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V zadnjem desetletju prejinjega stoletja se je pridel razvoj novih kompozitov, sestavijenih iz naravnih
viaken in cenejSih polimerov, kakor sta npr. HDPE in PP Zaradi relativno kratkega éasa prisotnosti na trgu
in nakljucnih lastnose viaken do sedaj Se ni bilo poskusov analiticnega dolodevanja mehanskih lastnosti
omenjenih kompozitov. V' tem prispevku je uporabljen mikromehanicni postopek, imenovan posplofena
metoda celic (PMC - GMC) za popis lasinosti infekcijsko brizganih biopolimernih kompozitov, sestavifenih
iz polipropilena (PP) ali polistirena (PS) ter lesnih ali celuloznik viaken. Glavni problem pri analitidnim
pastapku fe, da naravaa viakna nimajo enote dolzine, preveza ali oblike, zato jih je refko popisati z obicajnimi
matematicnimi modeli, tako da so v prispevku uporabljene povprefne vrednosti geometrijskih lastnosti
viaken, Kompoziti so bili najprej pregledani z opticnim in elektronskim mikroskopom z namenom doloditi
lastnosti in razporeditev viaken. T1 podatki so bili nato uporablieni pri ugotavljanju elasticnega in plasticnega
odziva kompozita ter njegovih porusnih veednosti, ki so bile izradunane po Tsai-Hillovi poruini hipotezi.
Rezultati so bili nato primevjani z eksperimentalnimi podatki, tako da je bilo mogode oceniti prakiicno
uporabnost te metode. Casovno odvisne mehanske lastnosti materiala tu niso bile upoftevane zaradi
zapletenosti in naklfucnih lastmosti viaken.
© 2007 Strojniski vestnik. Vse pravice pridrZane.

(Kljuéne besede: biopolimerni kompoziti, posplofena metoda celic, naravna viakna, mehanske lastnosti)

The development of a new compasite that is made up of natural fibres and low-price palymers, such
as HDPE or PP, began in the 1990s. Because this material is relatively new to the markel and due to the
random characteristics of the fibres, no attempts have been made to analytically define the mechanical
properiies of this material. In this paper a micro-mechanical approach, called the generalised method of
cells (GMCs), is introduced to describe the properties of injection-moulded wood-plastic composites made
g of polypropvlene (PP) ar polvstyrene (PS) and wood or cellulose shopt fibres. The main pmbﬁem with an
analvtical approach is that the natural fibres are not uniform in shape and size, which makes them hard to
fit into standard mathematical models. In this paper the average values af the fibre sizes were used. The
materials were first scanned with optical and electron microseopes to determine the fibre properties and
their scatter: These values were then used 1o determine the elastic and plastic response of the composife
together with the maximum strength and elongation of the composite, where the Tsai-Hill failure-criterion
was used. The results were then compared to the experimental data in order to evaluate the practical
usefulness of this method. The time-dependent mechanical behaviour of the composite was not considered
due to the complex and random properties of the fibre.
i© 2007 Journal of Mechanical Engineering. All rights reserved.

(Keywords: wood-plastic compaosites, generalised method of cells (GMC), natural fibres, mechanical properties)

0 UvoD 0 INTRODUCTION
V zadnjem desetletju prejinjega stoletja se The development of a new composite began
je prigel razvoj novih kompozitov, v katerih so bile in the 1990s. This composite combined the good
zdruFene dobre lastnosti tako lesa kakor tudi properties of wood and polymer [1]. It became
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polimerov [1]. Izkazalo se je, &e Eistemu polimeru,
na primer polietilenu (PE), dodamo lesna viakna,
se njegove mehanske lastnosti znatno izboljSajo.
Povedata se mu elastiéni modul £ in natezna trdnost,
obdri pa tudi nekatere dobre lastnosti lesa, ob tem
pa Je kompozit razmeroma dobro odporen proti
vremenskim pojavom.

Ker so naravna vlakna nakljuéno oblikovana
v razmeroma zapletene geometrijske oblike, je
njihov popis mnogo teZavnejdi v primerjavi z
drugimi kratkimi, npr. steklenimi ali ogljikovimi
vlakni, ki s0 ravna in imajo nespremenljiv prerez.
Pri le-teh, namreé lahko, £¢ poznamo sploino
usmeritev vlaken ter lastnosti posameznega vlakna,
dokaj natanéno dolodimo elasto-plasti®ne lastnosti
kompozita [2]. Vendar je pri naravnih vlaknih to
problem, saj je nemogoce doloditi lastnosti
posameznega lesnega ali celuloznega vlakna,
vlakna so mnogo prekratka, da bi na njih opravili
natezni preizkus. Povrh tega se njihove lastnosti
ob toplotnem postopku kompozita spremenijo, saj
je za udinkovito brizganje me3anico treba segreti
na okrog 190 *C. Vlakna po postopku tudi niso
ravna, ampak zvita, kar 3e dodatno otefuje njihov
PO,

Metoda celic in njena posodobljena
razlidica, tj. posploSena metoda celic (PMC), ki ju
je v 90. letih razvil Jacob Abudi [3], je analitiéni
mikromehanski model za dolotevanje elasti¢nih in
plasti€nih lastnosti viaknatih kompozitov. Temelji
na predpostavki, da so vlakna periodiéno urejena,
med njimi pa je osnovni material. Periodi®na narava
kompozita omogodi, da ga razdelimo na med seboj
enake gradnike ali celice, nato pa obravnavamo le
posamezno celico. Lastnosti posamezne celice so
tako veljavne za celotni kompozit. Tako lahko
popifemo kompozite z dolgimi vlakni (dvojna
perioditnost celic), kratkimi vlakni (trojna
periodiénost), laminate ter tudi porozne materiale
[4]. V nadaljevanju prispevka so predstavljeni
teoretiéni model PMC, cksperimentalne delo ter
primerjava med eksperimentalnimi in teoretiénimi,
s PMC pridobljenimi podatki.

| OPIS POSPLOSENE METODE
CELIC

Ker opisujemo prekinjani kompozit s
kratkimi vlakni, je treba uporabiti metodo celic
s trojno perioditnostjo. Tu so vlakna periodi¢no
urejena v osnovi v identiéne kvadre, kar prikazuje

evident that if wood particles are added to a polymer
matrix such as polyethylene (PE) the mechanical
properties of the new compaosite are significantly
improved. The Young's modulus £ and the tensile
strength are increased and, additionally, the
composite is also weather resistant,

Natural fibres have a much more complex
and random geometry than other short fibre fillers,
such as glass or carbon fibres, which are straight
and have a constant cross-section. With these types
of fibres, knowing the general orientation and
properties of an individual fibre, means that the
elasto-plastic properties of the composite can be
determined with a high degree of accuracy [2]. On
the other hand, it is nearly impossible to determine
the properties of an individual wood or cellulose
fibre because it is much too short for tensile tests,
Furthermore, their properties are changed after
thermally processing the composite due to heating
to at least 190°C, which is required for an effective
injection. In addition, the fibres are not straight after
the processing; they are curled, which makes their
description even more difficult

The method of cells and its modernised
version, the generalised method of cells (GMCs),
were developed in the 1990s by Jacob Abudi [3].
They represent an analytical micro-mechanical
model for determining the elastic and plastic
properties of the composites. It is based on the
assumption that the fibres are arranged in a periodic
array and the space between them is occupied by
the matrix material. The periodic nature of the
composite makes it possible to divide it into equal
building blocks or cells, and then to study only an
individual cell. The properties of the one cell are
then representative of the whole composite. Thus,
composites with long fibres (double periodicity) or
short fibres (triple periodicity), laminates and
porous materials can be described [4]. In the
remainder of the paper a theoretical model of GMCs
is presented, as well theoretical work and a
comparison between the experimental and
theoretical results based on the GMCs.

1 DESCRIPTION OF THE GENERALISED
METHOD OF CELLS

Since a discontinuous composite with short
fibres is being described, the method of cells with a
triple periodic array has to be used. Here, the fibres are
periodically arranged in identical rectangular

220 Handic A. - Kogel F. - Campos A. R. - Cunha A. M. - Gantar (.



Strojniski vestnik - Journal of Mechanical Engineering $3(2007)12, 819-833

g=Lf=2y=2

a=.’.{l=l.y=2

%y — x4
1. / ] "3f=|-||'-?=|-fi3/l / j’z
-!Tj_l,ﬂ!lr=2
|~
‘u"la.h'm pel i) ={d}
Fibser . X3 k:;:l- x lé:“l .-"?,
i [ Matrika i =y
/ B Sa=2f=2y=1
~ |
E Bl B
¢ {} K " |
o %
/f\;_-——_.-r- _ am] fu]y=] ¢=_L.-ME|'=2}'=I
X _1:.
(a) (b

5l 1. fa) Kompozit z vkljucki viaken, urejenimi v trojno periodiéne razporeditev, (b) predstavitvena
celica z osmimi podcelicami &, B, y= 1.2
Fig. I. (a) Composite with fibre inclusions, arranged in a triply periodic array. (b) Representative cell
with eight subcells o, B, y= 1,2

slika la. Kvaderd h |, oznatuje vlakno in skupaj
s parametni 4, &, in /,, ki oznatujejo razmik med
vlakni, predstavljajo eno celico, kakor jo
prikazuje slika 1b. Izmere te celice so d +d,,
h,+h, in I+, v ustreznih smereh x, x, in x,.
Celica je razdeljena v osem podcelic za a, 8, y=
1,2, vs lgf%ﬂtﬂ 50 lokalni koordinatni
sistemi (x ,x ,x |, katerih smeri so
vzporedne z glavnimi’ sorednicami. Glede na
sliko Ib lahko pomik v katerikoli totki znotraj
podeelice affy prikaZzemo z enacbo (1) po teoriji
prvega reda;
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oba mntcnala, osnovo kakor vlakna, dolo¢imo
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parallelepipeds, as shown in Fig. la. The parallelepiped
dh I, represents the fibre, and together with the
parameters d, h, and /, which denote the spacing
between the fibres, it represents a single cell, as shown
in Fig Ib. The dimensions of this cell are d +d,, h +h,
and [+, in the comresponding directions x, x, and x,.
The cell is divided into eight subcells, wherea, f, y=

1.2, III'I:IIEEE:I_'I{II‘E_“ h}s’ubuellalumlsystemnf
r.' . i5 introduced, which is
w:m main coordinate system.

Referrmgtuﬁg. 1b, the displacement at any point
within the subcell Py can be expressed in the
framework of the first-order theory by equation (1) [3]:

={r)
X i=1,2,3

oy}

" AR

(1),
where w**is the displacement of the centre of
the subcell and ¢, 2 and y'“" are micro-
variables that characterise the linear dependence
of the displacement 1", referring to the local
coordinates »" ,1” The components of the
small strain tensor are:

{*} ) f\J - 1‘2,3 [2]!‘
Where, the partial derjvations 9, ndma* are
d, =d/dx, ,0,=d/dx; andd, a dx, -Both

mntr:nala, l]n;- matrix and the ﬁb:m, are treated as
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popolnoma elastiéne lastnosti. Povprefno napetost
v celotnem kompozitu o, lahko zapitemo v obliki:

o= X3 0,0

perfectly elastic. The average stress in the whole
composite g, is given by:

(),

=l Sl yul

kjer  so -Ld +d, )(h +h, (1, +f)

Vo =d Bl in G, puvpratna napetost v
podeelici. E‘udubnu velja tudi za povpreéno
deformacijo g;:

R M

sl #si ys
Pri pre¢no izotropnem materialu, kjer je x,
smer anizotropije, s0 napetosti in deformacije
povezane takole:
i)
{7}

kjer sta stolpec komponent tenzorja napetosti in
deformacij:

[o@n) gl glem glen glotn olebn i)
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e e

where V=_(d+d)(h+h)(+1),

Vg =dh,l, and a{""} is the average stress in the
subcell. [t _15 similar to the average strain in the
composite £ :

().

For transversely isotropic material, where

x, is the anisotropy direction, the stresses are related

to strains in the following form:

'})—{F}ar

where the columns of stress and strain tensor
components:

(3).

(o}=Cle}

(o o o
oy ) [y ) i}
u = n
() (L] {aty )
Cl — c'nl‘qT uﬂ c!:ﬁ
0 0 0
0 1] 0
0 0

\
{Etﬂm }pummi deformacijski stolpec v plastiénem
podro¢ju. Lastnosti elasti€nosti za transverzno
izotropni material v podcelici afy so predstavljene
v enalbi (7) [5]. Za oba mateniala, osnovo in vlakna,
dolodimo popolnoma elastiéne lastnosti, tako da
predpostavimo {e{“ﬁ” =0, {eprav bomo v
nadaljevanju dolodevali lastnosti kompozita tudi v
plastifnem podrodju. To doselemo s t.i.
prirastkovnim popisom, pri katerem krivuljo o€ v
plastiénem podrodju ponazorimo z nizom premic [6].
AT v enalbi (5) oznaduje spremembo temperature.
Ker v naslednjih izralunih predpostavimo, da je la
nespremenljiva, se ta del enatbe nadalje zanemari.
Premiki in napetosti na mejah podeelic morajo
biti enaki, tako da se vzpostavi mikroravnotefje.
Primer takega ravnoteZja med prvima dvema

podeclicama e = 1,2 je prikazan v enacbi (8);
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L:: }damﬂwmm column in a plastic area. The
compliance inverse for the transversely isotropic
material in the subcell ey is presented in equation (7)
[5]. Because both materials, the matrix and the fibres,
are treated as perfectly elastic, it can be assumed that
{ (#1110, Nevertheless, the plastic properties of the
composite will also be described in what follows. This is
achieved with an incremental presentation, where the
curve o€ in the plastic area is described by a series of
linear lines. AT in Equation (5) denotes the temperatune
difference. Since it is assumed that the difference
vanishes, it can be omitted in subsequent calculations,
Displacements and stresses have to be
continuous at the subeells’ a= 1,2 interfaces, where
a micro-equilibrium is established. An example of
such an equilibrium between the first two subcells
is presented in Equation (8):

- Campos A. R. - Cunha A. M. - Gantar G.
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Podobno naredimo na vseh mejah med
podeelicami B, ¥ = 1,2. Na podlagi teh izrazov
izlotimo mikrospremenljivke ¢, x ") in (=
in izpeljemo niz enacb, ki ponazarjajo celostno
obnaianje kompozita s kratkimi vlakni [4]. To
naredimo z izrazi, ki poveZejo mikrodeformacije v
podeelicah z makrodeformacijami v kompozitu
skozi ustrezni tenzor 4 [4]. Povezava med
povpreénim raziezkom in napetostjo v vsaki
podcelici ter celomim raztezkom in napetostjo je
seda):

=(apr) =(afy)=
E

Tenzor A je sestavljen iz naslednjih
komponent:

Aa

- [3,
A=] _

kjer pomenijo: Au elastitne lastnosti materialov v
podeelicah, 4. geometrijske izmere celice in J
povpredne raztezke celotnega kompozita. Na koncu
lahko vpeliemo dejanski elastiéni tenzor kompozita
g

= -
li lg ]rth_‘J-

(8).

A similar process is used on all the borders
between the subcells B, ¥= 1,2. By doing this the
micro-variables ¢, 7"’ and '™ can be
eliminated and a series ::rl‘aquatinns that represent
the overall behaviour of the shon-fibre composite
can be obtained [4]. This is achieved by establishing
the relationships that connect the micro-strains in
the subeells to the macro-strains in the composite
by an appropriate tensor 4 [4]. The average stress
and strain in each subcell and can now be expressed
by the total strain in the following way:

={mfr) = (apy)=(=py)™
=4 eimand ¢ =C A & (9).

Tensor A consists of the following
components:

‘(o
¥ (10),
).

where Auw represents the elastic properties of the
subcell materials, 4, is the geometrical dimensions
of the cell and J is the average strain of the whole
composite. Now the effective elastic tensor B of
the composite can be established:

o = Be (11},

kier je B podan z naslednjo enatbo:

where E 15:

513358 a2,

o=l A=l ysl

Za ponazoritev odpovedi materiala je
uporabljena Tsai-Hillova poruina hipoteza. Med
obremenjevanjem materiala se za vsak vnaprej
doloden prirastek raztezka preveri, ali je v dolodeni
podeelici priflo do poruditve. V tem primeru Tsai-
Hillova hipoteza prevzame obliko enatbe (13):

[G[#:ri + H(«m }[a.iolﬂrl }‘ + (Fl-ﬂ'r:l + Hf-lr! }{d’h‘r: + [Finﬂ'rl + G{-ﬂr] ){ﬂ.iﬂﬁ}] IHI#T} Mldﬁﬂ]

G{#:r]l Ilf’dri idrinzF[drjﬁEﬂﬂ'l [ﬂ:-'l'+2£rlnnfl{ tﬂﬂri)' +2H1¥‘r! {UIE:P.‘I']] _'_ZNIHFI{G.;[;IHI} =]

g,

G["ﬁ'!,}fl'ﬂf}‘FI“ﬂﬂ'L{ﬂﬂ?}'M{ﬁ?} n Niﬂﬁﬂ 50

porudne trdnosti materiala v podeelici cgfy. Zaradi
velikega 3tevila linearnih enalb je treba reditev
poiskati z ratunalnikom.

For the composite failure the Tsai-Hill
failure eriterion is used. While loading the material
with force, every increment of strain defined in
advance is checked for failure in any of the subcells.
In this case the Tsai-Hill criterion assumes the form
of Equation {13):

(13)

Gh*r} H'[-lﬂr} F‘[ﬂr] ﬂnﬂﬂ- h{{ﬂﬂﬂ and N[‘#“-’F ane the
failure strengths of the material in the subcell ay
Because of the large number of linear equations involved,
the solution has to be found by using a compuler.

Analiticni model dolocevanja mehanskih lasinasii - A Medel for Predicting the Mechanical Froperties 823
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2 EKSPERIMENTALNC DELO

2.1 Brizganje

Da bi raziskali vpliv kolié¢ine naravnih
vlaken, je bilo treba pripraviti ved mefanic iz
razli¢nih osnovnih polimerov in z razlinimi
deleZi vlaken. Za osnovo smo uporabili PP K948
ter PS Empera 524N. Naravna vlakna so bila
sestavljena iz surove celuloze ali mehkega
borovega lesa. Njihova vhodna dolZina se je
spreminjala od 0,035 do 0,7 mm, razmerje med
dolzino in premerom vlakna a_pa je bilo pred
postopkom med 3 in 30. Vendar pa so se med
sestavljanjem zrn in med brizganjem v pol¥u
vlakna lomila, tako da je bila konéna najvedja
dolZina 0,18 mm in a_okoli 7 mm. Ker je bilo
treba zrna PS za potrebe brizganja pripraviti na
viji temperaturi kakor za PP, to je na 205 °C
namesto 180 °C, se je to poznalo na mehanskih
lastnostih vlaken, saj je bil elasti¢ni modul za
vet ko polovico manjdi. Sestava medanic in
parametri brizganja so podani v preglednicah 1
m 2,

Vsak kompozit je bil najprej sufen 4 ure pri
temperaturi 100 °C in nato izbrizgan v obicajni
preizkuSanec za natezni preizkus po standardu 1SO
527-2,

Preglednica 1. Parametri brizganja
Table 1. Injection-moulding parameters

2 EXPERIMENTAL WORK
2.1 Injection moulding

In order to research the influence of the
quantity of natural fibres, several mixtures from
various matrix polymers and with different fractions
of fibres were prepared. PP K948 and PS Empera
524N were used as the base materials. The natural
fibres were made of cellulose or pine soft wood. Their
input lengths varied from 0.035 to 0.7 mm and the
aspect ratio of the length and the diameter of a fibre a_
was between 3 and 30 before processing. But during
the compounding of the granulate and during the
injection moulding, the fibres broke down. Therefore,
the maximum output length was 0.18 mm and the
value of a_was around 7. The composite that used PS5
as a matrix needed to be prepared for injection at a
higher temperature than for PP, i.e., at 190°C instead
of 180°C. This had a clear influence on the fibres’
mechanical properties and the Young's modulus was
less than half the size of the fibres mixed with PP. The
imjection-moulding parameters and the composition
of mixtures are shown in Tables 1 and 2.

Each mixture was dried for 4 hours at 100°C
and then injected into a standard dog-bone shape
specimen for tensile testing according to the
standard ISO 527-2.

Preglednica 2. Sestava testiranih kompozitov [7]
Table 2. Composition of tested compasites [7]

FP PS5
Temperatura grelnika [°C]

Heater temperature [°C] 180 190
Temperatura orodja [*C] 10 10

Mould temperature [°C)

Daodatni tlak [MPa]

Packaging pressure [MPa) 500 54
Hitrost brizganja [mm/s] 10 17

Injection speed [mm/s]
Cas hlajenja [s] 20 15

Cnnling time [s]

Masni  Volumski Povpreina
deleZ deled doliina
0 vlaken vlaken vlaken
h:::‘: : Fibre Fibre Average ag
mass volume fibre
ratio ratio length
[*a] [*a] [mm]
PP 50 0,73 0,1 3
PP &0 0,79 0,1 3
PR 40 0,63 0,1 3
PP 50 0,73 a,1 3
PP 60 0,79 0,1 k!
PS 40 0,63 0,035 1.5
Ps 50 0,73 0,035 3.5
PS 30 0,55 0,14 b
PS 20 0,41 0,14 5
PS 20 0,41 0,18 6,5

*Rampazin so bila dodana mehka lesna viakna namesto celuloznih
* Insiead of cellulose, soft-wood fibres were added
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2.2 Natezni preizkus ter dolofevanje mehanskih
in geometrijskih lastnosti vlaken

Material smo enoosno obremenjevali v
smeri x, ter merili trenutno vzdolZzno dejansko
napetost v kompozitu @, =@, in vzdolZni
dejanski raztezek £, = £, . Natezni preizkus je bil
opravijen pr hitrosti raztezanja 3 mm/min.
Vazdolini modul elastiénosti £, smo izrafunali iz
strmine krivulje €,-0, po standardu za
polimerne materiale IS0 527-1,

Za izradun po PMC je treba poznati natanéne
podatke o vhodnih materialih, kar se v primeru
naravnih vlaken izka¥e za velik problem, saj je te2ko
dobiti Ze tako navaden podatck kakor je gostota,
Mavedena gostota izdelovalca velja samo za viakna,
ki jih dobimo ob dostavi, vendar pa je na mikroravni
okoli njih veliko pramega prostora, ki se seveda ob
mesanju § polimerom zapolni. Zato je bilo treba
meriti gostoto in prostornine kompozita. Ob
poznavanju gostote osnove lahko potem s sklepnim
ratunom izradunamo gostoto posameznega vlakna
ter od tu po enadhi (14) prostominski deleZ viaken,
ki ga potrebujemo za tzradun po PMC:

¥y

2.2 Tensile testing and the definition of
mechanical and geometrical fibre properties

The material was uniaxially loaded with
stress in the x, direction and then the axial effective
stress o, =0,, and the effective strain ¢, =g,
in the composite were measured. Tensile testing was
then performed at a strain speed of 3 mm/min. The
axial Young's modulus E, was calculated from the
inclination of the £, -0, curve according to the
standard for polymer materials [S0O 527-1.

To apply the GMCs, precise data about the
input materials have to be known, which can be a
problem with natural fibres. Even data as trivial as
the density is hard to obtain, The density specified
by the manufacturer only applies to received fibres
in bulk packaging; it does not take into account the
micro-voids of space around the fibres, which are
then of course filled with matrix. Consequently, the
density and the volume of the composite needed to
be measured. From this data the density of an
individual fibre can be derived. The expression for
the fibre-volume ratio 1s then:

1—m, p“’"_.

'L*.r,= -
Fot¥,

V. in m_pomenita prostornino in maso viaken, ¥
oznatuje prostormino osnovnega materiala, medtem
ko p_in Pom pomenita gostolo osnove in gostoto
kompozita. Poleg prostominskega dele?a je treba

S, 2. Prikaz PS 5 30 % celuloznih viaken,
povedava 200X opticni mikroskop
Fig. 2. P§ with 30 % of cellulpse fibres,
magnification 200X. optical microscope

(14),

‘|+m_-r.._.P._"'....

I_m.r prou

where P;zmdmjarc the volume and the mass of the
fibres, ¥ denotes the matrix volume and p_and p__
denote the matrix and the composite density. In addition,
the volume-fraction aspect ratio between the length and

5L 3. PS + 30 % celuloznih viaken, posneto z
elektronskim mikroskopom, povedava 4000X
Fig 3. PS with 30 % of cellulose fibres, scanned

with an electron microscape, magnification 4000X
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za izrafun pognati tudi dol¥ino vlaken in razmerje
med dol¥ine in premerom vlaken. Ker se viakna
zaradi trenja ob vrtenju polZa lomijo, smo njihovo
dolZino ugotavljali z optiénim in elektronskim
mikroskopom. Povedave z optiénim mikroskopom
50 bile 40X in 200X (sl. 2), z elektronskim pa 500X,
1250, 2500 ter 4000X (sl. 3). PMC ne uporablja
razsenih enot, zato se mora dolZina vlaken izraziti
z razmerjem 4, =1, [d, med dolZino viakna /, in
premerom d .

3 IZRACUN PO PMC
IN PRIMERJAVA
$ PREIZKUSOM

W tem poglavju so opisane clasto-plastiéne
lastnosti kompozita, izrafunane 2 GMC ter primerjane
z eksperimentalnimi podatki. Primerjava bo pokazala,
ali lahko metoda celic dovolj natantno simulira dejanski
potek obremenitve biopolimemih kompozitov. Za
preradun po PMC smo si1 pomagali s programsko kodo
MAC/GMC 4.0, razvito v NAS-inem rariskovalnem
centru Glenn (Glenn Research Center) in v vesoljskem
inftitutu Ohaja {Ohio Aecrospace Institute), ki
uporabnika razbremeni refevanja velikega Stevila
linearnih enach, ki nastangjo ob analiz kompozita, MNa
sliki 4 je prikazana primerjava med potekom dejanskega
in teoretiéno izratunanega nateznega preizkusa,
dobljencga s PMC.

MajteZje je bilo dolofiti mehanske lastnost
celuloznih viaken, saj ti podatki za posamesna vlakna
ne obstajajo, prekratka so, da bi z njimi opravili npr.
natezni preizkus za posamezno vlakno, kar lahko
storimo pri daljgih viaknih ([8] in [9]). Kot izhodidéne
vrednosti so bile uporabljene mehanske lastnosti
mehkega borovega lesa ([10] in [11]), iz katerih je
predidtena surova celuloza, Vendar pa ne smemo
pozabiti, da je bila na%a celuloza e toplotno
obdelana, kar se je $e posebej poznalo pri kompozitu
na podlagi PS, saj je tu pri$lo do opaznih razlik med
preizkusom in izratunom, ki je vedno podal vedje
vrednosti. Iz tega lahko sklepamo, da je bila toplotna
obremenitev vlaken tako visoka, da so se spremenile
mehanske lastnosti. Po zmanj3anju elastiénega
modula s 6.000 MPa na 2.300 MPa je prislo do
zadovoljivega ujemanja med teoretiénimi izra¢uni
in izmerjenimi podatki pri vseh razliénih dolZinah
in prostorninskih deleZih, zato lahko upraviéeno
sklepamo, da je to dejanski elastiéni modul.

Obnasanje vhodnih materialov v
plastitnem podro¢ju smo simulirali s klasiénim

the diameter of an individual fibre needs to be known.
Since fibres break down due to the friction induced by
the rotation of the screw, their length needs to be
assessed with an optical and an electron microscope.
The magnifications for the optical microscope were 40X
and 200X (Fig. 2), and with the electron microscope,
500X, 1250, 2500X and 4000X (Fig. 3). The GMCs
does not use dimensioned units, which is why the fibre
length is expressed by aratio @, =/, /d, between the
fibre length / and its diameter d,

3 CALCULATION ACCORDING TO THE
GMCS AND A COMPARISON WITH THE
EXPERIMENT

In this section the elasto-plastic properties
of composites are calculated with the GMCs and
then compared to the experimental data. The
comparison will show if the GMCs can simulate,
accurately enough, the loading process of wood-
plastic composites. For the calculation according
to the GMCs, the program code MAC/GMC 4.0
developed by the NASA | Glenn Research Center
and the Ohio Aerospace Institute was used, This
code can relieve the user of having to solve multiple
linear equations, which result from analysing the
composite. In Fig. 4 the comparison between the
real and the simulated (obtained by the GMCs)
tensile test is presented.

The hardest part was determining the
mechanical properties of cellulose fibres, due o
non-gxistent data for the individual fibres because
they are wo short o perform a single filament test
that can be performed with longer fibres ([8] and
[9]). The reference values were the mechanical
properties of pine soft-wood ([10] and [11]), from
which the cellulose was refined. But one must not
forget that in the observed case the cellulose was
also heat treated, which had a significant impact,
especially on the fibres mixed with the PS. Here,
the initial testing revealed a substantial difference
between the simulation and the real tests. The results
of the simulation were always higher, so the
Young's modulus had to be reduced from 6,000 to
2,300 MPa. After doing this, the alignment of the
curves was satisfactory for all the fibre length and
volume fractions, so it can be concluded with
reasonable confidence that this is a realistic Young's
modulus.

The behaviour of the input materials in the
plastic area was simulated by the classical
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Preglednica 3, Firapni parametri testiranih materialov

Table 3. Input parameters of tested maierials

E, Er i v oy G=R, F H L M N
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa)
PP 1.245  1.245 496 0,33 51 20,6 20,6 20,6 6,9 7.0 7.0
PS5 1.252 1.252 S00 0,33 17.6 22 22 21 7.0 1.2 1.2
CelN
:PF}“ 6.000 300 600 03 9 55 12 12 15 15 15
Cel.
(PS) 2.300 250 S04 03 18 i3 8 10 54 1] 10
5 45 3"} T »
&0 ' 40 N
S — » L -
3 - % .-"l‘
=
.-*:. & 0 g m n
flg * . 52
E g 1% 4 15
X il
it i
]é 1= " j; 10 0
i 0
& 4 5
s PP + 80% celuloze |* PS + 20% celuloze
: PP + B0% Cellulose ; : PS + 20% Cellulose :
0 0005 00 003 f0R GBS 0 oS o 0005 oot 005 om 008 008
Cemjarmba wrdoling detomacp F ece kngtucnal an Doaarnghin w2ioilng CelomaciaE Re e Kergudngl il o,

SL 4. Rezultati nateznega preizkusa: -—-- PMC, —— preizkus
Fig. 4. Resulis af tensile tesi; ----- GMCs, —— experimeni

prirastkovnim plastiénim modelom [6], v katerem
krivuljo, ko napetost preseZe mejo elastiénosti pa
do porufitve, ponazorimo z nizom premic, kar
moéno poenostavi rafunanje, saj lahko na vsaki
premici posebej rafunamo z obifajno, linearno
teorijo. V preglednici 3 so predstavljeni vstopni
podatki za celulozna in lesna vlakna ter PP in PS.
WV obeh primerih krivulja, dobljena z PMC, zclo
dobro sledi eksperimentalni krivulji (sl. 4),
razlikujeta se le v toki porufitve, saj v resnici
material ie nekaj ¢asa tede. To lahko pripifemo
matematiénemu modelu PMC, ki doloda, da je med
osnovo in vliakni popolna vez in da do poruditve
lahko pride samo znotraj doloene podcelice afly
glede na Tsai-Hillov kriterij po enacbi (13), ne pa
tudi na meji med dvema materialoma. Na sliki 3
se lepo vidi praznina, ki ostane za izpuljenim
vlaknom, kar pomeni da ni popustilo vlakno,
ampak vez med vlaknom in osnovo. Primerjava

Analitiéni model dolodevanja mehanskih lastnosti - A Model for Predicting the Mechanical Properties

incremental plasticity model [6], where the curve
from the vield stress to the breakage 15 represented
by a series of linear lines. This simplifies the
calculation, since the linear theory can now be used.
In Table 3, the input data for cellulose and wood
fibres, PP and PS, are presented. In both cases the
curve obtained by the GMCs matches the
experimental curve (Fig. 4) very well. The only
difference is at the breaking point, where in reality
the strain of the composite is much bigger. This
can be atiributed to the mathematical model of the
GMCs, which anticipates perfect bonding between
the matrix and the fibres. The failure can, in this
fashion, occur only within a certain subcell afy,
according to the Tsai-Hill failure criterion, as
described in Equation (13), and not at the interface
of the two materials, In Fig. 3, the void that remains
after the fibre has been pulled out is clearly shown.
This means that the fibre did not break. Instead,
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Sl. 5. Prikaz poteka natezne trdnosti v odvisnosti od prostorninskega deleza celuloznih viaken za PP (a)
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Fig. 5. Presentation of tensile strength in relation to the fibre-volume ratio for PP (a) and P5 (b),
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S1. 6. Prikaz velikosti modula elasticnosti v odvisnosti od prostorninskega delefa celuloznih viaken za PP
(@) in PS (b), === PMC, —— preizkus
Fig. 6. Presentation of axial Young's modulus in relation to the fibre-volume ratio of PP (a) and PS (b),
- GMCs, —— experiment

rezultatov pri drugih kompozitih nas pripelje do the bond between the matrix and the fibre failed to
enakih sklepov. Za potrditev uporabnosti modela carry the stresses any longer. When the resulis for
PMC je bilo predvsem treba preveriti njeno the other mixtures are compared, the same conclusion
odstopanje glede na preizkus pri razli¢nih can be drawn. To confirm the applicability of the
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prostorninskih deleZih ter dolZinah vlaken. Na
slikah 5 do 7 je prikazano spreminjanje histvenih
mchanskih  lastnosti v odvisnosti  od
prostorninskega dele#a celuloznih viaken v
kompozitu.

Iz grafov (sl. 5) je razvidno, da povefevanju
deleza vlaken PMC sledijo eksperimentalno
pridobljeni rezultati, saj sta si oba poteka krivulj
zclo podobna, razlikujeta pa se v nekaterih konénih
vrednostih, pri natezni trdnosti je najvedji odstopek
okoli 15 %. Do vedjih razlik lahko pride le pri
Cistem polimeru brez vlaken, simuliranje katerega
pa ni namen metode celic. Se do vedjega ujemanja
pride pri merjenju vzdolinega modula elastiénosti,
kjer se krivulji skoraj prekrivata (sl. 6). Iz tega in
grafov na sliki 4 lahko sklepamo, da PMC zelo
dobro simulira obnafanje biopolimernih
kompozitov v elastitnem podrodju, medtem ko v
plastiénem podrodju, predvsem ko se matenal bliza
poruditvi, daje manj natanéne rezultate. To se Se
poirdi v primerjanju dejanskega in izratunanega
najvedjega raziezka (sl. 7). Tu se zopet potrdi
ugotovitev, da so usmerjenosti krivulj razli¢nih
meianic podobne, vendar pride med PMC in
preizkusom do prevelikih razlik v absolutnih
vrednostih (do 37 %6). Do teh razlik pride, ker PMC
dolota popolno vez med vilaknom in osnovo,
medtem ko v resnici pride do popustitve vezi med
povriinama, kar zmanjsa striZne sile v matenialu,

Amalitidni model dolodevanjo mehanskih lastnosti - A Model for Predicting the Mechanical Propertics

GMCs, its deviation from the experiment at various
fibre-volume ratios and fibre lengths had to be tested.
The charts in Fig. 5 to 7 represent the changing of
the main mechanical properties in reference to the
volume ratio of cellulose fibres in the composite,
From Fig. 5 it is evident that by increasing
the fibre data the trends of both curves are very
similar. The difference exists only in the end values,
where the ultimate stress can differ by up 1o 15%.
Greater errors appear only for a pure polymer without
fibres, but these conditions are not meant for the
GMCs to simulate. Even greater matching appcars
when the axial Young's modulus is measured, where
the curves are almost interlacing (Fig. 6). From this
and from the charts in Fig. 4 it can be inferred that
the GMCs simulates the behaviour of the wood-
plastic composites very well in the elastic area, while
in the plastic area, especially near the failure, the
results are less accurate. This is also confirmed when
comparing the simulated and the real ultimate strain
(Fig. 7). Here, the tendencies of the curves of different
compounds are similar, but there are great differences
between the GMCs and the experiment in terms of
the absolute values (up 0 37 %). These differences
occur because the GMCs anticipates perfiect bonding
between the fibre and the matrix, while in reality
failure occurs at the interface of two surfaces. This
reduces the shear forces in the material, which
enables further deformation of the composite. Apart
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Sl. 8. Vpliv dolzine viakna na porusno trdnost
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Fig. 8. Influence of fibre length on tensile
sirength of the composite
f---— GMCs, experiment)

to omogodi, da se kompozit 3¢ naprej deformira.
Poleg prostorninskega deleZa viaken v kompozitu
ima na njegove mehanske lastnost velik vpliv tudi
dolZina vlaken oz. razmerje med dolZino in
premerom a_. Tudi tu se jasno pokaZe uéinkovitost
PMC, saj lepo napove izboljianje mehanskih
lastnosti z daljfanjem vlaken (sl. 8 in 9).

T B

4 SKLEP IN RAZPRAVA

Prispevek je osredotofen na analizo zmodnosti
posplofene metode celic doloiti elasto-plastiéni odziv
biopolimemnih kompozitov. Analizirali smo kompozite
z osnovo iz PP ali PS, dodali pa smo jim celulozna ali
lesna vlakna razliénih dolZin. Izkazalo se je, da po
pridobitvi ustreznih vrednosti za lastnosti viaken
{mjihovo neposredno merjenje je nemogode), lahko
PMC zelo dobro napove obnaSanje kompozita.
Leratunane vrednosti vedolinega modula elastiénosti
{enoosna obremenitev) ter natezne trdnosti so bile v
podrodju merjenja, to je pri masnem delefu viaken
med 20 % in 60 %, zelo blizu dejanskim. Vedje razlike
pa so se pojavile pri primegjanju raztezkov, saj je v
resnici prislo pri vseh mesanicah do bistveno vedjih
raztezkov, kot jih je pokazal izratun. To lahko
pripidemo Ze prej omenjeni popolni vezavi med
vlaknom in osnovo, ki jo predvideva pri svojem
raéunanju PMC.

g
g

B
g

Ml sinslnge
Ml Vourg's moduius Ea [MPa)
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G

- Proizhss: PS » osbdors I;
Exp. P3 + coluione
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51, 9. ¥pliv doléine vigkna na modul elasticnosti
kompozita za P8 {--—-- PMC, preizkus)
Fig. 9. Influence of fibre length on axial Young s
modulus (——- GMCs, experiment)

from the fibre-volume ratio, the length, 1.¢., the fibre
aspect ratio between the length and the diameter a,
also has a great impact on the mechanical properties.
The effectiveness of GMCs is demonstrated here
because it clearly predicts the improvement in
mechanical properties with the lengthening of the
fibres (Figs. & and 9).

4 CONCLUSION AND DISCUSSION

This paper focuses on an analysis of the
applicability of the generalised method of cells to
predict the elasto-plastical response of wood-plastic
composites. Composites with PP and P5 matrixes and
cellulose or wood fibre inclusions of vanious lengths
were analysed. It was shown that after obtaining
appropriate values for the fibre properties (their direct
measurement is impossible), the GMCs can predict
with great accuracy the trends of composite behaviour,
The caleulated values of the axial Young's modulus
{unidirectional load) and the tensile strength were, in
the measured range, very close to real values (for fibre
volume ratios from 20 to 60%). Greater differences
occurred when measuring the strain. In reality failure
oceurred at much larger strains than presented in the
simulation. This can be attributed to the perfect
bonding between the matrix and the fibre that is
anticipated by the GMCs.
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Ob vsem tem se postavlja vpradanje, ali
lahko v praksi uporabimo PMC za napoved
mehanskega odziva biopolimernih materialov.
Primerjava rezultatov preizkusov in izraéuna
pokake, da lahko, vendar z omejitvami. Problemi
s¢ pojavijo predvsem pri nepoznavanju lastnosti
celuloznih viaken, saj ti izgubijo del svoje trdnosti
pri toplotnem obremenjevanju med postopkom,
zaradi vrienja polza v valju brizgalnega stroja pa
se viakna tudi skraj3ajo. Dalj3a so vstopna viakna,
vedje je zmanjianje dolZine, Da bi se izognili
vsakokratnemu mikroskopiranju izbrizganega
materiala, lahko najdemo pribliZzno skrajSanje
vlaken v nekaterih virih [12]). PMC tudi ne
upoiteva nakljuéne usmerjenosti ter predvsem
zvitosti ter neenakomemega prereza vlaken, kar
tudi zmanjfuje njeno uinkovitost pri
napovedovanju odziva biopolimernih kompozitov.
WV nadaljnjih testiranjih bi bilo treba tudi upoStevati
nepopolno vez med osnovo in vlakni, kakor je to
naredil Bednareyk [13] za kovinska vlakna ter
vpliv dodatkov za izboljfanje vezi med osnovo in
vlakni [1]. Vzpostaviti bi bilo treba tudi nabor
podatkov 2z mehanskimi lastnostmi razli®nih vrst
naravnih vlaken, saj povpreéni uporabnik v
industriji zelo tetko pridobi ustrezne vhodne
podatke. Prav tako v prispevku niso bile
upoitevane ¢asovno odvisne mehanske lastnosti
materiala zaradi zapletenosti in nakljuénih
lastnosti vlaken, kar pa bo predmet prihodnjih
raziskav. Razvoj PMC tudi Se ni konéan, prav tako
pa se biopolimerni kompoziti 3ele uveljavljajo,
tako da lahko v prihodnosti pri¢akujemo dodatke
k PMC, ki bodo upostevali specifitne lastnosti
naravnih vlaken.
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Al this raises the question of whether the GMCs
can be used to predict the mechanical response of wood-
plastic composites. The comparison of the experimental
and calculated results shows that the answer is yes, but
of the cellulose fibres are not known. They lose a part
of their strength while they are heat treated during the
processing. A reduction in the length also occurs due to
the screw rotation in the cylinder of the injection-
moulding machine. The longer the input fibres are, the
greater the reduction is. To avoid repetitive microscopy
of the injected materials, an approximate fibre-length
reduction can be found in some papers [12]. The GMCs
does not take into account the random fibre orientation
and especially their curved shapes and non-uniform
cross-section, which also reduces its capability to predict
the response of wood-plastic composites. In further
testing the imperfect bonding between the fibre and
the matrix should be taken into account, as was done
by Bednarcyk [13] for metal fibres. The impact of
coupling additives should also be taken into accoum '
here [1]. A database with the mechanical propertics of
different natural fibres should also be established,
because presently an average industrial user obtains the
cormect input data with great difficulry. Also, inthe paper,
the time-dependent mechanical behaviour of the
composite was not yet considered due to complex and
random properties of the fibre, and this will be the
subject of our future research. Moreover, the
development of the GMCs is not yet finished, and wood-
plastic composites have just only begun to take their
place among other composites. This means that in the
future, improvements of the GMCs can be expected,
which will take into account the specific properties of
the natural fibres.
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