers is more important than
distribution through thickness. Thus, in structures where walls are relatively thin in
comparison to other dimensions, the heterogeneity of the material can be assumed as in-
plane, i.e. two-dimensional (2D). The heterogeneity through the thickness of composite is
assumed to be constant. Most of the structures currently made of composites meet these
assumptions.

The heterogeneity generation procedure should be able to describe the in-plane non-
uniformity of material. This means that some points in plane of the model should have
different values of properties which can be later correlated to real material properties (in this
case the local amount of fibers in mat). Obviously, the heterogeneity in natural fiber mat or
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TUD_SIR TOPO 50KV X15 Tmm WD 24.7mm

Figure 5.1 Distribution of fibers through the thickness of PP composite reinforced with non-
woven Flax fiber mat.

composite can be represented by three-dimensional surface. In most of the cases Cartesian
coordinate system can be used. Two-coordinate system is necessary to describe the position
of points in the plane of the model. So, each point has two coordinates (X and Y') and the
value parameter (Z ) which represents the local property of the fiber mat, the amount of
fibers, for example. Obviously, this description corresponds to the description of a three-
dimensional z = f(x, y) surface. This function should give the value of local property of
material at the point with given coordinates.

The function of heterogeneity should satisfy criteria mentioned in section 5.1
(smoothness, discontinuity and simplicity). Moreover, it should take into account parameters
of fiber mat heterogeneity determined in Chapter 3.

There are numbers of methods to describe mathematically the free-form 3D surface
with given characteristics. Some of the methods are based on one complex equation, but the
others — on a set of simple ones and hybrid methods. The advanced method from the first
group is polynomial (spline) description, where the shape of the surface is described through
power functions with certain coefficients at the power members [33]. An example of
polynomial function is as follows:

y=Cx"+C, x"" +.+Cx+C,, (5.1)

where C,,C,,...,C, - are the constants, which describe the shape of the function. The most

popular are cubic polynomial functions, which are called Beziers. The generated surface can
be constructed from polynomial functions by description of polynomial functions for all three

coordinated (X, Y, Z), thus:
X=Ct"+C t"" +..+Ct+C;
Y=C't"+C  t" +..+Ct+C] . (5.2)
Z=Cit"+C: t"" +..+Cit+C;
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In a similar way it is possible to construct so-called Bezier and B-spline surfaces. The
advantage of such description is that the resulting surface can be very complex and can be
described discontinuously. Hence, the heterogeneity of natural fiber mat is very complex (see
Fig. 3.5 where a digital image of fiber mat is presented), so a very high-order polynomial
function should be applied in order to generate a corresponding surface (for image
brightness for example). This leads to the extreme complexity in adjustment of coefficients at
the power members in Eq. 5.2 to achieve the surface with the desired parameters. Therefore,
another method utilizig an application of a hybrid method seems to be more suitable.

According to the analysis of natural fiber mat, its heterogeneity is caused by the
presence of fiber clusters. These fiber clusters are considered as elementary units of
heterogeneity (see in Chapter 3) and they are described by parameters size and intensity.
This allows decomposing the complex mat properties surface (which describes the
heterogeneity of whole mat) into smaller surfaces (which describe the surface shape of each
cluster separately). In other words the complex surface of heterogeneity is considered as a
sum of small surfaces, which are represent the clusters shapes.

In some areas of fiber mat there are clusters and in the others there are voids, thus
let clusters and voids are the primitive elements of mat heterogeneity. The clusters
represent local increase of amount of fibers relative to their average amount in mat, but the
voids — its local decrease. The average amount of fibers in a mat can be easily estimated
beforehand. Such definition of decomposition of complex heterogeneity allows avoiding the
contradiction of “zero” heterogeneity. This means that hypothetic fiber mat without non-
uniformity contains not zero, but certain amount of fibers (apparently equal to its average
value).

The mathematical description of the primitive elements shape with given quantitative
parameters in this case is simple and therefore more controllable. Moreover, the shape of the
primitive elements can be easily changed simply by choosing different shape function.

The spectral analysis was employed in Chapter 3 for the estimation of the parameters
of fiber clusters. This analysis employs the decomposition of a complex function to a number
of harmonics described with sine or cosine function. The period of different harmonics was
correlated to the size of fiber clusters. Therefore sine or cosine functions can be successfully
chosen to describe the shape of the primitive elements. The following function is chosen in
order to describe the shape of the primitive elements:

A 2x'
+—|cos|lt— |+1|, —L<x'<L
/= 2( ( Lj J , (5.3)

0, x'<-L, x'>L

where 4 — the amplitude, L — the size. The endless cosine function is shifted up on 4/2

value and limited to one full period, which is equal to 2L in order to form smooth bell-shaped
curve. The first part of the equation describes the shape of the curve within limits, while the
second one describes the curve beyond the specified limits.

The graphical representation of this function is given in Fig. 5.2. This function is

smooth and simple to operate with. The amplitude (A4 ) determines the height of the curve

and the size (L) determines its width (see Fig. 5.2).

The obtained curve “generatrix” can be revolved 360 degrees around the vertical axis
which goes through its peak in order to generate the surface that will describe the 3D shape
of heterogeneity primitives (cluster or void). The first part of Eq. 5.3 might have a positive or
a negative sign. This is necessary to generate a convex or concave surface. The hump
(convex surface shape) will be formed if the function has a positive sign, but the cavity
(concave surface shape) will be formed in case of a negative sign.

The shape of both types of surfaces describes the local gradual change in material
properties. In general it could be almost any kind of property: physical, mechanical,
acoustical, etc. Since the natural fiber mats (or composites) are under analysis, these
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surfaces represent the local change in the amount of fibers at different locations in a mat or
composite.

Thus, the hump signifies the local stepless increase of material property relatively to
its average value. Therefore in that particular location the amount of fibers is considered to
be higher than the average amount of fibers estimated through the whole mat. The cavity, on
the contrary, signifies the local stepless decrease of material property, i.e. low amount of
fibers. The hump and cavity (see Fig. 5.3) are considered as a primitive attributes of
heterogeneity.

+f relative local
A increase in property

1 Y

05.
o 4

05.
-

-L L x' mean property R relative local
) decrease in property

(1]

Figure 5.2 Shape-function for heterogeneity Figure 5.3 Hump and cavity as primitive
primitive’s description. attributes of heterogeneity.

As a result the heterogeneity generation procedure can manage them easily as
elementary units. The parameters of the primitive attributes can be flexibly changed in order
to achieve the desired result.

The fiber clusters and voids with different parameters are stochastically distributed in
the mat. Therefore the next step is to develop the heterogeneity generation procedure which
generates the primitive attributes with specified parameters and allocates them in plane. The
allocation can be performed randomly or regularly. The random allocation of the primitive
attributes is more preferable with respect to the accuracy and conformity of the generated
heterogeneity to the heterogeneity of a real fiber mat but it is less controllable and more
complex than regular allocation. The random allocation method requires availability of
extensive statistical information about the number of heterogeneity primitives of a certain size
in each square unit in a mat and the law of their distribution. The complexity of accomplishing
of these tasks limits the usage of random allocation method. The regular allocation method
does not require the mentioned statistical parameters, therefore it is more attractive to use at
the beginning. The regular allocation method has been chosen, assuming that the inaccuracy
in properties distribution would be within acceptable (engineering) error. The switch to the
random allocation procedure can be considered as a further development of the technique.

The basis of the regular allocation method is a grid construction. Since Cartesian
coordinate system is commonly used in practice it is reasonable to draw the grid lines
parallel to the axes of coordinate system. Thus, the angle at intersection of grid lines in
different directions is equal to 90 degrees. The grid lines have regular step size in both
directions. The step size is equal to 2L (see Eq. 5.3, Fig. 5.4).

The intersections of grid lines are considered as origins for primitive attributes of
heterogeneity. The origin of the primitive attribute is defined by its axis of symmetry, which
passes through the origin of its local coordinate system x'=0 (see Eq. 5.3, Fig. 5.2). Two
types of heterogeneity primitives are alternating in both perpendicular directions. So the
humps alternate with cavities. This procedure can be performed infinitely to cover a plane of
any dimensions with the primitives.
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In Chapter 3 it was shown, that in every mat with randomly distributed fibers it is
possible to highlight a representative set of heterogeneity harmonics. Each set contains
harmonics with certain sizes and corresponding intensities, which can be correlated to
heterogeneity primitives. Since all fiber clusters present in a mat are different, the statistical
parameters (mean and standard deviation) of harmonics sizes and intensity are obtained
(see in Table 3.3). This allows us to generate stochastically the sizes and intensities of
primitives. Gaussian distribution with known mean and standard deviation parameters can be
successfully employed in this case. The application of stochastic procedure is essential since
it can reduce the pattern in generated heterogeneity appeared due to a regular grid.

An example of heterogeneity with alternated primitive attributes generated with
stochastic (according to normal distribution) amplitudes and size is presented in Fig. 5.4. In

this figure the average size (width) of the primitives (both humps and cavities) (L) is equal to

10 mm and the average amplitude (4 ) is equal to 1 for humps, and for cavities to -1. Let’s
call the generated surface “the low-order” heterogeneity because it contains primitives (or

harmonics) of only one mean size (L).
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Figure 5.4 Example of generated heterogeneity using regular allocation method.

It was determined that a fiber mat contains a certain set of primitives with different
sizes. Thus, it is necessary to generate several low-order heterogeneities (harmonics) with
different parameters (size and intensity of primitives and grid step size) simultaneously. This
is the advantage of the regular allocation method of primitives. The procedure for each low-
order heterogeneity generation can be performed several times for the same plane
independently. The resulting high-order heterogeneity should be calculated as a sum of all
low-order heterogeneities (harmonics). It is important to note, that the intensity of high-order
heterogeneity should be in range from -1 to +1. This can be achieved if the sum of the
average intensities ( A ) of low-order heterogeneities is equal to 1, thus each low-order

heterogeneity should have 4, <1. An example of resultant heterogeneity generated with two

size of primitive attributes (Limean= 20 mm, Aimean= 0.8 and Lomean= 8 mm, Azmean= 0.2) is
presented in Fig. 5.5. Such high-order heterogeneity already has quite complex structure, but
it can be made even more complex by simple addition of more low-order heterogeneities with
different parameters. This allows to generate the high-order heterogeneity of almost any
complexity. The number of simultaneously generated low-order heterogeneities is not limited.
The more low-order heterogeneities are generated the better correlation between real and
simulated heterogeneity of fiber mat will be.
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The parameters of heterogeneity of natural fiber mat derived in Chapter 3 (see Table
3.3) can be used for the generation of low-order heterogeneities. Several harmonics were

highlighted in fiber mats under investigation. Each of the harmonics determines L. L

st.dev.

and 4 ., A,,, Parameters of certain low-order heterogeneity. The resultant high-order

mean

heterogeneity will be the closest possible to achieve, but the procedure of its calculation is
rather complex and, therefore, time consuming. In order to simplify the procedure of the high-
order heterogeneity generation the number of involved low-order heterogeneities (in other
words harmonics) can be reduced. This number can be determined through limitation of the
involved harmonics. The size parameter of the harmonics is used for that purpose. The
boundaries of sizes depend on at least two parameters: the scale of the structure that will be
modeled with FE analysis and the limitation in sizing of FE mesh. The scale of structure
under investigations limits the largest in size harmonics (limit from the top) and the sizes of
finite elements define the smallest in size harmonics. In other words, it is worthless to use
those harmonics with size much larger than dimensions of the structure since their
contribution is small. Also, there is no sense to generate heterogeneity with the size
harmonics much smaller than size of finite elements because the properties within one
element are constant. The relation of finite element size in dependence to harmonics size will
be established later.

Thus, simulated high-order heterogeneity represents a relative change in the local
properties of a fiber mat. In order to implement the established variation in local properties of
the material into FE analysis it is necessary to establish a correlation between the simulated
heterogeneity and certain mechanical properties of the composite material.
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Figure 5.5 Example of a high-order heterogeneity generated with the two first-order
heterogeneities with different parameters.

5.3 Verification

The heterogeneity generation procedure described in Section 5.2 should generate the
heterogeneity as close to the original fiber mat as possible. In principle, the developed
technique is based on decomposition of complex heterogeneity to heterogeneity primitives
and should give a sufficient result. This technique operates with the heterogeneity primitives
(clusters and voids) which are determined from the original fiber mat (or composite). The
shape of the heterogeneity primitives is circular in-plane (see Fig. 5.3b). One can find that
the clusters in the original fiber mat have quite complex shape, which is in general far from
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circular and the distribution of clusters in a mat is irregular. However, in the developed
technique these two parameters are compensated with stochastically distributed parameters
of the generated heterogeneity primitives. The size and intensity of heterogeneity parameters
in each of low-order heterogeneities are randomly generated. Moreover, the usage of several
low-order heterogeneities to generate high-order heterogeneity introduces the additional
element of contingency into the technique.

Verification of the generated heterogeneity can be performed using the procedure
described in Chapter 3, but in place of the image of fiber mat the generated image (or
numerical array) of the heterogeneity can be analyzed. Linear excerpts of the image
brightness distribution similar to those described can be derived from the generated
heterogeneity. The spectral analysis can be applied afterwards in order to determine the
parameters of the generated heterogeneity and compare with those experimentally obtained.
The actual verification will be presented further in this thesis.

5.4 Correlation with mechanical properties of composite

In Chapter 3 the heterogeneity of natural fiber mats (and composites) was discussed.
The heterogeneity represents variation of local amount of fibers along the material. The local
amount of fibers in a composite material is represented by the local fiber volume fraction.
Thus, the generated 3D heterogeneity can be correlated to the variation of a fiber volume
fraction and then, to mechanical properties of a composite.

Since the generated heterogeneity is a normalized function which has boundaries at -
1 and +1 it needs to be correlated to the fiber volume fraction boundaries in composite. Thus
the value of -1 is associated with the lowest local fiber volume fraction while the value of +1 —
with the highest one. The lowest and the highest local values are the boundaries of fiber
volume fraction which can be determined for any composite using the following technique.

A microphotograph of a composite cross-section can be used. PP/Flax composite
reinforced with 30 vol. % of randomly distributed fibers (provided by Symalit® GMT,
Switzerland) has been used as a case study. The cross-section of a plane sheet of this
material has been analyzed with a laser confocal microscope (see an example in Fig. 5.6). It
can be seen that the fibers are randomly distributed in the PP matrix, but their amount at
different locations of the cross-section is different.

The determination of boundaries of fiber volume fraction in the cross-section of the
composite is based on the image analysis. In principle, the fiber volume fraction can be
determined by counting the sum of the areas occupied by fibers within certain chosen
effective area in a cross-section of the composite. It is important to note that the size of the
chosen effective area is of primary importance. From the one hand it should be small enough
to estimate the fiber volume fraction in small areas of the composite — local volume fraction,
but on the other hand it should be large enough to obtain a reliable result. For example, the
average fiber volume fraction in a composite can be determined by counting the sum of
areas occupied by fibers on a large effective area in a specified cross-section.

In order to avoid uncertainties related to the determination of the effective area a
different estimation approach of fiber volume fraction is proposed. The technique is based on
the assumptions made in Chapter 3, regarding the distribution of fibers through the thickness
of a composite, since natural fiber composites are usually being produced and used in form
of sheets. In most applications the thickness of a composite sheet is relatively small in
comparison to its in-plane dimensions. Therefore, the heterogeneity in properties of sheet-
formed natural fiber composite can be characterized by in-plane heterogeneity only, while the
heterogeneity through its thickness is neglected (explanation of this assumption see in
Chapter 3). Thus, it is assumed that the sheet made of natural fiber composite has different
in-plane properties at different locations. The actual property at every in-plane point (due to
in-plane heterogeneity) is determined by the homogenized property of the material
determined through its thickness.

A technique determining the amount of fibers (fiber volume fraction) based on this
assumption can be applied. A local coordinate system in Fig. 5.6 is introduced in order to
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define in-plane and through-thickness directions in the sheet formed natural fiber composite.
The X-axis is along the in-plane direction of a composite sheet while Y-axis is perpendicular
to the sheet’s plane and represents its thickness. Fibers in the cross-section of the composite
can clearly be seen. Their contribution to the composition of the material can be determined
along the Y-direction at any point with a specified coordinate. Therefore, a virtual vertical line
(along Y-direction) can be drawn at any point with specified coordinate (see Fig. 5.6). The
amount of fibers at any point along the X-direction can be determined by the sum of lengths
of the fibers cross-sectional areas which the virtual line crosses (the sum of lengths of thick
parts on a virtual line in Fig. 5.6). The length can be measured in either pixels or millimeters.
With the known dimensions of the cross-section a fiber volume fraction can be easily
determined. During this procedure the virtual line moves along X-direction with certain
distance steps (0.1mm has been used). The fiber volume fraction is calculated at every step.
The graph of the variation of fiber volume fraction for the presented cross-section of PP/Flax
composite is shown in Fig. 5.7. The determined average fiber volume fraction is 27.8 %
(which is rather close to declared value of 30 % in the manufacturer’'s material specification).

The boundaries of fiber volume fraction are also can be determined: V' =115 % and

f min
V., =53.9 %. These values can be used as boundaries for generation of the properties

f max
heterogeneity in such composite. As a result, the generated heterogeneity will represent the
function of fiber volume fraction variation in a plane of a composite sheet.

The model developed in Chapter 4 (Eq. 4.12) can be applied for estimation of the
modulus of natural fiber composite with respect to a fiber volume fraction. An example of

variation of Young's modulus in PP/Flax composite with parameters: Ejf =41 GPa, E; =4

GPa, E,=800 MPa and « =0.22 is presented in Fig. 5.7. The resulting estimated variation of
Young’s modulus in a composite varies in range of 1950 — 6100 MPa.

Figure 5.6 Cross-section of a specimen of PP composite reinforced with 30 vol. % of Flax
fibers in form of a non-woven mat. The vertical line corresponds to one of the
analyzed directions of fibers distribution.
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Figure 5.7 Variation of fiber volume fraction in the cross-section of PP composite reinforced
with 30 vol. % of Flax fibers in form of non-woven mat (see Fig. 5.6), and the
corresponding estimated variation of Young’s modulus (estimated by using Eq.
4.12).

5.5 Conclusions

In this chapter the technique for heterogeneity generation has been developed. This
technique is based on the applying the decomposition of complex heterogeneity into several
primitives. It makes possible to describe the complex heterogeneity of the natural fiber mats
by using simple equations. Moreover, the usage of this approach gives one the possibility to
adjust the parameters of the heterogeneity (to be generated). The primitives are defined as
the elementary units of complex heterogeneity. Each primitive describes the local change of
the properties in a material. The primitives are arranged in correspondence with the regular
grid which step size depends on the parameters of primitives. The bell-shaped cosine
function has been chosen to describe the shape of the primitives and, correspondingly, the
law of local material properties variation. The bell-shaped function can be positive as well as
negative. The positive function produces a hump — local improvement of material properties
while the negative one produces a cavity — local worsening of material properties. The
amplitude and the size of hump and cavity (the parameters of the heterogeneity primitives)
can be different. For example, the parameters of the heterogeneity of fiber mats determined
in Chapter 3 can be taken in this case as the parameters of the heterogeneity primitives. In
that table parameters of each harmonic of heterogeneity should be used to generate a
separate low-order heterogeneity. According to developed technique the high-order
heterogeneity is the sum of the low-order heterogeneities. As a result, the high-order
heterogeneity represents a relative variation of properties of a heterogeneous material with
the desired parameters. It varies within the boundaries of -1 and +1.

Further, the generated high-order heterogeneity has been correlated to certain
material properties of natural fiber composites. The fiber volume fraction is one of the most
important characteristics of any composite equally with the type of fibers and type of matrix
polymer because mechanical properties of a composite have quite strong relationship with
the fiber volume fraction. It is obvious, that local mechanical properties of a composite are
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very sensitive to its variation. Therefore fiber volume fraction has been chosen to be
correlated with the generated heterogeneity. Then, further the developed in Chapter 4
material model can be successfully used to estimate the local modulus of elasticity of a
composite. As a result the modulus of elasticity of a composite can be varied according to
the generated heterogeneity. This variation can be further implemented in FE simulation of
structures made of heterogeneous materials.

A technique to determine the boundaries of fiber volume fraction in real composite
has been proposed. It is based on the analysis of a digital image of the composite’s cross-
section. The boundaries of the fiber volume fraction for PP/Flax composite reinforced with 30
vol. % of randomly reinforced fibers has been determined according to the introduced
assumptions.

Finally, summarizing the proposed technique, the following steps are necessary to
perform the generation of heterogeneity in mechanical properties of a composite
successfully:

1) Estimate the parameters of material's heterogeneity;

2) Generate the high-order heterogeneity with certain parameters of primitives;

3) Estimate the boundaries of fiber volume fraction variation in a real composite;

4) Estimate the empirical coefficient in the proposed theoretical model for the modulus
of the composite estimation;

5) Put into correspondence the boundaries of the generated heterogeneity with the
boundaries of fiber volume fraction determined in real composite.
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Chapter 6

Finite element implementation

6.1 Introduction

The use of computer simulation to understand structural behavior is inevitable
nowadays. There are a lot of commercial and non-commercial computational packages
available. Orientation towards the commercial software is of primary interest, since this
software is rather reliable and widely available. The purpose of the currently available
computational simulation software packages is different. Nowadays such software packages
as mechanical simulations, computational fluid dynamic, thermal analysis and multipurpose
are available. Packages for mechanical simulations using the finite element (FE) method
usually allow simulation of the structural behavior under mechanical, thermal and coupled
loading conditions. These packages are dominant on the market. Some of the finite element
packages can be directly connected (as plug-in) to the most popular computer aided design
(CAD) packages. The plug-in type finite element packages use the drawn CAD geometry of
the model and allow one to specify the material properties and boundary conditions through
a native user-friendly interface of CAD software. Structural simulations performed using such
packages are fast, reliable and suitable for simple simulations. However, in such packages
most of the calculation procedures, for example, material models and the finite element mesh
are usually hidden from the user and, therefore, cannot be traced or modified. These
packages are operating as a “black box”, and it is rather difficult to control the calculation
process. Accordingly, these packages can be used only for a rapid analysis of structures with
simple (usually linear) material behavior. The non-linear stand-alone finite element packages
have much more flexibility in description of material models, boundary conditions and
optimization of the finite element mesh than any plug-in packages. On the one hand this
gives a full control over the simulation process, but on the other hand the reliability of the
simulations is completely in the competence of user (engineer). In other words, an engineer
has to know what he (or she) is doing.

In Chapters 3 and 4 of this thesis a new approach to determine the properties of
heterogeneous natural fiber composite has been developed. According to that approach local
mechanical properties of a composite material can be varied with the given parameters of
heterogeneity. In this chapter the finite element implementation of the developed approach
will be described. The developed approach requires a full FE mesh access to assign the
mechanical properties to finite elements. Therefore, a powerful stand-alone FE simulation
package is required. In FE formulation heterogeneity can be implemented as the difference
in the properties of adjacent finite elements through the model. Thus, the properties of finite
elements are not constant, but depend on the element’s location in a model and, of course,
on heterogeneity parameters. Further, the FE solver should be able to operate with complex
distribution of material properties in a model. It should be noted, that not every stand-alone
finite element package allows such flexibility. There are commercial packages like
MSC.MARC, Ansys and ABAQUS which give the user a great flexibility to control and modify
model description and calculation process through the external user's subroutines. The
user's subroutines are extremely powerful. They allow to supplement standard build-in
models of the package with the additional user’s parameters, and even completely substitute
them with the user specified ones. Since in our laboratory the MARC (MSC Software) finite
element package is available, the implementation of the developed approach and all
simulations further will be performed with the help of this package.
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6.2 Development of the user’s subroutine

Thus, the developed material model has to be connected to a finite element code
through user’s subroutine. According to the conventions of MSC.MARC [136] all users’
subroutines should be written in FORTRAN. Therefore the developed approach should be
programmed in FORTRAN.

The call of the external functions from the user’s subroutine during MARC simulation
can be performed via MARC model description. The FE model description is in the form of a
text file (input file) with a fixed format of commands. In general the input file can be divided
into several blocks, like geometrical parameters (mesh description, connectivity of nodes and
finite elements), boundary conditions, material properties, analysis parameters (type of
analysis, friction, contact and etc.) and output (post variables). Performing standard analysis
(without user’s subroutines) the FE code reads the input text file of the model description (all
blocks), calculates the given model and then, gives an output (see Fig. 6.1). However if it is
necessary to perform an advanced analysis, certain user's subroutines can be included
almost in every stage of the analysis. There exist different types of user’s subroutines. They
are: geometry and mesh modification, boundary conditions modification, material properties
modification, constitutive relation modification and advanced output. Since the developed
heterogeneous model is based on the material properties description at a particular location,
at least two types of subroutines will be used.

First of all the geometrical parameters of the finite element model i.e. a connectivity
matrix should be derived. This can be done through the user’s subroutine UFCONN
(geometry modification type subroutine) which is used for connectivity of the finite elements
modification [136]. But, here this procedure will be used only for the determination of the
numbers and coordinates of the nodes, which belong to a particular finite element. This
subroutine is to be called just after the connectivity matrix is built and therefore a direct
access to internal MARC arrays with nodes coordinates and elements description is
available. The coordinates of nodes are used for determination of the location of the finite
element and appropriation of its mechanical properties according to the generated
heterogeneity.

Further, according to the developed heterogeneous material model the assigned
properties of the finite elements should be available for the FE solver. The subroutine
HOOKLW (material properties modification type) [136] is used for that purposes.

Read input
file
(model.dat)

Build connectivity
matrix

v

Set up analysis
parameters

v

Perform analysis

Generate
output file
(model.t16)

Figure 6.1 Algorithm of standard finite element analysis with MSC.MARC.
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This subroutine allows the modification of the elastic properties of the finite elements via the
direct input of stiffness matrix specified by user.

The user’s subroutine PLOTV (advanced output) is used for the output of additional
information, like heterogeneity distribution and assigned properties of finite elements. The
algorithm of the analysis is presented in Fig. 6.2.

Read input file
(model.dat)

v

Build connectivity
matrix

v

Read heterogeneity input
file (heterogeneity.txi)
including geometrical

approximation primitives

(parameters. txt)

Generate
heterogeneity

v

(Begin of element Ioopw

v

Get coordinates of
element nodes
(UFCONN subroutine)

A
Assign element to
certain geometrical
approximation primitive

Appropriation of
properties to finite
elements

Output of element
properties to file
(heter_out.txt)

v

L End of element loop J

v

Set up analysis
parameters

v

Perform analysis
(with HOOKLW
subroutine)

v

Generate output file
(with PLOTV
subroutine) (model.t16)

Figure 6.2 Algorithm of the finite element analysis using MSC.MARC with the implemented
approach to simulate structures made from heterogeneous materials.
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The subroutines UFCONN, HOOKLW and PLOTV available in MSC.MARC package
are only gates to access all necessary information from FE model and create an output. The
subroutine for heterogeneity generation, the assignation of properties to the finite elements
and generation of an output has to be programmed. The investigations in Chapter 3, Chapter
4 and Chapter 5 are taken as the basis to develop the subroutine.

6.3 Implementation procedure

In order to perform the FE analysis of a structure with a complex shape successfully a
simplified FE model is usually used. In reality all structures are three-dimensional (3D) and in
some cases it is possible to make certain assumptions and simplify them to reduce the
calculation complexity. For example, structures made from composites due to certain design
objectives and technological limitations are usually thin-walled. It makes them applicable to
be modeled as shell structures. Such assumptions help to reduce not only a computational
complexity, but also to reduce errors due to unimportant details like facets and hatches which
are usually present in real structures. As a matter of fact, a quite large number of real-life
structures can be modeled as shell structures. This is especially attributed to the structures
made from plastics and composites reinforced with fibers using compression or injection
molding technique. Such structures usually have large flat or slightly curved thin walls, which
can be modeled using shell finite elements.

The approach to the model heterogeneous material is described in Chapter 5 has
been developed for in-plane properties of a composite (thus, two-dimensional (2D) case).
The variation in its properties is described only by two coordinates (x, y ) in Cartesian

coordinate system. However, most of the real-life structures, even those which can be
modeled as shell structures, are still 3D. Thus, in order to perform FE simulation of 3D shell
structures using developed material model it is necessary to approximate the complex 3D
structure with certain locally defined 2D geometrical primitives. The main issue of 2D
geometrical approximation primitives is that their local mathematical description uses only 2
independent coordinates to confirm the developed approach. For example, a plane can be
described by using 2 independent coordinates (x, y) in a locally defined 3D Cartesian

coordinate system and therefore can be successfully used. However, for example, cylindrical
approximation as geometrical approximation primitive can also be used. A cylindrical surface
is not a 2D surface in Cartesian coordinate system; therefore, it is described there by using
three coordinates (x, y, z ), but if local cylindrical coordinate system is defined, this surface

can be described by using only two independent coordinates (x, &) and one constant (R ).
These two variables (x, ) can be easily linked to the developed approach by using the
coordinate system transformation. This gives the excellent possibility to use cylindrical
surfaces as geometrical approximation primitive as well. Cylindrical primitive is rather useful
due to the adjustable curvature (R parameter), which allows approximation of cylindrical
surfaces that might be present in a structure.

Several examples of a typical structures and their possible approximation with plane
and cylindrical primitives are presented in Fig. 6.3. Simple flat structures can be
approximated using only one plane (Fig. 6.3a). Tubular or ring-type structures can be
approximated by a cylindrical primitive (Fig. 6.3b). However, more complex structures,
consisting of more elements can be approximated using several geometrical primitives like
plane and cylindrical surfaces at the same time (Fig. 6.3 c,d). The geometrical approximation
primitives are suggested to choose in the way to cover as large area of the structure’s
surface as possible.

It is suggested to use a parameter D which is introduced for each geometrical

max ?

primitive. Parameter D represents the maximum distance from a geometrical

approximation primitive to a structure’s surface (see Fig. 6.3a - 6.3d), or in other words, to
finite elements present in a mesh. This parameter determines the “roughness” of the

geometrical approximation. Thus, small out-of-plane structural elements within D,_,  distance
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that present in a large surface of a structure are assigned with that surface to the same
approximation primitive. An example is presented in Fig. 6.3e. In that figure a crate is shown.
This structure can be successfully approximated by using only one plane geometrical
primitive if the height of its walls is not higher than specified 2D__ .
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Figure 6.3 Examples of approximation of structure with geometrical primitives.
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6.3.1 General approximation of the finite the element model with
geometrical primitives

A general technique to apply the in-pane variation in properties of a material to 3D
structures is not a standard procedure, therefore has been specially developed. It is based
on the approximation approach of a FE model with locally defined 2D geometrical
approximation primitives like planes and cylindrical surfaces as depicted in Fig. 6.3.
Mathematically the approximation is implemented by using the following procedure. First of
all, as in any FE analysis the structure is subdivided into finite elements. Then user has to
define the geometrical approximation primitives (its coordinates and type). Each specified
primitive has its own local 2D coordinate system. Then, the main task is to properly assign
the finite elements to a certain geometrical approximation primitive. In order to do that it is
necessary to transform the global 3D coordinates of finite element nodes (they are known
from model description) to the local 2D coordinate system of each geometrical primitive and
then check how close the element is to a certain primitive. Obviously, the finite element is

assigned to the closest geometrical approximation primitive with respect to the defined D_

parameter.

Approximation with plane. The approximation with plane primitive is rather simple.
The global (3D) to local coordinates of finite element (apparently its nodes) transformation
can be done as follows:

Pl=(P —r)- i +(P,—r)-i, +(P,—r.)-1
P;:(P)L_rx)'.];_i_(Py_r})'];+(1)z_rz)'.];’ (62)
P =P —r) ki +(P,—r) k,+(P.—r.) k]

where P’(Px’, P, PZ’) - the resulting coordinates of a point in local coordinate system,
P(P, P, P) - the given coordinates of this point in global coordinate system,

OO A A (A k(K k., k!) - are the basis unit vectors, which

x? 2 z z

determine the orientation of the local coordinate system relative to global and F(rx, r, r )

y> lz
- is the vector, which determines the position of the origin of the local coordinate system with
respect to the global coordinate system and can be determined as follows:

r.=0,
]/'y = O; , (63)
r.=0'

where O’(O;, 0,, Oz’) - the coordinates of origin of local coordinate system (specified in

global coordinate system). Schematically it is shown in Fig. 6.4.
It should be noted that the orientation of approximation plane and therefore its local
coordinate system is chosen in a way to have a local FE mesh in the plane X O'Y", so only

P’ and P}f will be used for the heterogeneity generation procedure. This means that if a point

(or node) perfectly corresponds to approximation plane, then anyway P’ =0. In other case,

when the point (or node) does not correspond to approximation plane (if P/ #0), then P is

neglected. However, to reach the minimum distortion of generated further heterogeneity it is
desirable that the approximation plane should coincide with a local surface of a structure as
much as possible.
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Figure 6.4 Local and global coordinate systems for plane approximation.

Approximation with cylindrical surface. A local cylindrical coordinate system is the
basis of such geometrical approximation. Here the 2D heterogeneity should be spread over a
cylindrical surface. Due to this, one of the coordinates of heterogeneity which goes along the
generatrix curve (arc or circle) of cylindrical surface (see Fig. 6.5) and will be represented by
curvilinear coordinate (7 ), but the other coordinate (X ), which goes along directrix line will

be linear. The local Cartesian coordinate system hence is chosen to describe the orientation
of the cylindrical surface relatively global coordinate system. This allows an easier
transformation of the 3D coordinates of the finite elements to a local curvilinear coordinate
system O()?, )7). Thus, first the transformation from global coordinate system to local
Cartesian coordinate system should be done using transformation described by Eq. 6.2. The
second transformation from local Cartesian coordinate system to curvilinear can be done
using the following equation:
P =P

X X

~ P, 6.4
P =R~arctan[PZ] (6.4)

y ’
y

where ﬁ(ﬁx, 13},) - the resulting coordinates of a point in local curvilinear coordinate system,
R - the radius of cylinder, P'(P;, P/, P))- the given coordinates of a point in local
Cartesian coordinate system. According to the described transformation the 2D

heterogeneity can be generated in coordinates 5()7, y)and will fit on cylindrical surface

without any distortions. Schematically it is shown in Fig. 6.5.
' A

¥ Local

coordinate system

Global coordinate system

Figure 6.5 Local and global coordinate systems for cylindrical surface approximation.
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6.3.2 Detailed description of the approximation procedure

The algorithmic scheme of the approximation procedure is presented in APPENDIX
2. Here the procedure starts from reading of the parameters of the approximation primitives.
The parameters are written in an input file PARAMETERS.TXT (see an example in Fig. 6.6).
This allows to change them fast and reliable. This file has a fixed format and includes the
following parameters:

a) N — number of primitives. It describes the maximum number of primitives that are
used to approximate the structure. This is common a parameter for both types of
geometrical approximations;

For the plane approximation primitive:

b) COORD X, Y, Z — translation of the origin of the local coordinate system (in local
coordinate system). This is an additional parameter, which can be used if it is
necessary for any reason to shift the origin of the local coordinate system;

c) ORIGIN OrigNodeNumber — the node number, where the origin of the local
coordinate system will be placed;

d) NODE1 XStart — the node number, which is used for specification of the beginning of

X axis of the local coordinate system ( V, );

e) NODE2 XEnd — the node number, which is used for specification of the end of X
axis of the local coordinate system (V, );

f) NODE3 YStart — the node number, which is used for specification of the beginning of
the pseudo Y axis of the local coordinate system ( N, ) (pseudo Y axis will be
described later);

g) NODE4 YEnd — the node number, which is used for specification of the end of
pseudo Y axis of the local coordinate system (N, );

For the cylindrical approximation primitive

a) described above;

b) COORD X, Y, Z — translation of the origin of the local coordinate system (in local
coordinate system). This is an additional parameter, which can be used if it is
necessary for any reason to shift the origin of the local coordinate system;

c) NODE1 XStart — the node number, which is used for specification of the beginning of
X axis of the local coordinate system. This node is also being used to describe an
arc of the cylinder (generatrix). It determines the beginning of arc (N, );

d) NODE2 XEnd - the node number, which is used for specification of the end of X
axis of the local coordinate system and describes the directrix or the cylinder (N, );

e) NODE3 ArcMiddle — the node number, which is used to describe the arc of the
cylinder (generatrix). It determines the middle of arc (V,);

f) NODE4 ArcEnd — the node number, which is used to describe arc of the cylinder
(generatrix). It determines the end of arc (N,);

If more than one approximation primitive is defined in this file (parameter N), then for every
primitive parameters b-g (for plane) or b-f (for cylinder) entries in an input text file should be
defined.
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plane
———Hodes——
dizplacenent 1

—-20.00 =20.00 0.oo
threshold
15.0
Origin 1
4356
Hode 1.1 X amis start
4356
Hode 1.2 X azis end
4338
Hode 1.3 ¥ amis start
4363
Hode 1.4 ¥ axis end
4384

plane
——Hodes——
dizplacenent 2

—-20.00 =20.00 0.oo
threshold
10.0
Origin 2
945
Hode 2.1 X amis start
945
Hode 2.2 X azis end
181
Hode 2.3 ¥ amis start
945
Hode 2.4 ¥ azxis end
a6z

Figure 6.6 Example of PARAMETERS.TXT file.

After the parameters of geometrical approximation primitives are read from the file,
the transformation of their coordinates can be calculated using the following procedure. At
this stage the local coordinate systems of each of specified geometrical approximation
primitive have to be determined. Obviously, any local coordinate system can be described by

three basis vectors (i', j', k') and one point — origin O’ . Basis vectors i’ and ;' are
specified by the user through selection of appropriate two nodes (for each vector) in the FE
model. It is important to note that chosen nodes N, and N, directly define the i’ vector, but

the nodes N,, N, and N, define only a plane in which vector ;' will be calculated

afterwards. Therefore, nodes N, and N, define only pseudo ]A_" vector. Thus, the defined
plane corresponds to a geometrical approximation primitive (plane type in this case).
According to the defined plane the basis vector £’ can be calculated (as normal vector to the
plane). After that, the right ;' basis vector can be obtained. For the cylindrical primitive the

determination of the local coordinate system is more complex. The origin of the local
coordinate system has to be placed at the center of the generatrix arc which, however, is not
specified by the user, but has to be calculated using three specified finite element nodes.
The nodes are chosen so, that they should be located anywhere along the curved surface of

the FE model. Using these three nodes (N,, N,, N,) the coordinates of center of the
generatrix arc O' can be determined as well as its radius (R ). One extra node (N, ) is used
to determine the directrix line (along N, N, ) of the cylinder. Mathematically the procedure of
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the local coordinate system determination for the plane and cylindrical approximation
primitives is described below.

Plane geometrical approximation primitive. Direction of the f’(ix, i, i;) basis

vector can be determined as follows:

l-l _N2x_le
x Ll-
N, —N,
iy = (6.5)
l'f _NZZ_NIZ
: L

where Nl(le, Ny, le)and NZ(NZX, N,, sz) - the coordinates of the nodes,

entered by user in parameters file, L, :\/(Nzx —le)z +(N2y —le)z +(N22 —le)2 - the
distance between of the nodes.
For the plane primitive the second pseudo j’(]i, J, ];) basis vector can be

determined using the same technique as for i’ can be determined as follows:

~r Nx_Nx
Jo=TE
J
. N, -N,
=, (6.6)
y Lj
S =N42_N32
: L

where N3(N3x, N;, st) and N4(N4x, Ny, N4Z) - the coordinates of the nodes,

entered by user in parameters file, L, =\/(N4x —N3x)2 +(N4y - N, )2 +(N4Z —N3z)2 - the

distance between the nodes. This vector is called pseudo ;’ because the nodes N, and N,

(chosen by user) are only supposed to be located in one plane with nodes N, and N,,
determining the desired orientation of the plane primitive (but not actual axis direction). Thus
the basis vector i’ and pseudo }T' may not have the right angle between them (90°) (see
Fig. 6.7). However, this vector is necessary for the determination of the right third
l?’(k;, k), k;) basis vector of local coordinate system. It can be determined via the cross
product as follows:

k=i'xJ". (6.7)

And finally, the determination of the j' basis vector to form the right hand triple can be done
as follows:

J=k'xi". (6.8)

The origin of the local coordinate system 0'(0;, 0., O’) is specified by the node

z

OrigNodeNumber (entered by user) in the input file. Finally, the transformation of coordinates
of nodes of any finite element to the local coordinate system of approximation primitive can
be done using Eq. 6.2 and 6.3. Schematically the described procedure is presented in Fig.
6.7.
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nodes, specified by user
in an input text file

Figure 6.7 Construction of the local coordinate system for plane geometrical approximation
primitive using finite element mesh.

nodes, specified by user
in an input text file

nodes

a) brief scheme b) detailed scheme

Figure 6.8 Construction of the local coordinate system for cylindrical geometrical
approximation primitive using finite element mesh.

Cylindrical geometrical approximation primitive. The construction of the local
coordinate system for cylindrical geometrical approximation primitive is more complex, since
it is necessary to determine the origin of the cylinder generatrix (arc). The procedure is

schematically presented in Fig. 6.8. The basis vector f’(i;, i’, i) of the local coordinate

system can be calculated using nodes N, and N, specified by user with the help of Eq. 6.5.
In fact, this vector has been chosen to determine the direction of the axis and directrix line of
the cylinder. The radius and origin of the cylinder generatrix arc can be determined using
three points (nodes N,, N, and N, specified by user), which however, should not lie on

one line. Thus, the nodes N,, N, and N, (further they will be called points) are freely

chosen on that surface of FE model which is supposed to be approximated with cylindrical
geometrical primitive. Obviously, they usually are not located in the plane perpendicular to

the axis f’(i;, i, i;) of the cylinder. Therefore the parameters of the arc cannot be

directly determined. That is why it is necessary to project these points in the plane
perpendicular to the directrix line of the cylinder. The plane which goes through the point

N, (le, Ny, le) with normal vector equal to known f'(i»,’c, i, i;) can be used. Thus

the projections of these points to that plane can be done as follows:
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N3px 3x _l)’r : 3p
N,,, =N, i, -D;,, (6.9)
N3pz _N3z_i;.D3p
N4px :N4x_i,:c'D4p
N,, =N, —i,-D,,, (6.10)
N4pz _N4z_i;'D4p
where D,, =i'(N,, — N, )+i.(N,, =N, )+it(Ny, = N,.), (6.11)
D4p :l;(N4r_Nlr)+lJ’/(N4y_ 1y)+i;(N4z_le)’ (612)

where D, and D,, - the distances form the points N, and N, to the plane,
N3(N3x, Ns,, N3Z), N4(N4x, Ny, N4z) - the coordinates of these points,
N3p(N3px’ N}py’ N3pz)’ N4p(N

points at the plane. Now, as a result, points N,, N,, 6 and N, are in the plane with normal
(', i', i) (see Fig. 6.8b).

x?2 y?

apes Napyo N4pz) - the projections coordinates of the

The center of generatrix arc and the radius of its curvature now can be determined
using points N,, N,, and N,, . The two spans can be drawn between these points: N\ N;,

and N;,N,, . The center of the arc therefore is at the intersection of normal lines drawn from
the middle points of these spans (see Fig. 6.8b). The middle point of spans N,N, and

N;,N,, can be determined as follows:

le +N3px
N, +N;,,
by = (6.13)
N12+N3pz
N, +N
Cb — 3px 2 4 px
N, +N
C,, =%. (6.14)
_ N3pz +N4pz
2z T 2

Any line can be represented by directing vector and coordinates of one point through which it
goes. It appears that the spans N,N;, and N, N,, are located in the plane with normal
vector i’. Thus, determination of the normal lines to these spans can be done by taking a
cross product of spans directing vectors (El and EZ correspondingly) and vector i’. The
resulting vectors s, and s, are the directing vectors of the perpendiculars. The directing
vectors of spans are:
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where

K _ N3px - le
" Lchl
K N3py - le
1y — L ’
chl
K — N3pz - le
N Lchl
K _ N4px - N3px
a LCh2
K. = N4py _ N3py
2y L ’
ch2
K — N4pz - N3pz
. LchZ

Lchl :\/(N3px _le)2 +(N3py _le)z +(N3pz _]vlz)2 ’

LchZ :\/(N4px _N3px)2 +(N4py _N3py)2 +(N4pz _N3p2)2 .

The directing vectors of perpendiculars are as follows:

5, =K, xi’,

- _ Ty
s, =K, xi".

(6.15)

(6.16)

(6.17)

(6.18)

(6.19)

(6.20)

The determined perpendiculars appear to be located in one plane with normal vector

equal to i’. All the coordinates are three dimensional. Thus, theoretically it is possible to find
the point of intersection. However, due to numerical errors the finding of intersection of two
lines in space is not sufficiently accurate. Therefore, it is better to transform the task into a
plane to increase the accuracy of this procedure and to avoid unforeseen circumstances of
its numerical implementation.

The transformation can be done using a temporary local coordinate system with basis

th', ]_,’ I?t’. The origin of this coordinate system corresponds to point N,. This coordinate

system has to be chosen in a way that vectors 5, and s, should be in plane X/OY . It is

already known that the vectors 5, and 5, are in the plane with known normal vector i, thus:

' >
=1

(6.21)

The second pseudo basis vector j;(};x, ];y, JA}'Z) can be determined using points (N, and

N,, ) which are in one plane with s, and 5, as follows:
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}.y _ N4px - le
Ix th
., N, —-N
Iy = AL/ R (6.22)
L,
jy — N4pz - le
tz th
where L, = \/(N4px -N,, )2 + (N4py -N, )2 + (N4pz —le)2 - the distance between the

points. This vector is called pseudo ]2',’ because the points N, and N, are supposed to lie

in one plane perpendicular to the vector f,’. Thus the basis vector zT,’ and pseudo ];; might
not have between them the angle of 90°. However, this vector is necessary for determination
of the right third k,’(k’ k! k,’z) basis vector for temporary local coordinate system, so

o ty?

that basis vectors i/, j, k. form a right-hand triple. It can be determined as follows:
K =%, (6.23)
And finally, the determination of the right ]_',’ temporary basis vector can be done as follows:
Jl=k!xi". (6.24)

As a result the temporary local coordinate system is defined in such a way that vectors s,
s, and points C,, C, are all located in the plane with normal zT,’ (see Fig. 6.8b).
Further, the necessary transformation of vectors s, and s,, points C, and C, as well

as coordinates of the origin N, to the local temporary basis vectors i,, j/, l;,’ can be done
using the following equation:

ro_ U U U
a,=a, i, +a, i +a. i,
ro_ . . .f
a,=a.j,+ta, j,+a,j., (6.25)
’

— Ny e A
a.=a, k,+a,k,+a_ k.

iz

where the corresponding input coordinates of the vectors and points should be put in place of
a,, a,, a, inright part of the equation. The resulting coordinates of s/, and s,,, points

x?° o

C), C,, and N, are being calculated at the left side of the equation as a

! a! al
x> ty? iz *

C;, and Nj is equal

1t

The x-component of coordinates (abscissas) of the s/, 5,,, C|,,
to 0 in local temporary coordinate system due to the fact that initial vectors s,, s, and points
C,, C, are located in one plane with normal i. Therefore, the intersection point of the lines
with directing vectorss),, §,,, which goes through points C|, and C;, correspondingly can be
calculated by using the following equations:
a,= sy,
b, =-s,, , (6.26)

—_ <
¢ =5y, C

! !
1=~ S Clty
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o
a,= S8y
’
b, = =S5, , (6.27)
o ' ' '
Cy =Sy Ch. =S, 'szy
ATt
OIx_Nltx
b-c,—b,-c
1 _ 06 =0,
A —— (6.28)
a,-b,—a, b
o' _6a, =6 q
tz b _ b
a, -0, —a, b

where O, (O’

x>

O;V, O,’Z) are the resulting coordinates of the lines intersection point
(calculated in temporary local basis). Point O, is the center of the generatrix arc specified by

three points N, N,, and N,,. The reverse coordinates transformation can be applied in

order to transform the coordinates of this point into the global coordinate system (coordinate
system of the FE model):

0, =0, iy + 0, j + O -k,
0,=0,-i,+0, -j,+0_ -k, , (6.29)
0 =0, i, +0, - j. +O, -k,

where, 0'(0;, o,, O;) - the coordinates of the center of the generatrix arc in global

coordinate system. This point can be also used as the origin for local coordinate system of
cylindrical geometrical primitive approximation. The radius of the cylinder can be determined
using the following equation:

R=\J(N, -0.) +(N,, ~0.) +(N,.-0.) . (6.30)

The description of the cylindrical primitive is now completed. The line drawn through point

0'(0;, o,, 0;) with the directing vector f’(i;, i, i;) is taken as the axis of the

cylindrical surface with radius R . The determination of the rest basis vectors of local
coordinate system for cylindrical approximation primitive can be calculated as follows:

k! — le _0)’5
L
k! :M, (6.31)
Lk
k! — le _O;
UL

where O’(O;, 0, 0;) - the coordinates of the determined origin of the local coordinate

system (in global coordinate system), N, - the coordinates of the user’s specified node in the
FE mesh, L, = R (determined in Eq. 6.30) - the distance between the local coordinate origin

and the node N,. The last j' basis vector can be determined using Eq. 6.8.

Finally the desired transformation of finite element nodes coordinates from the global
coordinate system to the local for cylindrical primitive approximation can be done using Eq.

’ .r ~r

6.2 and Eq. 6.3 with the determined basis vectors f’(i;, i z), ](j;, Ty j;),

y?2 z

K, K, k)and 7, 1. 7).
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Determination of the local coordinate systems of all approximation primitives that
have been specified in an input file to approximate the FE model has to be done. After that
each finite element should be checked as to which particular approximation primitive it
belongs. It can be done through determination of the closest to a finite element
approximation primitive. In other words, the distance from the finite element to every
approximation primitive has to be determined. The shortest distance can be used as a sign to
associate a finite element with a certain primitive. The reliable method is to use the center of
gravity of a finite element for that purpose.

6.3.3 Association of finite elements to the geometrical primitives

The global coordinates of the center of gravity (C) of finite elements are determined
from the available FE mesh. They should be transformed into the determined local
coordinate system of each geometrical approximation primitive ( C' ). The coordinates
transformation can be done using Eq. 6.2 and Eq. 6.3 for each approximation primitive with
the determined basis vectors i, j’, k' of its local coordinate system. A shortest distance
from the center of gravity of a finite element determined in the local coordinate system of the
geometrical approximation primitive C' can be used as a parameter for association. This
distance is determined between the center of gravity of finite element C' and its projection to
the surface (plane or cylinder) C, in the direction of its normal. Geometrical approximation

primitive to which the determined distance is minimal is considered as the closest and then,
the finite element is assigned to that particular primitive.

Distance to the plane geometrical approximation primitive. The distance from the
center of gravity C' of a finite element to the plane approximation primitive can be calculated
as follows:

D =

plane

k-(Cl-0)+k, - (C - 0))+ k. -(CL -0, (6.32)

where C’(C;, C, Cz’) - the coordinates of the center of gravity of a finite element in local
coordinate system of a geometrical approximation primitive, l;’(k)’c, k,, k;) - the normal
vector of the plane (here it is equal to the k' basis vector in local coordinate system),
0'(0;, 0,, 0;) - the coordinates of the origin of the plane primitive (specified as a FE

node in the parameters text file). Schematically it can be represented as the distance from
point C' (center of gravity of finite element in local coordinate system) to its normal

projection to plane (C, ) (see Fig. 6.9a).

a) plane geometrical primitive b) cylindrical geometrical primitive

Figure 6.9 Determination of the distance between center of gravity of a finite element and
approximation primitive.
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Distance to the cylindrical geometrical approximation primitive. The
determination of the distance from the center of gravity of a finite element to a cylindrical
primitive is more complex. However, it is also based on finding of normal projection of its

center of gravity C' to a cylindrical surface C, (see Fig. 6.9b). Suppose, the center of

gravity of element is located on a cylindrical surface with radius R, and its local coordinate
system (1_1 .k ) coincide with that local one (f’, J', E’), then the coordinates of

the center of gravity C' in local cylindrical coordinate system can be determined as follows:

c ), (6.33)
6, = arctan(—f}
C

z

where C'(C;, C, CZ’) - the coordinates of the center of gravity of a finite element in the

local Cartesian coordinate system of the cylindrical geometrical primitive with the basis
(f’, J', k’) (determined by Eq. 6.2). It is obvious that the cylindrical coordinate & and X

coordinates of the projection point Cp are equal to corresponding coordinates of the center

of gravity C'. Thus, 6, =6 and X, = X, but the R, # R because the radii are different.
Then, the distance form the center of gravity C’ to its projection point on the surface C, can
be determined as the difference in radii as follows:

D, =|R-R\. (6.34)

Thus, the distances between the center of gravity of a finite element and every specified
approximation primitive can be determined. It can be done for all specified approximation
primitives. Then, a finite element should be attached to the closest approximation primitive

where D, or D, = min{D[}, where i =1...n. The parameter D__ is considered for each

of the geometrical approximation primitives. If D, >D_ ., then the element remains

unassigned and therefore the value of the heterogeneity function for that element will be
equal to zero.

It should be noted that the finite element implementation of approximations is totally
the user’s decision. Thus, before the run of FE analysis it is necessary to decide how to
approximate the complex structure with the geometrical approximation primitives. Following
questions should be raised: Which geometrical primitives should be chosen? What is the
location of their local coordinate systems? What are the heterogeneity parameters for each
geometrical approximation primitive? Only when all the questions are answered and required
parameters are determined then the generation of the heterogeneous material properties can
be successfully performed.

cyl

6.3.4 Heterogeneity generation procedure

The heterogeneity generation procedure is implemented according to the description
in Chapter 4 of this thesis. The algorithm of this procedure is presented in APPENDIX 3. The
parameters of heterogeneity are defined in an input text file HETEROGENEITY.TXT, which
should be composed before running the simulation. This file has a fixed format and contains
the following parameters:

a) NPrimitive — the number of geometrical approximation primitives used in the model

(see previous section);

b) DIM XY — the maximum dimensions of the geometrical primitive, necessary for
heterogeneity generation to set up the boundaries;

87



Implementation procedure

c) NOrder — the number of the low-order heterogeneities to be used for high-order
heterogeneity generation;

d) SIZE Mean, Std — the size parameter, consisting of two components: L' - the mean
size and L, -standard deviation of size. These values have to be entered for each /-
™ low-order heterogeneity (specified by “NOrder” parameter);

e) AMPL Mean, Std — the amplitude consisting of two components: 4’ - the mean size
and 4!, -standard deviation of size. These values have to be entered for each /™

low-order heterogeneity (specified by “NOrder” parameter);

Thus, if more than one geometrical approximation primitive have been specified all
the parameters (positions b) - e) from the list in above) should be entered. If more than one
low-order heterogeneity are specified (“NOrder” parameter), then for each low-order
heterogeneity the same number of parameters “SIZE Mean, Std” and “AMPL Mean, Std”
(positions d) - e) from the list in above) should be entered. These parameters are determined
from spectral analysis of composite materials (see Table 3.3 in Chapter 3). An example of
input file HETEROGENEITY.TXT is presented in Fig. 6.10

#Number of surfaces
22

--------- SURFACE 1 --=========-
#maximum surface dimensions

X 70.0

Y 140.0

;Number of harmonics

#Length 1

23.43

#Deviation of length 1
3.87

#amplitude 1

0.27

#Deviation of Amplitude 1
0.15

#Len?th 2

13.5

#Deviation of length 2
1.81

#Amplitude 2

0.43

#Deviation of Amplitude 2

———————— SURFACE 2 ---=--=-=====-=
#maximum surface dimensions

X 0.0

Y 130.0

iNumber of waves

#Length 1

23.43

#Deviation of length 1
3.87

#Am?11tude 1

0.2

#Deviation of Amplitude 1

0.15

#Length 2

13.57

#Deviation of length 2

1.81

#amplitude 2

0.43

ﬁDeviation of Amplitude 2
.1

Figure 6.10 Example of HETEROGENEITY.TXT file.
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Origins of heterogeneity primitives’ allocation. After all the necessary information
has been read from the input file it is possible to define the grid for each of the low-order
heterogeneities in every geometrical approximation primitive. The nodes of the grid will be
used as origins for the heterogeneity primitives (hump or cavity). The grid is regular in both

directions (see Fig. 4.3) and it is generated using the “SIZE Mean” parameter L'. The grid is
specified in local coordinate system of an approximation primitive (Cartesian 0'(x’, y’) for

a plane, Fig. 6.4 and curvilinear 5'()7’, )7’) for a cylindrical geometrical approximation

primitive, Fig. 6.5). The number of the grid nodes in both directions can be determined from
the “DIM X)Y” parameters, which explicitly specify the physical dimensions of a locally
defined geometrical approximation primitive. The coordinates of the grid nodes can be
determined by using the following equation:

T, =2L'-i
T'IX ol i (6.35)

i, "J
where L' — the mean size of the /™ low-order heterogeneity (in other words /™ harmonic)
read from parameters file (“SIZE Mean” parameter), i, j - the indexes which determine the

column and row (along abscissa and ordinate, correspondingly) of the grid node. Note that
their maximum number is limited by the “DIM X,Y” parameters. If more than one of the low-
order heterogeneities is used the grid is generated for each of heterogeneities separately
with different parameters in different harmonics (multi-harmonic grid) (see an example in Fig.
6.11).

Harmonic 3

Harmonic 2

o’ I'sIE>T

Figure 6.11 Multi-harmonic grid along approximation primitive.

Stochastic generation of heterogeneity primitives’ parameters. The grid nodes
are used as the origins for heterogeneity primitives. The shape (size and amplitude) of the
heterogeneity primitives is according to Eq. 5.3. The parameters of the shape are
stochastically generated for all heterogeneity primitives in each harmonic along the defined
geometrical approximation primitive. The parameters “SIZE Mean, Std” and “AMPL Mean,
Std”, obtained from the input file, are used for generation. The Gaussian (normal) distribution
has been used. If more than one of low-order heterogeneities (harmonics) is used then the
stochastic generation of its parameters is performed for each harmonic separately. As a
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result, the size L' and the corresponding amplitude A4’ as the parameters of the shape
ij y

function of the heterogeneity primitive (see Eq. 5.3) at (i, ;)™ grid node in /™ low-order
heterogeneity are generated. This procedure is repeated for all specified all low-order

harmonics. As a result the individual set of parameters Li.j and A;. is attached to each grid
i ! i
node 77} .7; ).
The sum of all harmonics of the low-order heterogeneities constitutes the high-order
(multi-harmonic) heterogeneity (see the definition in Chapter 5). The resulting heterogeneity
is generated in local 2D coordinate system of the geometrical approximation primitive

~1

(Cartesian O'(x', y')for a plane and curvilinear O'(X’, ') for a cylindrical).

6.3.5 Appropriation of properties of the finite elements according to
generated heterogeneity

The generated heterogeneity is a complex function which has different values at
different locations along the surface of the geometrical approximation primitive. The values of
the function determine a hypothetic property of finite elements. A hypothetic property can be
in range of -1...+1. This property later can be easily correlated to a real mechanical property
of finite elements.

In previous section each finite element present in FE model is associated with a
particular geometrical approximation primitive. Since the heterogeneity in each geometrical
approximation primitive is determined within its local coordinate system, it is necessary to
determine the coordinates of a finite element in that local coordinate system. The location of
a finite element (eventually coordinates of its nodes), which is associated with a plane
geometrical approximation primitive can be determined by using Eq. 6.2 and Eq. 6.3. If a
finite element is associated with a cylindrical geometrical primitive, the determination of its
location can be done by using Eq. 6.2 and Eq. 6.3 and Eq. 6.4.

The value of heterogeneity function at a particular finite element depends on the
location of that element in a local coordinate system of an associated approximation
primitive. Since triangle or quadrilateral finite elements have certain area, the properties of
such finite elements cannot be determined by determining the value of heterogeneity function
in one point only, but it should be determined as an integral value over the whole area of the
finite element. The value of heterogeneity function at any point which is in the area of the
finite element can be determined by coordinates of that point in local coordinate system of
geometrical primitive, where this function is generated. Such determination cannot give a
reliable result of the hypothetical properties for the entire finite element. Due to this an
integral hypothetical property can be used. The integral hypothetical property of a finite
element requires integration of heterogeneity function over area of a finite element. However,
due to complexity of the heterogeneity function a large amount of calculations is required,
which is rather difficult to be performed. Therefore, in order to reduce calculation complexity
a pseudo-integration procedure is proposed.

The pseudo-integration procedure uses the principle of averaging values of
heterogeneity function determined at several points located in the area of a finite element.
Unlike integration, where infinite amount of points is used, the pseudo-integration procedure
operates with the finite amount of points, the so-called sub-points. These points are regularly
distributed in the area of the element. Such procedure essentially reduces the calculation
complexity and, without a large effect on the accuracy of the result.

The number of sub-points necessary to reach sufficient accuracy depends on the size
of finite element and, of course, on the scale of the generated high-order heterogeneity, i.e.

L' parameters. Thus, a bigger finite element usually requires more sub-points. And if in the

generated high-order heterogeneity there are low-order heterogeneities with small size (L')
(less or at the same level as the scale of the finite element) then, the number of sub-points
should be also increased in order to increase the accuracy.
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The procedure of determination of sub-points location in a finite element is
schematically presented in Fig. 6.12. According to this procedure the sides of a finite element

are subdivided into D equal parts by primary sub-points n,,n;,...,n;,...,n;,, where i — is
the point number, s — is the finite element side identifier (for triangle finite element s=1...3,
for quadrilateral finite element s=1...4) and D - is the sub-division factor, which user has to
specify. Then, for quadrilateral finite element the lines are drawn through the corresponding
primary sub-points on the opposite sides of the element. The intersection of these lines gives

the coordinates for the secondary sub-points, which are located inside the element area. The
coordinates of the secondary sub-point can be calculated as follows:

a1: f)Zy _f)ly
bl = Plx - f)Zx ’ (636)
Cl :f)ly .f)2x _Rx f)2

, =B, — P, : (6.37)

MPD = b -c,=b, ¢
i a,-b,—a, b
M € ra,—cya’ (6.38)
y
a -b,—a,-b

where PP, and PP, are the intersecting segments with coordinates of the ends
R(Plx,}’ly), PQ(PZX,PQ},) and 133(133x,133y), P4(P4X,P4y) which coincide with the corresponding

primary sub-points n’ according to Fig. 6.13, and M("”(MX(”‘”,My(”)) - the resulting

coordinates of the sub-point, where indexes p=1...(D+1) and r=1...(D+1). Equations

6.36 — 6.38 are used for all defined segments on sides of a finite element. The similar
principle is used to determine the sub-points for triangle finite element.

It should be noted that all secondary sub-points as well as all primary sub-points are
used for pseudo-integral hypothetical property determination of a finite element. The resulting
coordinates of all sub-points are determined in the local coordinate system of geometrical
approximation primitive, which corresponds to the coordinate system of the generated
heterogeneity. Therefore, the value of low-order heterogeneity function at each of sub-points

M """ can be determined as follows:

l L(p.r)
P— +_1/ ij gl < 1,(p.r) < 1
= cos 7Z'—Ll +1], L, < p; <L, (6.39)

EEEN

=1 j=1

i

0, prrn <Lt s gL

y y
where 2"”" - the value of low-order heterogeneity function at the A " sub-point in /™
low-order heterogeneity, Li:]. and A; - the size and amplitude of the shape function
(randomly generated) at (i, ;)™ origin in /™ low-order heterogeneity. It should be noted

that i'mex, j'max are different for every low-order heterogeneity (/). They can be determined
using the following equations:
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DIM
ifnax = abs[ 7 - ] (6.40)
y DIM |
Jomax = abs | (6.41)
where DIM  and DIM 6 - the specified dimensions of the geometrical approximation

primitive in X and Y direction correspondingly (specified in an input file), L' — the mean
size of the heterogeneity primitives in /™ low-order heterogeneity (specified in an input file).

The sign of the shape function (see Eq. 6.39) is positive at the (i, ;)™ origin where (i+j)
is even number, otherwise the sign is negative, péﬁ”””— the distance from the M """ sub-

point to the (7, j ) origin in [™ low-order heterogeneity which can be determined as follows
(for both plane and cylindrical geometrical approximation primitive):

oy =l =1 J sl -3y F ©.42)

iy

where M(””)(Mip”),M;p”)) is the coordinates of a sub-point and Z;(T)f”_,T;”) is the

coordinates of the (i, )™ grid node in /™ low-order heterogeneity.

The total value of high-order heterogeneity function at any of sub-points can be
determined by using the following equation:

NOrder
R = S M (6.43)

=1

where 47" - the value of low-order heterogeneity function at the sub-point in /™ low-order
heterogeneity, NOrder — number of low-order heterogeneities, in other words harmonics, D -
is the finite element sub-division factor. Then, the pseudo-integral hypothetic property of finite
element can be calculated as follows:

D+1 D+1

H= %ZZh(””) , (6.44)

p=1 r=1

where h1”" - the total value of high-order heterogeneity functio at the sub-point, N - the
total number of sub-points in finite element, which can be calculated using the following
equation:

(6.45)

(D +1), triangle  element
(D+1Y, quadrilateral element’

where D - is the finite element sub-division factor.

An example of low-order heterogeneity is presented in Fig. 6.13. An example of high-
order heterogeneity is presented in Fig. 6.14. The high-order heterogeneity should be
generated for each approximation primitive separately. This can be done even by using
different set of low-order heterogeneity for each of defined geometrical approximation
primitives.
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a) triangle element b) quadrilateral element

Figure 6.12 Allocation of sub-points to determine the pseudo-integral property of finite element
(D — subdivision factor).
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Figure 6.13 Example of the grid nodes allocation (T;) and the generated low-order

heterogeneity (L =20mm, 4 =1).
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Figure 6.14 Composition of the high-order heterogeneity as a sum of low-order
heterogeneities.

The determined hypothetic property H of a finite element now has to be correlated to
its mechanical property. As it has already been mentioned in Chapter 5, the fiber volume
fraction in a composite material can be correlated to the generated heterogeneity. The
generated high-order heterogeneity is a function, which has different value in every finite
element in a model. The variation of that function is in range from -1 to +1. The variation of
the fiber volume fraction in composites is common to be represented by a value, which varies
in range from 0 to 1, where 0 corresponds to 0% of fibers content and 1 to 100%. However,
according to the performed studies (see Chapter 5) the variation of fiber volume fraction in a
real composite varies around its mean value in a certain range. For example, for
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polypropylene reinforced with 30 vol. % (mean value) flax fibers the determined variation of
fiber volume fraction is in the range of 12 ... 60 vol.%. These limits should be put into
correspondence with the limits of the generated heterogeneity (-1...+1) using the following
equation:

Viin THW e = Vi
V/ — min ( max mm)’ (646)
100%
where V_., V__ - the lower and upper limits of the fiber volume fraction variation

correspondingly. Finally, based on the determined fiber volume fraction the elastic material
properties within a finite element can be determined by using Eq. 4.12 as suggested in
Chapter 4.

6.4 Verification of the finite element implementation

6.4.1 Material model

The described above procedure of heterogeneous material properties generation is
programmed in FORTRAN language and attached to MSC.MARC FEA code.

In order to verify the behavior of the developed material model, trials of FE simulation
for a simple structure should be performed. Finite element model of a rectangular plate,
which represents the working area of a standard I1ISO 527-1 [97] specimen (see Fig. 6.15)
has been chosen for that purposes. In order to investigate the response of the
heterogeneous material model, additionally several widths of simulated plates have been
chosen. Rectangular plates with length of 100 mm and different widths were considered for
FE simulations. The widths of the plates were chosen equal to 5 mm, 10 mm, 15 mm, 20
mm, 25 mm and 40 mm.

S
g Working area
K
< 100 mm >

Fig. 6.15 Geometry of ISO-527-1 specimen and its working area [97].

During the work on this thesis a number of the parameters of heterogeneity of some
natural fiber reinforced plastics have been estimated and published. Several natural fiber
non-woven mats, like Flax, Duralin® Flax and Coir have been studied in [94]. The
determined properties of Flax fiber mat using a specially developed technique are presented
in Table 3.3 (see Chapter 3). It appears that there are four distinguishing groups of
heterogeneity primitives present in that mat. Just for the trial testing of the developed
heterogeneity generation procedure, two of them with high amplitudes parameter can be
taken to generate the heterogeneity for this mat. The reduced number of groups of
heterogeneity primitives can help to reduce the computational complexity of the FE task and
better visualize the results. This problem has already been discussed in Chapter 5.

The harmonics with the largest amplitudes contribute much to the heterogeneity of
mat and they are considered as dominant. The contribution of the other groups to
heterogeneity of the mat is small. For the flax fiber mat the heterogeneity primitives
corresponding to harmonics 1 and 2 (see Table 6.1) which have largest amplitudes are taken
for the procedure of heterogeneity generation.
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Table 6.1 Parameters of heterogeneity primitives in non-woven flax fiber mat (determined in

Chapter 3).
Harmonics | Size L (st. deviation), mm | Normalized intensity A (st. deviation)
1 23.43 (3.87) 0.27 (0.15)
2 13.57 (1.81) 0.43 (0.13)
3 9.10 (1.45) 0.10(0.12)
4 5.91(0.67) 0.20 (0.08)
5 3.8 (0.91) 0.15(0.11)

The absolute boundaries of fiber volume fraction variation in polypropylene reinforced
with 30% of randomly distributed Flax fiber mat were determined in Chapter 5 and discussed
in paper [96]. The procedure of boundaries determination is based on the analysis of a cross-
section image of this composite. The determined boundaries for this composite are: the
minimum is equal to 12 vol. % and the maximum is equal to 60 vol. %.

As it is suggested in Chapter 4 the modulus of elasticity is one of the most important
mechanical characteristics of any material and can be taken as a variable in accordance to
the fiber volume fraction in composites. The correlation between fiber volume fraction and
the modulus of elasticity for composite materials reinforced with natural fibers is suggested in
Chapter 4 and published in papers [90, 96]. Representation of that model is according to Eq.
4.12 (Chapter 4). The input parameters in this equation are: the modulus of the flax fibers

E, =40.1 GPa, and the modulus of polypropylene matrix: £, =1050 MPa. For this
combination of fiber and matrix the « =0.32 can be taken [90].

6.4.2 Experimental results

In order to determine the mechanical properties of polypropylene reinforced with 30
vol.% of randomly distributed flax fibers, the experimental work was performed according to
ISO-527 [97]. The tensile properties of this composite have been studied. The determined
modulus of elasticity for tested composite is equal to 3293 MPa with a standard deviation
equal to 177.4 MPa. The elastic strain limit is about 0.004. The experimental stress-strain
diagrams (elastic part) are presented in Fig. 6.18a.

6.4.3 Simulation parameters

The plates were subjected to stretching according to scheme presented in Fig. 6.16.
A gradually increasing displacement was applied during the simulation in order to achieve
the maximum strain of the plates equal to 0.004. This value of strain corresponds to the
elastic limit of the PP/Flax composite with 30% of randomly distributed flax fibers.

In order to highlight the influence of finite elements size on the simulation results each
plate’s geometry was simulated using three different finite element sizes. Quadrilateral plane-
stress type 3 finite elements from MSC.MARC element library with sizes of sides of
1.25x1.25mm, 2.5x2.5 mm, 5x5 mm were used [135]. In total 18 combinations of plate
dimensions and finite element size were simulated. In order to estimate statistical
characteristics of the results, the simulation was performed 10 times for each combination.

Since the plates are flat, one plane-type geometrical approximation primitive has
been defined by using four nodes. The origin of the local coordinate system is located at the
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= width
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Figure 6.16 Loading scheme for simulations.
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left lower corner of the FE model. The heterogeneity then is being generated in that
geometrical approximation primitive with the parameters taken from Table 6.1 for non-woven
flax fiber mat. The subdivision factor D has been taken equal to 4 for all of the plates. As a
result, a certain hypothetical property is distributed in accordance with the generated
heterogeneity. The fiber volume fraction is correlated with this hypothetical property using
Eq. 6.46. Then, Young’'s modulus for each finite element has been calculated, using Eq. 4.12
(Chapter 4) in dependence to the local fiber volume fraction.

As a result, the distribution of Young’s modulus through the finite elements was
uniquely generated for each run of the simulation with the help of the developed subroutine.
An example of generated heterogeneity for different model geometries is presented in Fig.
6.17.

elements 5x5 mm M ax

elements 2.5x2.5 mm

=
(b)

elements 1.25x1.25 mm

' [ H ; I=Illll'
8 Min

Figure 6.17 Examples of plates’ heterogeneity with elements size: (a) 5x5 mm, (b) 2.5x2.5
mm, (c) 1.25x1.25 mm (plate width is equal to 10 mm).

(c)

6.4.4 Results of the simulation trials

Reaction force and displacement for the plates were recorded during the simulation.
The homogenized stress and strain for each simulated plate can be determined from
resulting reaction force at certain applied displacement and by using known geometrical
parameters of the plates. Stress-strain diagrams for the tested (a) and one for the simulated
(b) plates are given in Fig. 6.18.

Since the geometry of the simulated plates and loading scheme is similar to the
tensile experiment set-up, we can compare the results of the simulation with the
experimental results [75]. The diagrams for homogenized stress and strain derived from the
simulations are different for each simulated plate. This difference appeared due to the
stochastic distribution of properties in the plates. Using simulated stress-strain diagrams a
homogenized Young’s modulus of the plates (like they would be homogeneous) was
determined. This was done for each combination of the plate’s width and the finite elements’
size. The homogenized Young’'s modulus for each of the simulated plates is determined from
the elastic part of stress-strain diagrams (curve inclination relatively the strain axis).

The scatter of the homogenized Young’s modulus can be also determined since
there are many stress-stain diagrams available. The results are presented in Fig. 6.19. The
scatter of Young’s modulus in these graphs is represented by bars which correspond to its
minimum and maximum values. The numbers above the marks represent the standard
deviation of the modulus.
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Figure 6.18 Stress-strain diagrams for experimentally tested specimens [97] and simulated
plates with dimensions of 100x10 mm and finite element size 1.25x1.25 mm.
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Figure 6.19 Homogenized Young’s modulus of simulated plates (the bars show the maximum
and minimum values, standard deviation is in parentheses).
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6.4.5 Size-effect

It is easy to see Fig. 6.19 that the average value of the homogenized Young’s
modulus of the simulated plates remains the same for all simulated plates (with different
geometry and mesh) and it is equal to 3350 MPa. However, the scatter of homogenized
Young’s modulus for different combinations of plate’s width and finite element sizes is
different. The scatter is high in relatively narrow plates and low in wide plates. There is a
gradual decrease of the scatter of homogenized Young’'s modulus for the plates of 5 — 15
mm wide, but for the plates with a width of 20 mm and wider there is no significant change in
the scatter. This can be correlated to the size of generated harmonics of 23.43 mm and
13.57 mm. The heterogeneity primitives with size 13.57 mm are dominant in this case (they
have maximum averaged amplitude) and therefore they have the major influence on the
heterogeneity topology. Therefore, the generated heterogeneity in narrow plates (less than
13.57 mm) cause weak areas with less fibers and strong areas with more fibers are placed in
an alternate sequence along the plate length. The relatively weak areas will prevail in this
case and they will determine the overall stiffness of the plate. Since the relatively weak areas
have stochastic magnitude of fiber volume fraction in each plate the scatter of overall
stiffness in narrow plates is large. However, if the width of plate is larger than the size of the
dominant heterogeneity primitive (more than 13.57 mm in this case) relatively weak areas at
some places in the material are counterpoised by relatively strong areas at the other places,
which makes balance in the overall stiffness of the plate. The scatter in homogenized
properties of the plates is smaller in this case.

6.4.6 Influence of the finite element’s size

It appears that the size of finite elements does not influence the average value of the
homogenized Young’s modulus of simulated plates; however it influences its scatter. The
scatter becomes higher with the decrease of finite elements in size. The heterogeneity
primitives falling into the finite elements are being “averaged” or discretized over the area of
finite element. Finite elements with a large surface area result in coarse discretization of the
shape function of heterogeneity primitives. This leads to a smaller diversity in the properties
of the relatively strong and relatively weak areas in the FE model, decreasing the scatter of
homogenized properties of the plates. Thus, for successful simulations of structures using
developed material model the appropriate size of finite elements should be estimated. The
estimation of the size of finite elements is performed using the principles of signal
processing. The function of the generated heterogeneity is discontinuously described by Eq.
6.39, 6.43, 6.44. Its value for each finite element is determined via the pseudo-integral
procedure. This is similar to the sampling of an analog signal in signal processing. The
heterogeneity function in this case is two-dimensional analog signal and the area of finite
element is a sampling period. An example of sampling for one-dimensional case is shown in
Fig. 6.20. There is a well-known Kotelnikov-Shannon Sampling Theorem [106, 142, 199],
which determines the minimal sampling frequency necessary to restore the original analogue
signal without losses. According to this theorem, an analogue signal with the spectrum

limited with maximum frequency F__ can be restored without losses by using its sampling

max

values, if the sampling values are taken with frequency:

fdiscr 2 2Fmax (647)
or in other form the period between samples is according to the following equation:
1
T,,6K <——. 6.48
discr 2Fmax ( )

Following this theorem, the maximum linear size of finite elements for given heterogeneity
(with determined set of harmonics with certain size parameters) will be at least twice as small

as the smallest harmonic (L'). In other words:
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S <imin{l' |, (6.49)

where § - the recommended length of side of the finite elements, L' - the harmonics sizes
determined for the spectral analysis (/=1...NOrder).

This allows to avoid the improper heterogeneity “averaging” by large finite elements,
which greatly affects the scatter of the homogenized properties of the material, reducing the
accuracy of the generated heterogeneity. However, if such fine meshing of the FE model is
not possible, a coarser meshing can be used, but the scatter of the results in this case is not
reliable.

Amplitude
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Sampling
diser +” period

-—p>

Analog
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levels

Time
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Figure 6.20 Sampling of analogue one-dimensional signal.

6.5 Conclusions

In this chapter the finite element implementation of the suggested approach to
simulate heterogeneous natural fiber composites has been developed. The user subroutine
has been written in FORTRAN and attached to the MSC.MARC. It is suggested that the
complex FE model should be approximated with simple geometrical primitives (planes and
cylinders) beforehand. The finite elements present in FE model are assigned to the closest
geometrical approximation primitive. This is a rather important step which has to be carefully
accomplished. However, some of elements will remain unassigned to any geometrical

primitive. Each of geometrical primitive has its own threshold parameter (D, ), which

defines the maximum distance from the primitive to finite elements. This happens in case if
this distance is longer than that of the specified threshold.

Heterogeneity function in each geometrical approximation primitive is generated
according to the developed procedure. For those finite elements in a model, which are
associated with one of the geometrical primitives the value of heterogeneity function is
determined. But for those unassigned finite elements this value is not determined, i.e. equal
to 0. The pseudo-integral value of heterogeneity function which is later correlated to
composite fiber volume fraction in that element determines the hypothetical property of the
finite elements. For unassigned finite elements the fiber volume fraction is equal to the
average fiber volume fraction determined in a composite.
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In order to use the developed subroutine in FE simulations it is necessary to provide
two input text files: a) parameters of the geometrical approximation primitives for FE model
(nodes coordinates); b) parameters of the heterogeneity (harmonics) for each geometrical
approximation primitive, and, separately, the maximum and the minimum local fiber volume
fraction of a composite.

The developed subroutine can be successfully used to perform FE analysis of the
structures made from heterogeneous materials. During simulation trials no numerical errors
from the FE-code were reported. The convergence of the numerical solver was good.

The developed subroutine is tested in FE simulations of simple structures. The
standard deviation of the Young’s modulus derived from trial simulations of the composite
plates with width of 10 mm and elements size equal to 1.25x1.25mm (see Fig. 6.19) is close
to the same parameter derived from the experiment. The decrease of the finite elements in
size with incorporation of more fine harmonics (instead of 2 dominant) in heterogeneity
generation procedure can give even a closer correlation of properties between the simulated
and tested plates. But, a decrease of the finite elements size leads to increase of the number
of elements in model. A large number of elements, in its turn, leads to the complexity of a
simulation task and requires more powerful calculation means.

The successful application of the developed approach is also presented in papers
[91, 93], where various structures such as plates with different geometry and plates with
holes are modeled.
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Chapter 7

Structural simulation and experimental verification

7.1 Introduction

A novel approach to simulate the heterogeneous materials by using available
commercial finite element code is proposed in the previous chapters of this thesis. This
approach is applicable to model structures made from composite materials reinforced with
natural fibers. It is based on the fact that reinforcement in these composites is not uniformly
distributed and therefore there is large heterogeneity in mechanical properties of these
composites. Special technique has been developed to analyze the heterogeneity. Digitized
image of composite (or reinforcement) is used as the basis to derive parameters of the
heterogeneity. It has been shown that heterogeneity has a complex structure and can be
decomposed into simple primitives by using spectral analysis (Chapter 3). Determining
parameters of heterogeneity primitives is essential for heterogeneity simulation. The
technique for heterogeneity simulation, based on determined parameters and its correlation
to mechanical properties of material, is developed in Chapter 5. The finite element
implementation of the developed procedure is described in Chapter 6.

The usage of Finite Element Analysis for the prediction of the behavior of structures
nowadays becomes a state-of-the-art technique. There are many commercial FE-codes
available. Most of them allow to carry out both linear and nonlinear analysis. Some of them
have implemented subroutines for composite materials, but there is not a single FE code
suitable to analyze highly heterogeneous composite materials. Therefore a user’s subroutine
has been developed (Chapter 6) for widely used FE-code MSC.MARC. This subroutine uses
the derived parameters of heterogeneity of composites material (or reinforcement) to
simulate similar heterogeneity and to appropriate certain mechanical properties to finite
elements in a FE model. As a result, the properties of the finite elements are distributed
through the structure model according to the estimated heterogeneity of a composite.

In this chapter a validation of FE simulations including heterogeneous material model
is discussed. The results of the simulations will be compared with the experimental results.

7.2 Testing and simulations of specimens

7.2.1 Materials

Experimental work has to be carried out in order to prove high variation of properties
in natural fiber reinforced composites. Experimental data can be used to validate the FE
simulations using the developed heterogeneous material model. A commercially available
natural fiber composite material has been taken as a case-study. The material is semi-
finished PP/Flax with 30 vol. % of fibers in the form of a non-woven mat (no compatibilizer
was added). The material is supplied by Symalit ® (Switzerland). The material was stored in
normal conditions (20 °C, 50% relative humidity) before being processed. The material is
provided in the form of sheets with the average thickness =4 mm. During the production
phase the composite sheet is cut in pieces with the preliminary estimated dimensions. Then
it is heated up to 190-200 °C in an oven and rapidly placed in a mold heated up to 50 °C.
Then the compression for about 30 s follows. A closed mold is used for manufacturing i.e.
material cannot escape from the mold, but remains there. The size of pieces of the original
semi-finished material as well as their positioning in the mold is determined experimentally to
reach full filling during compression. Thus, it has been experimentally found that for the
production of flat plates (400x400 mm) with different thicknesses it is possible to take two
square pieces (one on top the other) of semi-finished material and place them in the center
of the mold. The drawing of the material placement in the mold is schematically shown in Fig.
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7.1. It should be noted that after the compression the volume fraction of fibers in all
manufactured plates remains the same as it was in the semi-finished material. Three
different thicknesses of manufactured plates are chosen in order to examine the influence of
manufacturing process on the properties of the plates (see in Table 7.1).

After the composite plates were manufactured a preliminary visual observation of
their surfaces showed that the reinforcement has a non-uniform structure and the fibrous
reinforcement in the central area and areas outside the center has different distribution
accordingly. In the central area the fibers distribution on the surface looks like in the original
semi-finished material, i.e. randomly oriented, while in the area close to the edge of the plate
the fibers are oriented in the direction of melted material flow. Therefore high anisotropy of
the material near the edges is expected.

The X-ray photographs of manufactured plates presented in Fig. 7.2 and Fig. 7.3
show clearly the anisotropy of the plates. In the central area of the plate with thickness #=4.6
mm (see Fig. 7.2) the fibers orientation is rather random, which results in more or less quasi-
isotropic properties of the composite (properties of composite do not depend on chosen
direction), while in the area close to the edge, there is visible fiber orientation. It should be
noted that in the central area of the plate the reinforcement has heterogeneous structure,
similar to that observed in the scanned image of the flax fiber mat (see Fig. 3.3a in Chapter
3) and in the X-ray photograph of the semi-finished PP/Flax composite (see Fig. 3.4a in
Chapter 3). It can be concluded that the observed heterogeneity in the manufactured plates
is similar to heterogeneity of semi-finished composites examined earlier in this thesis.

Table 7.1 Geometrical parameters of the manufactured composite sheets.

Plate thickness Initial geometry of semi- Resulting geometry of
finished material (L, ), | compressed sheets (L, ),
(mm) (mm)
t=4.6mm 300x300 400x400
t=3.8mm 250x250 400x400
t=2.0mm 200x200 400x400
C— C—— )
== =—= " Compressed plate
'S
Specimens
* s @ // //
- | <
LN,
Centralarea — |+ |
1| Original semi-
finished material
Area close > orig
to edge < > /

L result

il [

Figure 7.1 Placement of the semi-finished material in the mold just before compression and
specimens’ location.
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a) central area b) edge area

Figure 7.2 X-ray photograph of manufactured PP/Flax plate with the thickness #=4.6 mm.

Figure 7.3 X-ray photograph of manufactured PP/Flax plate with thickness #=2.0 mm.

105



Testing and simulations of specimens

Therefore the heterogeneity of that area of plate can be estimated using the developed
technique (see in Chapter 3). Fibers in the area close to the edge of the plate can hardly be
considered as randomly oriented, therefore the heterogeneity in that area will not be
estimated.

The X-ray photograph of manufactured composite plate with thickness #=2.0 mm
(see Fig. 7.3) shows that there is no longer easy recognizable so-called “central” (quasi-
isortropic) and “edge” (anisotropic) areas. This whole plate has extremely non-uniform fiber
distribution. Moreover, some fibers are stuck in large clusters with randomly distributed
fibers, while the other fibers between those clusters are oriented. Extremely high variation in
the properties of such composite is expected.

7.2.2 Test setup

An experimental test to determine tensile properties of the composite plates
according to ISO 527 standard has been carried out. Specimens were cut out from the
manufactured plates with the geometry according to ISO 527-1 [75]. A computer numerically
controlled cutting machine has been used for that purpose. Two sets of specimens, from the
center and the edge parts of each plate were cut out because high difference in mechanical
properties was expected. The approximate locations of the specimens in the composite
plates are shown in Fig. 7.1. At least 10 specimens were tested in each set. Thickness along
the length of each specimen was measured before testing. A Zwick testing machine was
used at a test speed of 1 mm/min.

7.2.3 Results

The stress-strain diagrams for tested specimens are presented in Fig. 7.4. High
scatter of experimental data is observed. This means that PP/Flax composite under
investigation has high variation in their mechanical properties. The scatter in properties is
different for those specimens cut out from the central and outside of the central area of the
plates. The experimental results after the statistical analysis are presented in Table 7.2.

The research results of the heterogeneity in semi-finished PP/Flax composite have
been already published in [97]. Large scatter in mechanical properties of the material has
been found with the coefficient of Young’s modulus variation V' =0.06...0.14 (specimens’
thickness is about #=3.8 mm). The manufactured PP/Flax composite plates also have a
larger scatter (V' =0.08...0.19 for plate with thickness ¢ =3.8 mm) in their mechanical
properties. This can be seen from the estimated high ¥ coefficient of the modulus variation
(see in Table 7.2), which is slightly higher for the manufactured composite plates.

Table 7.2 Tensile properties of PP/Flax (30 vol. % non-woven fiber mat).

Center
Plate average thickness, Modulus of Coefficient of Strain at break Ultimate tensile
mm elasticity modulus variation (St.Dev.) strength (St.Dev.),
(st.DEV.), MPa V=Est.pev/Emean MPa
t=4.6 2628.10 (154.63) 0.06 0.016 (0.0029) 22.45(3.90)
t=3.8 2937.57 (218.50) 0.08 0.013 (0.0025) 22.05 (3.61)
t=2.0 2792.05 (388.80) 0.14 0.010 (0.0016) 16.56 (2.35)
Edge
Plate average thickness, Modulus of Coefficient of Strain at break Ultimate tensile
mm elasticity modulus variation (St.Dev.) strength (St.Dev.),
(St.DeV.), MPa V=Est.pev/Enmean MPa
t=4.6 3079.62 (541.22) 0.18 0.017 (0.0041) 26.26 (9.41)
t=3.8 3467.04 (659.83) 0.19 0.014 (0.0040) 27.63 (10.00)
t=2.0 1868.56 (955.58) 0.51 0.012 (0.0010) 17.74 (4.09)
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Figure 7.4 Stress-strain diagrams for PP/Flax (30 vol. % non-woven fiber mat) composite
(plate thickness t = 4.6 mm).

As it was expected, the scatter in the properties is higher for the specimens cut out
from the edge area of the plates. For these specimens the standard deviation of Young's
modulus and tensile strength parameters is about 2-3 times higher than for the specimens
cut out from the central area (see V' in Table 7.2). Probably this happens due to the complex
flow mechanics of the melted matrix material during processing. Natural fibers are much
thicker than, for example, glass fibers, and, therefore, they have a great influence on the flow
of the melted polymer. Moreover, the considered natural fiber reinforcement is in the form of
a non-woven mat where fibers are randomly interwoven. This causes less freedom for fibers
to flow with matrix polymer during molding in comparison with the loose fibers used in GMT,
for example.

Mechanical properties of the manufactured plates with different thickness, hence, are
not the equal. The scatter is much larger in thinner plates (see V' in Table 7.2). There is also
a significant drop in mechanical properties (if averaged) in the specimens cut out from the
area close to the edge of thin (#=2.0 mm) plates. For example, the scatter of modulus in
plates 1=2.0 mm is about two times larger than in plates of 1=4.6 mm. The same behavior
for the tensile strength is observed. At first sight a large scatter and the drop in properties in
the specimens cut out from the area close to the edge of plate are due to low fiber volume
fraction and its extremely high variation in that area. Probably the melted semi-finished
material placed in the center of the mold has to flow a lot, while fibers in the form of a non-
woven mat, sticking together in the center, hardly move with the flow causing non-uniformity
and the edge. However, additional research has to be performed in order to find the reasons
of such non-uniformity.

X-ray photographs of the tested specimens have been made in order to analyze the
structure of the reinforcement. They are shown in Fig. 7.5 — 7.7. Specimens 1C1 and 1C7 in
Fig. 7.5 are cut out from the central area and 1S3 and 1S7 are cut out from the area close to
the edge of the manufactured composites plates with thickness #=4.6 mm. According to the
testing results, the specimen 1C1 is the stronger and stiffer (modulus £ =2869 MPa and
strength o, = 27 MPa) than the specimen 1C7 (modulus E =2490 MPa and strength

ultim
o, =19 MPa). In the presented photographs it is clear that the fibers in both specimens are

randomly distributed. However, randomly distributed fibers form clusters which cause the
variation of the fiber volume fraction along the specimens’ surface (thus, the heterogeneity).
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It is obvious that during the tensile testing the specimens are broken in the weakest area.
Sometimes the weakest area can be recognized by a lower (than in other areas) amount of
fibers in X-ray photographs. In the photographs of specimens 1C1 and 1C7 these parts can
be easily observed (see Fig. 7.5). Thus, the difference in the mechanical performance of
these specimens can be explained by a different amount of fibers in their weakest area.

The structure of the fibrous reinforcement in the specimens cut out from the area
close to the edge of plate is rather different from the specimens cut out from the central area
of the plates. In the photographs of the specimens 1S3 and 1S7 (see Fig. 7.5) it is easily
observed that the fibers are no longer randomly distributed, but in some areas they are
orientated, resulting in locally unidirectional composite. It is obvious that the behavior of
composites reinforced with unidirectional fibers is much more different than those with the
randomly distributed reinforcement. These composites are very stiff and strong if the load is
transferred along the fibers, but they are weak, if the load is applied in transverse direction.
In other words, unidirectional composites have anisotropic properties. In some areas in
specimens there is a local anisotropy of properties, while in the other areas the properties
can be considered as quasi-isotropic (fibers are randomly oriented). Nevertheless in all areas
of these specimens the fiber clusters in the reinforcement can be seen. According to the

results of testing, specimen 1S3 is stronger ( £ =4343 MPa and o,,,6 =50 MPa) than
specimen 1S7 ( E=2576 MPa and o, =19 MPa). The presence of fiber clusters certainly

ultim
results in the variation of mechanical properties due to variable fiber volume fraction. But, it is
clearly seen that in specimen 1S3 the dominant fiber orientation is parallel to the specimen’s
long side (and therefore, parallel to applied load). This is the best fiber orientation to resist
the applied load. In specimen 1S7 the dominant fiber orientation is almost transverse to its
long side (and therefore transverse to applied load). This results in weak specimen. Thus, in
the specimens cut out from the area close to the edge of plate, not only heterogeneity due to
non-uniform fibers distribution, but also anisotropy due to fibers orientation can be observed.
Moreover, in this case the anisotropy has a major influence on the properties of the
specimen.

In X-ray photographs of the specimens cut out from the plate with the thickness #=3.8
mm (see Fig. 7.6) the structure of the reinforcement is rather similar to that observed in the
plate with thickness #=4.6 mm. However, the heterogeneity due to the fiber volume fraction
variation is slightly higher. This can be explained from the fact that fiber clusters are easily
recognizable, especially in specimens 2C1 and 2C2. Since the anisotropy in these
specimens is not present, the fracture occurs at the areas, where fiber volume fraction is low.

The specimens 2S1 and 254 are cut out from the edge of the composite plate with
the thickness #=3.8 mm. The anisotropy in these specimens can be observed. Anisotropy in
this case, has a major influence on the mechanical properties of specimens. For example,
the fracture of the 2S4 specimens occurred in the area where fibers were randomly
orientated (at the right side), while at its left side there was a clear fiber orientation in the
direction parallel to the load.

Even more interesting X-ray photographs were obtained for the specimens cut out
from the plate with thickness #=2.0 mm (see in Fig. 7.7). In these photographs it is easy to
see that a high heterogeneity and high anisotropy exists in all specimens regardless of their
belonging to either central or peripheral (i.e. close to the edge) area of plates. The
mechanical behavior of specimens with such structure of reinforcement is very difficult to
describe. It is clear that their fracture is governed by anisotropy. The heterogeneity in these
specimens is not significant for the fracture. Thus, the fracture of specimens 3C2, 3C4 and
3S2 (see Fig. 7.7) occurred in the areas where fibers are transverse to the applied load.
Specimen 3C1 is broken in the central area due to random fiber orientation, while the fibers
on its right and left sides are oriented parallel to the load. The structure of the reinforcement
in specimen 3S8 is similar to that observed in 3C1. The phenomenon of specimen 3S6 is
difficult to explain. It is broken in the area with high fiber volume fraction. Probably this
happened due to a poor fiber impregnation with the matrix resulting in extremely weak
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Figure 7.5 X-ray photographs of the specimens cut out from the central area (denoted as
Center) and the area close to the edge (denoted as Edge) of a PP/Flax composite
plate with the thickness #=4.6 mm.

Figure 7.6 X-ray photographs of the specimens cut out from the central area (denoted as
Center) and the area close to the edge (denoted as Edge) of a PP/Flax composite
plate with the thickness #=3.8 mm.
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Center

Figure 7.7 X-ray photographs of specimens cut out from the central area (denoted as Center)
and the area close to the edge (denoted as Edge) of PP/Flax composite plate with
thickness #=2.0 mm.

composite material. Unfortunately this cannot be seen in X-ray photographs. Additional
research should be carried out in order to understand such behavior. The fracture governing
factors with respect to the structure of the reinforcement in the discussed specimens are
presented in Table 7.3.

In general, the results of X-ray photographs analysis are in line with the results of
mechanical testing of the PP/Flax composite specimens. They confirm high influence of the
reinforcement structure on the mechanical properties of composites. Thin composite plates
have a high non-uniformity in the reinforcement structure probably due to the non-uniformity
of the melted material flow during molding. In order to manufacture a thin plate smaller
amount of initial material is placed in the mould in comparison with the production of thick
plates. The melted matrix (near 190 °C) has to flow through narrow clearances of relatively
cold (50 °C) mold parts, which results in different viscosity of polymer during flow. At the
same time stochastically interwoven fibers being highly compressed affect that flow even
more. They can flow together with the polymer either in clusters or separately (see Fig. 7.2),
which results in the extremely non-uniform structure of the reinforcement, sometimes with the
local fiber orientation (local anisotropy). In thicker plates more initial material is used, which
result in wider clearance between mold parts and thus melted matrix material with fibers, has
more freedom to flow. Interwoven fibers in this case, disturb the flow less, resulting in a more
uniform material (see Fig. 7.3). However, regardless to the plate thickness the anisotropy,
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induced by flow of polymer matrix, is always present in the area close to the edge of the
plates. It should be noted, that the anisotropy in properties of molded composites reinforced
with non-woven fiber mats appears not only due to the high flow ratios and narrow clearance
of the mold, but also depends on the viscosity of the melted material (matrix with fibers). The
viscosity of the melted material depends on the temperature. Thus, due to the increase in
temperature, the material flows better even in narrow clearance showing less anisotropy in
resulting structure. Therefore not necessarily thin composite structures have higher
anisotropy in properties. However, the temperature should be limited by that of natural fibers
degradation (see in Chapter 2).

Thick composite plates (with thickness #=4.6 and #=3.8 mm) in the central area have
heterogeneous properties with minimal anisotropy. Therefore, specimens cut out from that
area of the plates will be taken for further analysis, while the other specimens will be just
briefly discussed. Structure of the reinforcement in other specimens (cut out from the area
close the edge area of thick plates and all specimens cut out from thin plate #=2.0 mm) does
not correspond to the heterogeneity approach discussed in Chapter 3. The parameters of the
heterogeneity of chosen specimens can be derived by using the developed technique (see in
Chapters 3, 5). Their mechanical behavior can be predicted using developed heterogeneous
materials model in the finite element simulations. The focus of the research in this thesis has
been made on heterogeneity in the composite properties due to non-uniformity of randomly
oriented fibers (thus, fiber volume fraction variation only). Therefore, variation of properties
induced by oriented fibers (thus, anisotropy in reinforcement) will not be considered further.
However, the problem of anisotropy can be considered for further development in the area of
natural fiber composites reinforced with non-woven fibers.

Table 7.3 Fracture governing factors with respect to the structure of the reinforcement in
PP/Flax composite specimens.

Plate Specimen Structure of the reinforcement Reasons governing fracture
thickness,
mm
4.6 1C1 Random overall Heterogeneity
1C7 Random overall Heterogeneity
183 Oriented parallel overall Anisotropy
187 Oriented almost transverse overall Anisotropy
3.8 2C1 Random overall Heterogeneity
2C2 Random on left side Anisotropy, heterogeneity
Oriented transverse on right side
251 Oriented parallel overall Anisotropy
On left side less fibers
254 Oriented parallel on left side Heterogeneity, anisotropy
Random on right side
2.0 3C1 Random in center Anisotropy
Oriented parallel on left and right
3C4 Oriented parallel on left side Anisotropy
Oriented transverse on right side
3C2 Oriented transverse overall Anisotropy
352 Oriented transverse on left side Anisotropy
Random on right side
3S6 Oriented almost parallel on left side Anisotropy, poor impregnation
Oriented transverse on right side
358 Oriented almost parallel overall Anisotropy
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7.2.4 Surface strain field analysis

Heterogeneity of PP/Flax composite is observed by contact-less strain measurement
system “ARAMIS* (manufacturer GOM GmbH, Germany) at the same time with the standard
tensile tests. This system consists of two digital cameras and a processing unit, which is
attached to a PC. ARAMIS system captures the displacement of points on the object’s
surface by using the principles of photogrammetry. Therefore, just before testing all the
specimens were painted on one face with aerosol paint in order to create a black and white
speckled pattern (see Fig. 7.8). The speckles in the pattern are randomly distributed. The
cameras have to be calibrated before the actual measurements in order to provide their
relative position to the image processing software. During the loading of a specimen, both
cameras capture an image of the pattern painted on specimen’s surface at different load
stages at the same time and store it in the memory of the processing unit. Several images
are captured at different loading steps containing information about the displacements of
speckled pattern, which is occurred due to material deformation. After that, a special image
processing software on PC calculates the surface displacement field based on the captured
pattern deformations. Displacement of points on specimen’s surface at different loading
steps is obtained resulting in the surface displacement field. The difference in the surface
displacement fields at different load steps gives the field of surface strain. The obtained

strain field is composed from three components ¢ ,¢ , ¢, , which represent the strains in
two perpendicular in-plane directions and the shear component. The equivalent strain is

always considered under “strain” further in this thesis (otherwise is specified) is calculated by
using the following equation:

Ez\/%(gf+gi+gfy), (7.1)

where ¢ ,¢,, €, - are correspondingly in-plane principal (X, Y) and shear (XY) components

of strain tensor.

The equivalent surface strain field at different load steps for some of the tested
PP/Flax specimens is shown in Fig. 7.20 (see on page 128), Fig. 7.21 (see on page 129) and
Fig. 7.22 (see on page 132). X-ray image of the specimen under investigation is presented at
the top, so it is rather simple to compare the structure of the reinforcement with the observed
surface strain field. The surface strain field of specimen 1C7 cut out from the central area of
PP/Flax composite plate with thickness #=4.6 mm is shown in Fig. 7.20 (see on page 128).
In those areas of the specimen, where there is a low amount of fibers (more black color in X-
ray image) there is local concentration of surface strain. Indeed, composite becomes locally
less stiff, if the local amount of fibers is low. Therefore, heterogeneity in the reinforcement
causes the strain concentrations, which leads to the poor behavior of the specimen under
load. The failure of specimens made of PP/Flax material during testing is always
unpredictable. However, having X-ray image of specimen, sometimes it is possible to predict
its potentially weak areas. As to the specimens cut out from the central area of thick plate
(¢=4.6 mm) it is rather difficult to determine potential failure areas in the X-ray image due to
randomly distributed fibers, which form quasi-isotropic reinforcement. While in those
specimens cut out from the area close to the edge of thick plates (#=4.6 and 3.8 mm) the
reinforcement is no longer randomly oriented and therefore anisotropic allowing weak areas
be easy recognized.

The X-ray image and the surface strain field of specimen cut out from the area close
to the edge of thick plate (#=3.8 mm) is presented in Fig. 7.21 (see on page 129). It is easy
to see that on its left side the reinforcement is anisotropic (fiber orientation is along the
specimen), but on its right side the reinforcement is quasi-isotropic. Anisotropy, induced by
fiber orientation, has major influence on the properties of the composites. In a unidirectional
composite, maximum material performance can be achieved if the fibers are parallel to the
applied load, whereas the minimum performance — when the fibers are transverse to the
load. The performance of a composite with randomly distributed fibers, in principle, does not
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depend on the direction of the applied load and it is somewhere in-between the maximum
and minimum performances of a unidirectional composite. Thus, the strain field on the left
side of specimen 254 (see Fig. 7.21 on page 129) is expected to be low due to high local
stiffness of the composite (fibers are parallel to applied load), while on its right side the high
strain concentration appears due to lower stiffness (quasi-isotropic composite) in comparison
to the left side of the specimen.

Comparing the surface strain field of two specimens cut out from the central area
(see Fig. 7.20 on page 128) and area close to the edge (see Fig. 7.21 on page 129) of plate,
it is clear that strain non-uniformity is higher in that specimen cut out from the area close to
the edge of plate. This confirms a strong correlation between the structure of reinforcement
(heterogeneity and anisotropy) and the surface strain field. In the specimen cut out from the
central area of the thick plate (see Fig. 7.20 on page 128) the surface strain concentrations
have local character and do not occupy large area (maximum 2-3 mm in diameter). While in
the specimen cut out from the area close to the edge of the thick plate (see Fig. 7.21 on page
129) the surface strain concentrations occupy larger area and they are more intense. In both
cases the highest surface strain non-uniformity appears at the latest loading steps
(&£>0.45%), which is beyond the elastic limit of the PP/Flax composite (equal to & =0.4%,
determined in [97]). A section through the center of strain image (along its long side) has
been drawn in order to compare the results numerically (see Fig. 7.9a). The strain
distribution along that section is shown in Fig. 7.9b. The remarkable thing is that the surface
strain variation even at the low loading level can vary up to +/-50% in relation to its mean
value.

Just as an example, the surface strain in the specimens along with its X-ray image
cut out from the thin plate (#=2.0 mm) is presented in Fig. 7.22 (see on page 132). According
to the X-ray photograph the structure of the reinforcement in this specimen is extremely non-
uniform. On the left side of the specimen there is low amount of fibers and they are randomly
oriented, resulting in locally quasi-isotropic composite. Whereas on its right side the amount
of fibers is higher, but they are oriented transverse to the load, resulting in locally weak
composite. The surface strain on the right side of the specimen is alike to the fibers’
orientation. Thus, from the strain pictures at the latest loading steps (&>1.05%) it is possible
to recognize, that a strain field is in the form of “strips” about 2...5 mm wide, which go
transverse through the specimen. The strips of high strain are alternating with the strips of
low strain. The strain field conforms with the X-ray photograph showing that the fibers have
certain orientation. In this example it can be seen that too high local amount of fibers, like on
the upper left side of the specimen (see X-ray in Fig. 7.22 on page 132) may result in a soft
spot in the material. This is probably, due to poor fibers’ impregnation with the polymer
matrix. The surface strain variation in this specimen is huge — up to 230% of its mean value
(see Fig. 7.9c).

The investigations of manufactured plates confirm the hypothesis that the locally low
amount of fibers (void in the reinforcement) in composite may result in locally weak
composite, which was predicted in Chapter 2 and Chapter 3. Since the voids in non-woven
reinforcement cannot be avoided, their presence has to be considered at the design stage.
Using numerical simulations with the applied developed heterogeneous material model gives
possibility to take these voids into consideration.

The manufacturing process also has significant influence on the properties of the
plates. The experimental plates manufactured from PP/Flax composite have a large variation
in properties. Different areas of the plates have their own variation in properties. Processing
conditions (temperature, semi-finished material placement in a mold, etc.) can be adjusted in
order to manufacture plates with different thickness and with more uniform properties.
However, molding a complex structure, where all structural walls have different thickness,
can be a rather complex task in view of optimizing the processing conditions to reach the low
variation in properties. In this case post-analysis of local properties of the structure are
required.
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Figure 7.8 Example of painted specimen with stochastic black and white speckles.
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Figure 7.9 Variation of equivalent surface strain along a section drawn in specimens cut out
from the central area of PP/Flax plates at applied homogeneous
deformation ¢ =0.45%.

Underestimation of possible presence of local weak and strong areas in the
manufactured structure (namely heterogeneity and anisotropy) might lead to its unpredicted
failure. The exact definition of the possible problem areas in structure is difficult. However, it
can be estimated and simulated using the developed heterogeneity analysis technique.
Using that technique one can improve the reliability of structural design. Finite element
simulations with developed material model for heterogeneous materials can be applied,
using the assumption that the natural fiber reinforced composite has the heterogeneity in the
properties due to fiber volume fraction variation. The heterogeneous FE simulations can help
to avoid the unpredicted failure of the structure through a more reliable stress-strain state
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simulation in comparison with the traditional approach. The anisotropy of the reinforcement is
difficult to predict and analyze. Therefore the non-uniformity of properties in natural fiber
reinforced composites due to anisotropy is out of the scope of this thesis.

7.2.5 Comparison of the FE analysis results with the experimental
data

The surface strain obtained with the ARAMIS system can be used for comparison
with the results obtained from the finite element simulations performed using the developed
approach to simulate the heterogeneity in material’s properties. The FE model of a plate
(described earlier in Chapter 6) with dimensions 100x10mm and thickness 4.6 mm is
simulated. This plate represents the geometry of working area of ISO-527 specimen used for
the testing. Quadrilateral shell finite elements with the side length equal to 0.5 mm are used.
The heterogeneity parameters of the material are estimated using the available X-ray image
of PP/Flax specimens cut out from the central area of the manufactured composite plate with
thickness #=4.6 mm. The specimens with minimal visual signs of anisotropy are taken. The
estimated heterogeneity parameters are presented in Table 7.4. The dominant harmonic of
heterogeneity (with maximum amplitude) in that material is number 8 with average period of
2.85 mm. This means that the expected variation in a stress-strain state mostly will have the
period of that harmonic. The heterogeneity in simulated plate is generated by using the
developed technique (see Chapter 4 and Chapter 5). The model suggested in Eq. 4.12 with

the following parameters Ef =41 GPa, E; =4 GPa and E,=800 MPa, is used to correlate
the generated heterogeneity with Young’s modulus of the finite elements in the model. The

coefficient in that model is tuned according to the experimental data presented in Table 7.2
and it is equal to « =0.32.

Table 7.4 Parameters of heterogeneity in PP/Flax specimen (¢=4.6 mm) estimated from its X-
ray image, presented in Fig. 7.20 (see on page 128).

Harmonics | Size (St. dev.), mm Normalized Amplitude (St. dev.)
1 15.49 (2.06) 0.06 (0.03)
2 11.15 (1.46) 0.16 (0.09)
3 744 (0.77) 0.04 (0.02)
4 6.13 (0.88) 0.07 (0.11)
5 4.77 (0.49) 0.14 (0.07)
6 4.16 (0.44) 0.07 (0.05)
7 3.59 (0.49) 0.08 (0.03)
8 2.85(0.8) 0.39 (0.1)

The resulting strain field in the specimens obtained either from simulation or
experiment has to be compared in equal loading conditions. In this case the loading condition
is defined by the applied homogeneous deformations. Thus it has to be the same in both
simulation and experiment. Due to the fact that FE simulations can be performed for the
elastic region of material curve the applied homogeneous deformation should result in
heterogeneous strains below the elastic limit of the material, otherwise the comparison is not
reliable. The earlier determined by us elastic limit for the PP/Flax composites reinforced with
30 vol.% of non-woven fibers is at £ =0.40% [97]. Taking into the consideration the possible
strain variation in the range of +/-150% the applied homogeneous deformations of £=0.15%
can be taken. The result from ARAMIS at that stage (&£=0.15%) is presented in Fig. 7.20
(see on page 128). The same homogeneous deformations are applied in FE simulations.
During the simulations the plate is constrained at one side and the displacement of 0.15 mm
is applied at the other (see the loading scheme in Chapter 6, Fig. 6.16). Taking into
consideration the length of the simulated plate (100 mm), the required homogeneous

115



Testing and simulations of specimens

deformation of £ =0.15 % is achieved. A number of plates with individually simulated
heterogeneities have been modeled.

The equivalent strain in one of the simulated plates is presented in Fig. 7.19b (see on
page 128) as an example. Obviously, the X-ray image of the real specimen (see Fig. 7.20 on
page 128) and the simulated heterogeneity in the plate (see Fig. 7.19a on page 128) look
rather different in their heterogeneity. Thus, it is not possible to find the identical areas in
both images due to stochastic distribution of fibers clusters in real specimen and generated
heterogeneity primitives in simulated plate. However, the parameters of both heterogeneities
(sizes and amplitudes of fiber clusters) should be compared using more scientific methods
than visual observation.

A section in the form of a line can be used in order to compare the strain distribution
in experimentally tested specimens with that of the simulated plates. A section is a line drawn
along the center line from left to right in a simulated plate and tested specimen. The
experimentally obtained distribution of equivalent surface strain presented in Fig. 7.20 (see
on page 128) at £=0.15% is used for the comparison. The equivalent strain distribution
along chosen sections is presented in Fig. 7.10.

In that figure the estimated mean equivalent strain in tested ( & =0.16%) and
simulated (& =0.15%) specimens are rather close to each other. This shows that the average
response of the FE model is correct.

The variation of the equivalent strain along the section in tested and simulated
specimens is slightly different. In experimentally obtained data the maximum magnitude of
equivalent strain variation in the material can reach up to 147% (see Fig. 7.10a) and in
simulations up to 134% (see Fig. 7.10b) relatively to its mean value. These high variations in
the material cannot be neglected during the structural design. The amplitude of the strain
variation is calculated between its maximum and minimum values. Thus, the amplitude of the
strain variation in the tested specimen is about 0.11%, but in the simulated it is about
0.075%, thus slightly lower. This explains the oblateness of the histogram of FEA strain
variation (see Fig. 7.10d). However, both strain distributions have the same stochastic

distribution of values, which is corresponding to y -distribution (see Fig. 7.10e, Fig. 7.10f).

The waveforms of the observed variations of strain in experiment and simulations can
be compared in order to check their similarity. Obviously, the strain variations can be
considered as signals which can be analyzed with spectral analysis. According to the
performed spectral analysis in the experimentally obtained strain variation there are four
major harmonics, with periods equal to 15 mm, 8 mm, 4 mm and 2 mm, while in the
simulated strain distribution the major harmonics are 12 mm, 5 mm and 3 mm, which is
rather similar to those observed in the experimental strain. The agreement in the comparison
of the waveforms is rather important because it shows similarity in the sizes of the simulated
heterogeneity primitives with those actually present in real specimen and registered with
ARAMIS. Based on the carried out comparison, the reasonable validation of the developed
material model for heterogeneous materials is achieved.

The difference in the amplitudes of the strain variations in Fig. 7.10a and Fig. 7.10b
can be explained by the fact that ARAMIS system utilizes indirect principles of
measurements of the surface strain. The accuracy of these principles, while measuring
heterogeneous materials is questionable, because it is capable to observe strain only on the
surface of an object. As it was discussed earlier, the distribution of fiber through the
thickness of a composite reinforced with non-woven fibers is not uniform. If, for example,
such composite would be possible to subdivide into hypothetical in-plane “layers”, then each
layer will have its own in-plane fiber distribution (and its own in-plane heterogeneity). When a
composite specimen is loaded, the strain observed by ARAMIS corresponds to that in the
layer closest to the observed surface of an object (note: ARAMIS measures only surface
strain). Strain in the other hypothetical layers is hidden to ARAMIS’s cameras, and therefore
cannot be measured, but it has an indirect effect on the strain on the surface. This effect is
also hardly measurable. The conclusion regarding the application of ARAMIS system for

116



Chapter 7: Structural simulation and experimental verification

025 025
020 0.20
3 ®
£ £
& 015 & 015
2 K
c €
@
T 010 § 010
2 2
g &
0.05 0.05
0.00 . , ; ; 0.00
0 10 20 30 40 0 10 20 30 40
Section length, mm Section length, mm
a) Strain distribution in ARAMIS b) Strain distribution in FEA
30.0: 250:
225 18.8
£ ] £ ]
3 150 3 125
[&] ] 8 ]
754 6.3
oo o
0.100 0.135 0.170 0.205 0.240 0.100 0.135 0.170 0.205 0.240
Strain, % Strain, %
¢) Histogram of ARAMIS strain d) Histogram of FEA strain
0.00240-
0.00193:
o 1
4 <
: i
4 1
0.001474
0,001007 ——— 1 0.001007 T T L s e ™
0.000 0.833 1.667 2.500 0.000 0.833 1.667 2.500
Chi-Square Distribution Chi-Square Distribution
- 2 .
e) y probability plot for ARAMIS results f) y~ probability plot for FEA results
Harmonics length, mm
ARAMIS FEA
15 12
8 -
4 5
2 3

g) Spectral analysis results
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homogeneous strain of £=0.15%.
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measurements of strain in heterogeneous materials, in particular for natural fiber composites
reinforced with non-woven fiber mats, has to be very careful drawn due to non-uniformity
through thickness of material.

Heterogeneity parameters of the composite plates for FE simulations in this work are
estimated using the X-ray images of real specimens. It is obvious, that the X-ray image
characterizes the in-plane heterogeneity of a composite by using integral amount of fibers,
which are present in the core of the material. This means that in-plane heterogeneity in each
of the hypothetical layers is accounted not layer-by-layer, but as a whole. Therefore using the
developed technique the generated in-plane heterogeneity for FE simulations represents the
integral value of non-uniformity through the thickness of finite elements. According to
ARAMIS measurements, the amplitude of in-plane properties heterogeneity variation in the
top hypothetical layer of the investigated specimens appears to be higher than it is estimated
using X-ray images. High properties variation in the top layer result in high amplitude of the
observed strain variation, but this does not mean that such high variation appears in the core
of composite. The reason for the difference in the amplitudes of variation of the simulated
and experimentally obtained strain is explained by different approaches for material property
description involved.

In order to reach a better correlation of ARAMIS measurements with the structure of
the reinforcement it is essential to use specimens thin enough to assume that there is no
non-uniformity through the material thickness. The material description in this case becomes
similar to that used in FE simulations, which will result in a better correlation of simulations
and experiments. However, additional experimental work is needed in order to determine the
proper thickness of specimens. It is evident that in experiments carried out earlier in this
thesis with specimens cut out from a composite plate with different thicknesses the
heterogeneity is extremely high in thin specimens due to not optimized technology. However,
according to the X-ray images the local anisotropy in thin specimens governs the extreme
non-uniformity their mechanical properties.

The problem of finding applicable thickness and accounting for local anisotropy in the
composite specimens can be defined as challenging tasks for the further development in the
area of natural fiber composites. The developed model for simulation of heterogeneous
materials can be also improved towards better accuracy (will be suggested later).

7.3 Testing of the structure

An automotive structure made of PP/Flax composite has to be chosen for the
approbation of the developed technique for simulation of structures made of heterogeneous
materials. However, not every automotive component can be made of natural fiber reinforced
composites due to limited mechanical properties of the material (as discussed in Chapter 2).
Therefore, a suitable structure for the research purposes has to be selected. In this thesis the
investigations of cost aspects of structure redesign are not considered, but the mechanical
performance will be investigated.

Since the objective of the whole research project is to find a possibility to make
structural automotive components by using natural fiber composites, the structure should be
preferably load bearing. Moreover, due to the yet unresolved problem of moisture uptake of
natural fibers the structure should be in the car interior. There are several structures in a car,
which can satisfy the mentioned criteria. Door trim panels, a dashboard, seat squabs, seat
bases, a rear parcel shelve are rather suitable. However, due to the lack of possibility to
produce such components in our university laboratory (absence of moulds, presses etc.)
cooperation with industry has been established. An automotive seat base component is
chosen for investigations. This structure is located in the middle of the rear seat of a car. It is
an interior and load bearing part. It is designed to carry the load of one person (100 kg)
during normal service conditions and it is capable to carry a dynamic load of the same
person during car collision (by preventing the seat squab from sliding). A photograph of this
structure is in Fig. 7.11. Originally this structure is made of PP reinforced with 40 vol. % of
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randomly oriented Glass fibers (GMT) using compression molding. The mass of GMT
structure is 547 gram and average walls thickness is 2.6 mm.

7.3.1 Materials

The described seat base structure is experimentally made of PP/Flax composite with
30 vol. % of fibers in form of non-woven mat. The same semi-finished material (as for
composite plates) investigated earlier from Symalit ® (Switzerland) and compression molding
production technique have been used. The natural fiber composite sheets were cut in pieces
of desired dimensions, then heated in an oven up to 190 °C and rapidly placed in a heated
mold (50 °C) and compression molded. The amount of initial material has been
experimentally obtained to achieve good filling of the mold and to reach proper thickness of
the resulting component. Several structures using natural fiber composite with different wall
thicknesses were made. This was possible since a closed mold has been used. By putting
different amount of initial material the resulting thickness of structure can be varied.
Structures with 3 different wall thicknesses are made:
a) the same as original GMT (¢ = 2.6 mm);
b) 25% thicker relatively the original (#*1.25 = 3.25 mm);
c) 50% thicker (7*1.5 = 3.9 mm) relatively the original one.
The reason of making different thickness is to check the possibility of simple material
substitution without costly redesign of the structure and the mold. The bending stiffness and
the weight of structure are the parameters to compare.

7.3.2 Testing procedure and general results

A loading scheme used for the test is presented in Fig. 7.12. Cylindrical restrainers
(Y12mm) support the structure at two sides in order to define the boundary conditions clearly
(line contact). It is essential to have simple and well determined boundary conditions for FE
simulations. The cylindrical indenter (&12mm) is used to apply load on the structure. A
position controlled loading is applied during the test. The displacement of the indenter and
the reaction force are recorded by the testing equipment. The force-displacement diagrams
are obtained during testing and presented in Fig. 7.13. Structures with different wall
thickness behave differently. Their loading diagrams are rather linear and have different
slopes. Thus, the original structure made of PP/Glass composite with thickness =2.6 mm
can be used as a reference. The resulted weight and stiffness of the structure made of
different materials are presented in Table 7.5.

Figure 7.11 The rear seat base structure.
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Figure 7.12 Loading scheme.
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Figure 7.13 Reaction force diagrams of the seat base structure made of different materials
and with different wall thickness.

Table 7.5 Mass-stiffness comparison of the seat base structures made of different materials
and with different wall thickness.

Material (thickness) Relative mass* Relative stiffness* Mass, gram
Glass/PP (¢ =2.6 mm) 1.00 1.0 575
Flax/PP (1) 0.88 0.61 506
Flax/PP (1.25*t) 1.08 1.03 621
Flax/PP (1.5*¢) 1.26 1.45 724

* values are in comparison with Glass/PP (¢ =2.6 mm)
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The seat base structure made of PP/Flax with thickness 1=2.6 mm has about 40%
less stiffness than that originally made of PP/Glass with the same thickness. Therefore,
simple substitution of glass fiber composite with natural fiber does not provide sufficient
stiffness to the structure. However, by increasing the thickness of the structure up to 1.25*¢
= 3.25 mm, the stiffness of the structure made of PP/Flax reaches the same level as
PP/Glass, but the weight is increased by about 8%. Obviously the mechanical properties of
the used PP/Flax composite are relatively low. Indeed, according to the results of specimens
testing, the Young’s modulus of PP/Flax composite is about 3000 MPa, but PP/Glass is
about 3570 MPa (the difference is about 15% in favor of PP/Glass). The used PP/Flax
composite has lower amount of natural fibers (30 vol.%) and no fiber-matrix interface
improvement (at least according to the manufacturer’s data sheet). Therefore, according to
reference survey presented in Chapter 2 it is expected that about 50% improvement in the
Young’s modulus of a composite can be obtained by improving the fiber-matrix bonding. The
interface improvement can be achieved through, for example, using silane fiber treatment or
maleic anhydride PP (MAPP). The thickness of PP/Flax structure can be reduced in this case
and without worsening its stiffness and, then, weight savings, very important for fuel
efficiency of a car, can be obtained.

However, even using a not improved PP/Flax composite there are some benefits of
substituting a PP/Glass composite, e.g. a more sustainable material, provides better labor
conditions (no skin irritation) and causes less wear of equipment.

7.3.3 Analysis of structure’s heterogeneity

After the overall stiffness performance analysis of the seat base structure it is
necessary to look at the heterogeneity in its reinforcement. The seat base structure made of
PP/Flax composite with thickness #=2.6 mm will be used for heterogeneity estimation and for
FE analysis. Heterogeneity in properties is expected. The digitized X-ray photograph (see
Fig. 7.14) of the structure is used for the analysis. The investigations in the research
purposes are focused not on the whole structure, but on a part of it due to complexity of the
structure’s geometry. In that structure there is a large flat area in the center (see Fig. 7.11)
and there are ribs in the other locations.

The X-ray photograph of a structure made of fiber reinforced material gives a unique
possibility to analyze the distribution and orientation of the reinforcement affected by a
material flow during manufacturing. Sometimes, from such a photograph it is possible to
estimate the mechanical properties of a structure and to asses its behavior without breaking.
Indeed, in the X-ray photograph (see Fig. 7.14) the reinforcement is random and
heterogeneous, however in some areas there is local anisotropy. Undoubtedly the anisotropy
appears due to different properties of material flow during the compression molding. The
anisotropy is well defined in those parts where the material has to flow over the ribs, or
through narrow complex geometrical forms of the mold. The developed model can be applied
to those areas where there are randomly oriented fibers. Thus, central area (see magnified
image 3 in Fig. 7.14) in the structure is rather suitable because the absence of local
anisotropy in the reinforcement.

7.3.4 Measurements of the surface strain field

The structural behavior can be experimentally measured by a contactless strain
measurement system ARAMIS (GOM GmbH, Germany). This system has been used to
evaluate the non-uniformity of surface strain in tensile loaded composite specimens showing
partial success. The seat base structure made of PP/Flax (30 vol.% non-woven fiber mat)
composite with wall thickness ¢#=2.6 mm is subjected to position controlled loading by using
the same loading conditions as described earlier (see Fig. 7.12), and with applied contactless
strain measurement system. Due to the limited resolution of ARAMIS’s cameras, only part of
the structure is observed during the experiments. A smaller observation area can give better
visualization of small surface strain non-uniformities and therefore result in more accurate
and detailed results. Equivalent surface strain in the central area of the structure is obtained
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(see Fig. 7.23 on page 133). Location of the observed area in the structure is also presented
in that figure. The X-ray image of the same area is presented in Fig. 7.25 (see on page 136)
to compare the non-uniformity of observed surface strain and the reinforcement distribution.
Some correlation between measured surface strain concentrations and the local low amount
of fibers (determined from the X-ray image) in the structure can be observed in Fig. 7.25 (see
on page 136).

However, there are some exceptional areas in the measured surface strain field while
being compared with X-ray image of the reinforcement. The areas of local disagreement are
presented in Fig. 7.26 (see on page 136). In that figure the strain concentrations
unexpectedly appear in those areas of the structure, where there is a high amount of fibers
(according to the X-ray image). This phenomenon has already been discussed earlier in this
thesis. The X-ray image shows the integral amount of fibers present in a particular local area,
but not their distribution through the composite thickness. It is not possible to make a
distinction between the fibers in the core of material and those on the surface. However, the
used contactless strain measurement system (ARAMIS) gives the strain field observed only
on the surface of the material as a result of the measurements.

Figure 7.14 X-ray image of the seat base structure with thickness #=2.6 mm.
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During the loading of the structure it is obvious that the fibers close to the surface
behave differently from those in the core. And they have a major influence on the measured
surface strain, while the strain in the material core can be rather different. As a result in Fig.
7.25 (see on page 136) there is high a local strain in that area where there is potentially stiff
material (a lot of fibers, according to X-ray photograph). Therefore, a truly high local strain in
the material core is not necessarily present. As follows, interpretation of the results derived
from the ARAMIS has to be very careful.

The variation of the equivalent surface strain measured by ARAMIS (see Fig. 7.24b)
can be numerically characterized by using a section drawn along the strain image (presented
in Fig. 7.24a). The equivalent strain in that section varies in range of 0.038 - 0.13 %. This
variation is rather high, since it reaches up to 170% of its mean value. Therefore, the
appeared stress-strain state in some local areas can exceed the design limits unexpectedly if
the design is performed with the assumption that the natural fiber composite has
homogeneous properties. The variation of the stress—strain state in the structure in this case
is underestimated. The usage of heterogeneous simulations can help to avoid such a
problem and to improve the design.

7.4 Estimation of heterogeneity parameters for the structure

The developed technique (see in Chapter 3) is applied for the estimation of
heterogeneity parameters of PP/Flax composite used for manufacturing of the seat base.
Available digitized X-ray image of the structure (see Fig. 7.14) can be used for that purpose.
The central area of the seat base structure is in focus. Estimated heterogeneity parameters
are presented in Table 7.6. These parameters are implemented into FE simulations of the
seat base structure for heterogeneity generation procedure.

Table 7.6 Heterogeneity parameters estimated in central part of seat base structure made of
PP/Flax composite

Harmonics | Size (St. dev.), mm | Normalized Amplitude (St. dev.)
1 15.49 (2.06) 0.06 (0.03)
2 11.15 (1.46) 0.16 (0.09)
3 7.44(0.77) 0.04 (0.02)
4 6.13 (0.88) 0.07 (0.11)
5 4.77 (0.49) 0.14 (0.07)
6 4.16 (0.44) 0.07 (0.05)
7 3.59 (0.49) 0.08 (0.03)
8 2.85(0.8) 0.39 (0.1)

7.5 Simulation of the structure

7.5.1 Geometry and boundary conditions

Finite element simulations of the seat base structure are carried out in order to test
the developed material model by complex geometry of FE model. Boundary conditions (BC)
in the simulations are equal to those used during mechanical testing of this structure. In the
experiments two cylindrical restrainers (&12mm) are used to support the structure. The load
is applied by a moving cylindrical indenter (Z12mm). In the FE model restrainers are
specified as zero movement of appropriate nodes in vertical (Z) direction, but the indenter is
specified as a rigid cylindrical surface, which goes into contact with the structure. During the
simulation the surface moves downwards (-Z) in steps and deforms the structure. The
displacement step size is equal to 1 mm. In total 6 steps were applied. The FE mesh with
boundary conditions is presented in Fig. 7.27 (see on page 137). Mesh is carefully generated
on the basis of available CAD model. The central area of the model is meshed using small
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finite elements (approximately side length is equal to 0.25 mm), while the rest of the model is
meshed using finite elements with average size of 2 mm. About 54000 of shell finite
elements are used in simulations in total. Due to symmetry of the structure the computational
complexity of the simulation can be reduced if only a half of the model is simulated. The 3D
thick shell finite elements number 75 from standard MSC.MARC elements library are used
[135]. The thickness of the finite elements is equal to that of the original seat base structure,
thus = 2.6 mm. The number of layers in shell elements is taken equal to 5.

7.5.2 Tuning of material model

The material model developed in Chapter 4 for elastic modulus of natural fiber
composite estimation has to be tuned in order to confirm to experimental material properties.
Therefore, the empirical coefficient « in the material model suggested in Chapter 4 (Eq.
4.12) has to be adjusted. Since the modulus of elasticity of flax fibers and polypropylene
matriax are known and the average fiber volume percentage in the used PP/Flax composite
is known to be equal to 30%, then, the Eq. 4.12 can be solved with respect to . The
experimentally obtained Young’s modulus equal to 2792 MPa determined for composite plate
with thickness #=2.0 mm (see in Table 7.2) is used as a reference. As a result the o =0.28 is
calculated using the data presented in Table 7.7 and the model Eq. 4.12 is implemented into
the heterogeneity generation procedure.

Table 7.7 Calculation of the empirical coefficient « in the material model (see Eq. 4.12 in
Chapter4) for structure made of PP/Flax with 30 vol.% of randomly distributed fibers.

Experimentally Theoretically
Material Modulus of Modulus of obtained modulus 7 estimated
30 vol.% Flax/PP fibers, GPa matrix, MPa ’ modulus, MPa
MPa
(Eq. 4.12)
t=26mm 41 1050 2792 0.28 2780

" Experimentally obtained modulus of composite plate with thickness # =2.0 mm is taken as reference.

7.5.3 Approximation of the structure with geometrical primitives

The geometry of seat base structure is complex. According to the approach
suggested in Chapter 6 the structure is approximated with a number of approximation
primitives. Namely, 18 planes and one cylindrical surface are specified to approximate most
of the large surfaces of a seat base structure. An example of definition of approximation
primitive is presented in Fig. 7.28 (see on page 137). The parameters (namely node
numbers) for the description of each approximation primitive are specified in the input text file
parameters.txt (see Chapter 6). According to the developed technique the heterogeneity of
material is simulated in each of the specified geometrical approximation primitives using the
same parameters from the Table 7.6. These parameters are specified in the input text file
heterogeneity.txt (see Chapter 5). An example of simulated heterogeneity in the FE model is
presented in Fig. 7.29 (see on page 140). In that figure the variation of FE properties is
represented by different colors. It should be noted that the simulated heterogeneity
represents relative variation in properties of FE elements with boundaries from 0 to 1. The
simulated properties of FE elements represent fiber volume fraction parameter. The
boundaries for fiber volume fraction variation (Eq. 6.46 in Chapter 6) are chosen equal to

V...=10% and V_, =60% correspondingly (according to investigations in Chapter 4). Thus,

the fiber volume fraction is simulated for each element according to the heterogeneity and
then converted into Young’'s modulus of element using Eq. 4.12 with data from Table 7.7.

7.5.4 General FE simulation results

The FE analysis is performed in a linear elastic mode and the contact option is used.
The friction can be neglected, since the contact between two bodies (deformable — seat base
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and rigid - indenter) is performed in a way that there is no sliding contact between those two
bodies.

Indenter acts on the surface of the structure during simulations. At each loading step
normal contact reaction force is measured resulting in total applied force. The resulting force-
displacement diagrams for simulated and experimentally obtained are presented in Fig. 7.15.
The agreement of these two diagrams proves the correct overall behavior of the FE
simulations. This means that the force-reaction response of the FE model is correct. The
generated variation in material properties (mean value of modulus is equal to 2647 MPa)
result in a FE model with the same stiffness as the manufactured PP/Flax structure.
Therefore, the local behavior of the FE model can be compared to that obtained
experimentally with ARAMIS.
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Figure 7.15 Simulated and experimentally obtained force-displacement diagrams of seat
base structure made of PP/Flax composite with wall thickness = 2.6 mm.

7.5.5 Comparison of the local behavior of FE model with the local
experimental results

The central area of the seat base structure has been investigated by contactless
strain measurement system ARAMIS. The clear influence of the material heterogeneity on
local stress-strain state in the simulated model has been observed. This appears in non-
uniformity of equivalent surface strain. Additional testing of the structure was performed
using pre-described displacement loading conditions with glued strain gauges. This test
allows to validate the ARAMIS’s results (see Fig. 7.24 on page 133), which might be
inaccurate due to non-uniformity of material, discussed earlier. The location of strain gauges
is presented in Fig. 7.16. Strain gauges are glued to the top surface of the structure. In fact, a
90° rosette strain gauge (two strain gauges in perpendicular directions) has been used. Its
orientation was chosen according to the principal directions (X and Y) of the coordinate
system of ARAMIS system and global coordinate system of the FE model. The strain gauges
have dimensions 3x2 mm (longer — measuring length). The PICAS amplifier (PEEKEL
Instruments GmbH) was used to register the signals from the gauges. This equipment has an
internal adjustable bridge which allows connecting external strain gauges according to the
quarter-bridge scheme. The signal from amplifier was digitized with the analog-digital
converter
(National Instruments Inc.) and stored in a PC. Since the strain gauges were glued in
principal directions of a global coordinate system the results of their measurements represent

two strain components ¢, and &, which occur on the surface of the structure during loading.
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The strain components ¢, and ¢ are collected from FE model and ARAMIS results

at the same location of the real seat base structure where strain gauges are glued. Since the
gauges’ average the strain over a certain area (in this case 3x2 mm), the results from FE
calculations and ARAMIS are also averaged over the equal area. In the FE model certain
strain components are taken from the top layer (number 1) of shell elements (they have 5
layers in total). The graphs of the results at different loading steps are presented in Fig. 7.17.

The results derived from both experiments and FE simulations are sufficiently similar
to each other. The similarity is good enough for engineering applications. This confirms the
correct local response of the FE model. Therefore further, the results of FE model for local
equivalent strain can be compared to ARAMIS results in detail.

The central area of FE model is analyzed in order to compare the simulated strain
field with that experimentally obtained. Equivalent strain (calculated by using Eq. 7.1) in the
top layer (number 1) of finite elements along with generated heterogeneity is presented in
Fig. 7.30b (see on page 140). Since the comparison of two stochastic images has to be
performed, it is reasonable to use the technique of linear sections applied earlier for plate
specimens. Linear sections are drawn through the FE model (see Fig. 7.30a on page 140)
and exactly at the same place in ARAMIS results (see Fig. 7.24 on page 133) in order to
compare these two results. Equivalent strain in FE model and in ARAMIS measurements
along the defined section are presented in Fig. 7.18.
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Figure 7.16 Location of strain gauges and their orientation
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Figure 7.17 Comparison of surface strain derived from the strain gauges, ARAMIS and FE
calculations.
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Figure 7.18 Equivalent strain distribution along the chosen section in FE model and ARAMIS
results at 4-th load step (indenter displacement is at 4mm).

7.6 Discussion of the results and conclusions

It can be observed that there is a significant difference in equivalent strain distribution
along the section in FE simulations and ARAMIS experiments (see Fig. 7.18), while there is a
good agreement with the results of the strain gauges presented in Fig. 7.17. The results of a
local strain represent the strain at a single point (which is in fact a small area) chosen in the
structure and FE model, while the results in Fig. 7.18 represent a number of such points
taken along the defined section. Thus, in principle, the results observed in the section are
more informative. As it can be seen from Fig. 7.30a (see on page 140) the chosen section
ends exactly at that point where the strain gauges are glued. The results of the strain
observed in Fig. 7.17 are rather close to each other, so are the strain graphs (Fig. 7.18) at
the right part of the sections (where “Section length” is equal to 25 mm). It could be just
accidental. The significant difference of the results in the left part of the diagrams in Fig. 7.18
is observed. The overall behavior of the diagrams is similar, ascending from the beginning to
the end, while the amplitude of the strain variation is not the same. The FE model shows a
much lower strain variation (see Fig. 7.18).
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Figure 7.19 Example of (a) heterogeneity and (b) equivalent strain field in simulated PP/Flax
plate.
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Figure 7.20 An equivalent surface strain field at different loading stages and the structure of
the reinforcement in specimen (1C7) cut out from the central area of PP/Flax
plate with thickness ¢=4.6 mm.
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Figure 7.21 An equivalent surface strain field at different loading stages and the structure of
the reinforcement in specimen (2S4) cut out from the edge area of PP/Flax plate
with thickness #=3.8 mm.
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This comparison is rather similar to that observed in testing and simulations of
composite planes, discussed above. The conclusions derived from that comparison are also
applicable to the current problem. The main explanation of the observed difference is due to
limitations of the ARAMIS measurement system and material assumptions made during the
development of the material model. The strain variation observed on the surface of the seat
base with ARAMIS is due to the heterogeneity of the top hypothetical layer of a composite
material which is not uniform through its thickness. The strain variations in the other
hypothetical layers, certainly, contribute to that surface strain, but their effect cannot be
accounted. Simply, in this case the non-uniformity of the strain variation on the surface of the
structure measured by ARAMIS is overestimated, while in the FE simulations the composite
material is considered to be uniform through the thickness which results in small variation of
surface strain. Indeed, it is obvious that X-ray image integrally characterizes the
heterogeneity through the thickness of material. In other words, the heterogeneity that is
present in each hypothetical layer is accounted not by layer-by-layer, but all together, thus
integrally. Therefore, the generated heterogeneity for FE simulations is integral through the
thickness of the FE elements. Thus in the simulations, the variation of the equivalent strain
on the surface of the FE model is considered as underestimated, due to homogenization of
the non-uniformity through the thickness of material. The true amplitude of the surface strain,
thus, can be considered somewhere between those two results.

The large difference in the results can be also supported by a complex stress-strain
state in heterogeneous composite in case of flexural loading of the seat base structure. A
reasonable agreement in the results obtained before in simulations of composite plates with
the experimental data obtained for tensile specimens has been achieved. The tensile load is
equally applied to all hypothetical layers resulting in stretching both faces of the tested
specimens (and simulated plates). Therefore in that experiment and simulations all
hypothetical layers of the composite material are loaded uniformly. This result in small
divergence of the results obtained experimentally and those simulated.

It appears that the major trouble can come out especially when the stress-strain state
in the core of the non-uniform material is also not uniform. Like, for example, in bending,
which results in extremely different stress-strain state in core of the bended material (or
structure) resulting in stretching at one face of specimen (or structure) and compression at
the other. In this case the strain observed with ARAMIS hardly corresponds to that simulated
(even in top layer in case of shell finite elements), because the response of the material
which is not uniform through the thickness is not same as implemented in FE model
(homogenized through thickness).

Therefore there are the limits in application of contactless strain measurement system
to non-uniform composites through thickness. Thickness here is the major factor which
influences the accuracy of the observed results. A possible solution to that problem can be
recommended in the usage of thin specimens, where the non-uniformity through the
thickness can be neglected (which is easier to simulate). Moreover, reduced thickness can
help to prevent extremely not uniform stress-strain state through the material thickness under
complex loading conditions. In all other cases (thick through the thickness non-uniform
material, complex loading conditions) the results of ARAMIS observations will largely differ
from reality. This is as far as from the site of measuring equipment can be done.

However, the material model used in FE simulations has the advantage of being
improved according to the latest research, unlike the ARAMIS system. Moreover, the
application of the ARAMIS system is not sufficiently verified in working with the
heterogeneous materials. This statement is supported by the manufacturer of this system
(GOM GmbH, Germany).

The following actions towards a better accuracy of the developed heterogeneity
estimation technique and FE simulations can be proposed. First of all, instead of using of X-
ray images of composite (which represent integral amount of fibers) the CT-scans at different
hypothetical layers through the material thickness can be used in order to obtain separate
heterogeneity parameters in each layer. In FE simulations layered composite shell elements
can be used. These elements allow different properties definition for each layer. Furthermore
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a unique heterogeneity based on the estimated parameters can be generated for each layer
in composite finite elements separately. The anisotropy, which is present in a real composite,
can be also taken into account. The mentioned modernizations of simulation procedure will
definitely increase the calculation complexity (longer time of calculations), but the results are
expected to be much more realistic.
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Figure 7.22 An equivalent surface strain field at different loading stages and the structure of
the reinforcement in specimen (3C2) cut out from the central area of PP/Flax plate
with thickness #=2.0 mm.
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Figure 7.23 The equivalent surface strain in the central part of the seat base structure made of
PP/Flax (30 vol.% of non-woven fiber mat) composite with thickness #=(2.6 mm).
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Figure 7.24 Equivalent surface strain distribution along a section chosen in ARAMIS results.
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Chapter 8

Conclusions

The presented thesis contains the discussion of several topics, in particular: issues of
automotive sustainable design, an overview of the properties of modern materials, study and
analysis of heterogeneity in properties of natural fiber composites and the advanced
numerical simulations of structures. The initial problem of improvement of passenger cars
towards a better eco-design is discussed. In accordance with that, the definition of a car
sustainability with respect to the influencing factors is made. A lightweight embodiment
design is considered as the most efficient way towards car sustainability. Ways of possible
improvement of a car design in view of modern materials application has been discussed.

It is suggested that advanced lightweight materials should be used in order to reduce
the weight of the car, which leads to reduce in emissions. However, most of the advanced
materials like magnesium alloys or conventional glass and carbon fiber composites are very
expensive and in most the cases their application requires a large investment in
manufacturing equipment. Currently they are applicable in either sports or luxury cars, where
the price of the design is not the main issue. But in serial production of passenger cars price
plays a crucial role in the design, therefore other modern materials, like natural fiber
composites are considered as promising. They have reasonable mechanical performance,
comparable with that of glass fiber composites, but at significantly lower price. The
manufacturing technology applied is rather similar to that of conventional composites.
Moreover, natural fiber composites are based on natural renewable resources, usually
derived from plants, which makes a great contribution to the CO, balance, even if they are
thermally recycled at the end of life. Additional advantages of the usage of natural fibers as
reinforcement in composites are the added value to the main production of crops and clothes
(where the plant stem either is not used or partly used) and better labor conditions (natural
fiber composites while being machined do not irritate the skin and do not create the
hazardous dust).

A detail overview of the mechanical properties of the natural fiber composites is
presented. Composites with non-woven reinforcement are in focus. Several disadvantages in
their properties with respect to the automotive requirements are found. They are: low impact
property, high moisture sensitivity and high heterogeneity in their mechanical properties.
However, it is found that the impact property and moisture sensitivity can be technological
resolved at reasonable costs, unlike heterogeneity, which is inherent in the composites
reinforced with natural fibers in the form of non-woven mats. This makes them difficult to
apply in load bearing structures due to uncertain in mechanical properties. Numerical
simulation tools, like finite element analysis, are commonly used to simulate the behavior of
structures under the load. The standard approaches of the material’s property description are
implemented in these tools. However, the application of standard approaches in simulations
of structures made of heterogeneous materials may lead to unreliable results. Therefore, a
new approach is needed to implement heterogeneity in material’'s properties into structural
simulations in order to improve the reliability of simulations.

A novel approach is developed in this thesis in order to implement the variation in
material’'s properties (heterogeneity) into the numerical simulations of structures. The
approach, in general, consists of the following procedures:

a) Estimation of heterogeneity parameters;

b) Heterogeneity generation;

c) Correlation of the heterogeneity with mechanical properties of a composite;

d) Approximation of a complex geometry of the structure with geometrical primitives.

The procedures are described in detail and accompanied with examples and
recommendations. The studies of composite materials reinforced with natural fibers in form
of non-woven mats constitute the basis of the developed approach.
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Figure 7.25 The equivalent surface strain field over X-ray image in central area of the seat
base structure at the last load step (indenter moved to 6 mm).

a) X-ray image of reinforcement b) Surface strain field

Figure 7.26 Local disagreement in the measured surface strain and the local amount of fibers
in PP/Flax structure (derived from X-ray images). The thickness of structure is
t=2.6 mm.
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Figure 7.28 Example of one geometrical approximation primitive definition (procedure is
according to that described in Chapter 6).
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Estimation of heterogeneity parameters. In general the heterogeneity can be found
in most materials even in such conventional materials like steel or aluminum (at crystals
level). The scale and magnitude of heterogeneity is different for every material. Its magnitude
is low in conventional materials due to small variation in properties of crystal, but in
composite materials the magnitude of heterogeneity is high, because these materials consist
of two or more materials with rather different properties (ductile matrix and stiff fibers). Thus,
on a microscopic scale, if the representative volume element of material is taken as small as
fibers cross-section, heterogeneity appears as the difference of the fibers’ size and their
bonding properties to the matrix. On a larger scale, if the size of the representative volume
element is comparable to the size of fiber bundles — mesoscale, heterogeneity appears as
the difference of properties of fiber bundles (fibers orientations and their amount in bundles).
In natural fiber composites, especially in non-woven ones, the mesoscale heterogeneity is
particularly outstanding. This can be explained by non-uniform distribution of fibers in the
material.

In this thesis the heterogeneity of natural fiber composites is analyzed on mesoscale
using the developed technique. The definition of the heterogeneity with respect to non-
uniform distribution of fibers in the reinforcement is proposed. The heterogeneity primitives
“cluster” and “void” are defined as the basic heterogeneity primitives. The heterogeneity
primitives are randomly distributed in the reinforcement and their parameters “size” and
“‘intensity” are stochastic. The size determines the linear dimensions of fiber cluster and the
intensity — the amount of fibers in that cluster. The same parameters are used to describe the
voids. In order to obtain a quantitative characteristic of the heterogeneity, the size and
intensity of the heterogeneity primitives have to be determined. The technique of the
determination is based on the analysis of the structure of the reinforcement by using the
methods of signal processing. The digital image of the reinforcement derived by either optical
scanning or X-raying is used for the analysis. The linear excerpts are stochastically chosen in
the image. Each excerpt contains a relative variation of the image brightness, which is
considered as a signal. The spectral analysis of the excerpts is performed in order to
estimate harmonics in their signal. The set of several harmonics with major amplitudes is
determined in each excerpt. The correlation technique is used to determine the
representative excerpt. The determined set of harmonics is representative for the given
image. The wavelength and amplitude characterize each harmonic and they are correlated
with the parameters of the size and intensity of heterogeneity primitives correspondingly.
This results in a quantitative characteristic of the heterogeneity.

Heterogeneity generation. The virtual heterogeneity generation using derived
parameters of primitives is performed. A low-order heterogeneity is composed of the
heterogeneity primitives of certain mean size allocated in a special manner. The complex
heterogeneity, called a high-order heterogeneity, is composed as the sum of several low-
order heterogeneities. The resulting high-order heterogeneity has similar characteristics to
that originally observed in digital image of the reinforcement. The degree of similarity
depends on the number of low-order heterogeneities used. The generated heterogeneity is a
function, which describes the relative in-plane variation of a certain property of a composite
material.

Correlation of the heterogeneity to mechanical properties of a composite. The
generated heterogeneity is correlated with the mechanical properties of the composite
material by using the developed material model. This material model allows to estimate the
modulus of elasticity of a composite reinforced with randomly oriented natural fibers with the
known modulus of fibers, matrix and fiber volume fraction. Thus, the generated high-order
heterogeneity is first correlated with the variation of fiber volume fraction of composite and
then, using the developed model, correlated to the modulus of elasticity.

The heterogeneity generation and modulus estimation model are programmed as a
subroutine, which is incorporated into MSC.MARC finite element code in order to perform
simulations of structures. This subroutine is able to vary the elastic properties of finite
elements in accordance to the generated heterogeneity.
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Approximation of a complex geometry of structure with geometrical primitives.
The heterogeneity generation procedure is able to simulate the variation of properties in the
structures with simple geometry (plane or cylinder). Therefore, a method of approximation of
the complex geometry of a structure with simple geometrical primitives is developed.
Heterogeneity is generated in each of geometrical primitives and then assigned to the finite
elements on a model according to some special rules. This method allows to perform
numerical simulations of structures made of heterogeneous materials with virtually any
imaginable shape.

Experimental work is carried out in order to determine the mechanical properties of
several natural fiber composites including polypropylene/flax and polypropylene/glass
composites with randomly distributed fibers. Not only basic mechanical properties are
determined, but also the parameters of their heterogeneity are estimated. The heterogeneity
of the mentioned composites is estimated by using X-ray images. Their testing is performed
using an advanced contactless strain measurement system (ARAMIS) to determine the
variation in the surface strain. The ARAMIS system allows to measure the strain field on the
surface of an object with the help of two cameras and specially developed software. A better
understanding of material’s properties can be achieved while using this system for
measurements, which is rather crucial for heterogeneous materials. The non-uniformity in
strain field in specimens made of heterogeneous polypropylene/flax composite is obtained
and compared to the structure of reinforcement, namely X-ray image. Reasonable correlation
of the strain variation and heterogeneity of reinforcement is observed.

Structural simulations have been performed using the developed approach for the
simulation of structures made of heterogeneous materials. The heterogeneous composite
plates with the geometry similar to the geometry of the tested specimens are simulated. The
parameters of heterogeneity are obtained according to the developed techniques using X-ray
images. The surface strain in simulated plates is compared to that experimentally obtained. A
reasonable agreement is observed. However, the amplitude of the surface strain variation in
simulated plates is slightly lower than that obtained in experiments. A reasonable explanation
of this disagreement is discussed where the major problem is due to difficulties with
measurement and assumptions of material description in simulations. On one hand, in FE
simulations the heterogeneity is implemented as variation of mechanical properties of the
adjacent finite elements, describing in-plane heterogeneity in material properties. According
to analyzed microphotograph of the cross-section of a natural fiber composite there is also
heterogeneity through the thickness. It appears due to non-uniform fibers’ distribution
through the material thickness. Heterogeneity through material thickness is homogenized
and therefore neglected in the finite element model, while it is not in a real composite.
Therefore the currently developed material model slightly underestimates the amplitude of
strain variation appeared in heterogeneous material. On the other hand the ARAMIS system
observes the strain variation only on the surface of an object. The variation of strain in the
core of the material cannot be measured. The reinforcement close to the observed surface of
an object greatly affects the surface strain. Therefore, the strain measurement of ARAMIS is
valid only for the thin top “layer” of a composite, which is absolutely not representative for a
thick composite. Hence, the developed approach can be improved in the sense of better
material description, but the measurement principles can not. In order to increase the
accuracy of the experimental contactless strain measurements it is suggested that thinner
specimens, where the influence of heterogeneity through thickness is minimal should be
used.

An automotive component is manufactured from natural fiber composite as a result of
cooperation with industrial partners. An experimental setup for flexural testing of the structure
is built. The testing is performed using ARAMIS system and strain gauges (for verification).
Structures made of polypropylene/flax and polypropylene/glass are tested. It is found that the
flexural stiffness of the structures reinforced with flax fibers can be at the same reach that of
reinforced with glass fibers, but with thicker walls resulting in a heavier structure. However, it
is suggested that the improvement of mechanical properties of polypropylene/flax composite
should be applied in order to make a thinner structure and decrease weight.
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The chosen automotive structure is simulated using the novel developed approach.

The results of the simulations are compared to those obtained experimentally. Similar
problems of amplitude of strain variation as in tests with tensile specimens are observed.

Further improvements of the developed approach are suggested and the limitations

of the contactless strain measurement system in application to heterogeneous material
model are discussed. All the novel methods developed in this thesis contribute towards a
better engineering design and reliability of the structures made of heterogeneous materials.

General design recommendations are drawn with respect to the automotive

application of natural fiber composites as a result of the carried investigations (published in
[95]). Thus, the several main issues should be considered:

Environmentally friendly design. Natural fibers are considered as renewable
resource, and therefore their application reduces the usage of the non-renewable
resources. Secondly, natural fibers can be incorporated into biodegradable plastic
matrix resulting in pure biocomposite. Application of natural fibers positively
contributes to CO, balance. When grow they absorb CO,. Therefore, even if at the
end of life the recycling into energy (burning, release CO,) of the component is
considered, the presence of natural fibers reduces the environmental impact.

Cheap design. The price of raw natural fibers is very low. Some natural fibers for
composite reinforcement are coming out as waste material of the main processes.
Additional processing of natural fibers like combing, weaving, etc. in order to reach
the best properties of a composite, leads to increase in their price. Having the
cheapest design as an objective, the natural fibers in form of non-woven mats have to
be considered as the reinforcement.

Designable mechanical properties. Natural fiber composites like any composite
can be designed in a way that their properties can be tailored and in wide rage from
tough to brittle. Matrix polymer and its bonding properties with the natural fibers
directly contribute to the fracture toughness of the composite. Composite with long
(20 — 30 mm) natural fibers have a better toughness, but their manufacturing is costly.
Hybrid natural fiber composites (with addition of small amount of glass fibers or
regenerated cellulose fibers like Lyocell®) have a better combination of toughness,
strength and price. However, their application in structures subjected to impact loads
should be avoided.

Moisture sensitivity. Natural fibers due to their hydrophillicity absorb moisture very
well. This is their main disadvantage. Due to the capillary effect the moisture goes
deep into a composite, resulting in deterioration of its mechanical properties. The
surface of the composite becomes rough, fibers start to degrade and the fiber-matrix
interface becomes weak. A protective coating layer, which could be a paint or a thin
extra layer of matrix polymer could help to prevent the moisture influence on the
structure made from natural fiber composites. However, natural fiber composites are
not suitable for extremely moisture-affected structures.

Heterogeneity in mechanical properties. During the engineering design phase a
sufficient mechanical performance of the structure with a design reliability should be
achieved. A deep understanding of structural loading conditions is required.
Maximum stress areas should be of primary attention. Considering that the
mechanical performance of natural fiber composites is comparable to that of glass
fiber composites, their application in highly loaded structures should be avoided.
Basic mechanical properties of a natural fiber composite can be used in order to
perform engineering design of non-loaded or lightly loaded structures. But for medium
loaded or critical structures heterogeneity estimation is required. The influence of
heterogeneity in material properties on behavior of a structure can be quite significant
and unpredictable, especially in critical areas.

Experimental testing. Heterogeneity scale should be considered during the
experimental testing of natural fiber composites. Thus, the size parameters of the
heterogeneity primitives have to be estimated. The dimensions of test specimens
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should be properly chosen in order to eliminate the influence of material’s
heterogeneity on the results.

Simulations. The finite element simulation of the structures performed using the
developed approach for heterogeneous material description can provide essential
information about the stress-strain state. For example, during the simulation it can be
found that a real stress concentration in the heterogeneous structure could be much
higher than theoretically predicted (using traditional approach). The contribution of
heterogeneity to overall structural performance is even higher in case where the
physical dimensions of the structure are on the same scale or even smaller than the
scale of material’s heterogeneity. This might lead to unpredicted failure due to
underestimated stress-strain state. In order to avoid such failure an additional safety
coefficient due to heterogeneity should be considered. In other words, sometimes it is
necessary to make the structure stronger than it is estimated using common
engineering techniques, while the finite element simulations with applied
heterogeneous material model can help engineers to evaluate stress-strain state
more accurate and therefore, optimally use the material. The size of the finite
elements in this case should be properly chosen taking heterogeneity into account.
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APPENDIX 1

Mechanical properties of some of natural fiber
composites

Table 1. Experimentally obtained modulus of elasticity for some of natural and synthetic fiber
reinforced composites.

Composite* Reference Tensile Density, Comments
modulus, GPa_| kg/cm?
Thermoplastics
PP + 30% Flax [186] 6 1.07 Non-wowen
PP +20% Flax [50] 4-4.8 1.03 Lf = 3-25mm
PP + 30,40,50,60% Flax [123] 46,78 1.02- | Dew retted fibers
1.24
PP +40,50% Kenaf [28, 29, 85, 6,9.3(8.3) 1.07 Untreated, (MAPP)
186]
PP + 50 wt. % Jute [186] 7.8 1.08 Non-woven
PE + 50 % Kenaf [29] 4.57 (3) 1.16 Untreated, (MAPP)
PP + 57-68 wt.% Hemp [156, 157] 36-15 1.23 Non-woven, needle punched mat
PP +25-50 wt. % Flax [146] 29-6.5 1.00- | Different manufacturers
1.13
PP + 50% Sisal [28] 5.5 (6) [5.9] 1.17 Untreated, (2% MAPP), (4% MAPP)
LD-PE + 10,20,30 wt. % Sisal [80] 14(1.7),2.0 0.96- | Untreated, (alkali treated). Lr =2-10 mm
(2.3),3.0(3.3) 1.05
MaterBi + 20, 40, 60 % Flax 171 2.6,5.9,9.3 1.34 - | Thermoplastic biopolymer (starch based),
1.42 Unidirectional fibers
PP +20% Flax [13] 2.45(1.78) 1.02 No rubber, (matrix 70% PP, 30% rubbery
additive). Injection molded
PP + 40 wt. % Kenaf (86] 2.8 (3.4)[4.3] 1.07 Untreated, (2% MAPP), [5% MAPP].
Lt = 1.58mm. Injection molded
PP + 40 wt. % Flax [84] 6 1.07 NMT
PP + 40 wt. % Glass [84] 53-6 1.56 GMT
PP + 50 wt. % Jute [85] 7.48 (7.56) 1.17 Untreated, (6% MAPP). Lt =0.39 mm
Injection molded.
PP +30,40,60 wt.% Jute [165] 4.6,6.5, 11 1.07- | 3% MAPP. Li=10mm
1.21
PP + 40 wt.% Glass [29] 9 1.24 GMT
PP + 40 wt.% Glass [146] 54 1.24 GMT
Thermosets
UP + 30% Flax [147] 5.1 1.16 Non-woven
Epoxy + 30% Flax [59] 7.8 1.23 Non-woven
Epoxy + [173] 8.0, 8.5, 9.0, 1.19- | UD fibers
25,43,50,60,75 % Sisal 9.5,10.0 1.26
Melanie formaldehyde + 22 [64] 10-13 1.49 Non-woven
wt.% Flax
UP + 15% Jute [143] 1.8-3.7 (24-3.2) 1.10 Untreated, (Glycol treated)
UP + 15% Glass [143] 7.0 1.26
UP + 22 wt.% Flax + 38 wt% + [218] 7-12 14 Lf =6,13,25,38 mm
chalk filler
UP + 22 wt.% Glass [218] 8-11 1.4 Chopped fibers
UP + 50 % Sisal [202] 1.15 (2.06) 1.26 Untreated, (Methacrylamide treated), [silane
[1.75] treated]. Non-woven mats
UP + 60 wt. % Jute [177] 2.8-3.1 1.26 RTM
UP + 60 wt. % Glass [177] 54-6.0 1.92 RTM
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Table 1 continue:

UP + 45 wt. % Coir [68] 3.6 (4.16) 1.18 | Not treated (Silane treat). Non-woven mats
UP + 45 wt. % Glass [68] 58 1.7 | Non-woven mats

UP + 30 wt. % Pineapple fiber [42] 23(2.7) 1.09 | Untreated, (silane treated). Lt = 30mm

UP + 30 wt.% palm leaf fibers [110] 0.8(1.9),[2.3] Lt = 5mm, (Lt = 10 mm), [Li= 30 mm]
Epoxy + 28, 46 % Sisal [148] 14, 20 1.16 | UD fiber, RTM

Epoxy + 32 % Flax [148] 15 1.23 | UD fiber, RTM

Epoxy + 48 % Glass [148] 31 1.71 | UD fiber, RTM

* fiber volume percentage is given (otherwise mentioned)

Table 2. Experimentally obtained strength of some of natural and synthetic fiber reinforced

composites.
Composite* Reference Tensile Density, Comments
strength, kg/cm?
MPa
Thermoplastics
PP + 30% Flax [186] 52 1.07 Non-woven
PP +20% Flax [50] 30-35 1.03 Li= 3-25mm
PP + 30, 40, 50, 60% Flax [123] 40,45,50,60 | 1.02— | Dew retted
1.24
PP + 40, 50 % Kenaf [28, 29,85, | 56,33 (65) 1.07 Untreated, (MAPP)
186]
PP + 50 wt.% Jute [186] 72 1.08 Non-woven
PE + 50 % Kenaf [29] 12 (27) 1.16 Untreated, (MAPP)
PP + 57-68 wt.% Hemp [156, 157] 47-41 1.23 Non-woven, needle punched mat
L=75mm
PP +25-50 wt. % Flax [146] 21-56 1.00— | Non-woven
1.13
PP +50% Sisal [28] 37 (65) [67] 1.17 Untreated, (2% MAPP), (4% MAPP)
PP + 30 wt.% Sisal [78] 25-27 1.07 Non-woven
LD-PE + 10, 20, 30 wt. % [80] 15 (18), 22 0.96- | Untreated, (alkali treated);
Sisal (24), 31 (34) 1.05 Li=2-10 mm
MaterBi + 20, 40, 60 Flax [171] 48,73,78 1.34 — | Thermoplastic biopolymer (starch based)
1.42 UD fibers
PP +20% Flax [13] 32 (20) 1.02 No rubber, (matrix 70% PP, 30% rubbery
additive). Injection molded
PP + 40 wt. % Kenaf [86] 27 (41) [49] 1.07 Untreated, (2% MAPP), [5% MAPP].
Ls = 1.58 mm,; Injection molded
PP + 40 wt.% Flax [84] 50-70 1.07 NMT
PP + 40 wt.% Glass [84] 80-100 1.56 GMT
PP + 50 wt.% Jute [85] 30 (60) 117 Untreated, (6% MAPP). Injection molded,
Li=0.39 mm
PP + 30, 40, 60 wt. % Jute [165] 47,57,73 1.07- | 3% MAPP. Li=10mm
1.21
PP + 40 wt.% Glass [29] 110 1.24 Non-woven
PP + 40 wt.% Glass [146] 77 1.24 GMT
Thermosets
UP + 30% Flax [147] 44 1.16 Non-woven
Epoxy + 30% Flax [59] 54 1.23 Non-woven
Epoxy + [173] 160, 200, 1.19- | UD fibers
25,43,50,60,75 % Sisal 250, 300, 330 1.26
Melanie formaldehyde + 22 [64] 37-43 1.49 Non-woven
wt.% Flax
UP +15% Jute [143] 26-45 (28-43) 1.10 Untreated, (Glycol treated)
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Table 2 continue:

UP + 15 % Glass [143] 91-114 1.26 Random

UP + 22 wt.% Flax 38 wt.% [159] 40-80 14 Lf=6,13,25,38 mm

chalk filler

UP + 22 wt.% Glass [159] 35-75 1.4 Chopped

UP + 50 % Sisal [202] 30 (40) [34] 1.26 Untreated, (Methacrylamide treated),
[silane treated]. Non-woven mats

UP + 17, 33 wt.% Coir [176] 21,24 0.96 - | Li=150 mm, Non-woven mats

1.08

UP + 60 wt. % Jute [177] 27-44 1.26 RTM

UP + 60 wt. % Glass [177] 85-117 1.92 RTM

UP + 45 wt. % Coir [68] 40 (36) 1.18 Untreated, (silane treated).
Non-woven mats

UP + 45 wt.% Glass [68] 94 1.7 Non-woven mats

UP + 30 wt. % Pineapple [42] 52 (73) 1.09 Untreated, (silane treated). Lr =30 mm

fiber

UP + 30 wt.% palm leaf [110] 15.6 (35), [53] L= 5mm, (Lt = 10 mm), [Ls = 30 mm]

fibers

Epoxy + 28, 46% Sisal [148] 169, 211 1.16 UD fiber

Epoxy + 32 % Flax [148] 132 1.23 UD fiber, RTM

Epoxy + 48 % Glass [148] 817 1.71 UD fiber

* fiber volume percentage is given (otherwise mentioned)

Table 3. Experimentally obtained Impact strength of some of natural and synthetic fiber

reinforced composites.

Composite* Reference Notched izod, Charpy, Comments
J/m kJ/m?
Thermoplastics

PP + 30 % Flax [186] 20 - Non-woven

PP +20% Flax [50] 6-13 Li=3-25mm

PP + 40, 50% Kenaf [28, 29, 85] 29, 34 (37) - Untreated (MAPP)

PP + 50 wt.% Jute [186] 31 Non-woven

PE + 50% Kenaf [29] 58 (110) Untreated (MAPP)

PP + 57-68 wt.% Hemp [156, 157] 111-84 11.9-8.5 | Non-woven, needle punched mat. Lt
=75mm

PP + 25-50 wt. % Flax [146] 38-403 - Non-woven

PP +50% Sisal [28] 68 (66) [62] - Untreated, (2% MAPP), [4% MAPP]

PP + 30 wt.% Sisal [78] 50-60 Non-woven

PP +20% Flax [13] 3(7) No rubber, (matrix 70% PP, 30%
rubbery additive). Injection molded

PP + 40 wt. % Kenaf (86] 40 (41) [44] - Untreated, (2% MAPP), [5% MAPP].
Lt = 1.58 mm, Injection molded

PP + 40 wt. % Flax [84] 20-25 NMT

PP +30,40,60 wt. % Jute [165] 27,31,32 - 3% MAPP. Li=10 mm

PP + 40 wt. % Glass [29] 107 GMT

PP + 40 wt. % Glass [146] 410 - GMT

PP + 40 wt. % Glass [84] - 75-120 | GMT

Thermosets

Epoxy + 30% Flax [59] 10 - Unidirectional fibers

UP + 15% Jute [143] 32-40 (29-38) - Untreated, (Glycol treated).
Non-woven mat, RTM

UP + 15% Glass [143] 343-377 - Non-woven mat, RTM

UP + 22 wt.% Flax + 38 [218] - 3(7) Lr=13 (38) mm

wt.% chalk filler
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Table 3 continue:

fiber

UP + 22 wt.% Glass [218] - 40-70 Random

UP + 17, 33 wt. % Coir [176] 433, 568 - Ls = 150 mm. Non-woven mats

UP + 60 wt.% Jute [177] 32-40 - RTM

UP + 45 wt.% Coir [68] - 16.5(16.4) | Untreated, (silane treated).
Non-woven mats

UP + 30 wt. % Pineapple [42] - 25 silane treated

Ls=30 mm

* fiber volume percentage is given (otherwise mentioned)
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Algorithm of the finite elements’ association with
geometrical primitives.

( Begin )
v

Read approximation
primitives parameters
(PRARMETERS.TXT)

!

Determine the number of
defined primitives

Loop for all
primitives

Is this plane No Known: N,,N,, Ny, N,
¢ primitive? +

Determine first i Ny, =N, =1"-D,, Determine
. < _ 7. . .
basis vector [ for | N,,=N,-1-D,,| projections of
local coordinate b Dy, =il (Ny, =N )+ (N, =Ny )+ 2N, = N input points
. Dy, =i (Nyy= Ny )+ i1 (N, = N, J+ (N, = N, 30
system i i
.- Nt Ny o~ Vot Ny
s G 2 ;
Determine second o, ~MutNy o Nyt Ny, De;irglgfesczr:]tsr
pseudo basis . N, +2N3 z p : 'p
vector ;' for local G=mg G Ny Co i Ny ~ Ny
coordinate system i -
‘  _BxT Determine perpen-
= X1 .
Y - ! diculars to spans
De_termlne ttu{d LN, Ny5 LN, N,
basis vector k'for Feix ¥
local coordinate =rxJ "
system Define temporary
coordinate system
N’,? ‘7! k!
Determine second ; : " B
basis vector j'for T T S i
local coordinate S Transformation of
Svatom J=k'xi d.=a,i,+a, i +ai, | points and vectors
y Gy =8 Ju Syt 8, to temporary
ay,=a ki +a, ki, +a k. .
coordinate system
C]z’CZ/’Nlr’Slz’SZ/
Determine inter-
section of lines in
temporary coordi-
nate system O/
0.=0.-i'+0,-j.+0.-k. | Transformation
0, =0,-ii+0,-j, +0.-k, |from temporary
v 0.=0, i +0,-j.+0.-k. | coord. system O’
Loop for all _ - [ Determine radius
primitives R= [, -0 + (v, -0l F + (V. -00) of cylinder R
i Define basis
v ; vectors for local
coordinate system
1 : ik
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Loop for all finite
elements in model

4

Determine the

middle point on

the side of the
element

Determine the
center of gravity
as intersection of

medians

A
Subdivide the
element into two
triangles with
common side

Determine the
middle point on
the common side
of the triangles

Determine the
center of gravity of
first triangle as
intersection of its
medians

Determine the
center of gravity of
second triangle as

intersection of its
medians

v

Determine the
area of triangles

v

Determine the
center of gravity

Yes ig'this triangle~_ NO
element?
u Bt
. 5
_RB+P, ARPP,
v2 AP,P,P,
=B tB 27374
: 2
C\,:M v o BtPe
3 x 2
c Br2M, y Bt
y 3 y 2
c P2 M. m, =Bt he
: 3 : 2
c _Br2M
I = 3
c 7P‘,+2-Ml
L)
c _Br2M
1z = 3
c B2,
2x 3
c B +2-M,
2y — 3
c :PJ:+2«M:
wm
S, =[PP =1)-(P =1)-(P 1)
s, =P -2)(P-1)(P-1)
prolathtll o L+l
2 2
¢ 2 CutaG,
Ty
_ G, +AG,
1+
¢ -G+ 2C,.
: 1+4
b S
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Loop for all
primitives

Plane Type of geom. Cylinder

primitive

A
Determine the ’ ' ' {
distance of the | Prse =l (€. =00k, (¢, -0 )+k.-(c. -0

center of gravity of l
element to the
plane

A
Determine the
distance of the
5 center of gravity of
element to the

cylindrical surface

Loop for all

primitives

Assign the element
to the closest
primitive
(minimum distance)

Loop for all finite

elements in model

C End )
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Algorithm of heterogeneity generation procedure

< Begin )

v

Read heterogeneity
parameters
(HETEROGENEITY.TXT)

Determine the number of
defined approximation

primitives

1 <ot
Tl/lL =2I. i surface

1 gl
L; 4;

Loop for all

primitives

Loop for all
harmonics in
primitive

R A

Generate grid
along the primitive

Stochastically
generate size and
intensity of humps
at each grid node

v

Loop for all
harmonics in
primitive

——

Loop for all
primitives

-
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D - subdivision factor

L(pr) _
h - i

, A[ 2 1(p.r)
o i?’cos(n pz, + 1} —L; < p < I
| 0 o <o 8,

=1 ol

pl‘(’]"‘) = \/(Mi.p‘r‘) - T://\ )2 + (M:’N‘) - T://, )Z

NOrder
B = Zhl,(p,r)

I=1

D+1 D+1

— (p.r)
H NZZ};

p=1 r=1
Vo {(D+l)
+1

|, element
( Y. quadrilateral element

triangle

Loop for all
primitives

Loop for all
harmonics in
primitive

v

Subdivide a finite
element with
subdivision factor

v

Loop for all
subpoints in an
element

v

Calculate one
harmonic property
at subpoint

v

Loop for all
subpoints in an
element

——

Loop for all
harmonics in
primitive

——

Calculate multi-
harmonic property
of an element

v

Calculate pseudo-
integral property of
an element

v

Loop for all
primitives

End




Acknowledgements

Acknowledgements

The completion of this research work would be not possible without a valuable help of
a number of people. Therefore | would like to express my gratitude to them.

First of all | would like to express my sincere gratitude to my supervisor Jan
Spoormaker for giving me the opportunity to carry out this PhD project in the Netherlands
and for his valuable supervision even after his retirement.

| am also indebted to Natalia Ermolaeva for her priceless coaching through the whole
of my stay at the Delft University of Technology. She was my daily supervisor. She provided
me with valuable scientific support during our talks where she could always direct me in the
right way. Most of the papers related to this thesis have been published with her contribution.
Special thanks for her enthusiasm in the countless reading of my paper articles and this
thesis to improve the readability of the text. | would also like to express my thanks to Ihor
Skrypnyk, who has provided me with the software which enabled fast preliminary checking of
the early research findings.

Thanks to all my DIOC-16 colleagues who have put very good questions during our
project meetings. With the help of these questions it was possible to improve my work.

My special thanks to Kees van Koert, Rogier Mandos and Martijn de Koninck from
Polynorm BV, who have kindly provided the component made of natural fiber composite for
the testing. Without that component the verification of my model would be problematic. |
would like to thank our laboratory technician Fred den Elzen for his help in preparing the
experiments.

This work would be very difficult to accomplish without the emotional support of my
lovely wife Marina, who heroically withstood the hardships of this work. During this time she
gave birth to our son Anton, lots of thanks for her patience, trust and understanding.

| also would like to express my gratitude to all my Russian-Ukrainian friends in Delft
for providing me and my family with homelike atmosphere in a foreign country.

Finally | am most grateful to my mother and father, who played a crucial role in
making important decisions in my life and have inspired me to move forward.

165






Curriculum vitae

Curriculum vitae

Kirill Gennadjevich Kavelin was born on 7-th of May 1977 in the city of Izhevsk,
Russia. In 1984 he began secondary education at school No 35 in his home city. On the 7-th
year of his study a special group with intensive study of mathematics, physics, programming
and foreign language has been formed in that school in co-operation with Izhevsk State
Technical University. He joined that group after successfully passed tests. In 1994 he
graduated from the secondary school and has been granted with privilege to follow 2-year
course on Faculty of Robotics at Izhevsk State Technical University without entrance exams
(which were normally required). In 1997, after four years of study, he received Bachelor’s
degree with honours in Machinery and Technology. In 1997 he has got an offer to follow a
Masters course on Faculty of Mechanical Engineering at Budapest University of Technology
and Economics (Hungary), which he has accepted. Following two years until 1999 he studied
in Budapest and as a result of the study he received Master's degree with honours in
Mechanical Engineering. He chose to perform investigations of behaviour of composite
materials for his master’'s thesis. After that he has returned Izhevsk with an idea to join
Faculty of Robotics at Izhevsk State Technical University as a PhD student. At the same
time, due to financial situation and motivations to explore things in reality he has decided to
join one of the industrial companies in Izhevsk. Unfortunately no open engineering positions
were available at that moment and he agreed on the position of a master in an assembly
workshop. However, after some time he realised that this work did not correspond with his
objectives and left no time for the research at the University. Therefore he decided to
terminate his contract at the factory and move closer to science. In late 1999 he joined
Faculty of Robotics at Izhevsk State Technical University as a part-time docent. As a result
more time for the research within the PhD study has appeared. However, the conducted
research work in the field of friction joints in application to paper-making machinery proposed
by his supervisor seemed had little chance to be applied in reality due to economical
difficulties in the whole country. Absence of the research challenge and the desire to exploit
the experience gained during his study in Budapest in the field of composite materials
encouraged him to search for a new research project abroad. In 2000 he joined Industrial
Design Faculty at TU Delft as a PhD student. The following four years for him were full of
inspiration and creativity to perform the research in the field of natural fiber composites in
applications to automotive structures, which is resulted in this Thesis. During his work at TU
Delft he got married with Marina and become a father of Anton.

167






PE®EPAT

PE®EPAT

HaHHaa paboTa BbINOMHEHa B paMKax NporpaMMbl, LErbl KOTOPOW SBMASieTCA
pa3paboTka MeToOOoB, HanpaBMeHHbIX Ha MOBblWeHNe 3PAEKTUBHOCTM WCMNONb30BaHMS
MaTepuanbHbIX W 3JHEPreTUY4ecKnx pecypcoB B NpoaykTax MNOBCEAHEBHOro cnpoca.
HeobGxoammocTe B 3TOM nNporpamMme BO3HMKNA BCNeACTBME MOBbLILWEHHOrO MHTepeca
COBpPEMEHHOro obLiecTBa K 3awuTe okpyxatouwen cpedbl. CoBpeMeHHble TpeboBaHus
obuiectBa 0053bIBalOT NPOMBbILLIIEHHBIA Nporpecc paspabaTtbiBaTb 3KOMOMMYECKU YUCTbIE
TexHomnorun. B kayectBe npegmeTa nccnenoBaHmsa Obin B3ST KOHLENTyanbHbIN aBTOMOOUNb
nog HaseaHuem Dutch-EVO. OpgHa n3 rnaBHbIX MHHOBALMOHHbIX MAEN npoekta - 3TO
paspaboTaTb TakMe MeToabl MPUMEHEHWUsI COBPEMEHHbLIX NErknx U 3KOMOrMYECKM YUCTbIX
mMaTepuanoB Npu MPOEKTUPOBAHUM UMCCNeayeMoro aBTOMOOWMNA, C MOMOLLbIO KOTOPbIX
yOacTca  CyWeCTBEHHO CHU3UTb ero aHepronoTpebrneHne, a Takke YMEHbLUTb
oTpuuaTtenbHOe BNUSAHWE €ro MpPov3BOACTBA W JKCMMyaTauuyM Ha SKOSOTUI0 OKpY>KatoLuen
cpeabl. PaspaboTaHHble MeTogbl M TEeXHONormu npegnoriaraeTca  MCMnonb3oBaTb AnNs
YNYYLWEHNA  KOHCTPYKUWA  OPYrMX COBPEMEHHbIX aBTOMOOUNEN W NOBbIWEHUS  UX
9KOMOrM4yHoCTU. [ns 3TOoro B pamkax nporpammbl Obinl HayaT MNPOEKT MOo4 Ha3BaHueM
“‘UccnepoBaHne MeETOAOB MPUMEHEHUSI COBPEMEHHbLIX MaTepuanoB B aBTOMOOUNbHbLIX
KOHCTPYKUuAX”. Llenbio AaHHOro npoekTa SABNSETCS UCCeAOBaHWE CaMblX COBPEMEHHbIX
KOHCTPYKUMOHHBIX ~MaTtepuanoB, [OOCTYMHbIX Ha PpblHKE, Ha npegMeT BbIrOQHOCTU
(3 eKTUBHOCTN) UX NCNOSNB30BaHWS B aBTOMOBUASX.

B npouecce wuccnegoBaHuii ObINO NPOBEOEHO CPaBHEHWE TakUX COBPEMEHHbIX
MaTepuanoB Kak MarHMeBble CnriaBbl U KOMMNO3UTbI, C OObIYHBIMM MaTepuanamMmu, TakuMm Kak
cTanb W anioMUHWEBbLIE CMNMaBbl, LUMPOKO MPUMEHSIOWNMUCA B  aBTOMOBUNBbHbLIX
KOHCTPYKUMSAX Ha LaHHbIi MOMeEHT. B kadecTtBe KpuTepueB cpaBHeHUS Obinv BbiOpaHbl He
TONMbKO CTOMMOCTb M MPOCTble MEXaHWYeCKMe XapaKTepPUCTUKM AaHHbIX MaTepuarnos, HO
TaKkke W WX KOMMSEKCHblE XapaKTepUCTUKW, Takme Kak MnoTeHuManbHas BO3MOXHOCTb
CHWXEHUS Beca aBTOMOOUNA N BO3MOXHOCTb €ro YACToW yTunusaumu. B pesynbtate Obino
BbISIBIEHO, 4TO  3a4yacTyl0 MNPMMEHEHME HOBbIX MaTepuanoB  COMpPOBOXOAeTCcH
HeobXoaNMOCTbIO MOfHOro nepeobopynoBaHus TEXHONOrM4YeCcKmx NpoLeCCoB.
MaTtepuanbHble 3aTtpaTbl, HeobxoguMMmble Ha nepeobopyaoBaHMe, Takke MNpPUHATHI BO
BHMMaHMe.

B pamkax gaHHoro nccnegoBaHus Obiniv NpoaHanM3vpoBaHbl CIOXHbIE CBA3M MexXay
TEXHONMOMMYECKUMU, SKOHOMUYECKUMM W  IKONMOTMMYECKUMU acrnektamum npousBoacTBa U
yTunM3auum matepuanoB. B pesynbtaTe aHanu3a KOMMO3WUTHble MaTepuarnbl Ha OCHOBE
NONMMMEPHON MaTpuubl  YCUIEHHOW HaTypanbHbIMKM BOSIOKHAMXM MoKasanu XopoLuune
pesynbtaTtbl. [103TOMy OHM paccmaTpuBalTCA Kak MHoroobewjawowme un Havbonee
BbIrOAHbIE MaTepuanbl Ans aBTOMOOMIbHBIX  KOHCTpyKumMi Oyayuwero. [MpumeHeHue
BbIOpPaHHbIX KOMMO3WUTHbLIX MaTepuanoB B KOHCTPYKLUMOHHbBIX W AEKOPaTUMBHbIX LEeNnsax
paccMaTpuBaeTCs Kak BaxHas 3agada Ha MyTM MNOBbIWEHUS 3KOHOMWYHOCTU W
9KOIOrM4YHOCTM aBTOMOBUNEN.

B paboTte npoBeaeHO pgeTanbHOE WCCNeAOBaHWE MEXaHUYECKUX XapaKTepUCTUK
Pa3nMYHbIX NONMMMEPHbIX KOMMO3UTHBIX MaTepuarnoB YCUMEHHbIX HATyparbHbIMW BOSTOKHAMW.
BnuaHue taknx ¢aktopoBs, Kak TUN BOMOKOH, UX AfIMHA, KONNYEeCTBO, HanpaBfeHHOCTb U T.A4.
Ha UX MexaHU4eckMe XapakTepUCTUKM NPUHSATO BO BHMMaHue. B pesynbTate uccnenoBaHum
ObINO BbLISIBNEHO, YTO MPUMEHEHUE Cry4YarHO OPMEHTUPOBAHHBLIX HATypasribHbIX BOJIOKOH
BBMAE HETKaHbIX MaTOB B [aHHbIX KOMMNo3utax Hanbonee acpdekTnBHO. HM3kas cToMMocTb
AaHHbIX KOMMNO3UTHbIX MaTepunarnoB B COMETAHUN C UX HU3KMM yaeNbHbIM BECOM M XOPOLUMMM
MEXaHUYECKUMM XapaKTepUCTMKaMN SABMAKOTCA NpuBReKaTenbHbiMM AN Npou3BoguTenemn
aBTOMOBWIEN, TaK Kak CHUKEHWEe MacCbl aBTOMOOMISA NPY HU3KOW CTOMMOCTU NCMNOMb3yeMbIX
mMaTepuanoB  SABNAETCH  KMYEBbIM  MOMEHTOM  COBPEMEHHOMO  aBTOMOOWNBHOMO
Npon3BoOACTBa. B 4acTHOCTHM, yXe ceryac HEKOTOpble NepeaoBble aBTOMOOUIIbHBLIE TMIaHTbI
HayanM MpUMEHEHNe STMX KOMMO3NTOB B CBOuX paspabotkax. OpgHako, obnactb
NPUMEHEHUA  MOMUMEPHBIX  KOMMO3UTHBIX  MaTepuanoB  YCUNEHHbIX HaTypanbHbIMU
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BOMOKHaMn B (pOpMe HeTKaHblX MaTOB OrpaHuyeHa BCreacTBME WX HU3KOW yOoapHOM
MPOYHOCTU, CUNBHOMO BAWSIHUSA BRArM Ha MX MeEXaHW4Yeckne XapakTepuUCTUKW, a Takke
HanuMuna npobnembl ¢ AOCTWXKeHMeM Tpebyemoro kavecTBa MNOBEpPXHOCTUM u3genuin. Ha
OAHHBIA MOMEHT OHW TMPUMEHSIIOTCA TOMbKO B HEHarpyXeHHbIX W MarnoHarpy>KeHHbIX
KOHCTPYKLMAX, a Takke B AeKopaTuBHbIX uenax. OgHako, Bce nepeyvvcrneHHble npobnemsl
HOCAT Cyrybo TexHONOrM4yeckun xapaktep W C AanbHenWwuM pasBUTUEM TEXHOMOoru
NPON3BOACTBA 3TUX KOMMO3UTOB MOTyT ObITb pa3spelleHbl. bbiNo Takke BbIABNEHO eLle OAHO
MX HeoTbeMfiemMoe CBOWCTBO - Oonbllas HEepaBHOMEPHOCTb B MEXaHUYEeCKUX
XapakTepucTukax, kotopas obycrnosrneHa HeOOHOPOAHOCTbIO B pacrnpenerieHnn BOMOKOH B
HeTKaHbIx maTax. [Mpobnema HEOQHOPOAHOCTN MOXET ObITh TakkKe peLleHa TEXHOMOrMYecKn
(nyTem GonbLuero KOHTPONSA 3a KA4eCTBOM pacnpenernieHns), Ho Takoe peLLeHne NpuBoauT K
3HAYMTENBHOMY MOAOPOXKAHMIO MOJSTYYEHHbIX BOJIOKOHHbLIX MAaTOB W, Kak cneacresve, BCEro
KOMNO3UTHOrO Martepuana. Takum o0pasom, npegnodTuTenbHee WCNoNb3oBaTbh 3TU
KOMMNO3UTHble MaTepuanbl “kak ectb”. OgHaKo, B 3TOM Cryvae ecTb Gonbluas BEPOATHOCTb
HEHadEeXHOro OonpedeneHnss KX MeXaHWYeCcKMX XapakKTepuUCTUK nNpu  MUCMNofb30BaHUK
CTaHOapTHbIX  3KCNepuMMeHTarbHbIX MEeTOAOB, pa3paboTaHHbIX paHee AN KOMMNO3WUTHbIX
MaTepuanoB C CUHTETUYECKMMW BOSTOKHAMU.

Kak wn3BecTHO, B MNPOEKTUPOBAHUM KOHCTPYKUWA WCNOMb3YITCA YCpedHEHHble
XapakTepuUCTUKN MaTepuarnos, noslydyaemble B pesynbTate cepun akcnepumeHToB. oaTomy,
B 4aCTHOCTU, 4YTODObI YCTpaHWUTb BIIMSIHUE HEOLHOPOAHOCTU CBOWCTB Matepuana, BBOAAT
KoacpumumeHTol 3anaca. bonbwon pas3bpoc CBOWNCTB KOMMO3UTHbIX MaTepuarnoB C
HaTypanbHbIMX BOJIOKHAMW MPUBOAUT K TOMY, YTO B pacyeTbl KOHCTPYKUMA Heobxoaumo
BBOAMTb O4YeHb Oonbline Ko3(pPUUMEHTLI 3anaca, 4YTo, B CBOK ouvepedb, MpUMBOAUT K
HeapbheKTUBHOMY WCMNOMb30BaHUI0 MaTepuana W HeonpaBAaHHOMY YBENMYEHUo Beca
KOHCTPYKLMW.

MoatoMy Ans ycnewHoro u 3(EdEKTUBHOIO UCMNONb30BaHMA B aBTOMOOUITbHBIX
KOHCTPYKLMAX KOMMO3UTHBIX MaTtepuanoB C HaTypanbHbIMU BOIOKHAMKU, UMEIOLLNX BonbLUyto
HEOOHOPOAHOCTb B CBOMCTBax, Heobxoammo paspabotaTb MeToAbl OLEHKM U MeToAbl
NPOEKTUPOBaAHNSA C Y4YeTOM 3TOW HEeOAHOPOAHOCTM. B yacTHOCTU, XapakTepuCTUKK
HEOQHOPOAHOCTM  MOryT ObiTb  BKMKYEHbl B  CTaBwMe cenvac  nonyndpHbIMn
KOHEeYHO3NneMeHTHble pacdeTbl. HoBble MeToabl pacyeTa CyLeCTBEHHO NOMOryT MHXeHepaMm
B NPOEKTUPOBAHUN KOHCTPYKLMUA.

HoBas wMeToguka onpegeneHus XapakTepuCTUK HEeOAHOPOO4HOCTU CBOWCTB B
NONMMMEPHBLIX KOMMO3UTax YCWUMEHHbIX HaTypanbHbIMW BONIOKHAMU B )OpMe HeTKaHbIX
MaTOB npeasnioxeHa B AaHHOM paboTe. MeToamka oCHOBaHa Ha onpeaeneHun CnekTpanbHbIX
XapakTepUCTUK HEepaBHOMEPHOW MNMIOTHOCTU MAaTOB, MOSYYEHHbIX C WX LUEDPOBbIX
n3obpaxeHuin. Lngposbie nsobpakeHns maToB npegnaraetcd nosy4yaTb Npu MOMOLLM
CKaHMpPOBaHUA He3anuToro B MNMNacTUK Mata UMM PeHTreHOBCKOro CHUMKAa fncTa roTOBOro
komnosuTta. B pesynbTtate wuccnepoBaHuin 6biN0 BbISABMEHO, YTO HEPaBHOMEPHOCTb B
CBOMCTBAxX KOMMO3UTOB W3 HaTypasibHbIX BOMOKOH OBycrnoBneHa rfokarnbHbIM M3MEHEHNEM
KonnyectBa (0GBbEMHOM O0NM) BOMOKOH BOOSMb MOBEPXHOCTW MaTepuana. 3TO HarnsigHo
oTpaxaeTcs Ha UMPPOBOM U30OpPaKEHMN MOMYYEHHOr0 C PEHTreHOBCKOrO CHMMKa
KOMMO3uTa BBUAE NOKANbHOIO W3MEHEHUsI SSPKOCTU Yy4acTKOB M300paxeHusi. Tak, B OOQHUX
obnactax wusobpaxeHus HaTypanbHble BOMOKHa 00pasyloT CBOEro poga Knacrtepbl
(ynnoTHeHus1), B TO BpeMs Kak B [OPYrnx MPUCYTCTBYIOT PaspeXeHHOCTU (MyCcToTbl).
JlokanbHble yNnoOTHEHMS W MYCTOTbl B BOSIOKOHHOM MaTte XaoTU4HO pacnpegeneHbl BOOMNb
€ero noBepxHocTN. HepaBHOMEPHOCTb pacnpegeneHns BOMIOKOH MO TOonwuHe martepuana
TaKke BblBlIeHa C MNOMOLbLID aHanusa MukpodoTorpadmMm KOMMNO3UTHOrO MaTepuana.
OpHako, aTa HepaBHOMEPHOCTb He MOXEeT ObiTb BbisiBieHa NPW MOMOLLM PEHTTEHOBCKUX
CHMMKOB, MO3TOMY Ha HayanbHOM 3Tane MnpUHATO AOoMylleHMe He paccMaTpuBaTtb 3Ty
HepaBHOMEPHOCTb.

Onsa Toro, 4ytobbl yNpOCTUTb ONUCaHWE CIIOXHOW MO CTPYKTYpe HEeOOHOPOAHOCTU B
KOMMo3uTe, ee MpeanoXeHo onucaTb NpU MOMOLWM NPUMUTUBOB HEOAHOPOAHOCTU. B
KayecTBe NPMMUTUBOB MUCMNOSIb30BaHbl NPOCTble MaTemMaTuyeckne yHKLMK, B OTAENBHOCTH
onucblBawLlune GOpMy U MHTEHCUBHOCTb JIOKalbHbIX YMNNOTHEHUA UMW paspeXeHHOCTEN
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BAOMb MOBEPXHOCTU BOJSIOKHUCTOrO MaTa WM KOMMo3uTa. Takonm noaxod nossonseT
UCKINIOYUTb UCNONb30BaHWe (PYHKLMI BLICOKOro Nopsaka A ONUCaHUS CrOXHOW CTPYKTYpbI
HeogHOPOLHOCTU MaTepuana.

Ona onpepeneHvs napamMeTpoB MNPUMUTMBOB HEOAHOPOAHOCTM Oblfl MPUMEHEH
cnekTpanbHbli  aHanu3. [Ona aHanu3a 6biN0  MCNOMb30BaHO HECKOMbKO  JIMHEWHbIX
pacnpegeneHnn spkoctn (BbIOOPKKM), CHATBIX C PEHTFEHOBCKOrO CHMMKa KomnoauTa. Ha
Nosfy4YeHHbIX crnekTporpaMmmax Obinn BblAeneHbl onpeaeneHHble rapMOHMKN. VI3BECTHO, YTO
Kakgasi rapMOHUKa XapakTepusyeTcs Mo KpamHen Mepe ABYMSI XapakTepuCTUKamu: ANVHON
BOMHblI M aMnNUTYyAoOW. BbiNo BbISBNEHO, YTO 3TW XapaKTepUCTUKU HanpsiMylo CBS3aHbl C
napameTpamu “pasmepa” n “UHTEHCUBHOCTU” NPUMUTMBOB HEO4HOPOAHOCTU. Tak, “pasmep”
NPMMUTMBOB CBSI3aH C OJ/IMHOW BOSHbI, KOTOpasi onpegensieT ux cuanyeckme pasmepbl B
NIIOCKOCTU MaTepuana, a “UHTEHCUBHOCTL® onpegenser OObEMHYK OO0 BOJIOKOH B
npMUTMBaxX (CTEMeHb CryweHHOCTU WM paspeXeHHOCTU) M MOo3TOMy CBsidaHa C
amnnuTygon. B cHATOM cnekTpe Ansa paHHOW BblIGOpkM HaGop rapmMoHWK € GonbliMMK
aMnnMTygaMu cHMTaeTcs Xxapaktepuctnyeckum. Habop xapakTepucTU4eckux rapMOHUK Ans
BCEro MaTa onpegensieTcad MeTOAOM KOppensumn rapMOHUK B CHEKTpax HeCKOMbKUX
BbIGOPOK, CHATLIX C 0QHOro n3obpaxeHus. Takum obpasom, HAbop ITUX rAPMOHUK JOBOMBHO
TOYHO OTpakaeT CBOMCTBA HEOAHOPOAHOCTU BOSIOKHUCTOrO Mata Unm KoMnosura.

OyeBungHO, YTO A8 TOro, YTobbl yCNeLwHo NPOBOANUTL KOHEYHOINIEMEHTHbIE pacyeTbl
KOHCTPYKLUMI, cAeNnaHHblX W3 HEOAHOPOAHbIX MarepuanoB, HeobxoaumMo BHeOpPUTb
OLEHEHHYI0 HEOAHOPOOHOCTb B MOAENb KOHCTpyKuuu. Mcnonb3ys cTaHOapTHble MeToabl
noAroTOBKM MoAenu, npeanaraemble NpOM3BOANTENSIMU PACHETHBIX NAKETOB, O4YE€Hb CIOXHO
obecneunTb 3agaHHYlD HEOOHOPOOHOCTb Ha npakTtuke. [loatomy Obina paspaboTaHa
cheumanbHas npoueaypa ong reHepupoBaHUS HEOOHOPOLAHOCTH.

PaspaboTtaHHas B fgaHHOM paboTe npoueaypa reHepupyeT HEOAHOPOOHOCTb B
NNOCKOCTU KOMMNO3WTa C WCMNOMb30BaHWEM 3apaHee onpefeneHHbIX XapakTepucTuK
npuMnNTMBOB. [lapameTpbl XapakTEePUCTUYECKUX TapMOHMK W oblime cTaTtuctTudeckme
XapaKTepUCTUKN UCMOMNb3YTCA ANA reHepauun HeogHopoAHocTu. B npepenax opHoro
NPYMUTUBHOIO 3rieMeHTa HeoOQHOPOAHOCTU MPOMCXOAWUT MfaBHOE FoKanbHOe YyBernvyeHue
NN YMeHbLUEHNE 3Ha4YeHnss PYHKLUUN HEOOQHOPOAHOCTU. OTO M3MEHEHME OMNMUCAHO MPOCTON
MaTeMaTnyeckon dyHKUMen B NpocTpaHcTee. Kaxaas rapmMoHuKa M3 xapakTepucTU4ecKoro
Habopa ncnonb3yeTcsa Ana reHepauunm HeOQHOPOAHOCTM nepBoro nopsiaka. O4HOBPEMEHHO
BOOMb MOBEPXHOCTM KOMMO3UTa reHepupyeTCad HEeCKONbKO HEeOAHOPOOHOCTEN MepBOro
nopsgka C WCMNoONb30BaHMEM MapaMeTpoB 3apaHee OonpeferieHHbIX XapakTepUCTUYECKMX
rapmMoHvk.  PesynbTupylowass  HeOAHOPOOHOCTb  BbLICOKOrO  mopsgka — nonyvaeTcs
CyMMMpPOBaHMEM HEOAHOPOOHOCTEN nepBOro nopsigka. bbino  ycraHoBneHo, 4To
CreHeprpoBaHHas HeOOQHOPOOHOCTb BbICOKOro nopsaka MMeeT XapakKTepuUCTUKK, Brnnskme K
XapakTepucTukam, HabnogaembiM B peanbHOM KOMMO3MTHOM MaTtepuane. CrteneHb uXx
CXOACTBa HanpsMyl 3aBUMCUT OT YMCha YYacTBYHOLWIMX B reHepaumMm rapMOHWK MepBOro
nopsgka. CreHepnpoBaHHasi HEOAHOPOOHOCTL NpeacTaBndeT cobon nsmeHeHne o6bEMHOM
OONN BOJIOKOH BOOMb BOJSIOKHUCTOrO MaTa WM MNIIOCKOCTUM KOMMO3UTHOro Martepuana.
O6bemHas [ons BOMOKOH B KOMMO3UTHOM MaTepuane HanpsiMyl BnvMsieT Ha ero
MeXaHu4yeckue Xxapaktepuctukn. [Ons Toro, 4ToObl YCTAHOBUTL 3Ty B3aMMOCBSA3b,
HeobXxoAMMO NPOU3BECTM NOUCK NOAXOAALLEN TEOPETUYECKON MOSENMN.

M3BecTHO, 4TO MoAenb Martepuana Ana npoBeAEHUS JIMHEWHbIX pacyeToB
KOHCTPYKLMIN MOXET ObITb OrpaHuyeHa 4o 04HOro napameTrpa — Moayns ynpyroctu. lNoatomy
Ha Ha4anbHOM aTane NpeanoXeHo cBsA3aTb CreHepupoBaHHYH HEOOHOPOAHOCTb 06bEMHOM
OO0NN BONOKOH KOMMO3UTHOrO mMatepvana MMEHHO C Moaynem ynpyroctu. [nsa BblpaxeHus
CBSA3M MOAYNSA YnpyroctM KomnosumTa ¢ 06beMHOW Aonen BOMOKOH TpebyeTcs HagexHas
TeopeTunyeckas Mogernb.

B paHHOM paboTe pacCMOTPEHO HECKOMbKO CYLLECTBYIOLWMX TEOpPeTUYEeCKUX
mMoaenen. TecTUpoBaHME KaXOoW M3 HUX NPOBEOEHO C WUCMNONb30BaHMEM HaLEXHbIX
SKCMNepUMEHTarnbHbIX AaHHbIX A4S NOSIMMEPHbIX KOMMNO3UTOB C HaTypasbHbIMU BOMIOKHAMK B
dopmMe HeTKaHbIXx MaToB. Bce TeopeTudeckne mMogenu Ucnornb3yloT HECKOSbKO napamMeTpoB
ONna  onpegeneHnss moaynst  ynpyroctu KoOMnosuta, a MWMMEHHO: MOoAynu  ynpyrocTu
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NONMMMEPHON MaTpULbl M BOSIOKOH, OOBEMHYKO [OM0 BOJSIOKOH, a TakKKe HEeCKOSbKO
amMnupudecknx koadduumeHToB. o ntoram TeCTUMPOBaHUSA CYLLECTBYHOLUX Mogenen 6bino
BbISIBIIEHO, 4YTO AN paccMmaTpuBaemblX KOMMO3WTOB HW Of4Ha He [faeT pesynbraT ¢
HeobxoaumMon TOYHOCTLI. [loaToMy ObINO NpeanoXxeHo moauduumMpoBatb Ty MOAENb,
KoTopas aaeT Hambornee TouHbIA pe3ynbTtar. [locne npennoXxeHHOW Mogudukaunum Moaenb
JaBana HagexHbll pesynbTaTt, OnmM3kMiA K 3kcnepumeHTanbHomy. MoauduumnposaHHas
MoAenb B [JarnbHenwem WCMNofib3oBaHa B nNpoueaype reHepauum HeoO4HOPOOHOCTU
KOMMO3MTHOrO Matepuana B KOHEYHOINEMEHTHOW MOAENV B BUAE U3MEHSAOLWErocs Moayrns
YNPYroCT KOHEYHbIX 3NIEMEHTOB.

Takke, ANA yCnewHoro MoAenupoBaHUA PasfmyHbIX KOMMO3UTHBIX KOHCTPYKUMA C
y4eTOM HeOAHOPOAHOCTM MaTepuana 6Obina paspaboTaHa TexHOMorus BHeOpeHust
CreHepupoBaHHOW HEOOQHOPOAHOCTU MaTepuana B CTaHAAPTHbIA NPOrpaMMHbIA NakeT Ans
pacyeToB KOHCTPYKLMM METOAOM KOHEeYHblX 3rnemeHToB. PaspaboTaHHas TexHonorus
OCHOBaHa Ha TOM MpWHUMMNE, YTO MOAABAfAOLLEEe YMCNO KOMMO3UTHBIX KOHCTPYKLUMK, Kak
NpaBuno, TOHKOCTEHHbIE M MOryT BbiTb CMOAENMPOBaHbI, UCNONb3yst NpUHUMN obonoyek. B
Takom noaxode AornyckaeTcsa He MoAenvpoBaTb pacnpedeneHve CBOWCTB MO TOMWWUHE
maTepuana. [loaToMy, WCNONb3yss MeTo4 KOHEYHbIX 3fIEMEHTOB, HEOOHOPOAHOCTb B
06004EYHbBIX KOHCTPYKUUAX MOXHO MNPEACTaBUTb TOSMbKO KaK M3MEHEHWE MeXaHU4eCKUX
CBONCTB CMEXHbIX KOHEYHbIX 3nemMeHToB. B gaHHOM crny4ae Moaynb ynpyroctu KOHEYHbIX
3/IEMEHTOB BapbupyeTCcss B 3aBUCUMOCTUM OT WX MECTOHaxXOXAeHWs B  MOAenwu,
CreHepypoBaHHOW HEOOHOPOOHOCTU U  MEXaHUYECKUX XapakKTePUCTUK COCTaBMSAOLLMX
KOMMOHEHTOB KOMMO3UTHOro martepuana. 3adactylo 060noYvYeyHble KOHCTPYKUUU UMEKT
O0BOJbHO CITOXHYIO reoMeTputo. MoaTomy Ans Toro, 4Tobbl BCe KOHEYHbIE ANeMEHTbl UMenu
CBOWNCTBA B COOTBETCTBMM CO CrEHEPUPOBAHHOW HEOAHOPOAHOCTLIO, B AaHHOW paboTte 6bin
pa3paboTaH cneumanbHbIi METOA.

PaspaboTaHHbin MeTod OCHOBaH Ha MPUMUTMBHBIX FEOMETPUYECKUX IreMeHTax
(MNOCKOCTb M UMIIMHAP), C MOMOLLBI KOTOPLIX CMOXHbIA TPEXMEPHbI OOBHEKT MOXET ObiTb
annpokCcuMMpoBaH € OOCTAaTOMHOM AN MeXaHUYeCKMX  pacyeToB  TOYHOCTLIO.
HeopHopogHoCTb MaTepuana MoxeT ObiTb CreHepupoBaHa BAOMb MOBEPXHOCTU KaXKOOoro
reoMeTpuUYeckoro aremeHTa B OTAENbHOCTU. [pUMUTUBHBIE FEOMETPUYECKME IfeMEHTbI
Ha3Ha4alTCA MoMnb3oBaTefieM Ha OCHOBE MOCTPOEHHOM KOHEYHOINEMEHTHOW MoAenu ¢
ncnonb3oBaHveM paspaboTaHHbiX MpuHUMNOB. Wcnonb3ya paspaboTaHHylo MeToduKy,
MOXHO MOAENVMpoBaTb Kak ABYXMepHble, Tak U TpexMepHble 060MoYeYHble KOHCTPYKLUWUW.
MeToguka 3anporpammmpoBaHa Ha s3blke PopTpaH U BCTPOEHa B KOMMEPYECKUIA NakeT Ans
KOHeYHoaneMeHTHbIx pacyetoB MSC.MARC.

PaspaboTaHHbIN NOOgxXo4 K OMUWCAHWI0 CBOWCTB HEOOHOPOLHbLIX KOMMO3UTHBLIX
MaTepuanoB anpobupoBaH Ha NPOBEAEHHbIX CTaHAapTHbIX akcnepumeHTtax. O6pasubl,
NCNONb30BaHHbIE AN UCMbITAHUA Ha pacTskeHue, Obiny Bbipe3aHbl U3 NMMCTa KOMMO3UTHOrO
mMaTepuana Ha OCHOBE MOMMMNPONUIIEHOBOW MaTPULbl YCUNIEHHOW HaTypanbHbIMY BOSTOKHaAMM
B hopMe HeTkaHOoro mata. KoMNo3uTHbIN NIUCT ObIfT MOMyYeH C NOMOLLLIO NpoLecca ropsden
dopmoBku. Bo Bpema npoBeaeHns akCnepnumeHToB ansa HabnogeHnsa 3a Heo4HOPOAHOCTLIO
NOBEPXHOCTHLIX Aedopmaumii obpasuoB Obiia MCnonb3oBaHa OECKOHTAKTHas onTudeckas
cuctema. lNpenBapuTenbHO HEOAHOPOOHOCTL pacnpedeneHns BOMOKoH B obpasuax 6bina
uccnegoBaHa C  MOMOLLBKD  PEHTrEHOBCKUMX  CHUMKOB. [anee 6bino  npoBedeHo
COMoOCTaBfieHMe MOBEPXHOCTHbIX Aedopmaumi obpasuoB € pacnpegeneHneMm B HUX
BOMOKOH.  AHanu3 nokasan XOpoLlyl Koppensauuio 3Tux AByX pesynbrtatoB. [anee
napameTpbl HEOAHOPOOHOCTM pacnpedeneHns BOSIOKOH (Habop XapakTepucTUYecKMX
rapmMoHuK) Obinn onpegeneHbl C PeHTreHoBCkuXx hoTorpacdumin. onyyeHHble napameTpbl
ObINN BKNIOYEHbI B KOHEYHO3MEMEHTHbIN pacyeT TOYHO TaKMX e no reomeTpun ob6pasuoB C
ucnonb3oBaHveM paspaboTaHHoro nogxopa. B pesynbTaTe cpaBHEHMS MOBEPXHOCTHbIX
aedopmMaumin akcnepmuMeHTanbHO NPOTECTUPOBAHHBIX U MOAENUPOBAHHbLIX 00pa3LoB Takke
BblSIBIeHa XopoLuasi Koppensums.

C nomMowpbl  MOOENUPOBaHUA  CTaHAApPTHbIX  obpasuoB € pasnuyHou
KOHEYHO3NNEMEHTHOMN CETKOW (M3MEHANCS pas3Mep KOHEYHbIX 3fIEMEHTOB) ObINO Takke
uccnegoBaHo BMsiHME pasMepa KOHEYHbIX 3MIEMEHTOB Ha pesynbTaT MoaenupoBaHus. Ha
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OCHOBaHMM 3TOro Obln NpegnoXeH MeTod ANSa onpeaeneHus OnTUManbHOro pasmepa
KOHEYHbIX 311IEMEHTOB.

[anee aBTOMOGUNbHAA KOHCTPYKUMS Ucnonb3oBanacb Afns nonHomacwTabHoro
anpobupoBaHusi pas3paboTaHHOM METOAMKM MOLENMPOBAHUSA KOHCTPYKUWWA, CAENaHHbIX M3
HeoAHOPOAHbIX MaTepuanoB. KOHCTPYKUMS OCHOBaHWS 3aQHEro aBTOMOOMIbHOrO CuaeHbs
Oblna n3rotoBneHa B paMkax COTpyAHMYECTBa C NPOMbILUSIEHHbIM NpeanpusaTuem. ns atoro
ObINN NCNONb30BaHbI ABa Pa3fMYHbIX KOMMNO3UTHLIX Matepuana: nosIMNPOnueH YCUNeHHbIN
CTEKNAHHbIMM  BOJZIOKHAMW B ClyYalWHOW OpWMEeHTauun W MONMNPONUAEH  YCUIEHHbIN
NbHAHBIMKM ~ BOfMIOKHaMM B (popMe HeTKaHbIX MaToB. [lpegBapuTenbHO XeCTKOCTb
KOHCTPYKUMA Ha wu3rmb wnccneposanacb 9KCMEPUMEHTaANbHO, C  UCMNONb30BaHMEM
CTaHOapPTHOW MCMbITAaTENbHOW MaLLMHbI CO CneunanbHO pa3paboTaHHbIM NPUCNOCOBeHneMm.

Bbino obHapyXeHO, YTO KOHCTPYKUUSA, cAernaHHas M3 KOMMO3UTHOro matepuana c
HaTypanbHbIMM  BOSIOKHAMMK, NPWU ONpedeneHHbIX napaMmeTpax W3roToBfAEHUs UMeeT
XECTKOCTb, CPaBHUMYK C >XECTKOCTbK KOHCTPYKLMMW, CAENaHHOW W3 CTEKNOBONOKOHHOIo
komnosuTta. OgHako, BeC KOHCTPYKLUMW BbINOIHEHHON M3 KOMMO3uTa C HaTypanbHbIMU
BOMIOKHaMN Oblf1 CpaBHUM C BECOM KOHCTPYKUUW, CAENaHHOM W3 CTeKNOBOSOKOHHOIo
Komnoauta. B pesynbTaTe He ObIIO 0XMOAEMOro BbIMIpbilla B BeCe KOHCTPYKUUM U3
KOMMNo3uTa C HaTpanbHbiMK BoslokHamu. Moatomy 6bin caenaH BbiBOA, YTO Heobxooumo
YNy4YLWNTb CBOWCTBA 3TOMO KOMMO3UTa, YTOObI 4OCTMYb ONTMMAarbHOrO ero UCNosib30BaHns B
OAHHOM KOHCTPYKUMKW. DTO MOXHO cAenaTtb, Hanpumep, BBeOS KOMMOHEHT, ynydllaowmin
afresvio Mexagy noriMMepHon maTpuuen M BONIOKHaMKM U TeM caMbiM yBenuuMBas MOAYIb
ynpyroctn matepuana. [na vccnegoBaHus U OLEHKM HepaBHOMEPHOCTU MOBEPXHOCTHbIX
AedopmMaumi, BO3HUKaOLWen BCrneacTBMe HEOQHOPOAHOCTM MaTepmana KOHCTPYKUMK, Bbinm
npoBefeHbl 3KCMEPUMEHTbI C  WUCMONb30BaAHWEM CUCTEMbI OGECKOHTAKTHOMO W3MepEHMUs
NOBEPXHOCTHbIX  Aedopmaumin. CpaBHuBas pesynbtaT C  paHee  cAenaHHbIMU
PEHTreHOBCKMMY  poTOrpadusAMM  KOHCTPYKLUMM  ObINO  BbISBMAEHO, YTO  MNOSlyYeHHoe
pacnpegeneHne MnoBepXHOCTHbIX Aedopmauuin He Bcerga HagexHo. [na BbisBNeHUs
NpUYNH OBHapyXXEeHHOro eHOMEeHa MonepeYHbIn cpe3 KOMMOo3WTa C HaTypasbHbIMU
BOMIOKHAMW  UccredoBancs noA  3NeKTPOHHbIM - MUKpockonom.  [MpegnonoxutensHo,
HepaBHOMEPHOCTb pacnpefeneHns HaTyparnbHbIX BOSIOKOH MO TOMWWMHE KOMMO3UTHOMO
MaTepuana okKasblBaeT 3HauuTeNbHOe BRUSHME Ha pesynbTaT U3MepeHUs NOBEPXHOCTHbIX
pedopmMaumii n3-aa HepaBHOMEPHOW HeCyLlen CnocoOHOCTU pasHbiX “cnoeB” maTtepuana.
Tak, B pesynbtarte nsrmbHon gedopmaunn pacnpegeneHne Harpysky B TONLWMHE KOMMNO3uTa
TaKke HepaBHOMEPHO, 4YTO W oOKasblBaeT 0OonblIOe BNUAHME HA MNOBEPXHOCTHbIE
pedopmaumm. IToT achdekT npegnaraeTca nccrnegopartb B criegyowmx paboTax.

[Ona npoBepkn [OCTOBEPHOCTU OECKOHTAKTHO MOMYyYEeHHbIX pe3ynbTaToB Obinn
npoBedeHbl  AOOMOMHUTENbHbIE  3KCMEPUMEHTbI C  WUCMOSMb30BaHMEM  TEH304AaT4YMKOB,
HaKMeeHHbIX Ha KOHCTPyKuuto. B pesynbTate 3TUX 9KCNEPUMEHTOB ObINO BLISBMAEHO, YTO
OeckoHTaKkTHas cuctema maMepeHus gedopmauni umeet onpeaeneHHble OorpaHuyeHus B
namepeHmn pecdopmauuin B CNOXHO-HArpy>XeHHbIX HEOAHOPOAHbIX BAOMb MOBEPXHOCTU
KOHCTPYKLMSAX, MaTepuar no TornwmHe KOTOpbIX Takke HEOQHOPOLEH.

[anee, ncnonb3yst pa3paboTaHHbLIN B AaHHOW paboTe meTon, ObiuM onpenerneHsbl
napameTpbl  HEOOAHOPOAHOCTM  WUCMOMb30BAHHOTO AN M3rOTOBIIEHUA  KOHCTPYKLMU
KOMMNO3UTHOIO MaTtepuana Ha OCHOBE HaTypanbHblIX BOJTOKOH. Ona aTtoro Obinu
NCMOMb30BaHbl PEHTFEHOBCKME CHUMKM  KOHCTPYKUMW. KoHeyHoanemeHTHad Mopaenb
KOHCTPYKUMM Oblna nNOCTpOEeHa Ha OCHOBe wuMelowencs reometpun. Pesynbtathbl
MoAaenupoBaHust Oblnn  CpaBHEHbl C  3KCMEepUMMEHTanbHbIMKM  pesynbTtatamu. [locne
NpoBeAeHNs MOAENNPOBAHNSA OBHapy)XeHO YacTUYHOE CXOACTBO MOSyYEHHbIX Pe3yrbTaToB
C paHee MNonyYeHHbIMU 3KCNepuMMeHTanbHbiMK pesynbTtaTamu. CpaBHEHME NPOU3BOAMMIOCH
MO HEOOHOPOAHOCTM MOBEPXHOCTHbIX AedopMaumin. HekoTopble MNpUYMHBI pasnuyusa B
nosny4YeHHbIX pe3ynbTatax obcyxaatTca B JaHHOW paboTe.

O6o6bwmB paspaboTaHHble METOAWMKWM, Mbl MOfly4yaeM HOBbI  noaxod K
MOOENMPOBaHUIO  KOHCTPYKUUMN U3 HEOAHOPOAHbIX KOMMO3UTHbIX MaTtepuanoB. Ero
COCTaBNAWNMM  ABAKOTCA: onpefeneHne napameTpoB HEOAHOPOOHOCTM MaTtepmana,
reHepauusi HeoOHOPOAHOCTW, HacTpoMKa TeopeTMyeckon Modenu pacyeta Moayns
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ynpyroctM KOMMO3UTHOro mMartepuana (MCnosnb3ys 3KCNepuMeHTanbHble aHHbIE), a Takke
MeToA annpoKCMMauMK CITOXXHOW (POPMbl KOHCTPYKUMM MPUMUTUBHBIMU FEOMETPUHECKUMN
3aNeMeHTaMn 1, HaKOHELL, Ha3Ha4YeHNe CBONCTB KOHEYHbIM arneMeHTam moaenu. C noMoLbio
paspaboTaHHOro nogxoga pocturaetca 6Gonee  BbiCOKasi HAOEXHOCTb  pacyeToB
KOHCTPYKUMI, cOenaHHbiX W3 HeoaHOPOAHbIX KOMMO3UTHbIX MaTtepuanoB, 4vepe3 Oonee
TOYHOE oOnuncaHue UuX noKanbHbIX MexaHU4ecKMx XxapakTepuctuk. bonee Toro, umes
N3BECTHblE CBOWCTBA HEOLHOPOOHOCTWU, BO3MOXHO Oonee HagexHoe 3KcnepuMeHTanbHoe
TecTMpoBaHMe 00pas3yoB W3 HEOAHOPOAHbIX KOMMO3UTOB. B 4acTHOCTM, BO3MOXHO
WCKINIOYNTb BNMSIHNME pa3MmepoB 06pasLoB Ha pe3ynbTaTbl TECTUPOBAHUS.

B pesynbTate npoBedeHHOW wuccrnegoBaTenbckon paboTbl 6bin paspabotaH U
anpobMpoBaH HOBLIM MOAXOA K OMNPedeNeHutd CBOWCTB HEOOHOPOAHbLIX KOMMO3UTHbIX
mMaTepuanoB Ha OCHOBE HaTyparnbHblX BOJIOKOH. PaspaboTaHHble B [aHHoW paboTe
METOAMKN SBMAIOTCA BaXKHbIM LIAroM Ha nytn Kk 6onee rrny0bokoMy MOHMMAaHMUIO CITOXHOW
MEXaHWKM TakMX mMaTepuanoB, a Takke AalT BO3MOXHOCTb MOAENMPOBaTb KOHCTPYKLWW,
cAenaHHble K3 MaTepuanioB C HEeOAHOPOAHbIMW CBOWMCTBaMM, MO3BONSAS ONTUMAnbHO
ucnonb3oBatb Martepuan. B 3aknioueHun npvBegeHbl obuimMe NpuHUMNbI NPOEKTMPOBaHMS
KOHCTPYKLUMIA C WCNONb30BaHWEM HEOLHOPOAHbIX KOMMO3UTHLIX MaTepuanoB Ha OCHOBE
HaTyparnbHbIX BOMOKOH.

Kvpunn KasenuH
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