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ABSTRAKT

Tato diplomova prace se zabyva vliverfirpdnich plniv na transformaci poly(1-buten).
Jako girodni plnivo byla pouzitai@vni mowtka. NejvyznamgSi vyvoj v PB-1 je fazova
transformace z Formy Il do Formy |, jenZ nastav&pystalizaci z taveniny obsahujici PB-
1 a devni mowku. Studium &chto gechodi bylo provedenoiznymi experimentalnimi
technikami, jako je Siroko-uhla rentgenografie f@mincialni skenovaci kalorimetie. Studi-
um krystalizace odhalilo zvySeni teploty krystatiea rostoucim obsahenedni mouky,
tuto teplotu také ovlikovala velikosttastic devni mowky. Rychlost fazové transformace
Z tetragonalni na stabilni hexagonalni formu byi&iy ocemz sedci zkraceni doby trans-
formace. Zngny v kinetice krystalizace bylyijpisovany z¥tSeni nukleace poly(1-butene)
v piitomnosti plniva. Molekularni zémy téchto kompozitnich materi&lbyly sledovany za

pomoci reologie.

Kli¢ova slova: izotakticky poly(1-buten), fazova tramsfiace, tevoplastové kompozity,
DSC, WAXS, reologie

ABSTRACT

This masters thesis deal with influence naturderBl upon transformation in poly(1-
butene), as a natural filler used wood flour. Thestmmportant evolution in PB-1 is a
phase transformation from Form Il to Form | aftgrstallization from melt containing PB-
1 and the wood flour. Study of these transitions warried out by different experimental
techniques, such as Wide-Angle X-ray Diffraction AMS) and Differential Scanning
Calorimetry (DSC). Crystallization of study revedhiacrease in crystallization temperature
with increasing content of wood filler, temperata@avas also influenced by the particle
size of wood flour The rate of phase transformafi@m tetragonal to stable hexagonal
form was enhanced as evidenced reduce the timsforamation. The observed changes in
the crystallization kinetics were ascribed to tianced nucleation of PB-1 in the pres

ence of wood filler. Molecular changes these contpssvere monitored by Rheology.

Keywords: isotactic poly(1-butene), phase transtirom, Wood Plastic Composites, DSC,
WAXS, rheology
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INTRODUCTION

Plastic composites reinforced with wood fillers (W\dfe a group of new materials made
from a combination of wood fillers and thermoplasgsins. WF reinforced composites are
becoming increasingly popular in the furniture,cabtive, and building industries. How-
ever, thermoplastic users are still seeking newsway improve product performance.
Wood fillers are advantageous because they argpamsxve, renewable, lighter, and less
abrasive to processing equipment compared wittgaroc fillers. In addition to the proc-
essing and physical properties, the long-term biebawf these materials is a very impor-

tant parameter, especially with respect to thegielsiyout and the product liability.

Poly(1-butene) was used in this experiment becphase transformation is very interest-
ing and it is also very important property. MoreQveis widely used and investigated at

the Department of Polymer Engineering, Tomas Battivéssity in Zlin.

A general goal of this work was to create the bdeoidPoly(1-butene) and wood fillers and
to study the phase transformation in compositesdas poly(1-butene) and natural fillers.
Phase transformation was studied by WAXS, DSC. Riggovas studied only in samples
PB-1+wood [pine-untreated], because this measurewas carried out on stay in Labora-
toire de Photochimie Moléculaire et Macromoléc@ainiversité Blaise Pascal, Cler-

mont- Ferrand.
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1 ISOTACTIC POLY (1-BUTENE)

Poly (1-butene) is obtained by polymerization of-btene, with stereo-specific Ziegler-

Natta catalyst to create a high molecular, isatasgmi-crystalline polymer [1].

T catayst 1T
n % C=C - —C—C—
|_|| J:Hz heat & pressure |_|| éﬂz
& SHy
n
But-1- ene Poly (1-buégn

Fig. 1 Synthesis of Poly (1-butene) by polymerzatof butene-1-ene

Isotactic poly(1-butene) (PB-1) is a thermoplagttyolefin with outstanding mechanical
properties, like high creep resistance, low stgfegood impact behaviour, and excellent
elastic recovery. In addition, PB-1 is a resistand high number of chemicals and is very
insensitive to environmental stress cracking inidewnelt flow ranges. Despite the excel-
lent properties, applications of PB-1 are limiteanpared to those of the lighter polyole-
fins like polyethylene and polypropylene, mainlyedio the slightly higher cost of the raw
and due to the dimensional changes arising fromtanstructure transformation, which

complicates the production of goods with stablemeeal properties.

Isotactic PB-1 has a very complex polymorphic b&hay since it can crystallize into vari-

ous crystalline forms, depending on the preparat@rditions [2].

1.1 Properties of PB-1

PB-1 displays excellent resistance to creep, amasihemicals and environmental stress
cracking —properties. In addition, the polymer loasg stiffness, resists impact well (even at

relatively low temperatures) and has excellenttielascovery.

The crystalline fraction of a semi-crystalline polgr influences certain characteristics.
Generally, increasing crystallinity raises stiffaghardness, density, creep resistance, tem-
perature resistance, abrasion resistance and |l@smeing by chemicals. The amorphous
part determines characteristics like tensile angaich strength, crack propagation, and

stress cracking resistance [3].
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PB-1 displays excellent creep resistance. It doésaquire additional cross-linking or any

other modification. Upon solidification from the iten state PB-1 creates a durable net-
work of entangled molecules between the crystalliomains. The PB-1 crystallites act as
fixed multi-functional cross-links that are supmaltby entanglements where extensive

slipping is prevented by the ethyl side groupshefppolymers.

The very high molecular weight (Mw = ca. 500.000d a&he relatively long ethyl side
groups of the polymer chains provide what are é&ffely very strong cross-links and a
high number of tie molecules which help to mainthi@ network also at high temperatures

close to the melting point of PB-1 [4].

1.2 Transformation of PB-1

Isotactic poly(1-butene) crystallizes into sevecaystal modifications differing in their
helical conformation and chain packing [5-13]. Qofehe most important aspects of the
polymorphic behavior of this polymer is the slowosfaneous transformation, from the
tetragonal form Il to the twinned hexagonal formtHat characterizes melt-crystallized
samples and has a very strong impact on matemafgegies. Form I, in which chains in a
115 helix conformation are packed in the low-densgyagonal unit cell is the kinetically
favored modification commonly obtained by melt ¢aylization in quiescent conditions at
atmospheric pressure. At room temperature, thigstetle modification slowly transforms
into the most stable modification, form |, whichcisaracterized by a 3ielix conformation
[6, 7, 13]. The Il - | transformation is accompahiey a considerable structural change
which results in an extension of the chain confdromain crystalline strands of around 14
% and a decrease in the cross section of arouid. Ebrm | exhibits higher density, melt-

ing temperature, melting enthalpy, and stiffnessithorm 11 [7, 13-16].

It is well established that the transition from te&ragonal to the hexagonal phase is irre-
versible and that the initial crystal modificatiincan only be obtained by remelting the
sample (monotropic polymorphism). The polymorpmansformation occurs over a wide
temperature range, froifg (-25 °C) up to 100 °C [8, 13], with a maximumerait around
20 °C [9,13,17], at this temperature, completiothef transformation requires several days
[8,9,15,18,19]. Despite the rewarding physical andchanical properties gboly(1-
butene), the slow transformation kinetics is thamraason that has so far restricted its

commercial development.
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2 WOOD

Wood, a renewable resource and naturally occummiagerial abundantly available has a
wide range of applications as construction matepalp, paper, fireboard products as well
as source of energy and as raw materials for vaimdustrially important chemicals. Two
types of woods viz. hard and soft, are availablHtv®od trees are lacking in strength,
dimensional stability etc which restrict their usése softwood trees are generally used for
fuel purposes. These softwoods can be convertedvaitie added primary wood suitable
for furniture, office equipment etc through impragon with polymer in the capillaries,

cavities, and void spaces of the wood cell [20].

2.1 Chemical composition

Dry wood is primarily composed of cellulose, lignimemicelluloses, and minor amounts
(5% to 10%) of extraneous materials. Cellulose, riiegor component, constitutes ap-
proximately 50 % of wood substance by weight. & isigh-molecular-weight linear poly-

mer consisting of chains of 1 to more than 4 bduohiglucose monomers. During growth of
the tree, the cellulose molecules are arrangedardered strands called fibrils, which in
turn are organized into the larger structural eleisi¢hat make up the cell wall of wood

fibers. Most of the cell wall cellulose is crysiad.

Lignin constitutes 23 % to 33 % of the wood substaim softwoods and 16 % to 25 % in
hardwoods. Although lignin occurs in wood throughthe cell wall, it is concentrated
toward the outside of the cells and between delgin is often called the cementing agent

that binds individual cells together. Lignin isheide-dimensional phenylpropanol polymer.

The hemicelluloses are associated with cellulogskar branched, low-molecular-weight
polymers composed of several different kinds oftpe® and hexose sugar monomers. The

relative amounts of these sugars vary markedly spcies [21].

CELLULOSE

e = —— HEMICELLULCSE
LIGNIN

— — HEMICELLULOCSE
CELLULOSE

Fig. 2 Scheme of structure wood
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2.2 Wood for WPC

The chemical constituents of wood are cellulosejibellulose, lignin and a variety of low
molecular weight waxes, tannins and rosins [22,2B¢ cellulose constituent forms mi-
crofibrils that determine the level of reinforcemhgrossible from the wood. The fiber
lengths vary depending on the type of wood. Geherdéciduous wood fiber lengths are
typically 1-1.5 mm and coniferous fibers are 3-3in. The commercially available
sources of wood are sawdust, wood flour, wood filbed cellulose. Wood fiber can be
obtained by chemical treatment of the wood (Krafideéss, which removes the lignin and
low molecular weight waxes) or by thermo-mechanigabd treatment processes, which
conserve the lignin and wax content. Recycled piler separation is achieved by me-

chanical agitation in water [22].

In mechanical pulping, the fibers are obtained fignound wood or small chips. The fibers
separate as the heat softens the lignin and angimerg pulp is removed using screens
[24].

Wood fiber has a length to diameter ratio of betw#6:1 and 20:1. Fine mesh flour adds
stiffness but reduces impact strength. Longer wiiloers contribute to strength but are
more difficult to bind with the polymer. The profies of the wood plastic composite are
dependent partly on the particle size of the wdod.increasing the particle size, an im-
provement in flow and flexural modulus is seen, beer it may be more difficult to ensure

that a homogenous blend is produced. The physroglepties of the wood fiber vary de-

pending on the kind of wood used. It is clear; ¢fieme, that the choice of wood is impor-
tant to the final properties of the WPC, for exaenfile density of hardwoods can be al-
most twice that of softwoods so will result in aatier product. Some wood fibers are
more durable than others depending on the envirataheonditions (wet, dry or alternat-

ing wet and dry) so the end application will haveirfluence on the type of wood fiber /

flour selected. Also, the modulus is generally bigfor hardwoods resulting in a stiffer

WPC product [25].

Some of the most common sour ces:

* Primary wood wastes these are post-industrial wood wastes from salwmil

» Secondary wood wasteghese are post-industrial wood wastes generatethwooden

products, such as furniture, cabinets and doormane
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» Post-consumer wood wasteghis can include anything from construction arenali-

tion debris to packaging, crates and pallets [26].

2.3 Effects of fiber characteristics on properties of wod plastic com-

posites

[27] Properties vary significantly with fiber ormgi Higher fiber size produces higher
strength and elasticity but lower energy to breadt @longation. The effect of fiber size on
water uptake is minimal. Increasing fiber load io@s the strength and stiffness of the
composite but decreases elongation and energyettk b¥Water uptake increases with in-

creasing fiber content.

Different wood species have different anatomicalcdtires. These structural differences
govern the use of these materials in WPC. For el@nfipre dimensions, strength, vari-
ability, and structure are important consideratifZg]. Melt flow index, heat deflection
temperature, notched impact energy, flexural, temabdulus, strength, torque and viscos-

ity increase with increasing particle size.

Mechanical properties of the resultant WPC increadg at low weight percentages of
wood filler. Tensile and flexural strengths reachmaximum at 15 wt% and 35 wt% wood
particle contents, respectively, and gradually éa@ee with a further increase in wood par-
ticle content. Large wood content, considerableigaraggregation takes place, leading to
lower strength due to the filler’s failure to sustthe stress transferred from the polymer to
the matrix [27]
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3 WOOD PLASTIC COMPOSITES

Traditionally, inorganic fillers such as fiberglagsmlcium carbonate, and talc have been
added to plastics to improve their performancenaetiuce cost. More recently, wood flour
has been added to plastic, leading to the developaiéVood—Plastic Composites (WPC).
Wood flour fillers are advantageous because theyirexpensive, renewable, lighter, and
less abrasive to processing equipment comparedinatiganic fillers. Wood filler in plas-
tics is nothing new. Rolls-Royce used a gear lémeb made of wood filled plastic as long
ago as 1916, less than a decade after the patenitihg first completely synthetic resins.
But in the last 30 years, much better materialsehla®en developed. They have higher
wood contents, better interface properties, impdogwecessing technologies and effective
additives [29].

3.1 History

WPC was born as a modern concept in Italy in th&%9and popularized in North Amer-
ica in the early 1990s. By the start of the 21sttuey it was spreading to India, Singapore,
Malaysia, Japan and China [30]. WPC may be onde@htost dynamic sectors of today’s
plastic industry with an average annual growth @t@approximately 18 % in Northern
America and 14 % in Europe [31]. It has been regabthat 460 million pounds of WPC
were produced in 1999. Statistics show that thelyction of these composites in 2001 has

increased to 700 million pounds [32].

Fig. 3 Compounded pellets (bottom) made from wood (upigét)and plastic (upper
left).
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3.2 Manufacture of WPC

The ability of thermoplastics to melt and re-hardes been exploited in many different
processing methods. The most commonly used metbqu®duce plastics and wood-fiber
filled plastic parts are extrusion and injectionldnag (IM) [32—34]. The extrusion process
produces continuous linear profiles by forcing dtetethermoplastic through a die. The
IM process produces three-dimensional items witlmimmal post-manufacturing stages.
Although different, both processes follow the sdrasic steps: melting, shaping, and cool-
ing [35]. Both processes also use screws to conwayp, and blend the heterogeneous
components [33]. Michaeli and Menges compared sxiruand IM using defined process
parameters such as residence time, temperatussupee shear rate, shear stress, and cool-
ing rate. Regardless of the processing data usedsyre and shearing in IM are signifi-
cantly higher than in extrusion. Conditions thatywaith processing method result in dif-
ferent final plastic product properties. Other isgators [35] found highly oriented layers
in IM inorganic short fiber-reinforced thermoplasti When forming, these layers align
fibers with a specific orientation: in outer layefibers are oriented in the main flow direc-
tion, while in the core layer they are orientedpgedicular to flow. With extrusion, how-

ever, structural parameters such as orientatiorbanddary layers are less distinct.

Chiller

Compoundar or — [ Extruder| [ Die | [Calibrator] | [Spray Cooling |

Wood Flour Elendar
Sl F Extruding Systam

Additives -

* Lubricants ]

* Colorants Stacker Cut-off Saw Fuller
+ UV Inhibitors | —

+ Biocides | Brushing |

= Coupling Agents

Fig. 4 The WPC manufacturing process, with extm$arming [36]

3.2.1 Compounding

Melt blending wood and thermoplastics usually reggiian input of physical energy, via
high shear forces, for the polymer to melt (Morthomes 1989). Compounding is generally
performed in melt blending equipment where suffitieeat will melt or soften the plastic,

and allow for more dispersive mixing (Park and Bakcz, 1997). Terms such as com-
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pounding, mixing, kneading and shearing are altdusedescribe the blending procedure
based upon the specific equipment used. Wood ftoused extern sively because of avail-
ability, cost and ease of dispersion into the matFillers and larger particles require
longer and higher intensity mixing to disperse tifbees (Pabediskas et. al. 1993). The
methods in which the components of a thermoplastioposite are mixed vary depending
upon the type of manufacturing process. Twin-scegtwuders provide mixing capabilities

during extruding or injection moulding process [37]

Once the materials are sufficiently mixed, the cosie can then be formed into the final

shape using forming technologies such as extrusiamection moulding [38]

3.2.2 Forming

Most WPC are manufactured using profile extrusiwhich creates long continuous ele-
ments, such as deck boards and window componeméswdod-thermoplastic mixture (in
pellet form) is conveyed into a hopper that fedus eéxtruder. As the material enters the
first zone of the extruder, the heated screws arcebmelt or soften the thermoplastic.
The molten material is then forced through a dienttke a continuous profile of the de-
sired shape. Molten WPC material is highly viscagsthe equipment needs to be power-
ful enough to force the material though the maatyirmad out of the die. As the material
exits the extruder, it is cooled in a water spragrmber or bath to rapidly harden the ther-
moplastic matrix, embossed with a desired pati@nd, cut to a final length. Extruders can
have single screw or twin feed screws, which atentar- or co-rotating. These screws can
be parallel, for mixing only, or conical, to incesapressure in the die to aid in consolida-

tion.

Tandem extruders have one component for the congogiistep and one for the shaping
process. While extrusion methods create lineal efgs) injection molding produces three-
dimensional parts and components. The unique staaqkprofiles that can be created with
injection molding provide the potential for divdysng from the current WPC markets.
The injection molding process involves two stepse Tirst is to melt-blend or compound
the wood-plastic mixture, and the second is toddiee molten WPC into a mold under
high pressure. The molten material fills the cauityhe mold and solidifies as it is cooled.

Injection molding is used to manufacture a vardtparts, from small components to large
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objects. Injection molding is a common method afduction and is especially useful for

making irregularly shaped pieces [39].

Fig. 5 An injection molder [40]

3.2.3 Additives

Additives are also often used in WPC. Additives araterials that are added in small
amounts to enhance properties. For example, luligcanprove surface appearance and
processing; coupling agents improve adhesion betwse wood and plastic components.
Other possible additives include colorants, lighbgizers, foaming agents, and thermoset-

ting resins.

While the bulk of a WPC is wood fillers and therrtagtic polymer, a variety of materials
are added in relatively small quantities. Thesetass are included for a variety of rea-

sons.
e Lubricants help the molten WPC mixture move through the psecey equipment

» Coupling agents improve the wood and polymer interaction. Woodasurally hy-
drophilic (attracts water), while the thermoplagimymers are hydrophobic (repel
water). This basic chemical incompatibility makegdry difficult to bond polymers

to wood. The use of coupling agents can help tocovee this incompatibility.

* Biocides can be added to protect the wood component of Wé&@ fungal and in-

sect attack. Zinc borate is the most commonly usedd preservative added to
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WPC. Fire-retardant chemicals reduce the tendehttlyeoWPC to burn. UV stabi-

lizers help protect the plastics from degradinthm sun.

» Pigments are added to provide a desired color to the priodui¢ stabilizers can
help to protect the color, but some fading and &vitg will occur with most WPC

exposed to sunlight [41].

3.3 Properties of WPC

Some of the major advantages of WPC include tlesistance against biological deteriora-

tion for outdoor applications where untreated timm@ducts are not suitable.

There are several ways to improve overall propeieWPC, namely using right size of
raw material, optimum mixture and preparation @& #hements in the product, and adding
small amounts of additives such as coupling ageigsents, antimicrobials or light stabi-

lizers during their production [42, 43,44].

Most of the physical and mechanical properties Wle@Gend on mainly on the interaction
developed between wood and the thermoplastic naat€ne way to improve this interac-

tion is incorporating a coupling agent as additivegeneral, the additives help the com-
patibility between hydrophilic wood and hydropholplastic allowing the formation of

single-phase composite. Wood-Plastic Composites lzdse problems when they are ex-
posed to UV rays, their natural wood or pigmentelbur may tend to fade away. There-
fore, depending on the final application, UV fikdrave to be added to stabilize their col-

ours for a longer time.

The effect of particle size is one of the most imgat parameters affecting overall prod-
ucts properties. The use of optimum size of pa&rtight improve the mechanical proper-

ties of a composite [44].

3.3.1 Advantages

WPC are composite materials and have propertidsotif materials. They have stiffness
and strength between those for plastic or wood,thetdensity is generally higher than
either. The properties of WPC come directly fromaitlstructure: they are intimate mixes
of wood particles and plastic. The plastic effeefyjvcoats the wood particle as a thin layer.

The structure is shown at left. The high moistesistance of WPC (water absorption of
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0.7 % compared to 17.2 % for pine) is a direct Itesfuthe structure. Moisture can only be
absorbed into the exposed sections of wood andoistransmitted across the plastic
boundaries. The result is that WPC are extremelistin@ resistant, have little thickness
swell in water and do not suffer from fungal oraosattack. The properties of WPC can be
tailored to meet the product requirements by varyire type of wood or the type of plastic.
Pigments, UV stabilisers and fire retardants chbealdded to the WPC raw material be-
fore extrusion to improve specific properties. WR&ve: good stiffness and impact resis-
tance, dimensional stability, resistance to rote#lent thermal properties, low moisture

absorption [45].

3.3.2 Disadvantages

The wood component within WPC does impart sometipesattributes compared to plas-
tic; however, the inherent problems with wood (mis sorption and susceptibility to
mold and decay) remain. Water can penetrate int@\W#beit at a much lower rate and
level compared to solid wood or other wood comgssiColour fade from sunlight is also
accelerated when wood is added to thermoplastaissiieg whitening or greying of the
surface of the composite. WPC are also usuallyeduetavy and not as stiff as solid wood.
This limits the potential use of WPC in many stunat applications and creates the poten-
tial creep or sagging problems, especially in amvanvironment. WPC is theoretically
recyclable; it could be re-melted and reformed imtav decking lumber. However, collec-
tion, cleaning and transportation of old WPC tceaycling centre for remanufacture are

likely to be prohibitively expensive [46].
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4 MATERIALS AND EXPERIMENTAL TECHNIQUES

The aim was to prepare samples poly(1-butene) avatiiiller with particles of different

size and to investigate their phase transformation

4.1 Materials and sample preparation

Isotactic poly (1-butene) (PB-1) was provided byhgellBasell. Polybutene-1 grade PB
0110M is a semi-crystalline homopolymer, which sed where creep, environmental
stress crack resistance and elevated temperatricgrpance are key requirements. Its rela-
tively slow kinetics of crystallization allow fomaexcellent wetting behaviour. Its highly
shear-sensitive flow behaviour means that it remaimsily dispersible also in even more

incompatible polymers like thermoplastic elastonjéi.

Technical data

Density 0.914 g/cth

Melt flow rate (MFR) 0.4 g/10 min (190 °C/2.16kp)
Melt flow rate (MFR) 12 g/10min (190 °C/10kg)
Flexural modulus 450 MPa

Melting temperature 117 °C

Tensile Strength at Yield 19.5 MPa

Tensile Strength at Break 35 MPa

Tensile Elongation at Break300 %

Table 1 Used material of PB 0110M [48]
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4.1.1 Preparation of samples

Melt mixing was carried out in Haake MiniLab Il M@Compounder batch mixer of 7 €m
capacity at 111 rpm for 7 min at 190 °C. Six diéetr blends were prepared containing 5,
10, 15, 20, 30, 50 wt% PB 0110M and the wood filleine- untreated).

Blend Plastic : _| Wood
content Plastic qud P! content Compounding method
[UNF] (%] type cies (%]
1.| Reference 100 0
2. | PB1+5%WF 95 5
3. | PB1+10%WF 90 Pine- 10 Extrusi
xtrusion
4. | PB1+15%WF 85 OlF;LE(;)M Sylvestre 15 _
(natural) compounding
5. | PB1+20%WF 80 20
6. | PB1+30%WF 70 30
7. | PB1+50%WF 50 50

Table 2 Preparation of blends from wood [pine-uatted] and PB-1

Next samples were carried out in Haake MiniLab M@ompounder batch mixer of 7 €m
capacity at 60 rpm for 4 min. at 160 °C. Six difflet blends were prepared containing 5,
10, 15, 20, 30, 50 wt% PB 0110M and the wood fi{feine) Wood particles were dried in
an oven before they were mixed with poly(1-butei®od was dried at 95 °C for 60 min.

Blend Plastic : _| Wood
content Plastic qud P! content Compounding method

[UNFN] %] type cles [%]
1. Reference 100 0
2. | PB1+5%WF 95 5
3.| PB1+10%WF 90 Pine- 10 _
1 PB1TIE0eWE 55 PB Sylvestre G Extrusion
. + 0

o110Mm| (natural) compounding

5. | PB1+20%WF 80 [dried] 20
6. | PB1+30%WF 70 30
7. | PB1+50%WF 50 50

Table 3 Preparation of blends from wood [pine-draaat PB-1



TBU in Zlin, Faculty of Technology 24

Others samples were prepared under the same @sdds the previous blends, but with
other wood. Wood was a mixture of oak and ash aasl separated by using separation

machine. Particle about size 26 #m and50 xm were used for sample preparation.

Blend (I:ok;tsetzlr?t Pt'j‘sgc Woé’i‘;ss'oe' (;/(;/r?t(;it Compounding method
[%6] [%6]
1.| PB1+10%WF 90 Mixture of | 10
2.| PB1+20%WF| 80 pp | c@kandash 2o Extrusion
3. | PB1+30%WF 70 0110M| 316pm 30 compounding
4.| PB1+40%WF| 60 [dried] 40

Table 4 Preparation of blends from dried wood alsme particle816pm and PB-1

Blend (I:ok;tsetzlr?t Pt'j‘sgc Woé’igss'oe' (;/(;/r?t(;it Compounding method
[%0] [%6]
1.| PB1+10%WF 90 Mixture of | 10
2.| PB1+20%WF| 80 pp | cakandash 20 Extrusion
3. | PB1+30%WF 70 0110M|  50pm 30 compounding
4.| PB1+40%WF| 60 [dried] 40

Table 5 Preparation of blends from dried wood alsmé particle$0 pm and PB-1

4.2 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measures tdmperature and heat flows associ-
ated with transitions in materials as a functiontiofe and temperature in controlled at-

mosphere [49].

Differential Scanning Calorimetry is a technique foeasuring the necessary establish a
zero temperature difference between a substancaramert reference material, as the two
specimens are subjected to identical temperatgienes in an environment heated or

cooled at a controlled rate.

This is type In-heat flux DSC, the sample and exiee are connected by a low-resistance

heat-flow path (metal disk). The assembly is erezlas a single furnace. Enthalpy or heat
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capacity changes in the sample cause a differends temperature relative to the refer-
ence; the resulting heat flow is small comparechwhiat in differential thermal analysis

(DTA) because sample and reference ate in goodhtdiezontact. The temperature differ-

ence is recorded and related to enthalpy chantfeeisample using calibration experiments
[50].

4.2.1 Sample preparation

The success of the DSC experiments depends orateicpreparation of samples and the
judicious selection of the appropriate experimeptaiditions (such as scanning rate and
sample size). DSC samples are analysed in smadll peths, designed of optimal thermal
conductivity and minimum reaction with the samplies example aluminium), which are

supplied by the instrument manufactured. Pans neaggden, pin-hole, covered or sealed
and are used in combination with reference panerftical material. The samples with the

weight about 5-10 mg were used.

4.2.2 Calibration

Other important instrument settings include thécation parameters and purge gas condi-
tions (such as flow rate and gas type). At the wtayt and end of each heating or cooling
scan most instruments will not achieve perfect &m@ajure control and this results in the so
called ‘start-up loop’ phenomenon. To be sure afuaately observing a transition, it is
recommended to program the instrument to stadest 30 °C below and to end at least 10
°C above the temperature of interest. This shooklie that the instrument has a steady
baseline before and after any recorded transitost commercial DSC instruments can-
not heat or cool accurately at rates in exces®8min’, and in many cases 30 K riiis

the practical maximum scan rate. Slow scan ratels €min') may also be possible with
certain instruments. Measurements under isotheooadlitions are practical with most
modern DSC instruments, although temperature chistmmot as good (typically + 0.3 °C)

as for other types of isothermal calorimeters [52].
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4.3 Wide-Angle X-ray Scattering (WAXS)

Wide angle X-ray scattering is an X-ray diffractiechnique that is often used to deter-

mine the crystalline structure of polymers.

The one-dimensional (1D) crystallinity index of thieers was determined by taking the
one-dimensional WAXS profiles from the 1D wire date and, after all corrections have
been made (beam intensity, collection time, subtracof air background), curve fitting
the intensity vs. @ (scattering angle) plot using a peak deconvolugiaokage. Since the
amorphous and crystalline peaks overlapped in goaterial (or meridional) slice, it was
necessary to find the peak parameters of the armogppeak independently. The peak pa-
rameters of the amorphous peak for the on-lineepadtwere determined by the fitting of
the one-dimensional equatorial slice of a two-disi@mal WAXS pattern taken at a dis-
tance very close to the spinneret where crystéilimahad yet to begin. The amorphous
peak was taken to be a single Gaussian peak basexperimental observations. The cen-
ter position and full width at half-maximum (FWHMYhe amorphous peak from this fit
were used in all subsequent fits for the on-lindgpas where crystallization had taken
place. For these on-line crystalline patterns, akpepresenting the amorphous contribu-
tion was inserted with the above parameters, anldeight was adjusted so that the tails of
the amorphous peak fit very well with the experitaédata. It is assumed that any scatter-
ing in these regions is only from the amorphoussph@s this time, various crystalline
peaks were inserted, and their peak parametergigmsheight, FWHM) were iterated to
achieve a good fit with the experimental data. theron/line study, these crystalline peaks
were fitted with Lorentzian peaks, which fit theage most accurately. After fitting the
pattern with an amorphous and several crystallisgkp, the 1D crystallinity index was

determined as follows:

_2A
A TS (A +A,)

where A is the integrated area under neat the crystalleskp and A is the integrated
area of the amorphous peak of the one-dimensidical §he upper range of the integra-
tion was approximately 4092This 1D crystallinity index can be used to congpseimples
within the experiment for qualitative trends bubgld not be considered the absolute crys-

tallinity of the sample. These results were comgavéh the two-dimensional (2D) crys-
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tallinity index as calculated by applying eq 1 toadial integration of the WAXS profiles
at a series of equispaced azimuthal angles frongimgaplate after all corrections have

been made [52].

The Philips X'Pert Pro 1 X-ray diffractometer isvitee to characterize crystalline materi-
als. It is capable of performing various types &asurements and analyses. The diffracto-
meter has a stationary, centrally placed, X-rayetuhbth (para focusing) line focus and
(parallel beam) point focus employing two goniometir each type of focus. The line
focus is mainly used for general diffraction wonkdaphase analysis. Furthermore, it is
used for determination of stresses in (sub) sutaeas and line profile analysis. The point
focus is mainly used for texture measurements.nfhsurements are done at room tem-
perature. An oven is available to perform measurgésnat elevated temperatures under gas

protection if required [53].

Fig. 6 Philips X Pert Pro 1 X-ray Diffracometer

A PEAKFIT v4 was used for the evaluation of crylata part in the specimens. It is sug-
gested to follow the disappearing of the peak a8°12) (reflection plane 200) the form I

rather than increase the peak at 9.9%r2flection plane 110) of the form | because, to-
gether with the phase transformation, a post digstion phenomenon takes place during

which part of the amorphous polymer crystallizew ithe form | [54]. However, in this
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work, it was not possible to measure the idenspaicimen but a series of specimens pre-
pared under controlled conditions. It was decideétbtiow evolution of the both peaks of
forms | and 1l (at 9.9° and 10.89Rand calculate the ratio of heights both peaksamd

tent of the form | from the total sum of both hdghlrhe same approach has been used in
several works by Azzuri et al. [55], Samon et &6][and Natta et al. [57]. The similar ap-
proach was used in work of Kaszonyiova et al. [®8in case of isotactic polypropylene,

which is also a polymorphic material [59,60].

4.4 Rheology

Rheology is the science of deformation and flowradterials. The Society of Rheology's
Greek motto Panta Réi translates as "All things flow." Actually, all reaials do flow,
given sufficient time. What makes polymeric matesriateresting in this context is the fact
that their time constants for flow are of the saonger of magnitude as their processing
times for extrusion, injection molding and blow w@iolg. In very short processing times,
the polymer may behave as a solid, while in loragessing times the material may behave

as a fluid. This dual nature (fluid-solid) is ref=t to as viscoelastlwehavior.

Hooke’s law describes the behavior of an ideal glastic solid:

o=E¢
where applied stress)(and induced strairz) are related by a unique modulus valte

The shear modulus (resulting from changing stranthe ratio of the shear stress to the
shear strain. It follows from the complex relatibipssimilar the above that:

O.D
GYw) =—= =G'(w) +iG"(w)

where G* is the complex shear modulus, G' is thehase storage modulus or elastic
modulus. The imaginary component G" is the ouptodise similarly-directed loss modulus;
G* = V(G? + G"). The frequency where these parameters crosscovezsponds to a re-

laxation time (T) specific for the material.
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It follows that:

tan@) = ¢
Gl
where tangent of the phase angle §jatescribes the balance between energy loss and sto

age in melt

As tan(45°)=1, a value for tad)(greater than unity indicates more ,liquid* propes,

whereas one lower than unity means more ,solidpprtes, regardless of the viscosity.

Dynamic viscosity £") is related to the complex modulus by:

7°=C 9 - ) -in (@)
|

wheren'=G"(a)/a« andn'"=G'(w)/ « . Then, the real component of the complex viscosity

(") describes the viscous dissipation in the samyhde the imaginary component™( repre-

sents the stored elastic energy.

4.4.1 Cole-Cole representation

An empirical rheological model used to fit dynandata is the Cole-Cole distribution ex-

pressed by:

O Mo

T )™

wherel, is the average relaxation time amthe parameter of the relaxation-time distribu-
tion. In the complex plane this model predicts\tagation of the viscosity componentg' (
versusy') to be an arc of circle (Figure 9). From this regrgation it is easy to determine
the parameters of the distributiafy is obtained through the extrapolation of the drthe
circle on the real axis and the distribution paremie through the measurement of the an-
gle @ = hz/2 between the real axis and the radius going fronotigin of the axis to the

centre of the arc of the circle.
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Fig. 7 Cole-Cole plot
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5 RESULTS AND DISCUSSION

5.1 Differential Scanning Calorimetry

Phase transformation was studied by using a P&ilkner DSC-1.

5.1.1 DSC results — crystallization study

Samples were heated at 50 °C/min up to 170 °C atdifor 1 minute at 170 °C and then
cooled at 10 °C/min from 170 °C to 30 °C. Secondting at 10 °C/min up to 170 °C and
hold 1 min at 170 °C and cooled at 10 °C/min fror® 2C to 50 °C.

Generally, increasing wood filler content in theerild causes a pronounced increase of
temperature of crystallization.@&nd slight increase of temperature of meltingliicreas-
ing wood filler content in the blend causes a ptoroed decrease of latent heat. The de-

crease of enthalpy with increasing Form |

Fig. 8 shows that of the highest temperatures ydtallization has WF [5@m] and the
lowest WF [untreated]. It follows that the partidze also influences the temperature of
crystallization. With decreasing particle size gases the crystallization temperature. It
can be observed, that drying wood has influencéeorperatures of crystallization. Tem-
perature of crystallization composites is aroun@C8@epending on the content of wood.
With increasing content of wood, increases tempesadf crystallization. PB-1 neat has
temperature of crystallization 77, 3 °C. Little ¢amt of wood in the composite increases

the crystallization temperature by 1 °C.

Crystallization temperature with the increasingdiaf transformation does not change.
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Fig. 8 Temperature of crystallization of all sangpteepending on the content of

wood flour filler

The melting behavior of all samples is illustratedrig. 9. Temperature of melting in 0 day
is about 115°C. Temperature changes are slightigedding on the content of WF. Tem-
perature of melting in 6 days is about 129°C. Ddfee between 0 day and 6 days are
caused by phase transformation, when Il form t@nséd to | form. At day O can be ob-
served that temperature of melting are higher @tadays 6. Form | has higher melting

temperature than Form II.
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Fig. 9 Temperature of melting all samples dependimg¢he content of wood flour filler

5.1.2 DSC results - study of phase transformation kinetis

After melting PB-1 crystallizes to the tetragonmajstal Form Il with 13 helix and then in

time it transforms into stable twined hexagonaktalForm | with 3 helix.

Comparing the integrated under both peaks of Foand Form Il the content of trans-

formed Form | can be calculated — the extent oftiese transformation in time.

Form | was observed in the case of composites lfdramsformation times. The higher
content of Form | suggest that the WF promote tlgstal transformation through nuclea-
tion of Form | directly from amorphous phase. Thghbkr values of the PB-1 composites
compared to virgin PB-1 suggest lower amorphouserdrand it is well known that in the
process of Form Il to Form | phase transformatiastight extension of chain segment oc-

curs.

It is interesting that Form Il gradually transforingo Form | on aging at room temperature
[61-67,68-71]. In the case of solution grown singtgstals, morphological change induced
by this transformation is not observed except tomfation of small cracks. The Form |

specimen that was obtained by transformation fronmAI is the most stable [69].

From the figure 10 it was revealed that with inereg transformation time, the area under

the lower temperature peak (116 °C, Form |l) desweand the area under the higher tem-
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perature peak (129 °C, Form [) increases. Shapbeoturves is almost identical for all

samples.

Gohil et al. [71] also suggested that the addiliteasile stress induced due to the tighten-
ing of the tie molecules on the chain segmentsutiitahe crystal amorphous interphase
facilitates the local extension of theslfelix to 3 helical conformations and enhances the
nuclei formation which results in the higher ratgpbase transformation. The crystallinity
of the composites was found to be almost same Ifdh@ compositions, however, the
transformation from Form Il to Form | was foundinarease with the content of WF. This
suggests that the lowering in amorphous fractiaroisthe only factor in enhancing the rate

of phase transformation. One of the other reasonsriprovement in the rate could be the

disordered crystallite of Form 11 [72].
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10 Evolution of Form | in all composites faanous transformation times
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5.2 Wide-Angle X-ray Scattering (WAXS)

The Philips X Pert Pro was used for samples ingattin. WAXS patterns were recorded

in the diffraction angular range 5 -300°2

The wide-angle X-ray scattering was performedamsmission mode to observe the evolu-
tion of the Form I and Il in samples PB-1+wood gimtreated) as can be seen in follow-
ing Fig. 11. It shows a virtually the same evolntaf the Form | content at six different
blends and PB-1 neat. It can be seen that contéirm | with increasing content of wood

flour filler rises.

Until the day 4, the fastest gradual evolution seémbe similar for all samples depending
on the content of WF. However during next 6 dagsrthate is same. Further observation at

time of 12 and 22 days shows unexpected increagediorm | content to over 85 %.

Form | was observed in the case of samples fahaltransformation time. The higher val-
ues of Form | suggest that wood filler promote ¢hgstal transformation through nuclea-

tion of Form I directly from amorphous phase.

At day O it can be observed that the higher vabfesontent of Form | of the PB-1+WF
composites compared to virgin PB-1 neat suggesei@morphous content and it is well
known, that in the process Form Il to Form | phasasformation a slight extension of
chain segment. The rate of phase transformatian feiragonal to stable hexagonal form
was enhanced as evidenced reduce the time traretformThe observed changes in the
crystallization kinetics were ascribed to the ereahnucleation of PB-1 in the presence of

wood filler.
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Fig. 11 Evolution of Form | content during transfation for PB-1+ WF [untreated]
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Fig.12 shows that fastest addition is observedaatstormation days frorh to 9 and from

day11the form content becomes constant at approxim8eehp.
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Fig. 12 Evolution of Form | content during transfation of PB-1 + WF [untreated] for

different transformation times
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Until the day 2, the fastest gradual evolution seémbe similar for all samples depending
on the content of WF. This can signify that theedrwood flour affects the phase transfor-
mation. Further observation at time of 7 and 19sdslyows unexpected increase of the

Form | content to over 85 %.
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= ] e 10%WF |
3 304 15% WE -
. —v—20% WF 1
207 30% WF ]
10 <4 50%WF
_ PB1 neat
0 T T T "~ T T T T "~ T " T "1

0 2 4 6 8 10 12 14 16 18 20 22
Transformation time [days]

Fig. 13 Evolution of Form | content during transfation for PB-1 + WF [dried]



TBU in Zlin, Faculty of Technology 39

Fig.14 shows that fastest addition is observedaatstormation days frorh to 5 and from

day6 the form content becomes constant at approxima8&tsky.
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Fig. 14 Evolution of Form | content during transfation of PB-1 +WF [dried] for differ-

ent transformation times
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Until the day 2, the fastest gradual evolution seémbe similar for all samples depending
on the content of WF. Further observation at tirh® and 21 days shows unexpected in-

crease of the Form | content to over 85 %.

100 I T I T I T I T I T I T I T I T I T I T I T I
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:
30 /° — = 10%WF
4

10 +

Transformation time [days]

Fig. 15 Evolution of Form | content during transfation for PB-1 + WF [size particles
316 pm]
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Fig.16 shows that fastest addition is observedaatstormation days frorh to 5 and from

day6 the form content becomes constant at approxim8&8tehp.

100 T T T T T T T T T T T T

804 & .
1 4 —&— Oday

. 70 < <4 vi‘ 74:&$ e 1d ay A
~ ' x 2days 1
= %0 —v— 3days
5 50 - 4days |
% | * —<— 5days |
= 404 o 6days |
2 ] \ ‘ —&— 7days -
8 30 / —%— 9days -
1 —e—17days 1
207 ® —@—21days |
10 ././'\- -

I I I T I I I

60 70

o
'_\
o
N
o
w
o
N
o
Ul
o

Content of WF [%]

Fig. 16 Evolution of form | content during transfmation of PB-1+WF [size particlesl6

pm] for different transformation times.
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Wood filler about particles size %0n has higher content of Form 1.
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Fig. 17 Evolution of form | content during transfaation for PB-1 +WF [size particlé®

pm]
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It can be seen that fastest addition is observédasformation days frorhto 7 and from

day9 the form content becomes constant at approximagsy.
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Fig. 18 Evolution of form | content during trangfoation of PB-1 +WF [size particlé&®

pm] for different transformation times.
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The evolutions in selected days for samples wittiglas size 5@m and 316um in all
content of wood are illustrated in Fig. 18. Tramsfation is influenced by particles size. It

was observed that smaller WF particles have peséftect on rate of phase transforma-
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Fig. 19 Evolution of Form | content in the sampi®ut size particle316 and50 um for

all content of wood in selected transformation days
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5.3 Rheology

Rheology was measured only in sample PB-1 +WF {pimeeated].This measurement
was carried out on stay in Laboratoire de Photoihikholéculaire et Macromoléculaire,

Université Blaise Pascal, Clermont- Ferrand.

Molecular changes were monitored by melt viscoligtexperiments in oscillatory shear
mode using a rotational controlled stress rheomBRES equipped with parallel plate
geometry with diameter was 10 mm and the gap betvilee plates was 1.0 mm. In all
cases, the values of the stress amplitude werdeti¢o ensure that all measurements were
conducted within the linear viscoelastic regionfréquency sweep extending from 0.1 to
100 rad/s was performed at different temperatuBgs2110-230 °C. The temperature 190

°C was considered as a referential temperature.

12 ; ; ; ; 12
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10° F J10 410

10° F ool
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°
)
)
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107 kb 10° |
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Frequency [rad/s] Frequency [rad/s]

Fig. 20 Storage (G') and Loss (G") moduli as aF19- 21 Storage (G') and Loss (G") moduli as a
function of frequency for PB-1granules function of frequency for PB-1reference

Values of storage and loss moduli of reference $ampPB-1 are lower than those of PB-1 gran-

ules. This is caused by thermal history of therssfee sample. Thermal history influences me-

chanical resistance. Referential sample was miged min at 190°C in Minilab. During mixing, a

termooxidative degradation occurred. The decre&sd,cand polydispersity of PB-ik calculated

in chapter 5.1.1. At low frequencies, iBévalues are lower tha@ . This is typical behavior of

uncrosslinked polymer melt in terminal zone. Théym@r melt's behavior is more viscous than

elastic. The crossover & andG™ is beginning transition zone.
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Fig. 22 Storage (G") and Loss (G") modules askg. 23 Storage (G') and Loss (G") modules as a

function of frequencw for blend of function of frequencw for blend of
PB-1+5%WF. PB-1+10%WF
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Fég. 25 Storage (G') and Loss (G") modules as a
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Fig. 24 Storage (G') and Loss (G") modules as
function of frequencw for blend of

PB-1+15%WF

Values of G", G of PB-1+5%WF and PB-1+10%WF anedr than those of PB-1 reference (Fig.
13, 14). Wood filler percentage higher than 15%hi@ blend leads to the moduli G", G higher
than PB-1 reference.
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5.3.1 Cole-Cole representation

Cole-Cole plot of the imaginary vs. real part ohdgnic viscosityy”” vs.7’, is a unitable

rheological method of data presentation. For urstirdsed polymer melts with monomodal

distribution, Cole-Cole plot gives an arc articlecocle. Its extrapolation to the real axis

gives zero shear viscosity (17, = k.M,,**) that is proportional tty. This can be used to

calculate the decreaseMf, of PB-1 during microcompounding.
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4500

3000

1500

Fig.
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" 1 " 1 " 1 " 1 " 1 "
0 1500 3000 4500 6000 7500 9000
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28 Cole-Cole plot dPB-1 granules and reference.



TBU in Zlin, Faculty of Technology 48

Fig.28 shows Cole-Cole plots of PB-1 granules aBelReference. As the PB-1 reference
was thermo-oxidized, it is obvious that ftpwas decreased. It means thatMig decreased

too.

From the angled, it is possible to calculate distribution paraméighat is a function of

polydispersity.
The calculation oMy, decrease and distribution paraméter

Figure for zero shear viscosity:
n, =kM,,>*
Circle: y=a+(a* — x> + 2bx)°°

Zero shear viscosityy, = 2b

Distribution parameter [ h :(\J'\\ﬂ—’“j] :
W

_hin
2
tgp=13
go b
Q= arctgE
b
h= EarctgE
T b
Numbers calculated from graph:
PB-1 granules PB-1 reference
R*= 0,991 R= 0,989
a = -3407 a=-1948
b =4249 b =2512
Nogranuies = 20 = 2[4249=8498as Noreterence = 20 = 2[2512=5024Pas

Mo =kMy* =
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k = ,70 granules __ ,70 reference M \/:\3/’4reference _ ,70 reference M \/:\3/4reference _ ,70 reference
= _M3,4 _M3,4 :>M3,4 - = M 34 - =
W granules W reference W granules ,70 granules W granule ,70granu|es
1
M 34
— W reference =3 ,70 reference - (5024] 34 - 0.86
|le granules ,70 granules 8498 =
yates = 2 ATCIAG ! = 043
T 4248 =—
hreference = E arCtag 1948 = 0142
Vs 251 —
Nyranvies! Nieterence = polydispersity degression
Sample no[Pa.s] h
Granules 8498 0,43
PB 0110M
Reference 5024 0,42

Table 6 Zero shear viscosify and distribution parametérof PB 0110M gran-
ules and reference.

Mwdecreased to 86% of initiddy . The polydispersity decreased of the reference ds we
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Fig. 29 Cole-Cole plot of blends PB-1+WF
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Fig. 30 Cole-Cole plot detall

Fig. 29 presents Cole-Cole plots of all blends. PB5%WF and PB-1 +10%WF have
smaller arcs of circle than PB-1 reference. It nsetirat these materials are more fluid.
Therefore, wood acts as a lubricant agent. Howewnereasing content of wood has an
opposite effect. Then, it acts as an apparent lonkslsy Wan der Waals forces between

wood particles and polymer chains.

5.3.2 Rheology of preparation samples

Rheology of preparation samples was measured hygublicroCompounder Haake
MiniLab at 1 to 120 rpm for 8 min. at 170 °C.

Fig. 30 shows that with increasing WF content skesaosity increases.

The rheological properties show that addition of Wérease viscosity. It is clearly seen at
particle size 50 and 316. In case of dried WF tieer® significant difference at low filling

up to 30 %, but at PB-1+50%WF viscosity remarkabtyease. It is caused by large WF
content, considerable particles aggregation talieeplleading to lower strength due to the

filler’s failure to sustain the stress transferfiemn the polymer to the matrix.
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CONCLUSION AND PERSPECTIVES

In the bibliographic are presented used matenmaéthods and the present state of knowl-
edge concerning the phase transformation of PBekt [gart describes of Wood-Plastic
Composites. The experimental part contains thelteesfi measurements, which are di-

vided according to methods used.

The observations of the present investigation @asummarized as follows. Study crystal-
lization shows that with increasing wood filler ¢ent the crystallization temperature in-
creases and the heat latent of crystallizationedesas. With increasing wood filler content
the melting temperature does not change ®ARC) and heat latent of fusion decreases.
Crystallization temperature affects the particleesf wood flour. With decreasing particle
size of WF, the crystallization temperature incesasStudy the phase transformation the
shows, that with increasing transformation time, édinea under the lower temperature peak
(116 °C, Form Il) decreases and the area unddrigfiner temperature peak (129 °C, Form
[) increases. It follows the transformation fromrifoll to Form | was found to increase

with the content of WF.

Further step was to study molecular changesse results suggest that the mechanism for
nucleation and growth of Form | was altered inphesence of WF. The observed increase
in the rate of phase transformation for the contpesvas attributed to the decrease in the
amorphous content and to the enhanced nucleatiéorh | due to disordered crystallite
morphology. Transition from phase Il to phase lplaignificant role in the physical and
mechanical properties of PB-1 , these results detrate that the use of WF offers a novel
route to enhance the transformation as the timeined) for the conversion of Form | was

found to be decreased.

Melt behavior of the samples were investigatedi®ometer ARES. Values of storage and
loss moduli of reference sample at PB-1 are loWwan tthose of PB-1 granules because of
the thermal history of the reference sample. At fosgquencies, th&” values are lower
thanG™". Wood filler percentage higher than 15 % in the Blezads to the modu”, G™
higher than those of PB-1 reference. Cole-Cole piag used to determine the difference
betweenM,y reference an#l granulesMy reference decreased to 86 %d\vbf; granules.
The polydispersity decreased of the reference dls Gale-Cole plots of all blends shows
that PB-1+5 % WF and PB-1+10 % WF have smaller afcsrcle than PB-1 reference. It
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means that these materials are more fluid. Thexef@ood acts as a lubricant agent. How-
ever, increasing content of wood has an opposfextefThe rheological properties show
that addition of WF increase .viscosity. In theecas low filling up to 30 % no significant

difference, but at PB-1+50 % WF viscosity remariahtrease. It is caused by large WF
content, considerable particles aggregation talieeplleading to lower strength due to the

filler’s failure to sustain the stress transferfiemn the polymer to the matrix.

Further research could be the use of additivesgclwbould affect no only the phase trans-
formation PB-1, but also properties of WF. Staklifian could bring further applicability of

PB-1 based on its phase transformation.
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LIST OF ABBREVATIONS

PB-1

Poly(1-butene)

WPC  Wood-Plastic Composites

DSC

Differential Scanning Calorimetry.

WAXS Wide Angle-X-ray Scattering

WEF

Wood Filler

Temperature of glass transition
Temperature of crystallization
Temperature of melting

Complex dynamics modulus

Elastic modulus

Loss modulus

Parameter of the relaxation-time distribution
Dynamic viscosity

Real and imaginary viscosity components
Zero shear viskosity

Average relaxation time

Frequency



TBU in Zlin, Faculty of Technology 59

LIST OF FIGURES

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1 Synthesis of Poly (1-butene) by polymerizatof butene-1-ene..............ccccceeeees 10
2 Scheme Of StrUCTUre WOOU ...........coeeeeeeeiiiiie e 12
3. Compounded pellets (bottom) made from wd@apper right) and plastic

(T 0] 0L 1] P 15
4 The WPC manufacturing process, with extnuseming [36] ............ceiiiiinnennnn. 16
AN e I Lo [=Tex 1o 0 I g T ] (o = L0 18
6 Philips X"Pert Pro 1 X-ray DiffracoOmeter............cccuvuviiiiiiiiiiiiiieeeeeee e 27
A O] [Tl 0] [ o] (o ) PSR 30
8 Temperature of crystallization of all sangpldepending on the content of
WOOM FIOUN BN ... s 32

9 Temperature of melting all samples dependinghe content of wood flour

L1 L= PP PP 33
10 Evolution of Form | in all composites faanous transformation times ................ 34
11 Evolution of Form | content during transfation for PB-1+ WF [untreated]...... 36
12 Evolution of Form | content during transfation of PB-1 + WF [untreated]

for different transformation tiMes ...........cceeociiiiiiii e 37
13 Evolution of Form | content during transfation for PB-1 + WF [dried] ........... 38

14 Evolution of Form | content during transfation of PB-1 +WF [dried] for
different transformation tIMES ...............u it 39
15 Evolution of Form | content during transfation for PB-1 + WF [size
PArtiCIES3LO M. .. mmmmm e eeeeeeeennenenn e A0
16 Evolution of form | content during trangfwation of PB-1+WF [size particles

316 um] for different transformation times............cccccuiiiiiiiiiiiiiieeee e 41
17 Evolution of form | content during trangfoation for PB-1 +WF [size
PANICIESS0 PUM]. .ttt ereee ettt e e e e e e e e e e e e e aeeeeeeeeesbbnnnns 42
18 Evolution of form | content during trangfoation of PB-1 +WF [size
particles50 pm] for different transformation times. ..........ccoooviiiiiiiiiiiiiiciiineenn. 43
19 Evolution of Form | content in the sampédmut size particle816 and50

pm for all content of wood in selected transformati@ys ...............cceevvvvveciiiinnnnnn. 44
20 Storage (G') and Loss (G") moduli as action of frequencyn for PB-1

(0= T 111 =TSSP SPPPPIN 45



TBU in Zlin, Faculty of Technology 60

Fig.

Fig.
Fig.
Fig.

Fig

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

21 Storage (G') and Loss (G") moduli as action of frequencyn for PB-1
FEIRIEINCE ...t e e e e 45
22 Storage (G") and Loss (G") modules asetion of frequency for blend of ...... 46
23 Storage (G') and Loss (G") modules asetion of frequencw for blend of...... 46
24 Storage (G") and Loss (G") modules asetion of frequency for blend of ...... 46

. 25 Storage (G') and Loss (G") modules asation of frequency for blend of ...... 46

26 Storage (G') and Loss (G") modules asetion of frequency for blend of ...... a7
27 Storage (G') and Loss (G") modules asetion of frequencw for blend of...... 47

28 Cole-Cole plot dPB-1 granules and reference...........oooeee e emceeeeeevvinnnnn a7
29 Cole-Cole plot of blends PB-1+WF .......ccoooiiiiiiiiieieieeeeeeeeeeeeeeeev e 49
30 Cole-Cole plot detall........ccooe e e e 50
31 Flow characteristics of preparation samples.............cooooviiiiiiiiiiiiiiiniees 51



TBU in Zlin, Faculty of Technology 61

LIST OF TABLES

Table 1 Used material of PB 0110M [48]......uuuuuuuuumiiiiiiaeeeeeeeeeeeeeeeeiti s 22
Table 2 Preparation of blends from wood [pine-uatted] and PB-1........cccccoeeveiieennnnnneee. 23
Table 3 Preparation of blends from wood [pine-dreattl PB-1 ............oovvviiiiiiinniinnnnnn. 23

Table 4 Preparation of blends from dried wood alsté particle816pum and PB-1.....24
Table 5 Preparation of blends from dried wood alsme particle0pm and PB-1....... 24
Table 6 Zero shear viscosiiy and distribution parametérof PB 0110M granules

2 1[0 (=Y (=] (=] [ =TT 49



