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Abstract
Utilizing wood as filler and reinforcement in thermoplastic polymer-matrix composites,

has gained interest during the last decades, mainly as profile extruded exterior building 

products such as deck boards, railings, and door- and window frame components. This 

thesis deals with silane-crosslinking of wood-polyethylene composites through reactive-

extrusion. The reactive-extrusion aims to graft silanes to the polyethylene in the molten-

phase using peroxide as initiator, and a subsequent curing in high humidity and elevated 

temperature results in crosslinking of the wood-composite. The goal of using this method 

is to increase the materials strength, toughness and resistance to creep. Long-term 

mechanical performance is an issue for wood composites of commonly used 

thermoplastic matrices and improvements of properties may make these composites 

applicable as primary load-bearing members in structures. The extrusion process, where 

only grafting of silanes should take place, has earlier shown to be difficult for a wood 

composite, leading to unintentional crosslinking (scorch) in the melt and thereby poor

processability of the composite. The objective for this study was to investigate how to 

control this reactive-extrusion process for wood-polyethylene composites, by studying 

process-structure relations, and furthermore to understand the relationship between 

structure and properties of the composites. The process was investigated by use of 

different material compositions (papers I-III), curing modes (papers I-III) and extruder-

settings (paper IV). The structure-properties relations were studied by use of various test

and analysis methods (papers I-V).

It was found that the process can be controlled such that scorch was suppressed, and the 

efficiency of curing was increased. Significant differences on the results were shown for 

extruder-variables like barrel heat, screw speed and screw configurations. The peroxide-

load in the grafting step also showed a strong effect. Consequently, a composite not 

scorched and effectively cured could be obtained, and it was concluded that the 

complexity of this process, in comparison to the silane-crosslinking of a neat 

polyethylene, is due to the hydrophilic wood present in the process.

All crosslinked composites in this study have improved in strength, toughness and creep

resistance, compared to a non-crosslinked counterpart. Not scorched composites showed 

highest strength, toughness and resistance to creep, despite a lower degree of crosslinking 

in the matrix after curing, compared to highly scorched samples. To investigate the 
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mechanisms leading to properties improvement, dynamic-mechanical analysis and 

adhesion tests were employed. It showed that direct chemical bonding between wood and 

matrix polymer is plausible, but do not describe the mechanism for improvements.  

A model of interphase for silane-crosslinked wood-polyethylene composites was 

presented, where it was suggested that the wood particles become surface-treated in the 

extrusion process, leading to an interphase of more efficient stress transfer. Nothing 

proves that pure chemical bonding between the wood and polyethylene answers to the 

strength improvements of the silane-crosslinked composites.

It was suggested that future work in this field, in terms of processing, should address the 

use of ethylene-vinyl-silane copolymers (EVS) or blends of polyethylene and EVS, to 

obviate the silane-grafting step in the process. However, since the bonds of this 

crosslinking (-Si-O-Si-) are reversible hydrolysable, the long-term stability should be 

evaluated. For only stabilizing the matrix polymer, crosslinking by use of peroxides only,

may be a better option.



iii
 

Preface
The work of this thesis has been carried out at the Division of Materials Science, LTU 

Luleå and Division of Wood Science and Engineering, LTU Skellefteå; Department of 

Engineering Sciences and Mathematics, Luleå University of Technology. Part of the work 

was supported financially by Skellefteå Kraft and Nordea in Skellefteå, for which I am 

truly grateful.

I want to express sincere gratitude to Professor Elisabet Kassfeldt and my supervisor 

Professor Olle Hagman, for making completion of this thesis work possible.

Göran Grubbström



iv
 



v
 

Contents

Abstract………………………………………………………………………………....... i

Preface………………………………………………………………………………....... iii

List of papers……………………………………………………………………………vii

List of Abbreviations…..……………………………………………………………...... ix

1 Introduction…………………………………………………………………………. 1

1.1 Wood-plastic composites (WPCs)…………………………………………….. 1

1.2 Wood component in WPCs……………………………………………………. 3

1.3 Properties of WPCs…………………………………………………………….. 5

1.4 Traditional modifications of WPCs……………………………………………. 7

1.5 Crosslinking modifications of WPCs………………………………………….. 7

1.6 Objectives for this study……………….. ……………………………………... 8

2 Crosslinking…………………………………………………………………………. 9

2.1 Polyethylene…………………………………………………………………… 9

2.2 Crosslinked polyethylene………………………………………………………10

2.3 Crosslinked wood-polyethylene composites………………………………….. 13

2.4 Summary of appended papers………………………………………………….17

3 Process………………………………………………………………………........... 21

3.1 Reactive extrusion……………………………………………………………. 21

3.2 Grafting silanes to wood-polyethylene composites………………………….. 22

3.3 Curing…………………………………………………………………………. 24

3.4 Compositions…………………………………………………………………. 26

3.5 Processability………………………………………………………………….. 26

3.6 Influence of extruder parameters……………………………………………… 29

4 Structure and properties…………………………………………………………. 37

4.1 Chemical analysis……………………………………………………………. 37

4.2 Morphology…………………………………………………………………… 39

4.3 Quasi-static properties………………………………………………………… 40

4.4 Creep…………………………………………………………………………. 43



vi
 

5 Interphase……………………………………………………………………………49

5.1 Interface/interphase definition…………………………………………………. 49

5.2 Adhesion………………………………………………………………………. 49

5.3 Model of interphase……………………………………………………………. 58

6 Conclusions………………………………………………………………………… 61

7 Suggestions for future work………………………………………………………. 63

References…………………………………………………………………………….. 65

Appended Papers I-V



vii

List of papers

The core of this thesis is the reported work of the following papers:

I. Grubbström G, Oksman K. Influence of wood flour moisture content on the degree 

of silane crosslinking and its relationship to structure-property relations of wood-

thermoplastic composites. Comp Sci Tech 2009;69:1045-1050.

II. Grubbström G, Holmgren A, Oksman K. Silane-crosslinking of recycled low-

density-polyethylene/wood composites. Comp Part A 2010; 41:678-683.

III. Grubbström G, Oksman K. Silane-crosslinking efficiency in wood-polyetylene 

composites: Study of different polyethylenes. In: Proceedings of 10th International 

Conference on Wood and Biofiber Plastic Composites, Madison, WI, USA 2009.

IV. Grubbström G. Silane crosslinking of a polyethylene / wood flour composite: 

Process control and the composites properties. Submitted to Composites Part B: 

Engineering.

V. Grubbström G. The adhesion between a silane-functionalized ethylene plastic and 

wood. Submitted to Composites Part A: Applied Science and Manufacturing.



viii



ix
 

Abbreviations

DCP Dicumyl peroxide

DMA Dynamic-mechanical analysis

DOE Design of experiments

EDS Energy dispersive X-ray spectroscopy

EMC Equilibrium moisture content

EVS Ethylene-vinyl-silane (-copolymer)

FTIR Fourier transform infrared spectroscopy

HDPE High-density polyethylene

LDPE Low-density polyethylene

MC Moisture content

MFI Melt flow index

MOE Modulus of elasticity (flexural mode)

MOR Modulus of rupture (flexural mode)

PE Polyethylene

PEX Crosslinked polyethylene

RH Relative humidity

SEM Scanning electron microscopy

SG Specific gravity

VTMS Vinyl-trimethoxy-silane

WDS Wave-length dispersive X-ray spectroscopy

WF Wood flour

WPC Wood-(thermo)plastic composite



x
 



1
 

1
Introduction

This thesis deals with modification of wood-plastic composites by chemical crosslinking. 

The crosslinking involves a silane-grafting step in an extruder, followed by a curing step 

where silane-crosslinks are formed. The overall objective of crosslinking was to improve 

the composites properties. Chapter 1 and 2 describes the theoretical background of the 

topic, the specific objectives for the study, as well as a description of all studies 

performed by other groups, and the works of this thesis. Chapter 3 address process issues 

more specific, and chapter 4 the composites structure and properties. Chapter 5 tries to 

answer the question “how come” in regard to the property changes attained by 

crosslinking, by proposing a model of the crosslinked wood-plastic composites 

interphase.

1.1 Wood-Plastic Composites (WPCs)

Considerable interest has been shown during the last decades in using lignocellulosic 

fibers of wood or non-woody biomass as filler and reinforcement in polymer matrix 

composite materials. Lignocellulosic matter is the most abundant land based biomass, it is 

a renewable resource and its crystalline cellulose have high strength and stiffness. When 

wood flour/fibers have been compounded with a thermoplastic polymer it is defined as a

Wood-Plastic Composite (WPC). The fraction of wood is commonly in the range 50-60

wt%, and the rest consist of the matrix polymer and additives. The wood component in 

WPCs is a low-cost material in comparison with the plastic, which give possibilities to 

lower the cost of relatively expensive thermoplastic polymer products.

Applications for these composites are found in paneling for automotives and components

for furniture, but the largest growing use is in construction industry, mainly profile

extruded exterior building products such as deck boards, railings and door- and window 

frame components [1]. These composites are seen as alternatives to preservative-treated 



2

lumber since their continuous and hydrophobic matrix may provide good moisture- and 

decay resistance [2].

The use of thermoplastic matrices allows traditional thermoplastic processing method

such as compounding extrusion, profile extrusion, injection- and compression molding.

The most commonly used matrix polymer commercially is polyethylene (PE), followed 

by polypropylene (PP) and poly-vinyl-chloride (PVC), whereas polymers like polystyrene 

(PS), polymethyl methacrylate (PMMA) has been employed experimentally [3]. Lately,

wood flour / lactic acid based polymer (PLA) composites has been tested [4] and here a

true “bio-composite” of wood flour have been achieved since the matrix polymer is 

biodegradable. The matrix polymers used should be possible to process under 200°C, due 

to the low thermal stability of wood [1].

The moisture resistance of WPCs is at its best when the matrix is fully encapsulating the 

wood component. There is a limit around 70 wt-% of wood flour to get this effect, where 

higher wood flour content leads to interconnecting of wood particles and the full

encapsulation is lost, and moisture transport increased [5].

Incorporation of wood to a plastic is done by a compounding process, and there are 

principally two different approaches in order to make WPC products: Wood and plastic 

can be compounded and extruded to pellets/granules, and subsequently processed by 

profile extrusion or injection molding to a product. In the case of profiles of WPC, a so-

called direct-extrusion can be employed, where all components of the composite are dry-

blended, fed into the extruder and formed to a final product in one step as illustrated in 

Figure 1 [6].

 

Figure 1. Principle sketch of a WPC direct extrusion. 



3
 

Typically are WPC products made by a continuous forming process, i.e. profile extrusion. 

Profiles can hereby be made with a designed cross-sectional shape in order to lower the 

amount of material used, lower weight of the beam and thereby engineer its mechanical 

performance in a certain load direction [7]. Figure 2 shows extruded WPC products of 

different cross-sectional shapes.

Figure 2. Examples of WPC profiles. [8]

1.2 Wood component in WPCs

Wood used for WPCs is mainly in the form of wood flour. Flour can be defined roughly 

as the size between coarse powder and dust, where its particles can pass through a 35 

approximately a 140 mesh screen opening (100 

produce wood flour. Grinding and crushing methods have 

been employed in the past, but the commonly used and most efficient method are to 

disintegrate the wood in a so called hammermill, where the reduction of the wood is due 

to repeated high velocity impacts of rotating hammers [9].

Wood is a lignocellulosic material and all wood are composed of cellulose, hemicellulose,

lignin and a low fraction of extraneous substances. Solid wood has a good strength

provided by its quite unidirectional arranged fibers (hardwoods) or longitudinal tracheids 

(softwoods), and these cells are built up as a multidirectional laminate (Figure 3). The 

primary layer (P) has a diffuse orientation of cellulose fibrils, whereas the secondary
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layers (S1-3) have ordered angles of the fibrils. The S2 layer is the thickest and has great 

influence on the wood cell properties.  

Figure 3. Layers of the woody cell wall. Adapted from the Wood handbook [5]. 

Wood itself is a hierarchical composite material. In the ultrastructure of the woody cell 

wall, micro-fibrils of cellulose are the strength providing component and the lignin act as 

a binder. Cellulose and lignin do not couple to each other, so the hemicellulose

compatibilize the system of cellulose and lignin. In the microstructure of wood, 

fibers/tracheids are connected by the compound middle lamella (CML). The middle 

lamella consists mainly of lignin and function as a binder between the cells. At the macro-

level, wood is a composite by its circular aligned layers of earlywood and latewood, 

alternating. These wood types have different bulk densities and can be defined as distinct

phases. Clear softwood shows a tensile strength between 90 and 140 MPa, and a Young´s

modulus between 8 and 12 GPa [10].

The strength and stiffness of a WPC increases as the wood flour particle size decreases 

and studies has shown that a maximum is reached around 70 mesh size, whereas bigger 

particles (35 mesh) and smaller particles, 120 to 235 mesh, show slightly lower 

mechanical properties. The aspect ratio of the particles is of considerable importance, 

where a critical length is required to transfer stresses efficiently [11].
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Figure 4. Softwood flour, diameter range 250- , visualized by different microscopy 

methods; (a) LM, (b) SEM, (c) AFM (phase) 

It can be seen in Figure 4 that the wood has disintegrated to fiber bundles by fractures in 

both the middle lamella between the woody cells and through the woody cell wall. If the

cells are disintegrated through the middle lamella, lignin is likely the main component of 

the fracture surface, whereas a fracture through the cell wall would leave a fracture 

surface mainly consisting of hemicellulose and cellulose. Generally is the wood flour 

surface of hydrophilic nature, although low molecular weight extractive compounds of 

the wood are likely to migrate to the surface when the wood is heated, which may lead to 

changes in surface properties of the wood as a result of the high temperature extrusion 

processing.

Wood fibers/tracheids can be used as fillers in WPCs also, and gives better reinforcement 

of the composite compared to the use of wood flour [13], but fibers are difficult to feed 

into a compounding extruder as the fiber tend to form a network and do not have a “bulk

flow” as wood flour particles do.

1.3 Properties of WPCs

The density of WPCs is usually over 1 g/cm3, which is more than twice as high as

common softwood (0.4 – 0.5 g/cm3) and actually higher than the employed matrix

polymers too (0.9 – 1.0 g/cm3). [5]. This high density of WPCs is because the lumen of

the wood cell is to some degree filled by the matrix polymer, meaning that the wood 

contribute to the composite density by its cell wall density (1.5 g/cm3). Consequently is a 

WPC of higher wood content denser than a WPC of less wood, up to a point where the 
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wood lumen cannot be filled anymore. A challenge for WPCs for use in structural 

applications is to lower the weight of the products [7]. In addition to engineered cross-

section shapes of WPC beams (Figure 2), has foaming been employed in studies, as an 

attempt to lower the weight. [14, 15]

WPC products are mainly designed for outdoor use, and particular concerns are 

degradation of the matrix polymer caused by exposure to UV-radiation, as well as 

moisture uptake to the composite, which is accelerated by this polymer chain degradation 

[13].

Generally are the mechanical properties of a WPC dependent of the employed matrix 

polymers properties. The most commonly used matrices are different types of PE,

followed by PP and PVC. The wood component in WPCs provides stiffness to the 

composite and may also provide strength (stress at yield) if there is good adhesion 

between wood and matrix polymer, which usually requires a modification of the 

composite system, e.g. compatibilizer /coupling agent. [2] Examples of some WPC 

properties for composites of common matrix polymers, compared to solid wood samples, 

are shown in Table 1.

Table 1. Properties of WPC (50-60 wt% wood) and sawn lumber / clear softwood samples. 

MOR MOE Density Specific strength
Material [MPa] [GPa] [g/cm3] [kN·m/kg]

WPC of:

Polyethylene (PE) a 10 - 26 1.8 - 5.2 1.0 – 1.3b 16c

Polypropylene (PP) a 22 - 61 3.5 - 6.0 1.0 – 1.3b 36c

Polyvinylchloride (PVC) a 36 - 55 4.8 - 7.6 1.0 – 1.3b 40c

Ungraded sawn lumber
Spruce d 27 – 53 8.8 – 13.5 0.43 93c

Pine d 26 – 58 9.3 – 14.5 0.50 84c

Clear wood
Norway spruce e 62 - 82 8.2 - 12.2 0.42 171c

Scots pine e 72 - 106 7.9 - 12.1 0.51 174c

a [5], b [2], c Avg strength / avg density, d [16],  e [10]
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The strength of WPCs of commonly used matrices is actually comparable to that of sawn 

softwood lumber but is inferior to the strength of clear wood. Some alternative polymer 

matrices show to provide great mechanical strength when in WPCs, e.g. the use of a PLA-

matrix has shown a flexural strength around 115 MPa [4]. However, the specific strength 

of WPCs is still low compared to clear wood, due to its relatively high density.

A restraint for WPCs of commonly used matrix polymers is the poor creep resistance, 

which limits the field of applications for WPCs [7]. Modifications of WPCs can improve

the resistance to creep; making the composite more suitable for long-term load exposure

and thereby for primary load-bearing applications [7].

1.4 Traditional modifications of WPCs

In the case of wood fiber composites, the lignocellulosic fibers have many polar hydroxyl 

groups, making them poorly miscible with non-polar polyolefin matrices. Early studies on 

improving interfacial adhesion in wood composites have often involved fiber surface 

modifications. Examples of this are by use of compatibilizers such as silanes [17, 18], 

isocyanates [17, 18] and functionalized polymers [19-21]. Examples of functionalized 

polymers are maleated polypropylene (MAPP), -polyethylene (MAPE) and styrene-

ethylene-butylene-styrene (MA-SEBS). Moreover, treatments of the fibers such as 

corona- [22], plasma- [23], peroxide- [24], heat treatment [25] and acetylation [26] have 

also been employed. The use a compatibilizers/coupling agents such as silanes and 

maleated polymers, have shown good improvements in strength of the composites,

whereas activations (e.g. plasma) or de-activation (e.g. acetylation) have generally shown 

little effect on mechanical properties.

1.5 Crosslinking modification of WPCs

Crosslinking is a well-established method to stabilize neat polyethylene. During the last 

decade, silane-crosslinking has been investigated as a method to crosslink the 

polyethylene matrix polymer of a WPC, which also may enable chemical linking between 

wood and matrix polymer. The method involves melt-phase modifications of the matrix 

polymer during extrusion, instead of traditional pre-treatment of the wood particle 

surfaces, prior to the manufacturing process. Silane-crosslinking has shown to give 

strength improvements up to 100%, which is similar to the effect of using maleated-
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polymers as coupling agent [27]. The strength improvements of silane-crosslinked WPC 

have been suggested to be a result of chemical linking between wood and matrix polymer

[28].

A specific objective to apply crosslinking has been to increase the composites resistance 

to creep, but the influence of a partially crosslinked matrix on the composites resistance 

to creep was not thoroughly evaluated. Furthermore have there been process problems in 

terms of unintentional crosslinking during extrusion, which limits the processability of the 

composite and mechanically degrade the composite in the process.

All works as of now, identified as “Crosslinking of WPCs” are summarized in section 2.3

and 2.4 of this thesis.

1.6 Objective for this work

The objective of this work was to investigate ways to optimize the process in regard to the 

structure obtained of the materials (i) and understand structure-properties relations (ii) of 

the crosslinked composite when silane-crosslinking WPC in a reactive extrusion process. 

The specific objective of the process study was to investigate how unintentional 

crosslinking in the melt can be inhibited. The principle goal of crosslinking the WPC was 

to strengthen and improve the composites long-term mechanical properties, furthermore 

to gain an understanding of mechanisms that can explain the altered mechanical 

properties. Figure 5 display an overview of the work.

 

Figure 5. Objectives overview.
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2
Crosslinking

2.1 Polyethylene

Polyethylene is the most common matrix polymer for WPCs [1, 2]. It is the most widely 

used thermoplastic polymer and has been commercially available since late 1930´s [29].  

Due to its high availability, low cost, good properties- and chemical resistance, 

polyethylene is used for various applications such as buckets and containers, films, 

sheets, piping and pipe-fittings, and moisture-barriers for packaging etc. [30, 31]. 

Chemically pure polyethylene has the chemical structure C2nH4n+2 but has in reality 

defects in form of interrupting features like branches and chain-end vinyl groups. These 

defects will define the nature of the polyethylene, where few defects, i.e. few branches 

and few end-groups (long polymer chains) give the plastic a high degree of crystallinity, 

in comparison to a polyethylene with many defects that to a lesser extent can crystallize. 

This ability to crystallize defines the two main types of polyethylene, where closely 

packed polymer-chains (high degree of crystallinity) lead to higher density (high-density 

polyethylene, HDPE), whereas lower degree of crystallinity give low-density 

polyethylene (LDPE). The classification high- and low are in relation to each other. 

HDPE has typically a density > 0.94 g/cm3 and a degree of crystallinity from 60 – 80 wt-

%, whereas LDPE is in the range 0.91-0.93 g/cm3 and a degree of crystallinity of 40-50

wt-% [30, 31]. Additional subclasses of polyethylene are medium-density- (MDPE),

linear-low density- (LLDPE), very-low-density- (VLDPE), ultra-high-molecular-weight-

(UHMWPE) etc., and it can be said that all classes of polyethylene is only a variation on 

a theme. [30, 31]. Polyethylene can also be chemically crosslinked, which is an essential 

part of this whole thesis and is covered in section 2.2 specifically.

The mechanical properties of polyethylene are reflected by their crystallinity, where the 

more crystalline HDPE has a ultimate tensile strength between 20 to 30 MPa and a 

Young´s modulus between 0.6 to 1.4 GPa while the less crystalline LDPE show values 
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of 8-12 MPa and 0.2-0.4 GPa, respectively [30, 31]. One specific good property of 

polyethylene plastics is the low glass-transition temperature (around -120°C), meaning 

that it show high toughness in service temperatures where other plastics may be in a 

glassy, brittle state.

Figure 6 show the chemically pure structure of polyethylene and the schematic structure 

of HDPE, LDPE and crosslinked polyethylene.

Figure 6. (a) Chemical structure of pure polyethylene; (b) Schematic structure of HDPE; (c) LDPE 

and (d) crosslinked polyethylene [30].

2.2 Crosslinked polyethylene
It was discovered already in the late 1940´s that heat deformation resistance and 

resistance to slow crack growth could be improved if the polyethylene was crosslinked by 

irradiation [29], i.e. the thermoplastic polyethylene is given properties similar to a

thermoset plastic. The irradiation method was followed in the mid 1950´s by peroxide 

method for crosslinking of polyethylene [323]. The use of irradiation or peroxides to 

crosslink leads to the same crosslinking mechanism, where abstracted hydrogen results in 

radical sites on the polyethylene chain, which in turn enables radical induced crosslinks (-

C-C-) between the chains when saturated. In the 1970´s methods were developed of using 

silanes to crosslink [33, 34], where vinyl-alkoxysilanes are grafted to the polyethylene by 

use of a peroxide as initiator and a subsequent water-curing leads to hydrolysis and 

condensation reactions to form siloxane-bridges (-Si-O-Si-). The condensation reaction 
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forming siloxane bridges can also be a condensation of  alkoxysilanes and any hydroxyl 

groups; therefore complete hydrolysis is not needed, [35]. The two different crosslink 

mechanisms are shown in Figure 7. In the 1980´s, the ethylene vinyl-silane copolymer 

(EVS) was commercially introduced and here a vinyl-trimethoxysilane is co-polymerized

with ethylene. With EVS, the process is further simplified as the grafting step is obviated

[35].

Figure 8 show the pure polyethylene structure and its trimethoxysilane modified 

structures. Improved resistance to heat deformation, creep and stress crack propagation 

makes crosslinked polyethylene suitable as insulators for low and medium voltage cables 

and flexible/hot water piping. [36].

Crosslinking of polyethylene with only peroxide or a silane/peroxide solution, is made by 

a reactive extrusion were the reactants are added the melt. Crosslinking by peroxides 

only, lead to radical-induced crosslink formation in the melt, whereas the silane-method 

only intends to graft silanes in the melt-phase process, by use of a peroxide-initiator. 

Silane-crosslinking requires a water-curing step afterwards where condensation reactions 

lead to crosslinking. [36].

Figure 7. Radical induced crosslinking and silane-crosslinking (1) silane grafting; (2) hydrolysis 

and condensation.
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Figure 8. Schematic structures of polyethylene, VTMS-g-polyethylene and ethylene-vinyl-silane 

copolymer.

Side-reactions when crosslinking is mainly attributed to the use of peroxides. Scission of 

polymer chains and pre-mature crosslinking (scorch) can be seen in both peroxide- and 

silane-crosslinking processes. Scorch and chain scission can be inhibited by a careful 

determination of parameters such as material compositions and extruder settings and 

configurations [36]. The likeliness for these side-reactions to take place is dependent of 

the type of polyethylene. LDPE give rise to a higher extent of both radical-induced 

crosslinking and silane-grafting [37] and LDPE is also reported being more susceptible 

for polymer-chain scission compared to HDPE [38]. These differences can be explained 

by lower crystallinity and the higher amount of tertiary-carbons in LDPE [38].

The structure of the silane-grafted polymer will also affect the efficiency of water-curing. 

For example: LDPE is reported to cure to at a double rate compared to HDPE, and this is 

due to higher diffusion rate of water into the higher free-volume LDPE [36].  Moreover, 

the reachable degree of crosslinking in silane-grafted polyethylene is reported to be 

higher if the degree of crystallinity is lower since the silane-crosslinking occurs in solid 

state and a lower crystallinity is believed to positively affect the formation of siloxane-

bridges [39].

The silane-crosslinking process is promoted by use of catalysts. Commonly used catalysts 

are organotin compounds and compounds containing carboxylic acid groups. These

compounds catalyze the hydrolysis of alkoxy-groups and may also catalyze the 

subsequent condensation reaction. [40]

Crosslinking leads to reduction of crystallinity of the polyethylene, as a consequence of 

structural changes of the polymer in melt-phase, and this lead to decreased Young´s

modulus, especially for radical-induced crosslinking, which take place in the melt.

Radical-induced crosslinking of HDPE decrease stress at yield clearly, while the nominal 

stress at break slightly increases, at around 50% reduced strain at break [41]. Silane-
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crosslinking of HDPE show unaffected or a slight decrease in yield stress, while nominal 

stress at break is reduced, at around 50% reduced strain at break [42]. LDPE show 

reduced yield stress from radical-induced crosslinking, and a slight increase in stress at 

yield when silane-crosslinked. The stress at break is slightly increased for crosslinked 

LDPE, for both crosslinking mechanisms [43].

The degree of crosslinking can be determined by measuring the insoluble gel content, 

according to ASTM D2765. The material to be measured is put in a pouch made of 120 

mesh stainless steel wire cloth, and then immersed in boiling xylene. The xylene is mixed

with a small amount of antioxidant, typically butylated hydroxytoluene (BHT), to inhibit 

further crosslinking. The xylene is removed

until constant weight is attained. The degree of crosslinking is then determined as the 

average of two separate extractions according to the standard, and calculated as shown by 

equation (1).

Degree of crosslinking (%) 1001
0m

me , (1)

where me is the extracted mass of the sample and m0 is the initial mass of the sample. 

This standard (ASTM 2765) also involves a swelling test to analyze the density of 

crosslinks. In the swelling test, the sample is immersed in hot xylene and the uptake of 

xylene is related to the density of the network, where low weight gain corresponds to 

higher density of the crosslinked network.

2.3 Crosslinked wood-polyethylene composites

In the late 1990´s, studies of radical-induced crosslinking in wood- polyethylene 

composites were performed. It showed that the polyethylene matrix became crosslinked, 

moreover that the strength of the composites were improved [44-46]. Later, silane-

crosslinking was employed to wood-polyethylene composites, where wood flour, 

polyethylene and a silane-peroxide solution was compounded [28, 47-50]. These 

composites were subsequently water-cured and showed improved strength, toughness 

and creep resistance.
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In this process, the matrix polymer is altered and is therefore different from methods 

where the wood flour has been pre-treated. However, the wood surface treatments with 

silanes are sometimes referred to as silane-crosslinked WPC. Figure 9 displays the 

principle idea of what real crosslinking of a WPC would look like.

Figure 9. Principle sketch of (left) uncrosslinked and (right) crosslinked WPC.

The silane-crosslinking method for wood-polyethylene composites is basically a 

different approach compared to the use of coupling agents and chemically modified 

wood. Most coupling agents, including silanes, and fiber surface modifications aim to 

make the fiber surface non-polar to achieve better wetting to, and dispersion within, the 

non-polar polyolefin. Functionalized polymers like maleated PP and PE do form ester-

bonds to the wood surface, and a short segment of PP or PE entangle the PP or PE matrix 

polymer. The silane-crosslinking technologies for these composites are intended to 

functionalize the plastic with polar groups and thereby enable crosslinking of the matrix 

polymer, but possibly create crosslinks to the polar wood surface, illustrated in Figure 

10. A summary of earlier proposed mechanisms; covalent bonding, hydrogen bonding 

and Van der Waals forces, are displayed in Figure 10.
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Figure 10. Previous suggested mechanisms. 1) –Si-O-C-, 2) Hydrogen bonds, 3) Van der Waals 

forces between the silanes condensed to wood but not grafted to PE, 4) free radical reaction, -C-

C- [28, 47-50].

Bengtsson et al. [28, 47-50] studied the impact on gel contents for the use of different 

fractions of the silane/peroxide solution and curing modes of the crosslinked composites.

Properties like flexural strength, impact strength and short-term creep and moisture 

uptake was investigated. Weathering tests were performed to see its impact on the 

mechanical strength of crosslinked composites. The overall conclusions were that silane-

crosslinking is a promising method to improve all these properties of WPCs.

Microanalysis showed that the silanes concentrate around the surface of the wood flour, 

and it was stated that this feature provide a basis to suggest that crosslinking have 

occurred between wood and matrix polymer [28]. However, all these studies appear to 

have resulted in excessive scorch of the material in the extrusion process.

Geng and  Laborie [51] made composites of LDPE and a high fraction of wood flour.

The composites were made using a torque rheometer. Different amounts of 

silane/peroxide solution were tested, with or without catalyst. Samples not sauna stored 

were compared to sauna stored. The results showed that the rheological properties were 

altered dependent on the amount of silane/peroxide and the process temperature. The 

storage modulus was shown to decrease for sauna stored sample, which was suggested to 

be a result of degradation of siloxane-bridges by hydrolysis. The gel content of the 

composites were not measured.
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Clemons et al. [52] silane-crosslinked composites of wood flour and HDPE or LDPE, 

and blends thereof. Three different methods; pre-grafting of silane to the PE, grafting 

silane to pre-made WPC and compounding wood, PE, silane/peroxide in one step was 

evaluated. The conclusion was that the process of pre-grafting silanes to the PE prior to 

compounding with wood was the best. However, the composites hardly increased in gel 

content after moisture curing, and it looks like the composites mainly have crosslinked 

through radical-induced crosslinking. Mechanical tests were performed before and after 

moisture curing. The curing did not lead to any improvement or a slightly decreased

strength. No uncrosslinked counterparts were tested.

Bengtsson et al., Geng and Laborie and Clemons et al. have all referred to Kuan et al.

[53] as doing the same process, but Kuan et al. pre-treated wood flour with silanes and 

compounded the wood and polyethylene, adding peroxide and a tin-based catalyst to the 

process. This process does not likely promote grafting and subsequent crosslinking of the 

matrix polymer. Kuan et al. [53] did not measure any gel content, but referred to FTIR 

spectras showing increased Si-O-Si entities as the water-curing time proceeded,

attributed to grafting and crosslinking of the matrix polymer. However, this FTIR 

analysis could as well show only homopolymerization of the silanes. Kuan et al. showed 

good results on strength improvements due to the pre-treatment of wood flour prior 

compounding.

Bengtsson et al. implies that Si-O-C bridges are shown by FTIR [28], but this is

inconclusive since there are overlappings of C-O-C and Si-O-Si entities. Bengtsson et al. 

and Clemons et al. [52] do not show a non-crosslinked reference material in some 

studies. Bengtsson et al. have in one study [49] produced composites of HDPE of two 

different melt flow index, but only crosslinked one of them. Bengtsson et al. have in one 

study silane-grafted composites using four different extruder temperature settings, but 

only report to one (1) crosslinked sample [48].

Out of a processing point of view, all Bengtsson et al studies [28, 47-50] have resulted 

in substantial unintentional crosslinking in the extrusion process. Clemons et al [52] did 

achieve some sample configurations to not scorch, but these samples did not, or slightly,

gain crosslinking in the subsequent water-curing step, which implies that the crosslinking 

is mainly radical-induced crosslinking caused by the peroxide. 
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Clemons et al [52] and Bengtsson et al, in some studies [28, 47], have chosen to not use

a lubricant due to possible interference with the silane/peroxide solution. In contrary, the 

fatty acid ester used by Bengtsson et al in some studies [48, 49] and Grubbström et al.

[54-57] is actually a catalyst for the hydrolysis of methoxy-groups of the silane, and 

maybe a catalyst for the condensation reaction leading to crosslinks [59].

2.4 Summary of appended papers

The work of this thesis is based on Paper I-V [54-58], and these works have addressed 

processing issues and structure- properties relations when silane-crosslinking WPCs. A

summary of all papers follows:

(I) Influence of wood flour moisture content on the degree of silane crosslinking and 

its relationship to structure-property relations of wood-thermoplastic composites.

[54]

In this paper, two moisture content levels of the wood flour were used in the 

compounding process of wood flour, HDPE and a silane-solution. The justification of 

such an approach is that silane-crosslinking is a water-initiated process, where the grafted 

trimethoxy-silanes undergo hydrolysis before condensation reactions leads to crosslink 

formations. By producing the crosslinked WPC of wood flour of 6 % moisture content 

(wet) compared to wood flour of moisture content <1 % (dry) the attained degree of 

crosslinking and rate of crosslinking was studied. The tensile properties and short-term 

creep behavior was tested. Fractured surface was studied using SEM in order to evaluate 

the adhesion between wood and plastic, and characteristic X-rays from silicon was 

mapped to see if the composites made of wet wood flour and dry wood flour showed any 

difference in the relative content of silicon.

The results showed that the use of wet wood flour did not lead to as high degree of 

crosslinking as the composites produced by dry wood flour. The rate of crosslinking was 

lower too, and these differences were suggested to be from a lower grafting yield of 

silanes. The X-ray microanalysis revealed that there was slightly less silicon in the wet 

wood flour composite but not to a degree that would explain the lower crosslinking 

efficiency. The strength was improved in all crosslinked composites compared to their 

uncrosslinked counterparts, but the crosslinked composites of dry wood flour showed best 

property improvements. Interesting was that the composites of wet wood flour seemed to 
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have as good short-term creep behavior as the composites of dry wood flour, which imply 

that the crosslinks of the wood flour composites have formed mainly in the matrix since 

their strength was not improved as much.

(II) Silane-crosslinking of recycled low-density-polyethylene / wood composites. [55]

In this paper, the silane-technology was applied to composites of wood flour and 

recycled LDPE. Two amounts of the silane-peroxide solution with two different 

concentrations of peroxide were used for the reactive extrusion process when producing 

the composites. The processability and property changes of the silane-crosslinked 

composites were studied by comparing two reactants contents and compositions and also 

how RT and SA storage modes affected the properties of the composites.

It was found that low concentrations of peroxide in the silane-solution are preferred to 

limit the unintentional crosslinking in the extrusion process and thereby promote the 

processability of the composite. As the level of peroxide used in the process increased, 

the profiles surface quality decreased. The composites stored in RT generally increased 

its strength more than composites stored in SA, even if the final degree of crosslinking 

was lower. A possible reason to the restricted improvement of SA stored composites were

a reversed hydrolysis breaking the Si-O-C bridges in the interface if too much moisture 

was present in the interfacial region. The short-term creep tests showed that crosslinked 

composites had increased resistance to creep compared to an uncrosslinked composite,

but no conclusions could be made between different amounts and compositions of the 

silane-solution used. The infrared spectroscopy indicated lower intensity of OH stretching 

in the crosslinked composites compared to the uncrosslinked reference sample, which was 

attributed to condensation reactions between hydroxyl groups of the wood surface and 

silanols grafted to the polyethylene and this would suggest the possibility of Si-O-C

bridges between the wood and plastic.

(III) Silane-crosslinking efficiency in wood-polyethylene composites: Study of 

different polyethylenes. [56]

In this paper, a comparison was made between two general types of polyethylene, low 

density polyethylene (LDPE) and high density polyethylene (HDPE) used for the silane-

crosslinked composites. It was concluded that the composites of LDPE required lower 

amounts of added reactants in the extrusion process compared to the composites of 

HDPE, to limit the unintentional crosslinking in the extruder and thereby attain better 
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surface quality and overall better processability of the composites. The LDPE-composite 

verified the theory that silane-crosslinking rate is higher for LDPE than for HDPE, as the 

peak in degree of crosslinking was reached twice as fast as its HDPE counterpart.

(IV) Silane-crosslinking of a polyethylene / wood flour composite: Process control 

and the composite properties. [57]

Design of experiments was used to study the impact of extruder variables on the silane-

crosslinking process of wood-polyethylene composites. Moreover were the resulting 

composites quasi-static properties, static creep response and dynamic-mechanical 

properties examined. The results showed that there are significant differences between 

variable settings of barrel temperature, residence time (screw speed) and screw 

configurations, in order to limit scorch of the extrudate and promote crosslinking when 

water-curing the composite. The ideal process conditions showed to be at lower barrel 

temperatures, high- or low residence time and a low-dispersive extruder screw 

configuration. It was suggested that these variables impact on the materials temperature-

history; thereby on the half-life of the peroxide used as initiator, as well as hydrophilic 

wood particles in the presence of alkoxysilanes in high temperature, defines the issues of 

this process. The creep resistance was improved by crosslinking, where high strength of 

the composite, rather than just high crosslinking degree, showed best results. Dynamic-

mechanical analysis showed broadenin - -

relaxation peak for a not scorched crosslinked sample, indicating an improved interaction 

between wood- and polyethylene phases.

(V) The adhesion between a silane-functionalized ethylene- plastic and wood. [58]

The aim of this work was to identify adhesive mechanisms that explain the mechanical 

behavior of silane-crosslinked wood-polyethylene composites. It has earlier been 

suggested that the significantly increased quasi-static strength and toughness are a result

of crosslinking between wood and plastic. Still, how a plausible crosslinking adds to the 

adhesive strength in a wood-polyethylene system has not been certain. In this present 

study, polymer films were attached to wood surfaces, and a crosslinking step was 

employed as an attempt to force chemical linking between the main phases. Peel-strength, 

shear-strength and microscopy was used for testing and analysis.

The results showed that crosslinking can take place and contribute to the adhesive 

strength. However, this chemical adhesion was only shown when the mechanical 

adhesion was poor; leading to the conclusion that mechanical adhesion is the 
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overpowering mechanism for interaction between phases. A model of interphase for 

silane-crosslinked wood-polyethylene composites was proposed, where it was suggested

that strength and toughness improvements are due to clustering of silanes on the wood 

surface in the extrusion process, i.e. an in-situ wood surface treatment, rather than pure 

chemical linking between wood and matrix polymer.
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3
Process

3.1 Reactive extrusion
The control of a general extrusion of thermoplastic materials involves maintaining a 

predetermined melt temperature, melt pressure and mixing efficiency needed for a steady-

state process and good product finish of the extruded material [60]. A reactive extrusion

is a synthesis of materials by a melt phase reaction [61], where the extruder barrel acts as 

a reactor when two or more components are added to the extruder. Examples of this are 

bulk polymerizations, controlled depolymerizations, crosslinking and grafting [61], 

illustrated in Figure 11.

Figure 11. Examples of synthesis of structure through reactive extrusion.

The reactive extrusion process usually has a narrow processing window and takes several 

parameters into account. The properties of the modified polymer can change to a high 

degree causing rheological changes affecting the processability and final product quality 
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[61]. Screw design, melt temperature and rheological properties of the polymer will 

govern the mixing efficiency and thereby control distribution and dispersion of reactants 

in the melt. A good mixing will limit local concentrations of reactants and promotes 

grafting yields and may limit side-reactions. The processing temperature, pressure, 

residence time of the material in the extruder and the reactants variables (e.g. half-life

time and concentrations) have an impact on the final result. [61, 62].

3.2 Grafting silanes to a wood-polyethylene composite
Reactive extrusion is the first step of silane-crosslinking. Reactants in form of a vinyl-

alkoxysilane/peroxide solution are added to the polyethylene melt in the extruder where 

the peroxide decomposes and form radicals. These radicals enable grafting of the vinyl-

alkoxysilane to the polyethylene chain [36]. The second step of silane-crosslinking is 

when the silane-grafted material is conditioned afterwards; water diffuses into the 

alkoxysilane grafted material and a hydrolysis and subsequent condensation will form the 

crosslinks [36]. Adding a silane-peroxide solution to the extrusion only aims to graft 

silanes to polyethylene and problem that may occur in this process is that a high degree of 

crosslinking may take place already in the melt, which in that case decrease the flow 

properties of the material and disturb the process. Crosslinks formed in the melt are likely 

radical-induced C-C crosslinks rapidly formed by the peroxide and less likely to be 

siloxane-bridges [36]. Studies of silane crosslinked neat polyethylene shows that the gel 

content directly after processing can be as low as 0% [63], and this means that the radical 

induced crosslinking is so low it is not measurable, and only silane-grafting have occurred 

in the melt-phase process. Processing considerations necessary to limit the unintentional 

crosslinking involves suitable processing temperatures and residence times for the 

reactants and also amounts and compositions of the reactants appropriate for the 

polyethylene [61].

In Papers I-IV of this thesis, crosslinked composites were prepared in a compounding 

extruder equipped with gravimetric-type material feeders. In the work of Papers I-III, the 

polyethylene and the lubricant were fed to the main inlet of the extruder, where also the 

silane-peroxide solution was added. The silane-solution was added by a peristaltic pump

and the wood flour was forced into the polymer melt by a twin screw side feeder. In paper 

IV, the wood flour and polyethylene were compounded and extruded to pellet and 

compounded with the silane-peroxide solution in a second step.
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Figure 12. The extruder set up for producing silane-crosslinked WPC, used for the studies of this 

thesis.

One processing consideration was the decomposition rate of the peroxide; the temperature 

of the melt and the residence time (screw speed) should be synchronized so that the 

peroxide experiences around five half-life times, meaning that 97% of the peroxide is 

decomposed in the extrusion process [61]. The objective of the extrusions in the works of 

this thesis, besides compounding wood and polyethylene, was to graft silanes to the 

polyethylene matrix polymer, where oxy-radicals knocks off hydrogen from the polymer 

backbone, followed by grafting of the vinyl-trimethoxysilane, illustrated in Figure 13.

Figure 13. Silane grafts to the backbone of polyethylene chain in the reactive extrusion.
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3.3 Curing

After the extrusion, the functionalized polyethylene of the composite has to undergo a 

hydrolysis where silanols are formed. Subsequently will the hydroxyls of the silanols self-

condensate and form siloxane-bridges, illustrated in Figure 14. This is the general 

mechanism, but the condensation reaction may also involve one methoxy-silane and a 

hydroxyl, leaving methanol instead of water when forming the siloxane-bridge [40].

Figure 14. 1) Hydrolysis step and 2) condensation step during crosslinking.

Curing the composites in hot and humid environment is most effective, due to higher free 

volume of the plastic and lower activation energy for hydrolysis and probably 

condensation reactions too [59]. This´water-curing´ step can be done by just conditioning 

the samples in ambient room conditions but is then less effective. In the studies of this 

thesis [Papers I-IV], a plastic box with water at the bottom was placed in an oven to 

simulate sauna conditions, at 90°C and a relative humidity close to 100%, illustrated in 

Figure 15.

Figure 15. Water-curing arrangement for silane-crosslinking in Papers I-IV.
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The curing reaches a point where there is no further increase in gel content. The time 

needed for “full” crosslinking have shown to be 2-3 days for composites of HDPE, and 

1.5 day for composites of LDPE. However, this is the measurable degree of crosslinking; 

studies on crosslinked neat PE have shown that the formation of crosslinks may continue 

even if the maximum measurable degree is reached, i.e. the crosslink density continue to 

increase to some degree [59].

Papers I and II of this thesis [54-55], as well as Bengtsson et al. [28, 47], shows that the 

increase in crosslinking by keeping the samples in common room temperature and RH is

low. Bengtsson et al has even considered it to be negligible [47]. Table 2 is an overview 

of the effect of different curing modes. The results of curing in room temperature (RT) 

show that the increase in degree of crosslinking is from a few unit-% up to 16 unit-%.  

The sauna-cured (SA) counterparts showed in Table 2 show that SA curing increases the 

values substantially; 22 – 43 wt-% and this can be explained by higher free-volume of the 

matrix polymer and more transport of moisture into the composite.

Table 2. Overview of results by using different curing modes

Study Curing 
mode

Matrix 
polymer

Curing 
time (hrs)

Scorch
(wt-%)

Cured
(wt-%)

Increase 
(unit-%)

Strength 
improvement

Bengtsson et 
al [28, 47]

RT HDPE 576 48 52 4 52%

RT HDPE 48 46 46 0a 55%

Grubbström 
et al [54,55]

RT HDPE 312 35 51 16 61%

RT LDPE 216 56 70 14 24%

RT LDPE 216 36 42 6 85%

RT LDPE 216 39 53 14 100%

RT LDPE 216 0 15 15 102%

Bengtsson et 
al [28, 47]

SA HDPE 576 48 77 29 74%

SA HDPE 48 46 74 28 56%

Grubbström 
et al [54,55]

SA HDPE 312 35 78 43 75%

SA LDPE 216 56 78 22 12%

SA LDPE 216 36 61 25 29%

SA LDPE 216 39 71 32 88%

SA LDPE 216 0 35 35 37%

a Considered to be zero.
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Table 2 also show how these composites have increased in strength after curing, in 

comparison with its uncrosslinked counterpart, and the general trend is that curing in 

sauna, reaching higher degree of crosslinking, do not lead to any further improvement in 

strength. It appears that the strength providing mechanism due to silane-crosslinking is set

already after the grafting step in the extrusion. Clemons et al [52] tested the same samples 

before and after sauna curing, and there was no difference in results. However, the study 

of Paper II showed that some sauna stored samples reached lower strength improvement 

than their RT stored counterpart, quite large difference for one specific sample (RT 102% 

and SA only 37%), and this was suggested to be caused by too excessive exposure to 

moisture. The silane-bridge is indeed reversible hydrolysable [67] and this mechanism 

could be used to explain this result.

3.4 Compositions 

An overview of different compositions used in the studies of silane-crosslinking WPC is 

shown in Table 3. It can be seen that scorch is predominant for samples where a high 

amount of peroxide is used (mixing ratio 10:1 or 12:1). Lower mixing ratio of the silane 

solution (20:1 and 25:1) appears to yield lower scorch. Table 3 show results of both 

HDPE , LDPE and blends thereof, and it looks like LDPE is more susceptible for scorch 

than HDPE, except for the results from Clemons et al [52]. Interesting results in Table 3

is that some samples have not scorched and actually reached a reasonable high degree of 

crosslinking after water-curing [57], and this show that some control of the process have 

been reached. The results from Paper IV of this thesis showed that grafting could be 

accomplished without scorch and that crosslinking was achieved only by condensation 

reactions afterwards [57].

3.5 Processability
Grafting silanes to a wood composite should result in grafting only, not crosslinking in 

the melt (scorch), to be able to give an acceptable quality of the composite. Most works 

on silane-crosslinking of wood-polyethylene composites have resulted in excessive

scorch and thereby process problems. Indeed, grafting results in higher melt viscosity-
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[61], but scorch is the main issue, where crosslinking in the melt lead to a partially 

thermoset plastic which mechanically degrade if further processed in the extruder. 

Table 3. Overview of material compositions, their crosslinking degrees and strength improvement

WF Matrix Lube VTMS/DCP Gel content Strength 
improve-

mentStudy wt-% Type wt-% wt-% wt-% Mix. 
ratio

Scorch
(wt-%)

Cured
(wt-%)

Bengtsson et 
al [28]

29.1 HDPE 68.0 - 2.9 10:1 38 78 28%
39.0 HDPE 58.5 - 2.5 10:1 41 77 50%
44.0 HDPE 53.8 - 2.2 10:1 48 77 74%

Bengtsson et 
al [47]

40.0 HDPE 58.0 - 2.0 12:1 36 61 69%
40.0 HDPE 57.0 - 3.0 12:1 44 69 64%
40.0 HDPE 56.0 - 4.0 12:1 46 74 56%
40.0 HDPE 54.0 - 6.0 12:1 51 73 48%

Bengtsson et 
al [48]

38.5 HDPE 55.7 3.8 2.0 12:1 33 59 75%

Grubbström et 
al [54]

48.1 HDPE 45.2 2.9 3.8 12:1 35 78 75%
45.1a HDPE 48.2 2.9 3.8 12:1 21 50 13%

Grubbström et 
al [55] b

49.5 LDPE 46.5 3.0 1.0 12:1 36 61 29%
48.6 LDPE 45.6 2.9 2.9 12:1 56 78 12%
49.5 LDPE 46.5 3.0 1.0 25:1 0 35 37%
48.6 LDPE 45.6 2.9 2.9 25:1 39 71 88%

Grubbström 
[57]

47.6 HDPE 43.8 3.8 4.8 25:1 37 62 42%
47.6 HDPE 43.8 3.8 4.8 25:1 12 55 58%
47.6 HDPE 43.8 3.8 4.8 25:1 0 39 71%
47.6 HDPE 43.8 3.8 4.8 25:1 0 52 52%

Clemons et al
[52] c

32.8 HDPE 66.7 - 0.5 20:1 0 0 n.a
32.7 HDPE 66.3 - 1.0 20:1 10 13 n.a
32.3 HDPE 65.7 - 2.0 20:1 34 46 n.a
32.8 LDPE 66.7 - 0.5 20:1 0 0 n.a
32.7 LDPE 66.3 - 1.0 20:1 5 20 n.a
32.3 LDPE 65.7 - 2.0 20:1 36 54 n.a
32.8 Blend 66.7 - 0.5 20:1 0 0 n.a
32.7 Blend 66.3 - 1.0 20:1 0 0 n.a
32.3 Blend 65.7 - 2.0 20:1 30 48 n.a

a Moisture was added  by using non-dried wood flour; b Different extruder parameters was used for each sample; c All 
composites were made using the same method: pre-made WPC-pellets were grafted with silanes in a second extrusion.
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Figure 16. Surface quality of WF-LDPE composite profiles as a result of scorch; (a) 

Uncrosslinked; (b) Scorch 0 wt-%; (c) Scorch 36 wt-%; (d) Scorch 39 wt-%; (e) Scorch 56 wt-% 

[55].

The composite profiles in Figure16 (Paper II) show the impact of scorch on the 

processability of the composites. The composites were produced using the same extruder 

parameters, but the profiles’ surface quality was affected by the amount and composition 

of silane/peroxide. Figure 16a shows the uncrosslinked reference sample, which is readily 

processable. In Figure 16b, the composite profile with a low amount of silane and 

peroxide (1% at mixing ratio 25:1) shows no visible difference compared to the 

uncrosslinked profile (Figure 16a). This sample did not scorch (0%). The relative amount 

of peroxide used for the crosslinked composites in Figures 16b-e is (left to right) 1, 2, 3 

and 6, and the edge tearing become more and more pronounced with an increasing 

amount of peroxide in the process. The profile shown in Figure 16c has the lowest 

amount of silane in its composition, still showing similar appearance as the profile in 

Figure 16d, which had three times, and highest, amount of silane (High 25:1), added in 

the process. It is clear the scorch is the predominant factor that limits the processability of 

the silane-grafted composites.

Paper IV of this thesis [57] do show that not scorched samples can be achieved and at the 

same time a fairly high degree of crosslinking is reached after curing, up to 52 unit-%,

seen in Table 3.
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3.6 Influence of extruder parameters

The material compositions have effect on scorch and thereby processability of the 

composite as previously discussed. Additionally are the settings of the extruder governing 

factors to get control of the process. Process considerations necessary to inhibit scorch 

and promote silane-grafting in a neat polyethylene involves suitable extrusion parameters 

such as process temperatures, residence times and good distribution and dispersion of the 

reagents [61]. The temperature profile of the extruder barrel and the residence time of the 

processed material have an impact on the half-life of the peroxide and thereby the 

possibility to graft silanes [61]. Furthermore has the screw configuration impact on 

distribution and dispersion of reagents in the melt but also affects the actual temperature 

in the melt through shear force induced heating [61].

In Paper IV of this thesis, design of experiments was used to investigate the effect of set 

barrel temperature, residence time and screw configuration on processability and 

efficiency of silane-crosslinking the composite. In this study, the extruder barrel were set

from the lowest temperature for processability of polyethylene in this process, to what is 

considered a maximum for the wood flour in order to limit degradation. The residence 

times were 30 s., 48 s. and 65 s, and were set by screw speeds of 200 rpm, 160 rpm and 

120 rpm, respectively. The lowest residence time was limited by the ability to feed and 

fill the free volume of the extruder barrel with material. The throughput of composite was 

set to a maximum for each level of screw speed/residence time. 

The screw configurations ranged from having one mixing section to three mixing sections 

as shown in Figure 17, and these were configured to achieve a difference in mixing 

efficiency between low and high level. Pigmented polyethylene granules were used to 

verify different dispersive effects between the screw configurations. The different 

configurations can be assumed to give different temperature history of the processed 

material due to shear forces, but are difficult to measure. Worth mentioning is that the 

first kneading block section is required to melt the matrix polymer sufficiently. 
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Figure 17. Extruder screws of different dispersive abilities. Low (I) to high (III) dispersion (relative 

to another). Paper IV [57].

All extruder variables used for the study in Paper IV [57], with all factor levels, are shown

in Table 4.

Table 4. Extruder variable levels.

Variable Unit Low level Mid-range level High level

Barrel temperature 160 180 200

Residence time s 30 48 65

Screw configuration - (I) Low shear (II) Medium shear (III) High shear

The responses of interest were the degrees of crosslinking, i.e. insoluble gel content of the 

polymer matrices. The first response was the degree of unintentional crosslinking that 

have occurred in the melt (X-melt) and these samples were collected immediately after 

extrusion. X-melt is in this case scorch of the material, which was assumed to be due to 

radical induced crosslinking (-C-C-),  rather than siloxane linkages (-Si-O-Si-). The 

second response was the finally achieved degree of crosslinking (X-final) and these 

samples were tested after the sauna storing. X-final is the total degree of crosslinking 

after hydrolysis and condensation reactions. Additionally was the difference between X-

melt and X-final used as a response, i.e. the increase in crosslinking as a result of water-

curing. This increase in degree of crosslinking when the composite has been water-cured 

is only from condensation reactions and was therefore seen as an indication of the silane-

grafting yield. However, the gel measurements only show the degree of crosslinking 

according to a specific test method and say nothing about the density of crosslinks or 

differentiate crosslinking mechanisms in case they both occur. Silanes are likely grafted 

within a radical induced crosslinked network too, but are difficult to take into account. 
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However, the silane grafting-yield can be assumed higher with a high increase in 

crosslinking degree after the water-curing step. 

Something to consider with the study of Paper IV [57] is that the added peroxide became 

a uncontrollable factor of the process. The theoretical half-life of dicumyl peroxide for the 

temperature profiles used

data from the manufacturer. Assuming that all peroxide is decomposed at five half-life 

nce times 48 s. and 65 s. will 

completely have decomposed the peroxide added to the process. This will affect the 

ability to graft silanes, but residence times ensuring total decomposition of all peroxide, at 

every temperature level, will be unrealistically high for any lab-size extruder.

The contour prediction-plots in Figure 18 show the impact of the extruder variables barrel 

temperature and residence time for a determined setting of the screw configuration, on the 

responses X-melt, X-final and increase (unit-%). The plots for X-melt reveal that scorch 

can be suppressed by keeping the set barrel temperature low but also that high or low 

residence time (screw speed) leads to less scorch of the material. Screw configuration (I) 

show the best result. The effect of high- and low residence time can be explained by the 

actual heat-history of the processed material, where low residence time (high screw 

speed) exposes the material to heat for a shorter time, although higher shear force induced 

heating will produced, and vice versa for the high residence time (low screw speed). 

The plots for the finally reached crosslinking degree (X-final) in Figure 18 show that the 

set barrel temperature has the greatest impact on the finally achieved crosslinking degree. 

The X-final shown here are the sum of scorch (X-melt) and the contribution of 

crosslinking through water-curing, which make it hard to analyze. Hence, the preferred 

result is low scorch and high increase of crosslinking due to hydrolysis and condensation 

reaction. However, the plots for the increase (unit-%) due to water-curing in Figure 5 

reveal that the low dispersive screw configuration (I) leads to the most efficient curing of 

the composite, where an increase around 40 unit-% and more can be achieved for a broad 

range of the settings of barrel temperature and residence time. A more thorough analysis 

on the significance of each explanatory variable and the cause of their effect can be made 

by looking at Figure 19.
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Figure 18. Contour-plots of predicted degrees of crosslinking; (upper) X-melt; (middle) X-final 
and; (lower) increase in crosslinking degree after water-curing. Paper IV [57].
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The response prediction plots in Figure 19 shows the effect of all explanatory variables on 

the response models X-melt and X-final, with a confidence interval of 95%, shown by an 

upper and lower limitation. Each response prediction plot shows the predicted response 

for any setting of the other variables and the impact of each variable can then be singled 

out. 

Barrel temperature

Figure 19a shows the predicted response of crosslinking and its dependency of extruder 

barrel temperature. The results show a significant difference (at 5% significance level) on 

a

wed by a 

decreased gain in crosslink formation as the barrel temperature rises. Figure 19a shows that 

crosslinking of the polyethylene matrix through water-curing is more dominant at lower 

temperatures, suggesting more effective grafting of silanes to the matrix polymer. The first 

reasonable explanation to these results would be that the peroxide-load in the process is too 

high. The best result was shown where only small amounts of the added peroxide can have 

decomposed due to its half-life time. Another possible mechanism leading to these 

differences could be that higher melt temperatures leads to condensation reactions between 

not grafted silanes and wood surfaces, or silanes and silanes, and thereby results in an 

unbalance of silanes and free-radicals in the matrix polymer. Consequently may excessive 

radical sites on the polyethylene increase the probability of radical-induced crosslinking 

and thereby decrease the silane-crosslinking efficiency. Bengtsson et al [28] mapped and 

located silicon in a silane-crosslinked WPC using wave-length dispersive X-ray 

spectroscopy (WDS), and it was shown that the silane was highly concentrated around the 

wood surfaces. These composites [28] were produced in high processing temperature, 

which strengthen this theory. 

Residence time

The residence time, controlled by the screw speed, have for this process significant 

difference on the crosslinking. Figure 19b shows that low- and high residence time results 

in less scorch of the material. Low residence time means that the material has been 

exposed to heat less time, which affects both decomposition of peroxides and probability 
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to reactions. High residence time (low screw speed) would lead to less shear induced heat 

in the melt, and this keeps down the actual temperature of the process.

Figure 19. Predicted influence of extruder variables on scorch (X-melt) and final degree of 
crosslinking after water-curing (X-final) for; a) Barrel temperature; b) Residence time and; c) 
Screw configuration, for any setting of the other variables. The upper- and lower limit of the 
confidence interval are shown by dotted lines. From Paper IV [57].
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The model show that the most unfavorable setting is at the mid-range level where it 

appears that both shear induced heating and sufficient residence time results in more 

scorch of the material. The final degree of crosslinking is not significantly different along 

the residence time range, but there is a tendency to higher final degree of crosslinking, as 

well as higher increase after a water-curing step, for a low residence time.

Screw configuration

The impact on crosslinking by the different screw configurations is shown in Figure 19c.

The screw with only one kneading section (I) shows a significant difference on scorch 

compared to the screw with three mixing section (III). One explanation is differences in 

shear induced heating, where screw (I) produces less heat and thereby less scorch. Screw 

configuration (I) has significantly higher final degree of crosslinking compared to 

configuration (II) but not (III). The highest increase in degree of crosslinking through 

water-curing is given by screw (I). This is interesting because the assumption when 

selecting screw configuration levels was that the higher dispersive effect from screw (III) 

on the reagents should enhance the efficiency of the process. Instead, screw configuration 

(III) give more scorch, and the screw of least dispersive effect (I) appears to have grafted 

silanes more efficiently, or at least show highest increase in degree of crosslinking when 

water-cured. This shows that silane-grafting of a neat polyethylene, demanding high 

mixing-efficiency of reagents in the process [61, 62] is different from this process where 

wood particles were present. The previous proposed mechanism may explain this result: 

if the silanes tend to concentrate around the wood surface, a less dispersive effect of the 

extrusion process may prevent the silanes to cluster around the wood, leading to more a 

more efficient process.

The predictions of the extruder variables impact in Figures 18 and 19 show that this 

process can be controlled, such that scorch is suppressed, and a fairly high increase in 

degree of crosslinking (gel content) can be achieved. An interesting observation was that 

silane-grafting process of wood-polyethylene composite is vulnerable for dispersive

effects of the constituent of the melt, whereas a dispersive effect on crosslinked neat 

polyethylene ought to be positive, and this difference can reasonably be attributed to the 

hydrophilic wood surfaces present in the melt.
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4
Structure and properties

4.1 Chemical analysis
The degree of crosslinking is of greatest interest when analyzing the result of crosslinking 

a wood-polyethylene composite. The process part of this thesis work was focused on

scorch suppression and the efficiency of water-curing the samples in terms of reaching a 

high degree of crosslinking, i.e. an efficient silane-crosslinking process. The degree of 

crosslinking measured similar to that of neat polyethylene, described in section 2.1, with 

the only difference that the mass of the wood filler is excluded. The wood in this case is 

also a gel (immobile) but the interesting part is the structure of the matrix polymer. The

degree of crosslinking was calculated as shown in equation 2.

Degree of crosslinking (%) 1001
wc

e

mm
m , (2)

where me is the extracted mass of the composite, mc is the initial mass of the composite 

and mw is the mass of the wood.

Another common method to analyze crosslinked polyethylene is by use of fourier-

transform infrared spectroscopy (FTIR). This method has been employed by all who have 

published work on silane-crosslinked wood-polyethylene composite [28, 51, 52, 55] and 

the aim has usually been to identify –Si-O-C- vibrations, in other terms ”–Si-O-wood”

bonding, which then would give some proof of chemical bonding between the wood 

surface and the silane-grafted polyethylene. This is rather complicated when wood is 

present in the material since -Si-O-C- vibrations are heavily overlapped by other 

vibrations, -C-O-C- (ether bonds in the wood) and -Si-O-Si- (siloxane bridges in the 

plastic) in its frequency region viz. 1200-1000 cm-1[52, 55] For neat crosslinked 

polyethylene, the analysis is more straightforward, where reduction of Si-OCH3 and 
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increase in -Si-O-Si- vibrations can be seen as the hydrolysis and condensation reactions, 

respectively, proceed during curing, shown in Figure 20.

Figure 20. FTIR spectra of a silane-grafted neat polyethylene as the crosslinking proceed through 

water-curing. Adapted from Paper V [58].

In Paper II [55], FTIR spectroscopy was employed with the aim to see if the silane-

crosslinking had resulted in chemical linkage between the wood particles and the LDPE 

matrix. Due to the implications of single out –Si-O-C-, the aim turned into reaching a

qualitative indication of crosslinking. For this purpose, the OH function was studied.

The OH stretchings vibrations in the region between 3060 cm-1 and 3660 cm-1, with a 

band maximum around 3400 cm-1 was observed, and a lower intensity of the DR-spectra 

for this band, converted to KM units for quantitative work, would imply that Si-O-C

bridges have been formed between the wood and the polymer matrix through 

condensation. Figure 21 shows representative spectras for a crosslinked composite not 

stored (0 hour) and for composites stored in RT and SA, using the spectra of a 

uncrosslinked sample as reference. A crosslinked composite of the highest degree of 

crosslinking in the study was chosen. The result showed that the uncrosslinked composite 

has a higher intensity due to OH stretching than the crosslinked composites, and this 

tendency was shown for all crosslinked samples. It therefore seemed reasonable to 

suggest that condensation reactions between silanol functions on the silane and OH 
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groups in the wood structure have lowered the total amount of OH entities due to 

condensation forming Si-O-C bridges.

Figure 21. Spectra of –OH stretching vibrations in a uncrosslinked composite, not cured 

crosslinked composite and RT and SA stored crosslinked composites. Paper II [55].

4.2 Morphology

Studies of fractured surfaces of the composites are performed to see features that can 

indicate reasons to different mechanical properties. The studies of fractured surfaces of 

silane-crosslinked wood-polyethylene composites have shown that the fracture 

mechanisms is different after crosslinking, and combined with results of mechanical 

strength, what have happened in the crosslinked composite can to some degree be 

explained.

Figure 22 show fractured surface of composites from Paper II [55]. Figure 22a and 22b

show fractured surfaces of uncrosslinked composites and Figure 22c and 22d the

crosslinked. The uncrosslinked composites shows wood particle pull-outs and also gaps 

between the wood particles and polyethylene matrix indicating poor adhesion. This 

appearance was more common in the uncrosslinked composites. In Figure 22c and 22d,

damaged wood particles are shown, indicating that the interfacial strength was stronger 

than the wood particle because the fracture path passed through the wood particle instead
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of the interface. The crosslinked samples have a flexural strength twice as high as the 

uncrosslinked sample which could be explained by the features pointed at in Figure 22.

Figure 22c also indicates that the fracture in the crosslinked composites has been brittle

compared to the uncrosslinked composite in Figure 22a, which is reasonable since its 

crosslinked.

Figure 22. Fractured surfaces of uncrosslinked composites (22a and 22b) showing fiber pull-out.

The crosslinked composites (22c and 22d) show better adhesion by its fractured fibers. The 

crosslinked composite here have twice as high flexural strength than the uncrosslinked 

composite. Paper II [55].

4.3 Quasi-static properties

The tensile or flexural properties of the materials tested in Papers I-IV were according to 

ASTM D638 or ISO178, respectively. The strength was measured and compared to non-

crosslinked control samples. In paper I and III, samples for tensile testing were used,

whereas beams for flexural testing were used in papers II, III and IV. 
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The tensile- and flexural tests (Figure 23) were aimed mainly towards a qualitative 

analysis on the property changes, in comparison between samples, where higher strength 

and toughness may be attributed to better adhesion between wood and polymer matrices,

and changes in stiffness is attributed to property changes of the polymer matrix. 

Young´s modulus (E) are calculated as follows 

(Eq. 3-5).

0A
P

(3),
0L
L

(4), E (5)

where P is applied load, A0 is initial cross-sectional area, L0 is initial length between 

clamps and is change in length by applied load.

Figure 23. Tensile- and flexural test setup.

Flexural strength was the main method used throughout the studies of this thesis. Flexural 

testing is more straightforward by having the advantage of being fast to perform and

having an easy test sample preparation. In all silane-crosslinking studies, many samples 

have scorched, meaning that the reduced flow properties have made it impossible to 

injection mold samples for tensile mode tests. However the flexural properties are more 

complex to analyze since bending generates tension, compression and shear strains 

simultaneously, therefore more difficult to analyze [66]. The three-point flexural

properties are calculated as follows:
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where P is applied load, L is the span length, b is width of the specimen, d is depth of the 

specimen, D is maximum deflection of the center of the beam and m is the slope of the 

initial linear part of the load-deflection curve.

The strength and toughness of silane-crosslinked composites have increased compared to 

an uncrosslinked counterpart, in all studies, including the studies of this thesis; Papers I-

IV. Figure 24 shows stress-strain curves for both wood-HDPE composites (Paper IV) and 

wood-LDPE composites (Paper II). The composites in Figure 24 show that the degree of 

crosslinking does not govern the strength. It also shows that crosslinked samples cured in 

hot and humid environment may decay and result in less strength improvement, where a 

sauna cured sample has reached less strength than its room temperature counterpart 

(wood-LDPE in Figure 24). 

Figure 24. Flexural stress-strain curves for wood-HDPE composites (left) and wood-LDPE 

composites (right), crosslinked and uncrosslinked samples. Adapted from Paper II and IV [55, 57].

The strength improvements can generally be attributed to more efficient stress-transfer 

between wood and matrix-polymer. The toughness of the composites (area under the 

stress-strain curve) increases up to three times after crosslinking (Figure 24). This can be

related to the strength and be attributed to the nature of the interphase.

Someone would suggest that the increased strength of the crosslinked composites is due 

to strengthening of the matrix polymer when crosslinked. This is not reasonably the case; 

the property changes in these composites can be attributed to the efficiency of the 

interphase; the stress at yield for crosslinked polyethylene range from being unaffected to 

be decreased, as well as the true stress at break [41, 42]. An increase in yield stress can be 
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seen in LDPE [43], but it does not reasonably answer to the extent of improvement in a 

crosslinked wood-LDPE composite.

4.4 Creep

In Papers I, II and IV, creep tests were made to show possible improvements in the 

crosslinked composites long-term mechanical properties. Creep is a time-dependent 

increase in strain during long-term loading of a material, below its yield-point. For a 

linear viscoelastic solid, the total strain (e) can be summed up by three separate parts: 

immediate elastic part (e1), delayed elastic deformation (e2) and Newtonian flow (e3). 

For linear viscoelastic material, the magnitude of these parts are proportional to the 

magnitude of the applied stress, which enables a creep compliance to be defined as a 

function of time only, seen in equation 9, [67]

321
)()( JJJtetJ (9)

where J 1-3 corresponds to the e 1-3. For a linear amorphous polymer at lower 

temperatures, J1 and J2 are dominating, whereas J3 become significant above the glass-

transition temperature. Highly crystalline polymers hardly show a J3 term and neither do 

a partially crosslinked polymer. Complete thermoset polymers do not show a J3 term.

[67]

In regard to the present study, which deals with an intended building material, it is worth 

mentioning that a primary load bearing construction element in reality will experience a 

fatigue that is a mixture of static loads and dynamic loads, e.g. structure load (static), 

snow load (static) and wind loads (dynamic) during its service life. In the studies of this 

thesis, only static load, in flexural mode have been used, meaning that possible decay; for 

example micro-cracks, moisture and UV-radiation, is not considered. The creep tests in 

this study have aimed for short-term accessible data only and to compare results between 

samples, not to provide design values for structural engineering. Figure 25 show the test 

setup used for all creep tests in this study.
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Figure 25. Creep test set-up in a DMA.

The creep resistance of WPCs is reasonable governed by the interaction between wood 

and plastic phase, through a reduction of viscous flow. This has been reported in a 

limited number of publications throughout the years, where the effect of improved 

interfacial strength on creep response and/or fatigue life time and the predictability of the 

composites life-time, have been evaluated [27, 68-78]. The results have shown that 

improved adhesion within a composite system lead to restrained viscous flow and 

thereby higher resistance to creep [68], if additionally thermal rigidity is induced by 

crosslinking of the matrix, the creep resistance ought to be further improved.

Figure 26 show creep-strain curves for a wood-HDPE composite tested in Paper I [54],

crosslinked and uncrosslinked. It shows that crosslinking reduces the creep-strain 

substantially.

Figure 26. Creep of uncrosslinked and crosslinked wood-HDPE composite at 30°C and 5 MPa.

Adapted from Paper I [54].
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In Paper I, a cyclic creep test was performed, where stress was applied for 60 minutes, 

followed by 60 minutes recovery, repeated three times, shown in Figure 27. The results 

showed that a crosslinked sample recover to a higher degree than the uncrosslinked

control sample, which shows a reduction on viscous flow as a result of crosslinking. 

Figure 27. Cyclic creep of uncrosslinked and crosslinked wood-HDPE composite at 60°C and 2 

MPa. Adapted from Paper I [54].

In Paper IV, accelerated creep tests were made using different test temperatures. The 

samples for creep and DMA were two composites of different characteristics in terms of 

unintentional crosslinking in the melt, achieved crosslinking degree after curing and 

attained quasi-static properties. The sample that had crosslinked excessively in the melt,

but also reached a high final degree of crosslinking is denoted “X-high”. The sample that 

had not scorched and reached a lower final degree of crosslinking and is denoted “X-

low”. The creep strains for these crosslinked composites, at different temperature levels,

are shown in Figure 28. These are averages values and every step towards higher 

temperature resulted in higher creep strain rate for all samples. The purpose of these 

curves was to use the supposedly steady state region coefficient and superimpose the 

curves. Higher temperature corresponds to accelerated time.

It can be seen from the curves in Figure 28 that the crosslinked composites have 

restrained their creep response compared to the control sample. The control sample at 

80°C actually shows increasing strain rate, i.e. tertiary creep, which is a material failure.  
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It is more difficult to see differences between the crosslinked samples; it can be seen that 

X-low makes a jump on overall strain for the test at 100°C while X-high have a more 

even increase for all temperature levels (Figure 28). This show that X-low have higher 

viscous fraction in the polymer which is reasonable since the degree of crosslinking is 

lower compared to X-high.

Figure 28. Creep-strain curves for (top) uncrosslinked sample; (middle) crosslinked sample highly 
scorched (below) crosslinked sample not scorched , all different temperature levels and 5 MPa.
Adapted from Paper IV [57]
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In Figure 29, the master curves for Control, X-low and X-high is shown. The curves were 

made with the objective to display the differences shown in Figure 28 in a simpler way. 

The superpositioning was made by shifting the curves of 50°C and higher temperatures, 

one by one until they coincided. The creep strain estimation is shown up to 5% strain, at 

which point failure likely would have occurred in reality. Now a difference between the 

crosslinked samples appears.  The creep strain reaches 5% at 1600 min (Control), 3900 

min (X-high) and 5100 min (X-low) according to this estimation. Since the not scorched 

sample show higher strength, it is tempting to suggest that X-low have better interaction 

between fiber and matrix and this could explain the higher creep resistance for X-low. 

However, if the curves were shown up to an unrealistic 20% strain, X-high would pass 

X-low on the time scale, i.e. showing better creep resistance, but in reality the material 

would have failed long ago.

The creep resistance of silane-crosslinked composites has shown to be superior compared 

to an uncrosslinked control sample. The creep study in Paper IV showed that the strength 

of the composite (best for not scorched composites) has the highest influence on

resistance to creep. The total degree of crosslinking in the matrix polymer seems to be 

less prominent, shown by Figure 29.

Figure 29. Master- curves constructed by the creep tests plotted in Figure 28. From Paper IV [57]
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5
Interphase

5.1 Interphase/interface definition

The mechanical strength, toughness and long-term mechanical behavior (creep) in a 

composite are governed by the nature of load transfer between phases.  In a fiber 

composite, the interphase characteristics are governed by factors such as chemical, 

physical and mechanical properties. The interface is the surface boundary of the adherent 

phases, e.g. wood and plastic and the interphase is the volume of material between the 

fiber and matrix [79, 80]. The interphase is a transition region that has neither the 

properties of the fiber nor the matrix, but its properties are critical in order to understand 

the properties of the composite. If the interphase is more ductile than the polymer matrix, 

this would result in lower stiffness and possibly strength of the composite, but with 

higher toughness and impact strength;, whereas an interphase with stiffer behavior may 

lead to higher stiffness and strength of the composite but give the composite a more 

brittle behavior [80]. The interphase is not a distinct phase, meaning that it has not a 

distinct boundary, and it is greatly thin, which makes it difficult to analyze. The actual 

presence of an interphase has been possible to prove first as appropriate nanoindentation 

techniques were developed [80]. The interface/interphase principle definition for a wood 

fiber/plastic composite would be as shown in Figure 30.

5.2 Adhesion

Wetting and dispersion are important to achieve good adhesive interaction between two 

phases [79, 81]. Wetting can be described as the extent to which a liquid makes contact 

to a surface, which means that the work required to separate two surfaces will be lower if 

the wetting is poor since the interfacial area is reduced. Dispersion describes the degree 

of mixing in a colloidal system, where good dispersion corresponds to stable individual 

particles and poor dispersion to particle agglomeration. The concept of wetting, 

dispersion and adhesion are closely related but not synonymous; wetting is necessary to
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achieve good dispersion and adhesion in composites, but good wetting do not necessary 

means good dispersion and do not guarantee a good adhesion [79].

Figure 30. Principle description of the interface/interphase definition for a wood-plastic 

composite.

Different adhesion mechanisms are shown in Figure 31. Mechanical bonding is physical 

interlocking between two surfaces. Rough surfaces will increase the work of adhesion 

because the surface area is increased [79, 81].  Electrostatic bonding means that different 

charges on the surfaces results in forces of attraction. These include ionic-, dipole-

dipole-, polar- acid-base interactions and hydrogen bonds. The intensity and number of 

these bonds affect the adhesion [81]. 

Figure 31. Different adhesion mechanisms. Adapted from [81].

Covalent bonding, or chemical bonding, is formed between compatible chemical groups 

of the surfaces. The work of adhesion caused by these bonds is dependent of the number 

of bonds and type of bonds [81]. Molecular entanglement can lead to interaction between 

two phases. The level of interaction (adhesion) between the molecules depends on the 
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level of diffusion. Even low degrees of polymerization of the molecule chains (short 

chains) can result in high adhesive strength [81].

In the case of wood fiber composites, the lignocellulosic fibers have many polar hydroxyl 

groups, making them poorly miscible with non-polar polyolefin matrices. Early studies on 

improving interfacial adhesion in wood-plastic composites have often involved fiber 

surface modifications and these modification methods carried out by a pre-treatment of 

the fibers before mixing with the matrix polymer and thereby make the wood/cellulose 

fiber surface non-polar, thus more compatible with non-polar polyolefin matrices. The 

silane-crosslinking method aims to make the polymer matrix compatible with the polar 

surface of the wood, illustrated in Figure 32.

Figure 32. Compatibilization of fiber-matrix; making the wood surface compatible with the matrix 

polymer (left), making the matrix polymer compatible with wood (right).

In fact, early experimental work on adhesion showed that adhesives containing polar 

groups such as hydroxyl and carbonyl groups results in increased bonding strength to 

hydroxylated metal surfaces [82] and to surfaces of cellulose and derivatives thereof 

[83]. Figure 33 show results from a peel test showing higher interfacial adhesion 

between a vinyl copolymer and cellulose as polarity increases [82]. Similar results are 

shown for adhesion between activated aluminum surfaces and ethylene vinyl-silane 

copolymers [84]. 
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Figure 33. Peel strength vs. polarity for cellulose and a polar adhesive system [82].

Earlier work on silane-crosslinked wood-polyethylene composites have shown that 

silanes not grafted to the polyethylene tend to cluster around the wood surface in the 

extrusion process [28], thereby “coating” the wood surface similar to a pre-treatment, and 

this is not necessarily the objective of the process. The presence of actual Si-O-C bridges 

between wood and a functionalized polyethylene have not been proven. The use of 

spectroscopy methods, like FTIR, to show this actual bonding is difficult due to the 

presence of the wood, which have numerous ether-bonds in its structure. No thorough 

study of the mechanisms leading to better adhesion when silane-crosslinking a wood 

composite has been presented. However, a reasonable hypothetical explanation of the 

main mechanism is that silanols in the plastic (-Si-OH), methoxy-silane-groups and 

hydroxyl groups (-OH) of the wood surface link through a condensation reaction and 

form silane bridges, Si-O-C, shown in Figure 10 (Chapter 2).

In Paper V of this thesis [58], possibilities to actually get covalent bonding between wood 

and a silane-functionalized polyethylene was investigated and different adhesion test 

methods were employed. In these tests ethylene-vinyl-silane copolymers (EVS) were 

used as polymer, which enables a more neat approach, disregarding effects of not-grafted 

silanes and other process distortions. A peel test was performed with the objective to see 

if possible improvement of adhesion can be explained by chemical bonding between the 

plastic and wood. Hence, there are no unreacted silanes or effects of oxy-radicals in the 

system when using an ethylene-vinyl silane copolymer. In this test, EVS was hot-pressed

onto a wood surface. EVS films with or without catalyst were used, as well as a control 

sample of LDPE. The samples were peeled (Figure 34) between a third to half of the 
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specimen length,  subsequently cured in an oven, conditioned and continued to be tested; 

i.e. “before and after” strength values were obtained from the same specimen.

Figure 34. Peel test setup used in Paper V [58].

It was assumed that the measured apparent peel strength was sufficient for comparison of 

samples in this study since the properties of the peeling arm are similar for all samples. 

The actuator speed was set to 5 mm/min which would correspond to an actual peel rate of 

14 mm/min on average (130° peel angle). The measured force (N) was normalized to the 

width of the samples (N/m). Due to implications of moving peel angle/peel rate of this 

test set up, and possible deviances in properties, owed to different crosslinking efficiency 

of the bulk peeling arm, no calculation of fracture energy was made. However, the 

objective was to see if a curing step may improve the adhesion, which strongly would 

indicate that chemical bonding between the materials have taken place. The sample 

preparation was difficult as the polymer films had to be attached to the wood surfaces not 

too hard and not too weak. If the polymer film penetrated the surface too much, giving 

too good mechanical adhesion, too high energy dissipation of the peeling arm would 

occur. 

The relative peel strength of wood-EVS, wood- catalyzed EVS and wood-LDPE are

shown in Figure 35, where the uncatalyzed EVS film shows a tendency to increase its 

adhesive strength after curing. The catalyzed EVS film shows a tendency to decrease in 

adhesive strength after curing. The control sample of LDPE is not affected by a curing 

step, and should not as it cannot crosslink
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Figure 35. Peel-strength before and after moisture-curing. Sapwood (SW) samples. Adapted from 
Paper V [58].

The peel tests showed large variations, obviously caused by variations in pressure applied 

when pressing the film to the wood, but also due to different flow of the polymers. The 

catalyzed EVS appears to rapidly have crosslinked when pressed onto the wood surface 

since small amounts of moisture in the wood go out through the surface in the high 

temperature process (160°C).

The LDPE-film flowed easier than the EVS film and penetrated the wood more. The 

actual peel strength values were for LDPE around 300 N/m, whereas the uncatalyzed 

EVS showed values up to around 100 N/m, and the catalyzed EVS 20-40 N/m. 

The results from the peel-tests show a tendency that chemical linking may occur, for the 

uncatalyzed EVS sample, but the main conclusion was that good mechanical adhesion 

overpowers the plausible effect of chemical linking in this system. The crosslinked 

polyethylene /EVS is a low-dense network and even if a direct crosslinking may occur 

between wood and plastic, it is not reasonably an explanation for improvements of 

strength in silane-crosslinked WPC.

The shear strength test was performed in tensile mode, displayed by Figure 35. The 

distance between the grips was 95 mm, and the crosshead speed rate was 2 mm/min. The 

goal of the shear strength measurement was to supplement the peel-test with more 

uniform strength measurements within each sample, for neat and post-cured specimens. 

The sample preparation and the test was influenced by European standard EN 302-1 “-
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bond strength in longitudinal tensile shear strength”, but adapted to the use of a 

thermoplastic binder instead of thermoset adhesives.

Figure 35. Single-lap shear strength test used in Paper V [58].

The results from the single-lap shear strength measurements are shown in Figure 36. It 

can be seen that this test method have resulted in lower discrepancies within the 

uncatalyzed EVS samples compared with the peel-tests, which can be owed to a high, and 

more uniform, mechanical adhesion achieved in the sample preparation procedure. The 

samples of catalyzed EVS do show high discrepancies, and similar to the peel-test results, 

samples of catalyzed EVS have lower strength, which here also could be explained by a 

too effective hydrolysis and crosslinking of the plastic already in the hot-pressing of the 

samples, leading to poor mechanical adhesion because the polymer do not flow as easy. 

Figure 36. Single-lap shear strength. Sapwood (SW), Heat treated wood (HTW). Adapted from 

Paper V [58].
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The post-curing does show a tendency to increase the strength for the catalyzed EVS-

samples, especially the sapwood sample, which is in direct contrary to the results of the 

peel-test, where the uncatalyzed EVS showed a tendency to chemically link. Still, the 

single-lap shear test results show that mechanical adhesion is the governing factor, just as 

the results from the peel-tests. The crosslinked polyethylene has a low-dense network, 

and it is likely that chemical linking directly between wood and silane-grafted 

polyethylene cannot give enough bonding sites to add much adhesive strength.

In Paper IV, dynamic-mechanical analysis (DMA) was employed in order to investigate 

interactions between wood and matrix polymer of the crosslinked composites. Two 

differently crosslinked composites were used; one that had not scorched and showed a 

higher strength (X-low), the other had scorched excessively and showed less strength 

improvements (X-high). An uncrosslinked control sample was also used. The samples are 

displayed to the left in Figure 24 (chapter 4.3) and are the same samples used for the 

creep test shown in Figure 28 and 29.

In the DMA, an oscillating stress corresponding to 0.01% strain was subjected to the 

samples in dual-cantilever mode, a frequency of 1 Hz and a temperature range from

-144°C to the melting point (Tm), around 135°C. The temperature was ramped 2°C/min

from -144°C to Tm. The output of interest was tan , which is the ratio of loss modulus 

and storage modulus (E’’/E’), and more specifically to analyze the gamma relaxation ( )

which displays the glass-transition temperature (Tg), and also can indicate interaction 

between fiber and matrix by changes in width and height [85]. 

Figure 37 shows tan ( ) versus temperature for Control, X-low and X-high samples for 

the temperature range from -144°C to -80°C, and 20°C to 140°C. 

Crosslinking of neat polymers should increase Tg slightly, even in the case of a low-

dense network [85]. In this study, there is no clear shift in peak or inflection point of the 

-transition, but in the case of short-fiber composites, the interaction effect between fiber 

and matrix may cover the effect a low-dense crosslinked network has on Tg [85]. 
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Figure 37. (Left) tan(delta) at the gamma-transition, (right) at alpha-transition. Paper IV [57].

The height and width of the -transition indicates interaction between phases and a 

difference between the crosslinked samples can here be seen. The X-low sample shows a 

wider -transition with lower height compared to the X-high and the control sample. The 

change in shape of the -transition like this is principally due to restricted motion of the 

polymer chains [67] and can for the X-melt composite be explained by increased 

interaction between fibers and matrix polymer [85]. Interesting is that the -peak of the 

X-high sample was slightly higher and narrower than the uncrosslinked sample, which 

according to this way of interpretation means that the uncrosslinked control sample have

stronger phase interaction than the X-high sample. Both the X-low and X-high samples 

have increased in strength (36 MPa and 30 MPa, respectively) compared to the control 

sample (21 MPa), which also would indicate better interaction between phases. However, 

different characteristics of the interphase region may be accountable, as well as different 

properties of the crosslinked matrices, which in turn can result in different nature of 

stress transfer between wood and plastic. 

-relaxation shows the crystal relaxation of the matrix polymer, which for more 

67].

-relaxation region is clearly shown for the uncrosslinked control sample, but 

hardly for the crosslinked samples. Silane-grafting and crosslinking in the melt-phase 

extrusion reduces the crystallinity of polyethylene [36] and crystallite

would additionally be restricted by chemical crosslinks in-between. -

relaxation, the uncrosslinked sample show to melt completely by the strong increase of 

tan (as E’ moves toward zero). -relaxation peak also show that the crosslinked 

samples keep some rigidity after complete crystal relaxation, but the shapes are different 
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between the differently crosslinked composites: the X-low sample show a wider and 

lower peak, which indicates stronger interaction between phases, just as it did on the -

transition.

5.3 Model of interphase

Proposing a model of interphase in a wood/ silane-grafted polyethylene composite will be 

based on some generalizations about wetting and chemical reactivity between wood and 

functionalized polymers, which is difficult to avoid due to the uneven nature of the wood 

surface, described earlier. These previous suggested mechanisms are based on

speculations, although based on reasonable assumptions and non-complete chemical 

analysis to detect the actual presence of covalent bonding between fiber and matrix. The 

increase in strength shown for silane-crosslinked WPC may be just a change of the 

interphase properties, leading to a different fracture mechanism, and not necessarily by 

chemical bonding between wood and plastic. Earlier proposed explanations for the 

strength improvement of silane-crosslinked WPCs [28, 47-50, 54-55] do only take into 

account that chemical linking between a polyethylene and wood surface should add 

adhesive strength, but this is likely a too simplified model. 

The study in Paper V [58] does imply that chemical crosslinking can take place between 

wood and a silane-functionalized polyethylene, but also suggests that the mechanical 

adhesion is the overpowering mechanism, shown by peel-strength measurements, single-

lap shear strength measurements and studies of fracture surfaces. If this idea is transferred

to a silane-grafted WPC system there must be other mechanisms that count for the high 

strength improvements. The gathering of silanes around the wood surface, which was 

shown in a study by Bengtsson et al. [28], reasonably answers to the strength 

improvements.

By using the findings of Paper V [58], as well as considering results from earlier studies 

of silane-crosslinked wood / polyethylene composites, different scenarios, explaining the 

nature of the interphase can be suggested. In a composite system, where silanes are 

grafted in the extrusion process, it is evident that silanes are clustered, covering the wood 

particle surface, shown by microanalysis [28] and additionally are earlier work showing 

that the degree of crosslinking in the composites matrices do not govern the strength [55,
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57]; high degree of crosslinking does not necessarily mean higher strength. It appears to 

be a fracture mechanism, where lower stress concentrations, likely a broader effective 

interphase width, caused by layers of reacted and unreacted silanes around the wood 

surface, leads to higher strength of the silane-crosslinked wood / polyethylene composite. 

This can be displayed as in Figure 12, where three models are displayed, and their 

strength providing abilities follows an increasing width of the interphase. 

Figure 38. Proposed models of interphase for wood-polyethylene/silane-functionalized 
polyethylene composites. Increasing strength, from left to right, as a result of increased width of 
the interphase. From Paper V [58].

To the left and right in Figure 38, hydrogen bonds are shown, but how much these 

possible can add in a composite system is difficult to take into account, other that they are 

much less strong than covalent bonds. In fact, the improvement in strength of silane-

grafted polyethylene / wood composites is likely caused by an in-situ treatment of the 

wood particle surfaces in the extrusion process, leading to the same result as where the 

wood has been pre-treated with silanes.
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6
Conclusions

The works of this thesis (Papers I-V) have involved processing issues and the resulting 

structures and properties of silane-crosslinked wood-polyethylene composites. 

Conclusions were drawn regarding process-control, strength and long-term mechanical 

properties, and furthermore a model of interphase that proposes mechanisms that explain

the achieved property changes of the composite.

The major issue of this process is to avoid crosslinking to take place in the extrusion. This 

scorch of the material limits the composites ability to flow and reasonably degrade its 

properties. This thesis work have shown that it is possible to control the process: suppress 

scorch and attain an efficient crosslinking afterwards by condensation reactions.

In Paper II, silane-grafting of the composite was accomplished without any measurable

scorch (0%) when using less peroxide compared to the other composites. This composite 

also had a LDPE matrix which is more susceptible for scorch than HDPE, shown in Paper 

III. However, the final degree of crosslinking after water-curing only reached 35 wt-%

which implies a low silane-grafting yield.

The grafting yield seems to be limited by clustering of silanes on the wood surface, which 

in turn favors radical-induced crosslinking in the matrix polymer. Paper IV showed that 

keeping the temperature in the process as low as possible; low set barrel temperature and 

lean heat-history of the melt, had a positive effect on the process. The use of extruder 

screws with low-dispersive effect, as well as low- or high residence times  (high shear 

induced heating for a short time- or low shear induced heating for a long time) resulted in 

no scorch (0%) and up to 52 wt-% gel content after curing.

The flexural strength and toughness have shown to double and triple, respectively, as a 

result of crosslinking. Papers II and IV have shown that the strength improvements is not 

dependent on the degree of crosslinking; lower degrees of crosslinking have shown the 

highest strength. In Paper II, it was shown that too excessive water-curing of the silane-
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grafted composite may decrease the strength and this was explained to be caused by 

hydrolysis of the silane-bridges in the interfacial region of the composite.

Short-term creep tests in Papers I, II and IV have shown that crosslinking adds creep 

resistance, compared to an uncrosslinked composite. In Paper IV two differently 

crosslinked samples were compared, and it showed that the creep resistance was higher 

for a stronger, less crosslinked sample, compared to a less strong and highly crosslinked 

sample. The conclusion was that good interfacial strength, even for a less-dense 

crosslinked network, has the greatest impact on creep resistance.

In Paper V is was concluded that the strength improvements of silane-crosslinked wood-

polyethylene composites are not explained by chemical bonding between wood and 

matrix polymer, but rather by silanes covering the surface of the wood particles, leading 

to a more stress-transfer efficient interphase. The results actually indicated that good 

mechanical bonding overpowers the effect that plausible chemical bonds have on the 

adhesion. In regard to strength improvements of the composites, the silane-crosslinking 

method appears to differ from methods of pre-treatment of the wood particle surface, by 

being an in-situ treatment of the wood particle surface in the extrusion. Figure 39 displays

an overview of conclusions of Papers I-V.

Figure 39. Conclusions overview.
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7
Suggestions for future work

Fact of matter is that siloxane-bridges are reversible hydrolysable, and the main idea of 

silane-crosslinking wood-polyethylene composites is to use them as primary load-bearing 

structural elements in high moisture- and temperature-flux environments. It would be 

reasonable to evaluate the stability of these silane-bonds before further work on process

issues and mechanical properties are executed. If the long-term stability of silane-bonds is 

not sufficient, the use of peroxide only, to crosslink, could be an option but would likely 

give an even more complex process in terms of scorch-control. 

A suggestion for continuance on the processing of silane-crosslinked wood-polyethylene 

composites would be to use EVS, or a blend of EVS and recycled LDPE as matrix 

polymer. The use of EVS would obviate the grafting step and thereby solve some 

processing issues; no peroxides would be present and thereby no radical-induced 

crosslinking. However, according the conclusions of this thesis, the use of EVS would not 

improve the strength of the composite; rather decrease the strength due to a less effective 

interphase. Its creep resistance should be improved though, compared to a non-

crosslinked composite.

The impact of different catalysts has not been investigated and could be a mean to 

optimize the efficiency of water-curing the composites, i.e. to reach as high final degree 

of crosslinking as possible.

Since EVS is miscible with LDPE, and LDPE is readily available as recycled, a 

somewhat “environmental” perspective can be achieved. On the other hand, it can be 

questioned if the use of plastics derived from petroleum in any case can be 

environmentally justified. The use of biopolymer matrices, with “bio-” in regard to both 

the raw-material source and degradability, would be the optimal choice. For wood-plastic 

composites, biopolymers of suitable processability and properties should be developed 

and used as matrices. 
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a b s t r a c t

The objective of this work was to examine how the moisture content of wood flour affects the degree of
crosslinking when producing silane-crosslinked wood–thermoplastic composites. Crosslinked compos-
ites were produced by adding a silane solution to the compounding process of wood flour and polyeth-
ylene. Crosslinked composites of pre-dried as well as non-dried wood flour were prepared and their
degree of crosslinking at various storage conditions was determined. Mechanical properties and the creep
response of the crosslinked composites were tested in order to establish structure–properties relations.
The results showed that all crosslinked composites displayed higher strengths and lower creep responses
compared with non-crosslinked control samples. However, the degree and rate of crosslinking proved to
be lower when a larger amount of moisture was present in the compounding process. It was concluded
that the silane-grafting yield was lower when wood flour of a higher moisture content was used.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Lately, wood plastic composites (WPCs) have increased their
market shares as building products, mainly because they repre-
sent an alternative to pressure-treated lumber for outdoor appli-
cations [1]. WPCs are produced by compounding wood flour/
fibers (WF) and thermoplastic materials, which gives rise to a con-
tinuous thermoplastic matrix encapsulating the wood component
and thus rendering the composite resistant to moisture and decay
[1,2]. However, the nature of the thermoplastic matrix leads to a
high creep response and its long-term load properties are inferior
to that of solid wood. A means of improving the long-term prop-
erties is by creating chemical crosslinks between the wood flour
and the polymer matrix as well as within the matrix. Only a
few prior studies have focused on the complete crosslinking of
WPCs. Janigova et al. and Nogellova et al. crosslinked composites
of low-density polyethylene and wood flour by using only perox-
ide [3,4], and Bengtsson and Oksman prepared silane-crosslinked
composites of high-density polyethylene and wood flour [5–8].
The result from the latter studies showed that silane-crosslinked
WPCs obtained a notably lower creep response, a higher strength
and toughness as compared to non-crosslinked composites. Silane
crosslinks in WPCs can be present in the polymer matrix but also
between the wood flour and the plastic, thereby improving the
interfacial adhesion [5–8]. The silane group is grafted onto the

polymer chain by first adding peroxide to create radicals that
can induce the grafting of a silane group to the polymer. The
resultant silane-grafted polyethylene is then hydrolyzed and con-
densed to create –Si–O–Si– bonds between the chains. The bonds
between the wood and the plastic have been suggested to com-
prise a mix of silane-bridges and hydrogen bonds [9]. Water is
needed for the hydrolysis of siloxy groups to silanols; and these
silanols subsequently condensate to siloxane crosslinks, see
Fig. 1 [10,11]. The diffusion of water into the wood–thermoplastic
composite is time-consuming and requires much energy to be
efficient [11]. By using hydrophilic fillers in polyethylene, the filler
is believed to drain traces of water that are naturally present dur-
ing processing and thereby limit crosslink formation in the matrix
of the composite [11]. Silane-grafted materials are normally
stored in a hot and humid environment to promote crosslinking
[10,11]. The hypothesis for this work was that the moisture con-
tent of the hydrophilic wood flour could have an impact on the
degree of crosslinking, curing rate and crosslink distribution in
the composite, thus limiting the need for long and costly storing
in climate-controlled environments, as well as the costly drying
of wood flour prior to manufacturing. The moisture content of
the composites was measured directly after the extrusion process,
and it was analyzed how the moisture in the composite impacted
the degree of crosslinking both directly after extrusion and fol-
lowing storage at various times in either ambient conditions or
in a simulated sauna environment. Furthermore, the influence of
these treatments on the tensile and creep properties of the com-
posites was determined.

0266-3538/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compscitech.2009.01.021

* Corresponding author. Tel.: +46 910 58 53 71; fax: +46 910 58 53 99.
E-mail address: kristiina.oksman@ltu.se (K. Oksman).

Composites Science and Technology 69 (2009) 1045–1050

Contents lists available at ScienceDirect

Composites Science and Technology

journal homepage: www.elsevier .com/ locate/compsci tech



2. Experimental procedure

2.1. Materials

The polymer used for the composite was a high-density poly-
ethylene (HDPE) with a melt flow index of 12 g/10 min (Borealis
MG9621S, Sweden). The wood flour (WF) was made from softwood
and had a size range of 300–500 lm (Rettenmeier & Söhne GmbH,
Germany). A lubricant of stearate type (Struktol TPW113, USA) was
employed and the reactants used were vinyl-trimethoxy silane
(VTMS 97%, Sigma Aldrich, USA) and dicumyl peroxide (DCP 98%,
Sigma Aldrich, Japan). All materials contained 50 wt% WF based
on the oven-dry mass and 47 wt% HDPE. The fraction of WF of
higher moisture content was adjusted with respect to the dry mass
during processing. Two batches of WF were prepared: one batch
was oven-dried at 100 �C for 24 h where it reached a moisture con-
tent based on a dry mass of approximately 0.4%, and the other
batch was stored in a laboratory facility were the equilibrium
moisture content was 6.2%. The moisture content was determined
with a halogen moisture analyzer (Mettler Toledo HR83, Switzer-
land). A solution of VTMS and DCP (12:1 w/w) was prepared and
added to the composition (4 wt%). Throughout this paper, the
crosslinked composites of WF with around 0.4% initial moisture
content are referred to as X-dry; and the crosslinked composites
of WF with a moisture content of 6.2% are denoted X-wet. The
non-crosslinked control composites are referred to as non-X dry
and non-X wet.

2.2. Processing

The composites were prepared in a compounding extruder
(Coperion W&P ZSK18 MEGALab, Germany) equipped with gravi-
metric-type material feeders (K-TRON, Switzerland). HDPE and
the lubricant were charged to the main inlet of the extruder where
also the silane-solution was added. The silane solution was fed by a
peristaltic pump (Heidolph 5001, Germany), and WF was forced
into the polymer melt with a twin screw side feeder. All the atmo-
spheric-pressure ventilations were blocked and the vacuum venti-
lation was turned off so as not to evaporate too much of the water

and the other reactants in the material. When the silane solution
was fed to the extruder, the peroxide decomposed into radicals
thus enabling a grafting of the silanes to the composite. The tem-
perature profile of the extruder was determined with respect to
the decomposition rate of dicumyl-peroxide but also to the capa-
bility of obtaining a sufficient compounding of the material. The
temperature ranged between 180 �C and 200 �C, and the screw
speed was 155 rpm thus leading to a residence time of 55–60 s.
If the actual melt temperature in the process was around 195 �C,
the dicumyl peroxide was theoretically processed for five half-life
times, which meant that 97% of the peroxide became decomposed.
The extrusion setup and parameters are presented in Fig. 2. The
wood–plastic composite was extruded as a profile (3 � 16 mm2)
and immediately pressed in a hot-press (Fontijne Grotnes LPC
300, Netherlands) to a thickness of 2.5 mm at 135 �C with a pres-
sure of approximately 16 MPa for 15 s. The purpose of the pressing
was to straighten out and improve the surface smoothness of the
samples. The crosslinked composites were stored in either room
temperature (RT) at 20 �C or in a sauna (SA) at 90 �C. The relative
humidity (RH) in the sauna was close to 100% and that in the ambi-
ent environment was around 30%. The simulated sauna was a plas-
tic box containing a grate and wires, placed in an oven. The bottom
of the box was filled with water and more water was continuously
added as it evaporated. A couple of the crosslinked composites
were tested to determine their degree of crosslinking directly after
the processing. The rest of the crosslinked composites were stored
for 3, 6 or 12 h, 1, 2, 3, 4, 6, 9 or 13 days, and placed in a freezer
after the specific storage time. The low temperature in the freezer
hindered hydrolysis and thereby further crosslinking.

2.3. Moisture content and density measurements

The moisture content of the composites was measured immedi-
ately after the processing step. The composites were placed in an
oven at 60 �C and continuously weighed until a constant weight
was attained. The drying temperature was chosen fairly low since
the melting point of the lubricant was low and the expected drying
time high. The density was measured according to the ASTM D792
standard. Samples were immersed in water and the mass of the
displaced water was determined with an analytical balance. The
specific gravity (SG) of each sample was calculated as: SG = a/
(a + w � b), where a is the apparent mass of the specimen in air;
b is the apparent mass of the specimen, the sinker and the partially
immersed wire; and w is the apparent mass of the immersed sinker
and the partially immersed wire. The density of the composite was
calculated as: D21 �C = SG � 0.9982 g/cm3.

2.4. Degree of crosslinking

The content of insoluble gel for the crosslinked composites was
measured according to the ASTM D2765 standard. The crosslinked
composites were placed in boiling xylene for 12 h, and the im-

Fig. 1. (a) The hydrolysis of siloxy groups to silanols. (b) The self-condensation
forms siloxane crosslinks [11].

Fig. 2. The extruder setup for manufacturing silane-crosslinked WPC.
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mersed xylene was removed by heating the samples at 150 �C, un-
til a constant weight was attained. The extracted mass was mea-
sured and the content of insoluble gel could be calculated based
on the initial sample weight minus the mass of the wood, as de-
scribed in Eqs. (1) and (2). The determined gel content values were
averages of two separate extractions.

Extract% ¼ ðweight loss during extractionÞ=
ðweight of original specimen�weight of fillerÞ ð1Þ

Gel content ¼ 100� Extract% ð2Þ

2.5. Mechanical testing

Test bars (ASTM D638, type V) were analyzed for tensile
strength, tensile modulus and strain at break. A universal testing
machine (Hounsfield H25KS, United Kingdom) equipped with a
500 N load cell was used. The cross-head speed rate was set at
2 mm/min and the load was registered. Displacement values used
for calculating the strain were taken as the cross-head speed rate
multiplied by the time.

2.6. Short-term creep

Two different short-term creep experiments were performed on
the composites in a Dynamic-Mechanical Analyzer, DMA (TA
Instruments, Q800, USA). The specimen dimensions were
60 mm � 12 mm � 2.5 mm (length �width � height) and the
samples were tested at constant stress in dual cantilever mode.
First, short-term creep tests were performed by applying a 5-
MPa static stress at 30 �C for 300 min, after which the composites
were evaluated in a creep cycling test, where the samples were
subjected to a 2-MPa static stress at 60 �C for 60 min and then re-
leased in order for the specimen to recover for 60 min. This proce-
dure was repeated three times for each sample, and the creep
strain was registered as a function of time.

2.7. Microstructure and microanalysis

A scanning electron microscope (Jeol, JSM-5200, Japan) was
used to analyze fracture surfaces of the composites to obtain visual
images of how the adhesion of the wood to the plastic was affected
by crosslinking and varying initial WF moisture contents. The frac-
ture surfaces were prepared by freezing the samples with liquid
nitrogen and then bending them until they broke. The samples
were sputter-coated with a thin layer of gold. A scanning electron
microscope (Jeol JSM-6460, Japan) with an EDS (Energy dispersive
X-ray spectroscopy) detector was used for localizing and measur-
ing the amount of silicon in the crosslinked composites. The sam-
ples were prepared by cutting a cross sectional area of the
composite that was then coated with a thin layer of carbon. The
mapping was performed on an area displaying the WF particles
and the surrounding matrix using an electron beam acceleration
voltage of 15 kV and a current of 30 lA. During the mapping, reg-
istrations of carbon were excluded since the samples were carbon-

coated, whereas all remaining detectable elements, mainly oxygen,
silicon and calcium, were registered. Although these measure-
ments were not truly quantitative, the relative amount of silicon
for the X-dry and X-wet samples could be determined by excluding
the area of WF particles in the scanned section and then comparing
the different composites.

3. Results and discussion

3.1. Degree of crosslinking

Table 1 summarizes the degree of crosslinking in the prepared
composites. The results show that the degree of crosslinking for
X-dry reached 35% directly after processing, whereas the corre-
sponding value in X-wet reached 21%. The influence of storage
on the crosslinked composites for various times is also presented
in Table 1. All composites displayed increased degrees of crosslink-
ing, and the materials stored in the sauna, i.e., X-dry SA and X-wet
SA, more than doubled their gel content (to 78% and 52%, respec-
tively) after storage of 9 days or more. The composites stored in
room temperature, i.e., X-dry RT and X-wet RT, did not display as
much increases in the degree of crosslinking as their sauna-stored
counterparts. The rate of crosslinking can be interpreted from
Fig. 3, from which it is clear that X-dry composites underwent
post-crosslinking (percentage points/time) to a higher extent.
These results indicated that the silane-grafting yield was lower in
the wet WF composites, thereby limiting the amount of crosslinks
that could be formed. The wet WF composites displayed a moisture
content of around 1.3% immediately after processing, as can be
seen in Table 2, which corresponds to a 2.6-% moisture content
of the dry wood mass (WF 50 wt% of the composite). This suggests
that more than 3% of the water that was initially present in the WF
were lost during the processing. Although the atmospheric-pres-
sure vents were blocked and the vacuum ventilation was inactive,
steam from the process was still able to escape to a certain degree

Table 1
Degree of crosslinking for all composites at different storing modes.

Sample code Storage condition Storage time

0 3 h 6 h 12 h 1 day 2 days 3 days 4 days 6 days 9 days 13 days

X-dry (%) Sauna 35 50 56 63 67 71 75 74 74 76 78
RT 35 38 40 41 42 43 48 50 50 51 51

X-wet (%) Sauna 21 28 34 40 42 45 47 49 49 52 50
RT 21 21 21 21 21 21 23 24 25 25 24

Fig. 3. The degree of crosslinking for X-dry and X-wet composites after various
storage times.
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and it is possible that this steam was able to take out unreacted si-
lane from the extrusion process. The higher degree of crosslinking
from the sauna storage was the result of higher proportions of
amorphous phase in the thermoplastic matrix facilitating the con-
densation of silanols for the formation of crosslinks [11]. In addi-
tion, the higher temperature rendered it possible for the air to
carry more water; a positive point for such moisture-induced
crosslinking. The X-dry SA composite reached a gel content of
78% while the corresponding value for X-dry RT was only 51%, as
can be seen in Table 1. A study by Bengtsson and Oksman where
composites with a 4 wt% silane solution and 40 wt% (dried) WF
were used resulted in a degree of crosslinking of 74% after storage
in a sauna [7]. The highest attainable degree of crosslinking of
polyethylene by use of silanes is reported to be in the range of
75–80% [12]. The peak plateau with regard to the degree of cross-
linking was achieved at approx. four days for all composites and
only a small increase followed during the remaining 9 days of stor-
age, as demonstrated in Fig. 3.

3.2. Tensile properties

Table 2 shows the tensile strength, strain at failure and modulus
of elasticity of the tested composites. The tensile strength was
found to increase for all the crosslinked composites as compared
to the non-crosslinked control samples, shown in Fig. 4. The
improvement in strength was considerably higher for the X-dry
composites, which proved that a large number of chemical cross-
links had been introduced between the wood particles and poly-
mer matrix. The tensile strength of the X-dry composites was

61–75% higher as compared to the corresponding values of their
non-X counterparts, and a similar improvement with regard to
the flexural strength has been reported by Bengtsson and Oksman
[6–8]. The increase in strength was lower for the X-wet composites
(36–40%), thus indicating less interaction between WF and PE. Ta-
ble 2 shows that the density of the X-wet composites (0.97 g/cm3)
was below that of the composites of dry WF (1.03 g/cm3), and this
was likely due to a larger number of voids in the X-wet material as
a result of additional water being present and thereby limiting the
interactions between WF and the polymer matrix giving rise to a
lower strength. The stiffness was not notably affected by the cross-
linking. The modulus of X-dry composites was found to slightly in-
crease, but there was no statistical evidence of an improved
stiffness, as can be seen in Table 2. The introduction of crosslinks
in polyethylene commonly lowers the modulus since the degree
of crystallinity decreases as the degree of crosslinking increases
[11]. However, earlier studies on silane crosslinking in WPCs have
shown that the modulus of elasticity can be affected in both direc-
tions. Bengtsson and Oksman have found a slightly decreased mod-
ulus for a silane-crosslinked WPC in two studies [6,7], whereas
another investigation demonstrated an increase [8].

3.3. Short-term creep

Fig. 5a shows results from the first short-term creep test (30 �C).
The non-X composite displayed a higher creep response than its
crosslinked counterparts, in both the primary and steady state
creep regions. As can be seen from the creep strain curves, there
were several differences between the X-dry and X-wet materials:
the crosslinked samples with dry wood flour showed a lower creep
strain in the primary stage as compared to the composites with

Table 2
Tensile strength, strain at failure, E-modulus, density and moisture content.

Sample code rr (MPa) er (%) E (GPa) q (kg/m3) MCa (%)

Non-X dry 11.0 ± 1.5 1.8 ± 0.3 1.6 ± 0.2 1033 ± 7 0b

X-dry RT 17.7 ± 1,3 2.4 ± 0,1 1.7 ± 0.1 1021 ± 3 0b

X-dry SA 19.2 ± 1,6 2.2 ± 0.2 1.9 ± 0.1 1027 ± 3 0b

Non-X wet 8.9 ± 0.6 2.1 ± 0.2 1.5 ± 0.2 940 ± 5 1.35
X-wet RT 12.1 ± 1.0 1.7 ± 0.2 1.4 ± 0.2 975 ± 2 1.25
X-wet SA 12.4 ± 1.2 1.8 ± 0.2 1.5 ± 0.2 974 ± 4 1.25

a Moisture content immediately after processing, other properties presented are
for fully cured samples.

b No weight loss from drying the composite.

Fig. 4. Stress–strain curves for all crosslinked composites as well as the non-
crosslinked control material.

Fig. 5. (a) Creep strain curves for the composites at a constant stress of 5 MPa at
30 �C. (b) Creep cycling strain curves displaying the creep strain and recovery. Stress
2 MPa at 60 �C.
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wet wood flour, however no variation in creep strain rate was ob-
served in the steady state region for materials having undergone
the same storage mode. Nevertheless, the composites stored in a
sauna appear to have a slightly lower creep strain rate in steady
state as compared to the samples having been stored at room tem-
perature (Fig. 5a). The tensile strength of the X-wet composites
was lower than that of their X-dry counterparts. This indicated a
lower interaction between wood and polymer which could explain
the higher primary creep strain as compared to that of the X-dry
composites. These differences in primary creep strain together
with the tensile properties indicate that the crosslinking in the
X-wet composites took place mainly in the matrix and to a much
lower degree at the interface. The X-dry material, on the other
hand, displayed a crosslinked interface in addition to the matrix.
As can be seen in Fig. 5b, the creep cycling test (60 �C) of the cross-
linked composites shows a low creep response, in agreement with
the results from the first short-term creep test performed at 30 �C.
However, the creep cycling pointed at differences with regard to
the storage mode of the crosslinked composites. The X-wet SA
composites and X-dry RT samples had practically identical degrees
of crosslinking but displayed differences in creep strain rate for
both creep test modes. The higher temperature seemed to have a
greater impact on the samples stored at room temperature (RT)
with respect to the primary creep strain, whereas the impact on
the beginning steady state creep seen in the creep cycling strain
curves was smaller. This difference in behavior at a higher temper-
ature indicated that the structure of the matrix varied depending
on the mode of storage. By keeping the composite in a sauna, the
larger amount of amorphous phase in the polymer matrix enabled
hydrolysis and crosslinking to a higher degree, primarily in the ma-
trix. During the stress release after every cycle, the recovery was
high for the crosslinked composites, whereas the non-crosslinked
samples showed tendencies of a considerable permanent deforma-
tion. However, all the composites displayed low creep responses as
compared to the non-crosslinked specimens, just as reported ear-
lier by Bengtsson and Oksman [6–8].

3.4. Microstructure and microanalysis

As demonstrated in Fig. 6a, the non-crosslinked composite
clearly showed fiber pull-out due to its poor interfacial adhesion.
Large gaps between the wood particles and the matrix were also
visible in the fracture surface of the non-X composite, illustrating
that no chemical bonding occurred between the wood and the
polymer, marked as b in Fig. 6. The X-dry composites demon-
strated a good adhesion between the WF particles and the matrix,
and the arrow c in Fig. 6 shows an example where the wood fiber
bundle has splintered. An indication of chemical bonding between
the WF and the polymer matrix is marked as d. The crosslinking
created a good interfacial strength resulting in these cohesive fail-

ures, and the tensile strength of the composites can be explained
by such fracture surfaces showing improvement in interfacial
strength for the X-dry composites. Arrow e in Fig. 6 points at a frac-
ture surface of the X-wet composite and indicates voids in the
material, thus confirming the porosity that caused the lower den-
sity of the wet WF composites. No specific adhesion improvement
could be observed by the SEM images of X-wet composites. The X-
ray mapping of silicon did not show that there were higher concen-
trations of silane in the interfacial region, as had been found by
Bengtsson and Oksman in an earlier study [6]. The study did how-
ever show that there were differences in the amount of silicon in
the crosslinked composites: Fig. 7 presents examples of mapped
cross-sectional areas of the composite as well as the resulting Si
registrations. The results indicate that the X-dry composites had
higher amounts of added silicon in their structure as compared
to their X-wet counterparts. The amounts of silicon, in this case
as a part of silane, do not automatically lead to a certain degree
of crosslinking but is a prerequisite in order to create silane-cross-
links in the material. Registrations showed that the X-wet compos-
ite had roughly 80% of silicon relative to the X-dry composite. Since
the feeding of wood, polyethylene and silane-solution was moni-
tored thoroughly during processing, it was likely that the added si-
lanes escaped the extruder barrel together with excess water vapor
from the wet WF – and this despite that the degassing vents were
inactive. Bengtsson and Oksman investigated the degree of cross-
linking by using different parts of the silane-solution and their
study showed that the highest gel content was reached with a si-
lane solution of 4 wt% or more in the compound, whereas a 3-
wt% silane solution resulted in a gel content that was only 2 to 5
percentage points lower [7]. Even though the amount of silane
was a limiting factor for the crosslinking efficiency, the slightly
smaller amount of silane in the X-wet composites could not ex-
plain their lesser degree of crosslinking. Rather, the silane-grafting
yield has been lower.

4. Conclusions

Crosslinked WPC produced of wet WF was studied and com-
pared to crosslinked WPC of dry WF and non-crosslinked com-
posites. Results showed that tensile strength and creep
resistance improved compared to a non-crosslinked control sam-
ple. The gel content of the wet WF composite proved that they
in fact was crosslinked, confirming that silanes had been grafted
in the composite during the compounding process. However, the
crosslinked composites made of wet WF composite had a lower
degree of crosslinking direct after processing compared to dry
WF, 21% and 35% respectively, and the final degree of crosslink-
ing was for wet 52% and dry 78%. It can be concluded from ten-
sile strength and fracture surface studies that the crosslinked dry
WF composite attained a stronger interaction between reinforce-

Fig. 6. Fracture surfaces of non-X, X-dry and X-wet composites displaying: (a) poor adhesion of WF to plastic, (b) fiber pullout, (c) fractured fiber bundle, (d) good adhesion
and (e) porosity in the composite.
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ment and matrix than wet WF. Creep strains at 60 �C for wet WF
and dry WF of equal crosslinking degree (around 50%) is lower
in primary state for the wet WF composite indicating differences
in the crosslinked composites structure. These results lead to the
conclusion that wet WF flour composite has crosslinked mainly
in the matrix and still shows high creep resistance despite its
lower reinforcement–matrix interaction, which demonstrates
that creep resistance is most strongly improved by crosslinks
in the matrix and to a lower degree dependent of interfacial
strength. Water is a prerequisite in the silane-crosslinking pro-
cess and the idea for this study was to introduce water needed
for curing the composite by use of wet WF in the composite
manufacturing process, and thereby limit the necessity of costly
post-curing in hot and humid environment and also lower the
cost of drying WF prior to processing. However, it is reasonable
to believe that the silane grafting yield is negatively affected by
the higher moisture content level of the WF and therefore limit
the degree of crosslinking.
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a b s t r a c t

The aim of this work was to study silane-crosslinking of recycled low-density polyethylene wood com-
posites and its effect on composites properties. The composites were produced in a one-step twin-screw
extrusion process and the silane–peroxide solution was pumped into the extruder. Degree of crosslinking,
mechanical properties, short-term creep, fractured surfaces and nature of crosslinking were studied to
understand the relationship between composite structure and properties. The results showed that cross-
linked composite strength, toughness and creep resistance were improved compared to uncrosslinked
composites. The flexural strength was doubled compared to uncrosslinked samples and the creep strain
was reduced. The crosslinked composites stored under room conditions showed the highest strength,
whereas storage in a sauna resulted in a higher degree of crosslinking. The Fourier transform infrared
spectroscopy indicated formation of silane-bridges between wood and polyethylene, accordingly improv-
ing the interfacial adhesion between the wood and LDPE. The low concentration of peroxide in the silane-
solution was shown to be a preferred composition to limit unintentional crosslinking during the process.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The interest in wood–thermoplastic composites (WPCs) has in-
creased during recent decades. This type of composite consists of
wood flour/fibres encapsulated by a continuous thermoplastic
phase, which means they can be processed by conventional ther-
moplastic processing methods. Wood is a low-cost, renewable
and biodegradable resource with high specific stiffness and
strength, which makes it interesting as reinforcement in a thermo-
plastic composite. The wood component provides stiffness to the
plastic but may also provide strength if the interfacial adhesion
is sufficient. The WPC boards have good moisture resistance and
dimensional stability due to the continuous thermoplastic matri-
ces and they are commonly used as alternatives to preservative-
treated lumber in decking, railing, window frames and door
frames, and other outdoor applications [1].

The strength and toughness of these composites is restricted by
the interfacial adhesion of wood to plastic [1]. WPCs have a more
pronounced creep response than that of solid wood [2] and this is
due to a combination of poor interfacial adhesion and the commonly
used thermoplastic matrix [3]. Therefore, improvement of the long-
term mechanical properties would increase the use of WPCs.

Since the mid-1980s, research on wood–thermoplastic com-
posites has identified means of improving the interfacial adhe-

sion by use of compatibilizers like maleic anhydride grafted
polyolefins [4–9], silanes [9,10] and isocyanates [6,10], and also
by combinations of compatibilizers [6,11]. The use of a
compatibilizer-impact modifier like maleated styrene–ethylene/
buthylene–styrene triblock copolymer also resulted in higher
toughness and strength [12].

In the late-1990s, crosslinked low-density polyethylene/wood
composites were produced by adding peroxides to a compounding
process. It was found that the interfacial adhesion was improved
and that the polyethylene matrix had formed a crosslinked net-
work [13–15].

Later on, Bengtsson and Oksman developed the one-step extru-
sion process of silane-crosslinked WPCs [16–18]. A solution of si-
lane and peroxide was directly added to the compounding
process to strengthen the interface of the WPC but also to crosslink
the polyethylene matrix. Bengtsson and Oksman found that silane-
crosslinking improved the strength, toughness and creep resis-
tance of the composites [16–18].

The principle of silane-crosslinking of a neat polyethylene is to
graft silanes to the backbone of the polymer chains, followed by a
water-crosslinking step where hydrolysis followed by condensa-
tion reactions leads to formation of siloxane-bridges between the
polyethylene chains [19]. In the case of WPCs, the improvement
in strength and toughness indicates that links are also formed be-
tween the wood and plastic. These have been suggested to be a mix
of Si–O–C bridges, hydrogen bonds and C–C crosslinks [15,20]. The
strong interfacial adhesion together with a crosslinked matrix has
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resulted in a higher resistance to creep due to the reduced viscous
flow of the composite [16–18,21].

The main objective of this work was to study the one-step reac-
tive extrusion process and attained property changes of a silane-
crosslinked WPC where low-cost recycled raw materials were
used. Furthermore, the crosslinking efficiency was studied by com-
bining the amount of crosslinking agents, silane and peroxide.

2. Experimental procedure

2.1. Materials

The matrix polymer was a recycled low-density polyethylene
(LDPE) with a melt flow index of 0.4 (g/10 min, 2.16 kg, 190 �C)
kindly supplied by OFK-Plast AB, Karlskoga, Sweden. The wood
flour was Lignocel BK 40/90, which is softwood flour having a par-
ticle size between 300 and 500 lm (Rettenmeier & Söhne GmbH,
Germany). A stearate (TPW113, Struktol, USA) was used as a lubri-
cant to improve the surface quality of the extruded profiles. The
reactants for crosslinking were vinyl–trimethoxy silane (VTMS
97%, Sigma Aldrich, USA) and dicumyl-peroxide (DCP 98%, Sigma
Aldrich, Japan).

The composites’ compositions were held constant, 50 wt.%
wood flour, 47 wt.% LDPE and 3 wt.% of lubricant, and silane–per-
oxide solution was added to the total material composition as a
specific percentage of the total amount. The crosslinked compos-
ites were produced using a high and low silane-solution (3 wt.%
or 1 wt.%) content. The mixing ratios of silane and peroxide (w/
w) were 12:1 (high peroxide content) and 25:1 (low peroxide con-
tent). The sample codes used throughout the paper are high and
low (amount of silane-solution) with the reactants mixing ratio
as suffix, e.g. High-25:1, the control sample is referred as
uncrosslinked.

2.2. Processing

2.2.1. Reactive extrusion
The WPCs were produced in a one-step process to profiles using

a laboratory compounding extruder (Coperion W&P ZSK 18 MEGA-
Lab, Germany) equipped with gravimetric feeders (K-TRON, Swit-
zerland). Premixed low-density polyethylene and lubricant was
fed to the extruder main inlet with the gravimetric feeder, as dis-
played in Fig. 1. The silane-solution was fed in the main inlet with
peristaltic pump (Heidolph 5001, Germany) and the wood flour
was added into the polymer melt by a twin-screw side feeder.
The processing setup temperature zones (1–7) were 145, 175,
180, 185, 190, 190, 190 (�C), as seen in Fig. 1. This temperature pro-
file was determined with respect to the decomposition rate of the
peroxide. The screw speed was set to 160 rpm, giving a residence
time of approximately 1 min. If the actual melt temperature in
the process is around 195 �C, the dicumyl-peroxide theoretically
experiences five half-life times in the process, which means that
97% of the peroxide is decomposed. The extruder die is
5 � 20 mm (height �width) and the composite profiles were
pushed through a calibrator tool directly after the die. The calibra-

tor was intended to keep the dimensions and straightness of the
profiles and also improve the surface quality.

2.2.2. Crosslinking
Silane-crosslinking requires a period of storage to let water dif-

fuse in, and the silane-grafted WPCs were stored in a sauna (SA) at
90 �C as well as under room conditions at 21 �C (RT). The relative
humidity in the SA was close to 100% and in RT between 30%
and 40%. These storage conditions give higher and lower diffusion
rate of water into the composite, respectively. The simulated sau-
na, a plastic box with a grate inside, was placed in an oven and
water was continuously added to the bottom of the bin as it evap-
orated. Some of the silane-grafted WPCs were tested for degree of
crosslinking directly after the extrusion to determine the degree of
(unintentional) crosslinking that had taken place during the extru-
sion process. The rest of the WPCs were stored for 3, 6, or 12 h, 1, 2,
3, 4, 6, or 9 days, and placed in a freezer after the specific storing
time. The low temperature in the freezer prevents hydrolysis
and, thereby, further crosslinking.

2.3. Degree of crosslinking

The insoluble gel content for the crosslinked composites was
measured according to ASTM D2765, at each specific storing time.
The composite was placed in boiling xylene for 12 h. The xylene
was removed from the samples by heating them at 150 �C until
constant weight was attained. The extracted mass was measured
and the insoluble gel content was calculated based on initial sam-
ple weight, minus mass of wood for the composites, as seen in Eqs.
(1) and (2). The determined values of gel content were the average
of two separate extractions, according to the standard.

Extract ¼ ðweight loss during extractionÞ=
ðweight of original specimen-weight of fillerÞ ð1Þ

Gel content ¼ 100� extract% ð2Þ

2.4. Mechanical properties

The flexural strength, modulus of elasticity and strain at break
were determined by testing the composites according to ISO 178.
A conventional mechanical tester (Shimadzu AG-X, Japan) with a
load cell of 1 kN was used for the mechanical testing, where at
least five specimens of each sample were tested.

2.5. Short-term creep

Short-term creep tests were carried out using a dynamic
mechanical analyzer, (DMA) (TA Instruments, Q800, USA). The
specimen dimensions were 60.0 � 12.5 � 2.5 mm (length �width
� height) and the samples were tested at constant stress in a dual
cantilever mode. The short-term creep tests were performed by
applying a static stress of 5 MPa at 30 �C for 5 h, after which the
stress was released and the composites were recovered for 1 h.
This procedure was repeated three times for each sample and the
creep strain was registered as a function of time.

2.6. Morphology

Scanning electron microscopy (SEM) (Jeol JSM-6460, Japan) was
used to analyze fractured surfaces of the prepared composites.
Composite samples were frozen in liquid nitrogen and bent to fail-
ure. The fractured surfaces of uncrosslinked and crosslinked com-
posites were sputter-coated with a thin layer of gold to avoid
charging and the acceleration voltage was set to 15 kV. The
adhesion between the wood and the polyethylene matrix andFig. 1. The extruder setup for manufacturing silane-crosslinked WPC.
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how the morphology was affected by the crosslinking were
studied.

2.7. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was employed to determine if the silane-
crosslinking had resulted in chemical linkage between the wood
particles and the LDPE matrix. Infrared spectra were recorded at
room temperature (22 �C) with the use of a vacuum spectrometer
(Bruker IFS 66 v/s, Germany) equipped with a DTGS (Deuterated
TriGlycine Sulphate) detector and a Globar source. A diffuse
reflectance (DR) accessory was used and 256 scans were co-
added with a zero-filling factor of 2 and the resulting interfero-
grams were Fourier transformed to obtain a resolution of
4 cm�1 over the spectral range. A small amount of the powdered
composite samples was thoroughly mixed with dry powdered
KBr as diluents, each sample containing about 1 wt.% of the com-
posite. The mixtures were poured into sampling cups and mea-
sured. All spectra were transformed to Kubelka Munk (KM)
units. Data treatment was performed using the OPUS software
from Bruker Optics Scandinavia AB and all spectra were normal-
ized to the intensity of the C@O band at 1742 cm�1. Accordingly,
the integrated area of the carbonyl stretch between 1785 and
1690 cm�1 was used as reference (peak value at 1742 cm�1). This
spectral region contains only absorptions caused by the wood
species of the composite. The aim was to correct for possible
differences in the weight ratio between wood sample and diluent
(KBr) in the DR analysis.

3. Results and discussion

3.1. Processing

The reactive extrusion was carried out by feeding a premixed
recycled low-density polyethylene and lubricant to the main inlet,
the wood flour was fed into the polymer melt and the silane-solu-
tion was pumped in, as seen in Fig. 1. The extruder motor torque
showed that the flow properties of the composites were affected
by the chemical reactions that occurred in the melt, shown as in-
creased torque on the extruder motor for all composites when
the silane-solution was added to the extrusion process. The torque
for uncrosslinked composite was 45% and increased to 55–70%
when the crosslinking reactants were added. The reason for the in-
creased torque is likely silane-grafting and radical initiated C–C
crosslinking in the composite melt during the extrusion process.

The composite profiles were produced using the same extrusion
parameters but the profiles’ surface quality was affected by the
added reactants. Fig. 2 shows the uncrosslinked reference sample
and the composite profiles with different compositions. The
uncrosslinked sample has smooth edges (Fig. 2a) but as the
amount of peroxide increases, the edge tearing and surface rough-
ness appear more distinctly (Fig. 2c–e). In Fig. 2b, the composite
profile with low amount of silane and peroxide (Low-25:1) shows
no visible difference compared to the uncrosslinked profile
(Fig. 2a). This indicates a correlation between the total amount of
peroxide and the composite surface quality, while the silane con-
tent does not show the same dependence. The relative amount of
peroxide used for the crosslinked composites in Fig. 2b–e is (left
to right) 1, 2, 3 and 6, and the edge tearing becomes more and more
pronounced with increasing amount of peroxide in the process.
The profile shown in Fig. 2c has the lowest amount of silane in
its composition, still showing similar appearance as the profile in
Fig. 2d, which had three times, and highest, amount of silane (High
25:1), added in the process.

3.2. Degree of crosslinking

Fig. 3 shows the degree of crosslinking of all composites, from
0 h storing up to 9 days, where differences are shown depending
on the used silane and peroxide concentrations. The unintentional
crosslinking taking place in the extruder relates to the degree of
crosslinking immediately after processing (0 h). Since silane-cross-

Fig. 2. The composite profiles show increased edge tearing as the amount of
reactants used increases (left to right). (a) uncrosslinked (b) crosslinked Low-25:1
(c) crosslinked Low-12:1 (d) crosslinked High-25:1 and (e) crosslinked High-12:1.

Fig. 3. The degree of crosslinking as a function of time for different storage
conditions and crosslinking reactants: (a) composites of high and low silane content
and high peroxide concentration (12:1) and (b) composites of high and low silane
content and low peroxide concentration (25:1).
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linking is a water initiated crosslinking process that mainly takes
place in the solid state [19] and this crosslinking had occurred in
the melt, it indicates that this might be due to radicals-initiated
C–C crosslinks and not siloxane-bridges. The composite with high
silane and high peroxide concentration (High-12:1) was exces-
sively crosslinked during the extrusion process (56%) and the com-
posite with low silane and low peroxide concentration (Low-25:1)
was not crosslinked to a measurable degree (0%). This may be the
reason for the differences in surface appearances shown in Fig. 2e
and b, respectively. Generally, the amount of unintentional cross-
linking in the extrusion process seemed to correspond to the
amount of peroxide used in the process. Compared to HDPE, LDPE
is more susceptible to radical initiated C–C crosslinking (peroxide
crosslinking) [22], which is verified here if compared to earlier
studies on silane-crosslinked WPCs of HDPE where higher amounts
of reactants have been used [16–18,21].

All silane-grafted composites showed increased degree of cross-
linking during storing and the final degree was higher for SA stor-
ing, as seen in Fig. 3. The composite with high silane and high
peroxide concentration (High-12:1) reached the highest degree of
crosslinking when stored in SA (78%), whereas its RT stored coun-
terpart reached 70%. The composite with low silane and low perox-
ide concentration (Low-25:1) reached only a 15% degree of
crosslinking when stored in RT, which increased to 35% when
stored in SA. On the other hand, these composites showed the
highest increase of gel content (+15% and +35%-units, respectively)
during the storage, as shown by Fig. 3b.

The peak in crosslinking degree for these LDPE-composites was
reached after approximately 1.5–2 days, whereas other studies of
silane–crosslinked wood composites where HDPE was used
reached the peak after approximately 3 days [21]. Accordingly,
the results indicated that the use of LDPE matrix is an advantage
regarding the short time needed for full crosslinking.

3.3. Mechanical properties

Table 1 shows the flexural strength, stiffness, strain at break and
energy absorbed at maximum load for all produced samples. All
crosslinked composites showed improvement in strength and
toughness compared to their uncrosslinked counterparts, while
the stiffness was generally decreased. The improvement in
strength and toughness indicates that the interfacial adhesion in-
creased and the decreased flexural modulus indicates structural
changes in the polymer matrix. However, there are some differ-
ences which depend on the formulations and storage modes.

As seen in Fig. 4, the highest strength was reached with low per-
oxide concentration in the silane-solution (25:1), especially when
stored in RT. This increase in strength indicates improved interfa-
cial adhesion and, therefore, also the crosslinking between the
wood and LDPE.

The relative toughness of all crosslinked samples was improved
compared to the uncrosslinked control sample. It can be seen in Ta-
ble 1 that the energy absorbed at maximum load was nearly 400%
more for some of the crosslinked samples.

The flexural modulus was decreased due to crosslinking and the
reason for that might be the unintentional crosslinking during the
extrusion. The modulus of uncrosslinked composites was
1768 MPa and decreased to 650 MPa for composites produced with
high silane and high peroxide concentration (High-12:1), the com-
posites which were crosslinked excessively during the extrusion
process (56%). Conversely, composites with low silane and low per-
oxide concentration (Low-25:1) had a modulus 1735 MPa when no
unintentional crosslinking occurred (0%).

The crosslinked composites stored at RT showed better strength
if compared with composites stored in SA, as seen in Table 1 and
Fig. 4. The storage in high-temperature and high-humidity SA re-
sulted in a higher degree of crosslinking than composites stored
at RT. This indicates that improvements of interfacial adhesion as
a result of crosslinking do not necessarily correspond to the cross-
linked network formed in the matrix. Earlier studies where HDPE
was used as matrix for the composite showed either higher
strength for SA-stored composites [16,21] or no difference between
the two different storage modes [17,18]. One reason why the
improvements in SA-stored LDPE-composites was smaller com-
pared to RT-stored counterparts might be that an excessive
amount of water diffused into the composites. This phenomenon
is described as a ‘‘reversible hydrolyzable bond mechanism”
regarding siloxane-bridges [23], and it is possible that excessive
moisture have lead to a reduction of chemical links between the
wood and polyethylene matrix and this would lead to lower flex-
ural strength of the SA-stored composites. Geng and Laborie [24]
studied silane-crosslinked wood flour/LDPE composites produced
in a torque-rheometer and suggested this mechanism as an expla-
nation for a decreased storage modulus observed in a DMA. How-
ever, the flexural modulus was unaffected by storage mode in this
study.

Table 1
Flexural strength, modulus of elasticity, strain at break and energy absorption at max
load.

Sample rf (MPa) E (MPa) ef (%) Energy

J Rel.

Uncrosslinked 12.9 ± 0.6 1768 ± 160 2.6 ± 0.3 0.12 ± 0.02 (100)
Low-12:1 SA 16.6 ± 0.5 1370 ± 90 3.0 ± 0.2 0.17 ± 0.02 142%
Low-12:1 RT 23.9 ± 0.6 1383 ± 50 4.7 ± 0.3 0.42 ± 0.02 350%
High-12:1 SA 14.4 ± 0.5 646 ± 60 6.1 ± 0.9 0.23 ± 0.04 192%
High-12:1 RT 16.0 ± 1.0 675 ± 70 7.6 ± 0.3 0.40 ± 0.02 333%
Low-25:1 SA 17.7 ± 0.8 1735 ± 90 2.5 ± 0.1 0.14 ± 0.01 117%
Low-25:1 RT 26.1 ± 1.3 1594 ± 100 4.2 ± 0.5 0.44 ± 0.07 367%
High-25:1 SA 24.2 ± 1.3 1382 ± 70 4.7 ± 0.3 0.38 ± 0.04 317%
High-25:1 RT 25.9 ± 1.9 1423 ± 160 5.1 ± 0.5 0.45 ± 0.07 375%

Fig. 4. Representative stress–strain curves for all composites (a) uncrosslinked
compared with crosslinked with high and low silane content and high peroxide
content (12:1) and (b) composites with high and low silane content and low
peroxide content 25:1.
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3.4. Short-term creep

Fig. 5 shows representative short-term creep curves for all the
crosslinked composites and the uncrosslinked control sample used
in this study. The creep tests indicated that crosslinking improves
the composites’ resistance to creep, especially during the first hour
of applied stress, where the uncrosslinked sample showed a higher
strain rate than the crosslinked samples. When the curve flattens
out, it was shown that the creep strain rate was lower for almost
all crosslinked samples compared to the uncrosslinked and this re-
duced creep response can be attributed to higher interfacial adhe-
sion and a stabilized matrix polymer. The composites with low
silane and high peroxide concentration (Low-12:1) stored in SA,
did not show any clear differences in the presumed onset of the
steady-state creep phase compared to the uncrosslinked sample,
at least during these 5 h of applied stress.

3.5. Morphology

The study of fractured surfaces of uncrosslinked and crosslinked
composites generally indicated better interfacial adhesion for
crosslinked composites compared to the uncrosslinked ones.
Fig. 6a and b show fractured surfaces of uncrosslinked composites
and Fig. 6c and d the crosslinked composites with high and low si-
lane content and constant low peroxide content (High-25:1 and
Low-25:1). The uncrosslinked composite in Fig. 6a and b shows
wood particle pull-outs and also gaps between the wood particles
and polyethylene matrix, indicating poor adhesion. This appear-
ance was more common in the uncrosslinked composites. In
Fig. 6c and d, damaged wood particles are shown, indicating that
the interfacial strength was stronger than the wood particle be-
cause the fracture path passed through the wood particle instead
of the interface. The crosslinked samples have a flexural strength
twice as high as the uncrosslinked sample, which could be ex-
plained by the features pointed out in Fig. 6.

Fig. 6c also indicates that the fracture in the crosslinked com-
posites was more brittle if compared to uncrosslinked composite

in Fig. 6a. The polymer matrix seems to be smoother than the
uncrosslinked composites, where the matrix is rougher, which sug-
gests different structures of the polymers, i.e. crosslinked and not
crosslinked.

3.6. FTIR spectroscopy

FTIR spectroscopy was used in an attempt to show whether the
silane-grafted polyethylene also reacts with the wood structure by
condensation reactions. The OH stretching vibrations in the region
between 3060 cm�1 and 3660 cm�1, with a band maximum around
3400 cm�1, was observed and a lower intensity of the DR-spectra
for this band, converted to KM units, would imply that Si–O–C
bridges have been formed between the wood and the polymer ma-
trix through condensation. Fig. 7 shows representative spectra for a
crosslinked composite not stored (0 h) and for composites stored in
RT and SA, using the spectra of a uncrosslinked sample as refer-
ence. The crosslinked composites with high silane and high perox-
ide concentration (High-12:1) were chosen because that
combination reached the highest degree of crosslinking. The result
shows that the uncrosslinked composite has a higher intensity due
to OH stretching than the crosslinked composites and this ten-
dency was shown for all crosslinked samples. It therefore seems
reasonable to suggest that condensation reactions between silanol
functions on the silane and OH groups in the wood structure have

Fig. 5. Short-term creep strain curves for the uncrosslinked and crosslinked
composites at a constant stress of 5 MPa and 30 �C. (a) Composites with high and
low silane content and high peroxide content (12:1) and (b) composites with high
and low silane content and low peroxide content (25:1).

Fig. 6. Fractured surfaces of produced composites indicating better adhesion
between the wood particles and the LDPE matrix in the crosslinked composites, (a)
and (b) uncrosslinked composites, (c) crosslinked Low-25:1 stored in RT, (d)
crosslinked High-25:1 stored in SA.

Fig. 7. Diffuse reflectance spectra showing intensity of the OH stretching around
3400 cm�1 of the uncrosslinked and the crosslinked composites (High-12:1).
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lowered the total amount of OH entities due to condensation form-
ing Si–O–C bridges.

4. Conclusions

Recycled LDPE, wood flour and different silane and peroxide
mixtures was compounded in a one-step reactive extrusion pro-
cess in order to produce a silane-crosslinked WPC.

The processing and properties of the crosslinked composites
were studied. It was found that the composition of the silane-solu-
tion has an impact on the unintentional crosslinking that may take
place in the extruder. The composite with low silane and low per-
oxide concentration (Low-25:1) showed to be the most favourable
composition for the extrusion process, since no unintentional
crosslinking occurred. The composite with high silane and high
peroxide concentration (High-12:1) showed excessive crosslinking
during the extrusion process, which reduced the surface quality,
shown by edge tearing and higher surface roughness on the com-
posite profiles. If compared to earlier studies where HDPE has been
used as matrix, it can be concluded that the LDPE-composite is
more susceptible to unintentional peroxide crosslinking and a
low concentration of peroxide is therefore preferred.

The low concentration of peroxide was not only positive for the
profile’s surface quality. It was also shown that the lower peroxide
concentration in the silane-solution resulted in greater property
improvements, even when the final degree of crosslinking was
lower. However, the flexural strength, toughness and creep resis-
tance of crosslinked composites were generally improved com-
pared to the uncrosslinked ones.

FTIR spectroscopy indicated Si–O–C bridges between the wood
and polymer, which explains the improved strength of the cross-
linked composites. The stiffness of the crosslinked composites
was affected by the unintentional crosslinking, where the degree
of crosslinking in the extrusion process seemed to correspond to
the decrease in modulus.

The composites stored in hot and humid environment showed
a higher final degree of crosslinking but also a tendency to lower
improvements if compared to composites stored in common room
temperature. This might depend on excessive exposure of mois-
ture in the interfacial regions of the composite, leading to a hydro-
lysis of the Si–O–C bridges of the interface and thereby limiting
the flexural strength, despite the higher degree of crosslinks in
the matrix.
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Abstract
The objective of this study was to examine how two 

different polyethylenes affect the processing and prop-
erties of silane-crosslinked wood-plastic composites 
(WPCs). Crosslinked WPC profiles were produced using 
a twin-screw extruder. Recycled low-density polyethylene 
(LDPE) and a virgin high-density polyethylene (HDPE) 
were used as matrices with 50 wt% wood flour as rein-
forcement. The results showed that the LDPE composites 
have a tendency to crosslink to a higher degree during the 
compounding process. Therefore, lower amounts of chem-
icals were needed to be able to manufacture the profiles. 
The HDPE composites mainly cure in a hot and humid 
environment but needed twice as much time to reach 
final crosslinking degree compared to the LDPE compos-
ites. The strength and creep resistance was improved for 
both composite types, where the highest gain in strength 
was achieved by an LDPE composite made with a low 
amount of reactants. This showed that a high crosslink-
ing degree does not necessarily result in the highest 
strength improvement. The main conclusion was that 
there are differences in crosslinking efficiency depending 
on the type of polyethylene used. More specifically, the 
LDPE-WPC has an advantage, since it cures faster than 

the HDPE-WPC and does not need to be stored in a hot 
and humid environment. 

Introduction
Use of wood-thermoplastic composites (WPCs) as a sub-

stitute for pressure-treated lumber for outdoor applica-
tions has increased in recent years (Bledzki et al. 1998). 
However, the strength and long-term mechanical proper-
ties are inferior compared to sawn lumber, mainly because 
of the thermoplastic matrices used. Studies have shown 
that the strength and long-term mechanical properties 
can be improved by silane-crosslinking (Bengtsson and 
Oksman 2006a, Bengtsson and Oksman 2006b, Bengtsson 
et al. 2006, Grubbström and Oksman 2009). Other studies 
have reported peroxide-crosslinking of WPCs (Nogellova 
et al. 1998; Janigova et al. 2001).

The principle of silane-crosslinking a neat polyeth-
ylene is to graft silanes to the backbone of the polymer 
chains, followed by hydrolysis and condensation, which 
leads to formation of silane-bridges [-Si-O-Si-] between 
the polyethylene chains (Lazar et al. 1990). In the case 
of WPCs, links between the wood and plastic are also 
formed, which have been suggested to be a mix of silane-
bridges and hydrogen bonds (Karnani et al. 1997).

There are differences in silane-crosslinking efficiency 
for different types of polyethylenes. The tendency for 
non-wanted reactions during grafting of silanes, like 
polymer chain scission and peroxide-crosslinking, are 
dependent on the structure of the polyethylene. For 
example, LDPE gives rise to a higher degree of perox-
ide-crosslinking than high-density polyethylene (HDPE) 
(Shieh and Liu 1999) and LDPE is reported to be more 
susceptible to polymer chain scission than HDPE (Wong 
and Varrall 1994). Moreover, Lazar et al. (1990) report 
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that a silane-grafted LDPE cures faster due to higher 
free-volume than the HDPE.

The objective of this study was to examine the possi-
bility of using silane technology for LDPE-WPCs and to 
compare the results to our previous study of crosslinked 
HDPE-WPCs (Grubbström and Oksman 2009). The high 
availability of recycled LDPE makes it interesting to 
use for WPCs. The result of silane-crosslinking WPCs of 
LDPE is also of interest, since the mechanical properties 
of LDPE are lower than for HDPE.

Experimental Procedure
Materials

The matrix polymers were recycled LDPE with a melt 
flow index of 0.4 g/10 min, 2.16 kg (OFK-Plast, Kalmar, 
Sweden) and a virgin HDPE with a melt flow index of 
12 g/10 min, 2.16 kg (Borealis MG9621S, Stenungsund, 
Sweden). The wood flour (WF) was from softwood with a 
size range of 300 to 500 μm (Rettenmeier & Söhne GmbH, 
Rosenberg, Germany). A lubricant (Struktol TPW113, 
Stow, OH, USA) was employed and the reactants used 
were vinyl-trimethoxy silane (VTMS 97%, Sigma Aldrich, 
Saint Louis, MO, USA) and dicumyl peroxide (DCP 98%, 
Sigma Aldrich, Tokyo, Japan). The compositions of man-
ufactured composites were of 50 wt% WF, 47 wt% poly-
ethylene, and 3 wt% lubricant. The VTMS-DCP solution 
was added to the total material composition as a specific 
percentage of the total amount. The crosslinked LDPE 
composites were made using 3 wt% and the HDPE com-
posites using 4 wt% silane solution. The mixing ratio of 
VTMS and DCP was 12:1 and 25:1 (w/w). The non-cross-
linked samples are abbreviated LD Non-X and HD Non-X, 
whereas the crosslinked samples are denoted LD-X and 
HD-X. The material compositions are shown in Table 1.

Processing
Reactive Extrusion

The WPCs were produced in a one-step process to pro-
files. A compounding extruder was used (Coperion W&P 
ZSK 18 MEGALab, Stuttgart, Germany) equipped with 
gravimetric feeders (K-TRON, Niederlenz, Switzerland). 
Polyethylene, lubricant, and the silane-solution were fed 
into the extruder main inlet. The silane-solution was 
fed by a peristaltic pump (Heidolph 5001, Schwabach, 
Germany) and the WF was forced into the polymer melt 
by a twin-screw side feeder (Fig. 1). The temperature 
profile of the extruder was determined with respect to 
the decomposition rate of dicumyl-peroxide. The screw 
speed was set to 155 to 160 rpm, giving a residence time 
of approximately one minute. If the actual melt tempera-
ture in the process is around 195˚C, the dicumyl peroxide 
theoretically experiences 5 half-life times in the process, 
which means that 97% of the peroxide is decomposed. 
The extruder die measures 5 × 20 mm2 (height × width) 
and the profiles of LDPE composite were pushed through 
a calibrator tool directly after the die. The calibrator 

helps keep the dimensions and straightness of the profile 
and also decreases the surface roughness (Fig. 1). The 
HDPE samples were extruded using a die measuring 3 × 
16 mm2 (Grubbström and Oksman 2009). Table 2 shows 
all parameters for the extrusion.

Crosslinking
The silane-grafted WPCs were stored after the extru-

sion, where water diffused in and enabled the silane-
crosslinking to take place. The WPCs were stored in a 
sauna (SA) at 90˚C or in room conditions of 21˚C (RT). 
The relative humidity in the SA was close to 100% and 
in RT between 30 to 40%. The simulated sauna, a plastic 
box with a grate and wires inside, was placed in an oven 
and water was continuously added to the bottom of the 
bin as it evaporated. Some of the silane-grafted WPCs 
were tested for degree of crosslinking directly after the 
extrusion to determine the degree of crosslinking that 
had taken place in the extrusion process. The rest of the 
WPCs were stored for 3, 6, or 12 hours, 1, 2, 3, 4, 6, and 
9 days, and placed in a freezer after the specific storing 
time. The low temperature in the freezer prevents hydro-
lysis and thereby further crosslinking. 

Degree of Crosslinking
The insoluble gel content for the crosslinked compos-

ites was measured at each specific storing time accord-
ing to ASTM D2765. The composite was placed in boiling 
xylene for 12 hours. The immersed xylene was removed 
by heating the samples at 150˚C until constant weight 
was attained. The extracted mass was measured and the 
insoluble gel content was calculated on the basis of initial 
sample weight, minus mass of wood for the composites, 
as seen in Eq. [1] and [2]. The determined values of gel 
content were the average of two separate extractions.

 Extract = (weight loss during extraction) /  [1] 
 (weight of original specimen-weight of filler) 

 Gel content = 100 – Extract% [2]

Mechanical Properties
The flexural strength, modulus of elasticity, and strain 

at break were determined by testing the LDPE compos-
ites according to ISO 178. A conventional mechanical tes-
ter (Shimadzu AG-X, Japan) with a load cell of 1 kN was 
used for the mechanical testing. 

The HDPE composites were made as test bars (ASTM 
D638, type V) and analyzed for tensile strength, ten-
sile modulus, and strain at break. A universal testing 
machine (Hounsfield H25KS, UK) equipped with a 500-N 
load cell was used. The cross-head speed rate was set at 
2 mm/min. The displacement values used for calculating 
the strain were taken as the cross-head speed multiplied 
by the time. Sauna-stored samples were conditioned in 
ambient conditions for two weeks before testing. At least 
five specimens of each sample were tested.
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Short-Term Creep
A short-term creep test was performed on the compos-

ites in a dynamic mechanical analyzer (DMA) (TA instru-
ments, Q800). The specimen dimensions were 60.0 × 12.5 
× 2.5 mm (length × width × height) and the samples 
were tested at constant stress in a dual cantilever mode. 
The short-term creep tests were performed by applying 
a static stress of 5 MPa at 30˚C for 300 minutes, after 
which the stress was released and the composites were 
recovered for 60 minutes. This procedure was repeated 

three times for each sample and the creep strain was reg-
istered as a function of time.

Morphology
A scanning electron microscope (Jeol, JSM-6460, 

Japan) was used to analyze fractured surfaces of the com-
posites to study how the adhesion between the wood and 
the polyethylene matrix and how the morphology were 
affected by the crosslinking. The fracture surfaces were 
prepared by freezing the samples with liquid nitrogen 

Table 1. ~ Material compositions.

Sample code

Weight%

PE WF Lubricant
VTMS+DCP

(12:1)
VTMS+DCP

(25:1)
LD Non-X 47 50 3 – –
LD-X 47 50 3 3 –
HD Non-X 47 50 3 – –
HD-X 47 50 3 4
LD-X (low) 47 50 3 – 3

Figure 1. ~ Extrusion setup for man-
ufacturing silane-crosslinked wood-
polyethylene composites.

Table 2. ~ Processing setting and responses during extrusion.

Processing parameters

Sample code

LD Non-X LD-X HD Non-X HD-X

Total throughput (kg/h) 5.20 5.20 5.20 5.20

PE + Lube feeder (kg/h) 2.60 2.60 2.60 2.60

WF feeder (kg/h) 2.60 2.60 2.60 2.60

Silane-solution (kg/h) – 0.16 – 0.20

Screw speed (rpm) 160 160 155 155

Vacuum ventilation (mbar) 175 175 - -

Extruder temperatures (˚C)     

T1 145 145 180 180

T2 175 175 180 180

T3 180 180 190 190

T4 185 185 195 195

T5 190 190 200 200

T6 190 190 200 200

T7 190 190 180 180

Melt temperature (˚C) 197 197 195 195

Melt pressure (bar) 3 3 4 4
Extruder torque (%) 45 60–70 35 60
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and then bending them until failure. The samples were 
sputter-coated with a thin layer of gold to avoid charging 
the samples, and an electron beam acceleration voltage 
of 15 or 20 kV was used.

Results and Discussion
Processing

The first attempt to make LD-X composites with 4 
wt% silane-solution resulted in substantial crosslinking 
during extrusion and thereby such low-flow properties 
that profile extrusion was not possible. Therefore, a lower 
silane content as well as peroxide content was tested.

As seen in Table 2, the torque is doubled for all com-
posites when the reactants were added to the process. 
The reason for this increased torque is expected to be a 
result of silane-grafting and carbon-carbon crosslinking 
during the processing. 

The surface roughness of the profiles is affected when 
adding the silane-solution to the process, as seen in 
Fig. 2. Edge tearing appeared on all crosslinked samples, 
but the LD-X composites showed the lowest surface qual-
ity. The surfaces of the LD-X profiles became rough but 
the LD-X composite with lower peroxide content showed 
similar surface quality as the HD-X composite. 

The die swelling of LD-X composites was signifi-
cantly higher than the swelling of the HD-X. The LD-X 
profile of high peroxide content swelled 40% and the 
LD-X (low) swelled by 20%. The HD-X profile did not 
show notable swelling.

Degree of Crosslinking
Table 3 summarizes the degree of crosslinking of all 

composites, from 0 h storing up to 9 d. It can be seen that 
the LD-X composite has crosslinked 56% already in the 
extruder (0 h), compared to the HD-X composite, which 
had crosslinked 35%, despite lower amount of reactants 
in the LD-X composite, 3 and 4 wt%, respectively. The 
crosslinking during extrusion for the LD-X with low per-
oxide content is lower, 39%, indicating that the LDPE will 
peroxide-crosslink during the high-temperature extru-
sion process more easily than the HDPE composite.

All composites studied showed an increase of cross-
linking during storing and the final degree of crosslink-
ing appeared to be higher for SA storing. The LD-X and 
HD-X composites all reach over 70%. However, the HD-X 
composite increases the most during storing, from 35 to 
76% (+41% units). 

The rate of crosslinking between the HD-X and LD-X 
composites is different, as seen in Fig. 3. The LD-X com-
posites reach a peak after 1.5 d, while the HD-X compos-
ite reaches a peak after 3 d. 

Mechanical Properties
Table 4 shows the strength, stiffness, and strain 

at break for all samples. All crosslinked composites 
showed improvement in strength compared to their non-

crosslinked counterparts, which indicates that the cross-
linking has resulted in better coupling between the wood 
and the PE matrix. The improvement in strength for the 
LD-X and LD-X (low) composites appears to be dependent 
on the storing mode. The high-temperature and high-
humidity SA storing gave a higher degree of crosslink-
ing in the LD composites but the strength improvement 
was higher if stored in RT, even with a lower final degree 
of crosslinking. The RT storing mode makes the LD-X 
composite gain from 13 to 16 MPa, while the LD-X (low) 
increases to 26 MPa in flexural strength as a result of 
crosslinking. This also shows that a high degree of cross-
linking does not automatically give a high strength, since 
the LD-X (low) composite has a lower degree of crosslink-
ing than LD-X and HD-X. More important is that the 
interfacial strength is improved. The HD-X composite 
shows a tendency to gain more in strength from the SA 
storing (from 11 to 19 MPa). 

The stiffness is negatively affected by the crosslink-
ing of LD composites. The modulus of the LD-X decreases 
significantly, from 1.8 to 0.7 GPa when crosslinked. One 
explanation for this may be the high degree of carbon-
carbon (peroxide) crosslinking during extrusion. The 
LD-X (low) composite had a lower crosslinking degree 
after extrusion and also showed a lower decrease in stiff-
ness, from 1.8 to 1.4 GPa. The stiffness of the HD-X com-
posite was slightly increased, from 1.6 to 1.9 GPa. 

In Fig. 4, stress-strain curves for the LD and HD com-
posites are shown. It is possible to see that the toughness 
of the composites increases by crosslinking. The area 
beneath the crosslinked stress-strain curves is two to 
three times larger than for the non-crosslinked samples, 
as a result of increased interfacial strength in the cross-
linked composites.

Figure 2. ~ The appearance of the non-crosslinked and 
crosslinked WPC profiles after extrusion.
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Short-Term Creep
Figure 5 shows representative short-term creep curves 

for the LD and HD composites. The creep tests show that 
the crosslinking increases the composites’ resistance 
to creep. It can be seen that all crosslinked composites 
have a lower primary creep strain compared to their non-
crosslinked counterparts and crosslinked samples appear 
to reach a lower steady-state creep compared to the non-
crosslinked composites. The HD composite in Fig. 5b 
shows a larger difference between non-crosslinked and 

crosslinked compared to the LD composites in Fig. 5a. 
This indicates that the HD composite’s creep resistance 
is improved more by crosslinking, at least from what can 
be seen in a short-term test.

Morphology
Figure 6 shows fractured surfaces of the crosslinked 

and non-crosslinked composites. The non-crosslinked com-
posites in Fig. 6a (LD) and 6c (HD) show fiber pullouts 
and also a gap between the fiber and matrix, indicating 

Table 3. ~ Degree of crosslinking for all composites and storing modes.

Sample 
code

Storing 
mode

Storing time

0 hour 3 hours 6 hours 12 hours 1 day 2 days 3 days 4 days 6 days 9 days

LD-X
Sauna 56% 65% 70% 73% 75% 75% 76% 76% 77% 78%
RT 56% 61% 62% 63% 65% 67% 67% 67% 68% 70%

HD-X
Sauna 35% 50% 56% 63% 67% 71% 75% 74% 74% 76%
RT 35% 38% 40% 41% 42% 43% 48% 50% 50% 51%

LD-X
(low)

Sauna 39% 52% 57% 62% 65% 68% 69% 69% 69% 71%
RT 39% 41% 44% 46% 46% 47% 47% 49% 50% 53%

Figure 3. ~ Degree of crosslinking 
for all composites: a) LD-X and LD-X 
(low), b) HD-X.
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low interfacial strength. Figure 6b shows a wood fiber 
bundle that is strongly bonded to the matrix of an LD-X 
composite, showing that crosslinking improves the inter-
facial strength. It can be seen in Fig. 6d (HD-X compos-

ite) that the wood-fiber bundle has been fractured as a 
result of high interfacial strength due to crosslinking.

Conclusions
The silane-crosslinking efficiency of WPCs based on 

LDPE and HDPE was studied. The results showed that 
the LDPE composites are more influenced by the reac-
tants and a higher degree of crosslinking during the 
extrusion process was observed, compared to the HDPE 
composite. Therefore, lower amounts of reactants should 
be chosen for the LDPE composites.

All crosslinked composites reached a high final degree 
of crosslinking, 71 to 78%, when stored in a hot and 
humid environment. The highest increase in crosslinking 
degree was achieved by the HDPE composite. However, 
the LDPE composite reached its peak in crosslinking 
degree twice as fast as the HDPE composite.

The strength and toughness was improved for all 
of the crosslinked composites. The LDPE composites 
attained higher strength if they were stored in RT, 
whereas HDPE composites attained highest strength by 
SA storing. This shows that the high degree of crosslink-
ing does not necessarily govern strength improvement, 
since the RT storing results in a lower degree of cross-
linking than SA. Fractured surfaces of the  composites 

Table 4. ~ Strength, stiffness and strain at break for all 
materials.

Sample code σ E e
 –––––––– (MPa) –––––––– (%)

Neat LDPE† 18 ± 1 260 ± 40 14.4 ± 0.4

LD Non-X 13 ± 1 1768 ± 163 2.6 ± 0.3

LD-X RT 16 ± 1 675 ± 70 7.6 ± 0.3

LD-X SA 14 ± 1 646 ± 60 6.1 ± 0.9

LD-X RT (low) 26 ± 2 1423 ± 160 5.1 ± 0.5

LD-X SA (low) 24 ± 1 1382 ± 70 4.7 ± 0.3

Neat HDPE‡ 26 ± 1 1266 ± 64 6.1 ± 0.4

HD Non-X 11 ± 2 1562 ± 204 1.8 ± 0.3

HD-X RT 18 ± 1 1749 ± 97 2.4 ± 0.1
HD-X SA 19 ± 2 1888 ± 118 2.2 ± 0.2
†Flexural properties for all HDPE-samples. 
‡Tensile properties for all LDPE-samples.

Figure 4. ~ Stress-strain curves for 
all composites a) LD-composites, b) 
HD-composites.



180 ~ 10th International Conference on Wood & Biofiber Plastic Composites

were studied, confirming that crosslinking increased 
the interfacial strength.

Creep resistance was increased by crosslinking the 
composites. The short-term creep tests of the HDPE com-
posites indicated a higher improvement compared to the 
LDPE composites. However, a long-term test is required 
to study the effect of crosslinking on creep resistance 
more thoroughly. 

The main conclusion of this study is that the cross-
linking efficiency for LDPE- and HDPE-WPCs differs. 
The WPC with LDPE can crosslink sufficiently by stor-
ing in ambient conditions, with low amounts of chemi-
cals, and still show significantly improved properties. 
Moreover, the LDPE has an advantage over HDPE, due 
to its greater availability in recycled form.
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Silane crosslinking of a wood-polyethylene composite: Process control 

and properties of the composite.

G. Grubbström*

Division of Materials Science, Luleå University of Technology, Luleå, Sweden

Abstract

Design of experiments was used to study the impact of extruder variables on the silane-

crosslinking process of wood-polyethylene composites. Moreover were the resulting 

composites quasi-static properties, static creep response and dynamic-mechanical 

properties examined. The results showed that there are significant differences between 

variable settings of barrel temperature, residence time (screw speed) and screw 

configurations, in order to limit scorch of the extrudate and promote crosslinking when 

water-curing the composite. The ideal process conditions showed to be at lower barrel 

temperatures, high- or low residence time and a low-dispersive extruder screw 

configuration. It was suggested that these variables impact on the materials temperature-

history; thereby on the half-life of the peroxide used as initiator, as well as hydrophilic

wood particles in presence of alkoxysilanes in high temperature, defines the issues of 

this process. The creep resistance was improved by crosslinking, where high strength of 

the composite, rather than just high crosslinking degree, showed best results. Dynamic-

mechanical analysis showed broadening and decreased height of both - -

relaxation peak for a not scorched crosslinked sample, indicating an improved 

interaction between wood- and polyethylene phases.

Keywords: A. Polymer-matrix composites; E. Extrusion.; B. Mechanical properties; B. 

Creep.
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1 Introduction

During recent decades, considerable interests have been shown in utilizing renewable 

resources as reinforcement in polymer matrix composites. Wood is a low-cost, 

renewable and biodegradable material with high specific strength and stiffness, which 

makes it attractive as filler and reinforcement in a composite. Wood-thermoplastic 

composites (WPCs) consist of wood flour/fibers in a continuous thermoplastic phase 

and can be processed by conventional thermoplastic processing methods. The 

continuous hydrophobic matrix polymer leads to good moisture resistance of the 

composite and make an environmental friendly building-material, as an alternative to

preservative-treated lumber in constructions [1].

The strength of WPCs is restricted by the interfacial adhesion of wood to plastic [1];

they have a more pronounced creep response than that of solid wood [2], and this is a 

consequence of poor interfacial adhesion and high creep response of commonly used 

thermoplastic matrices [3]. The possibilities to use WPC boards as load-bearing 

members in structures would increase if the long-term mechanical properties were 

improved. Work on improving the mechanical performance of WPCs have mainly 

focused on improving the interfacial adhesion by use of compatibilizers like maleic 

anhydride grafted polyolefins [4-9], silanes [9, 10] and isocyanates [6, 10], and also by 

combinations of compatibilizers [6, 11]. Later on, studies on improving mechanical 

performance by chemically crosslinking WPCs were made, where peroxides or silane-

peroxide mixtures were added to the melt phase compounding process [12-19]. The

crosslinking processes lead to gel formation in the matrix polymer. Silane-crosslinking 

of a neat polyethylene means that vinylalkoxysilanes are grafted to the backbone of the 

polyethylene chains, followed by a water-crosslinking step where hydrolysis and

subsequent condensation reactions lead to the formation of siloxane-bridges between 
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the polyethylene chains as displayed in Figure 1a-b [20]. In the case of silane-

crosslinked WPC, the improvement in strength and toughness may be attributed to 

chemical links formed between the wood and plastic, although not proven.

Creep behavior of WPCs has been reported in a limited number of publications 

throughout the years. Most of these studies have evaluated the effect of improved 

interfacial strength on creep response and/or fatigue life time and the predictability of 

the composites life-time [21-32]. The creep resistance for short-fiber thermoplastic 

composites is reported to be greatly affected by the nature of stress transfer i.e. fiber-

matrix interaction [21], but the creep resistance of the continuous polymer matrix 

should have a great impact too. 

Polyethylene is a commonly used matrix-polymer for WPCs [1] and shows a time-

dependent non-linear creep behavior, which can be strongly held down by chemical

crosslinking [20]. Studies where wood-polyethylene composites have been crosslinked

showed increased strength and toughness [14-19], and simpler short-term creep 

measurements showed increased creep resistance [15-19]. Previous works on silane-

crosslinked WPC [15-19] were focused on material compositions in terms of wood 

content, type of polyethylene, silane-content, silane/peroxide mixing ratio and different 

water-curing modes, and how these parameters affected the structure and properties of 

the crosslinked wood composites. 

In terms of processability, have all these studies been affected by a side-reaction in the 

form of unintentional crosslinking in the melt during extrusion. Crosslinking at this 

stage reduce the polymers ability to flow and results in difficulties to compound the 

material components, to give shape to the final products and give shear induced 

degradation of the composite in the process. It was shown in one study that this 

“scorch” can be eliminated by a using a lower amount of peroxide in the process, but 
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this also gave a lower final degree of crosslinking [19]. The wanted result of this 

reactive extrusion is radical induced grafting of silanes only, no scorch and an efficient 

curing afterwards through condensation reactions.

The objective of this study was to use design of experiments (DOE) and study how the 

extruder variables affect the reactive-extrusion process for silane-crosslinking of wood-

polyethylene composites, and additionally to evaluate the impact of crosslinking on its 

mechanical properties.

2 Experimental

2.1 Materials

WPC pellets were pre-made with a material composition of 50 wt-% wood flour, 46 wt-

% HDPE and 4 wt-% lubricant in a twin-screw compounding extruder (Coperion W&P 

ZSK25, Germany). The matrix polymer had a melt flow index of 31 (g/10 min, 2.16 kg,

particle size between 200-

stearate type lubricant (TPW113, Struktol, USA) was used as a processing aid and also 

serve as a catalyst for silane-crosslinking. The reactants for crosslinking were vinyl-

trimethoxy silane (VTMS 97%, Sigma Aldrich, USA) and dicumyl peroxide (DCP 

98%, Sigma Aldrich, Japan). The silane-peroxide solution had a mixing ratio of 25:1 

(w/w) and was added during the following reactive extrusion as 5 wt-% on the total 

composite mass. 

2.2 Crosslinking

The crosslinked composites were made using a twin-screw compounding extruder 

(Coperion W&P ZSK18 MEGALab, Germany), where dry wood-polyethylene pellets 

and the silane-peroxide solution was fed to the main inlet of the extruder using a 
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peristaltic pump, illustrated in Figure 2. The extruder die gave the composite profile a 

cross-section of 5 mm x 20 mm and these were used as raw materials for a subsequent 

compression molding. The samples were stored in a freezer in time between extrusion 

and compression molding. The compression molding was carried out with a 

conventional compression molding press (Fjellman Press AB, Mariestad, Sweden) at a 

force of 600 kN, resulting in a pressure of 71 MPa. The composites were preheated at 

, Each molding produced a set of four 

test specimens of each sample, with a specimen dimension of 5 x 10 x 120 (mm3).

The silane-grafted WPCs were water-cured in a hot

(close to 100% RH) for 48 hours. Some of the silane-grafted WPCs were tested for 

degree of crosslinking directly after the extrusion to determine the degree of 

unintentional crosslinking that had occurred during the extrusion process, whereas the 

sauna stored WPCs were conditioned to let excess moisture diffuse out before the 

measurements. The basic processing procedure is illustrated in Figure 2.

2.3 Design of experiments

2.3.1 Explanatory variables

Process considerations necessary to inhibit scorch and promote silane-grafting in a neat 

polyethylene involves suitable extrusion parameters such as process temperatures,

residence times and good distribution and dispersion of the reagents [33]. The 

temperature profile of the extruder barrel and the residence time of the processed 

material have an impact on the half-life of the peroxide and thereby the possibility to 

graft silanes [33]. Furthermore has the screw configuration impact on distribution and 

dispersion of reagents in the melt, but also affects the actual temperature in the melt 

through shear force induced heating [33]. The variable “screw configuration” is a 

qualitative variable in difference from barrel temperature and residence time.
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The extruder barrel were set to flat temperature profiles of or .

These temperature profiles range from the lowest temperature for processability of 

polyethylene in this process, to what is considered a maximum for the wood flour in 

order to limit degradation. The residence times were 30 s., 48 s. and 65 s, and were set by 

screw speeds of 200 rpm, 160 rpm and 120 rpm, respectively. The lowest residence time 

was limited by the ability to feed and fill the free volume of the extruder barrel with 

material. The throughput of composite was set to a maximum for each level of screw 

speed/residence time.

The theoretical half-life of dicumyl peroxide for the temperature profiles is 327 s. 

, according to data from the manufacturer.

Assuming that all peroxide is decomposed at five half-life times (>97%), only the 

temperature of and residence times 48 s. and 65 s. will completely have 

decomposed the peroxide added to the process. This will affect the ability to graft silanes,

but residence times ensuring total decomposition of all peroxide, at every temperature 

level, will be unrealistically high for any lab-size extruder.

The screw configurations ranged from having one mixing section to three mixing 

sections as shown in Figure 3, and these were configured to achieve a difference in 

mixing efficiency between low and high level. Pigmented polyethylene granules were

used to verify different dispersive effects between the screw configurations. The different 

configurations can be assumed to give different temperature history of the processed 

material due to shear forces, but are difficult to measure. Worth mentioning is that the 

first kneading block section is required to melt the matrix polymer sufficiently. The 

extruder variables used for this study, with different factor levels, are shown in Table 1.
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2.3.2 Responses

The responses of interest were the degrees of crosslinking, i.e. insoluble gel content of 

the polymer matrices. The first response was the degree of unintentional crosslinking 

that have occurred in the melt (X-melt) and these samples were collected immediately 

after extrusion. X-melt is in this case scorch of the material, which was assumed to be 

due to radical induced crosslinking (-C-C-), rather than siloxane linkages (-Si-O-Si-).

The second response was the finally achieved degree of crosslinking (X-final) and these 

samples were tested after the sauna storing. X-final is the total degree of crosslinking 

after hydrolysis and condensation reactions. The third response was the increase in 

degree of crosslinking when the composite has been water-cured, which can only be

from condensation reactions, and was therefore seen as an indication of the silane-

grafting yield. However, the gel measurements only show the degree of crosslinking

according to a specific test method (described in section 2.4.1) and say nothing about 

the density of crosslinks or differentiates crosslinking mechanisms in case they both 

occur. Silanes are likely grafted within a radical induced crosslinked network too, but 

are difficult to take into account. However, the silane grafting-yield can be assumed 

higher with a high increase in crosslinking degree after the water-curing step.

2.3.3 Design matrix

A D-optimal design for a quadratic model was used for this study. The statistics

software MODDE 9 (MKS Umetrics AB, Sweden) was used both to make the design 

and fit the data using multi-linear regression (MLR). The experimental design included 

13 replicated combinations of the explanatory variables, displayed in Figure 4, plus an 

additional midrange level replicate, leading to a total of 28 experimental runs.
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2.3.4 Model predictive power

The predictive power of a MLR model is shown by Q2. The model fit, R2, tell how the 

model fit the observations, whereas Q2 provide a measure how the model predicts 

responses for a new experiment [34]. Q2 is based on the prediction residual sums of 

square (PRESS) which is computed as the squared differences between observations 

and predictions when different objects are kept out of the model estimation. Q2 gives a

lower estimate on how the model predicts new experiments, whereas R2 gives an upper 

estimate. The calculation of Q2 and R2 is shown in equation 1 and 2, respectively:

SS
PRESSSSQ 2 (eq. 1)

SS
SSSS

R res2 (eq. 2)

where SS is the sum of squares of observations corrected for the mean and SSres is the 

residual sum of squares [34].

2.4 Characterization and analysis methods

2.4.1 Degree of crosslinking

The degree of crosslinking for the crosslinked composites was measured according to 

ASTM D2765, immediately after extrusion (X-melt) and after sample preparation and 

storing in sauna-like conditions (X-final). The samples collected after extrusion was 

kept in a freezer to inhibit hydrolysis and further crosslinking. The crosslinked 

composites were kept in boiling xylene for 12 hours, where the soluble part of the 

polyethylene-matrix was removed. The xylene was then removed from the samples by 

the insoluble mass were measured using an analytical scale. The degree of crosslinking 

was calculated using equation 3.

Degree of crosslinking (%) 1001
wc

e

mm
m

, (eq. 3)
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where me is the mass of the soluble part of the sample, mc is the initial mass of the 

composite and mw is the mass of the wood flour. Random samples of composites, not 

compression molded were tested to verify that the molding did not affect the degree of 

crosslinking. The determined degree of crosslinking was the average of two separate 

extractions, according to the standard. 

2.4.2 Quasi-static mechanical properties

The flexural strength and modulus of elasticity were determined by testing the 

composites according to ISO 178. A conventional mechanical tester (Shimadzu AG-X, 

Japan) with a 1kN load cell was used for the mechanical testing. The specimens 

dimension were 120.0 mm x 10.0 mm x 5.0 mm (length x width x height) and the 

crosshead speed rate was 5 mm/min. The samples were conditioned in common room 

temperature and approx. 30% RH for at least 4 weeks before testing in the same 

conditions, where at least 6 specimens of each sample were tested. Increased flexural 

strength would indicate improved adhesion between fiber and matrix, whereas changes 

in modulus indicate property changes of the matrix.

2.4.3 Creep

A primary load bearing construction element will in reality experience a fatigue that is 

a combination of static loads and dynamic loads, e.g. structure load (static), snow load 

(static) and wind loads (dynamic) during its service life. In the present study, the 

options for creep tests were limited to static fatigue testing in a DMA. Selected samples 

from the process study were machined down to 2.8 – 3.0 mm thickness and cut to 55 

mm lengths. An uncrosslinked composite and two differently crosslinked composites 

were tested, and a total of 16 specimens of each sample were prepared. The thickness of 

the samples was with regard to the maximum load the DMA apparatus can give (18N), 

to be able to apply a specific stress. Prior testing, the specimens were conditioned to 
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equilibrium in a climate chamber in 25°C and 50% RH. The samples were subjected to 

a constant stress of 5 MPa in dual-cantilever mode, with an effective span of 35 mm,

for 30 minutes at different temperature levels. The temperature levels were decided by 

a simple screening to find the maximum temperature the uncrosslinked control sample 

could be tested in without failing instantly, and to see that a steady state creep was 

approached for the crosslinked samples at the lowest temperature. The finally decided 

temperature levels ranged from 40°C to 80°C, with increments of 10°C. The 

crosslinked samples were also tested in 100°C. 

2.4.4 Dynamic-Mechanical Analysis (DMA)

An oscillating stress corresponding to 0.01% strain was subjected to the samples in 

dual-cantilever mode, a frequency of 1 Hz and a temperature range from -144°C to the 

melting point (Tm), around 135°C. The temperature was ramped 2°C/min from -144°C 

to Tm. The output of interest was tan ( ), which is the ratio of loss modulus and storage 

modulus (E’’/E’), and more specifically to analyze the gamma relaxation ( ) which 

displays the glass-transition temperature (Tg), and also can indicate interaction between 

fiber and matrix by changes in width and height [35].

3 Results and discussion

3.1 Model validation

All experimental runs are shown in Table 2 together with the observations for each run. 

The obtained data used for modeling were first evaluated by looking at replicate errors 

and the shape of the response distribution. The replicate errors were low and acceptable 

for all three responses. The distribution of observations was somewhat normal 

distributed, and no transformation was applied. 
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The X-melt model had R2 = 0.989 and Q2 = 0.963, and the X-final model showed 

R2=0.925 and Q2 = 0.826. The increase (unit-%) model had R2 = 0.943 and Q2= 0.882.

If Q2 is higher than 0.5, the predictive power can be considered as good, higher than 0.9 

as excellent, and the separation of R2 and Q2 should not be higher than 0.3 [34]. High R2

´s (> 0.90) with low separations (< 0.10) from Q2 shows that the predictive power of the 

models in this study was strong. No model terms could be excluded to boost the 

predictive power of the models.

3.2 Process analysis

The contour prediction-plots in Figure 5 show the impact of the extruder variables 

barrel temperature and residence time for a determined setting of the screw 

configuration, on the responses X-melt, X-final and increase (unit-%). The plots for X-

melt reveal that scorch can be suppressed by keeping the set barrel temperature low but 

also that both high and low residence time (screw speed) leads to less scorch of the 

material. Screw configuration (I) show the overall best result for scorch suppression.

The effect of high- and low residence time can be explained by the actual heat-history 

of the processed material, where low residence time (high screw speed) exposes the 

material to heat for a shorter time, although more shear force induced heating will be

produced, and vice versa for the high residence time (low screw speed). 

The plots for the finally reached crosslinking degree (X-final) in Figure 5 show that the 

set barrel temperature has the greatest impact on the finally achieved crosslinking 

degree. The X-final shown here is the sum of scorch (X-melt) and the contribution of 

crosslinking through water-curing, which make it hard to analyze. Hence, the preferred 

result is low scorch and high increase of crosslinking due to hydrolysis and 

condensation reaction. However, the plots for the increase (unit-%) due to water-curing 

in Figure 5 reveal that the low dispersive screw configuration (I) leads to the most 
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efficient curing of the composite, where an increase around 40 unit-% and more can be 

achieved for a broad range of the settings of barrel temperature and residence time. A

more thorough analysis on the significance of each explanatory variable and the cause 

of their effect can be made by looking at Figure 6.

The response prediction plots in Figure 6 shows the effect of all explanatory variables 

on the response models X-melt and X-final, with a confidence interval of 95%, shown 

by an upper and lower limitation. The increase in crosslinking due to water-curing can 

be seen as the difference between X-melt and X-final. The confidence intervals 

displayed makes it possible to see significant effects of each extruder variable on the 

results. Each response prediction plot in Figure 6 shows the predicted response for any 

setting of the other variables and the impact of each variable can then be singled out.

3.2.1 Barrel temperature

Figure 6a shows the predicted response of crosslinking and its dependency of extruder 

barrel temperature. The results show a significant difference (at 5% significance level) on 

scorch dependence of barrel temperature, going from close to

. The final degree of crosslinking is also significantly higher for the 

highest

increase in degree of crossli

followed by a decreased gain in crosslink formation as the barrel temperature rises.

Figure 5a shows that crosslinking of the polyethylene matrix through water-curing is 

more dominant at lower temperatures, suggesting more effective grafting of silanes to the 

matrix polymer. The first reasonable explanation to these results would be that the 

peroxide-load in the process is too high. The best result was shown where only small 

amounts of the added peroxide can have decomposed due to its half-life time. Another 

possible mechanism leading to these differences could be that higher melt temperatures
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leads to condensation reactions between not grafted silanes and wood surfaces, or silanes 

and silanes, and thereby results in an unbalance of silanes and free-radicals in the matrix 

polymer. Consequently may excessive radical sites on the polyethylene increase the

probability of radical-induced crosslinking and thereby decrease the silane-crosslinking 

efficiency. Bengtsson et al [15] mapped and located silicon in a silane-crosslinked WPC 

using wave-length dispersive X-ray spectroscopy, and it was shown that the silane was 

highly concentrated around the wood surfaces. These composites [15] were produced in 

high processing temperature, which strengthen this theory.

3.2.2 Residence time

The residence time, controlled by the screw speed, have for this process significant 

difference on the crosslinking. Figure 6b shows that low- and high residence time 

results in less scorch of the material. Low residence time means that the material has 

been exposed to heat less time, which affects both decomposition of peroxides and 

probability to reactions. High residence time (low screw speed) would lead to less shear 

induced heat in the melt, and this keeps down the actual temperature of the process. The 

model show that the most unfavorable setting is at the mid-range level where it appears

that both shear induced heating and sufficient residence time results in more scorch of

the material. The final degree of crosslinking is not significantly different along the 

residence time range, but there is a tendency to higher final degree of crosslinking, as 

well as higher increase after a water-curing step, for a low residence time.

3.2.3 Screw configuration

The impact on crosslinking by the different screw configurations is shown in Figure 6c.

The screw with only one kneading section (I) shows a significant difference on scorch 

compared to the screw with three mixing section (III). One explanation is differences in 

shear induced heating, where screw (I) produces less heat and thereby less scorch. 



14

Screw configuration (I) has significantly higher final degree of crosslinking compared 

to configuration (II) but not (III). The highest increase in degree of crosslinking through 

water-curing is given by screw (I). This is interesting because the assumption when 

selecting screw configuration levels was that the higher dispersive effect from screw 

(III) on the reagents should enhance the efficiency of the process. Instead, screw 

configuration (III) give more scorch, and the screw of least dispersive effect (I) appears 

to have grafted silanes more efficiently, or at least show highest increase in degree of 

crosslinking when water-cured. This shows that silane-grafting of a neat polyethylene, 

demanding high mixing-efficiency of reagents in the process [33] is different from this 

process where wood particles were present. The previous proposed mechanism (section 

3.2.1) may explain this result: if the silanes tend to concentrate around the wood 

surface, a less dispersive effect of the extrusion process may prevent the silanes to 

cluster around the wood, leading to more a more efficient process.

3.3 Quasi-static properties

A qualitative analysis of the results from the three-point bending test reveals differences 

between the samples (Table 2). The not scorched samples reach a flexural strength 

between 35 and 40 MPa and samples that have crosslinked in the melt are between 29 to 

33 MPa, while the uncrosslinked control sample has a flexural strength of 21 MPa. 

Better processability, greater strength and toughness of the composites that have

crosslinked only through water-curing (X-melt=0%) is preferred. The melt-phase 

crosslinked composites show a tendency to decreased stiffness, whereas the solid state 

crosslinked samples seem unaffected in modulus compared to the uncrosslinked control 

sample. The decreased stiffness of scorched samples can be owed to reduced 

crystallinity in the polyethylene because of crosslinking in the melt.
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3.4 Test samples for creep and dynamic-mechanical analysis

The samples for creep and DMA were selected from the processing-part of this work

(Table 2) and represent two composites of different characteristics in terms of 

unintentional crosslinking in the melt (X-melt), finally achieved crosslinking degree 

(X-final), the efficiency of water-curing (increase) and attained quasi-static properties.

The sample N2 has crosslinked extensively in the melt but reached a high final degree 

of crosslinking and is hereafter denoted “X-high”. The sample N25 has not scorched 

and reached a lower final degree of crosslinking and is hereafter denoted “X-low”. The 

sample X-low has reasonably crosslinked through condensation reactions only (silane-

crosslinked), whereas “X-high” reasonably has peroxide-crosslinked highly as

crosslinking has occurred in the melt. The uncrosslinked sample was used as reference 

and denoted “Control”. The samples and their properties are presented in Table 3.

3.5 Creep responses

The creep strains for all samples at different temperature levels are shown in Figure 7.

These are averages values and every step towards higher temperature resulted in higher 

creep strain rate for all samples. The purpose of these curves was to use the supposedly 

steady state region coefficient and superimpose the curves. Higher temperature 

corresponds to accelerated time.

It can be seen from the curves in Figure 7 that the crosslinked composites have 

restrained their creep response compared to the control sample. The control sample at 

80°C actually shows increasing strain rate, i.e. tertiary creep, which is a material 

failure. It is more difficult to see differences between the crosslinked samples; it can be 

seen that X-low makes a jump on overall strain for the test at 100°C while X-high have 

a more even increase for all temperature levels (Figure 7). This show that X-low have 
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higher viscous fraction in the polymer which is reasonable since the degree of 

crosslinking is lower compared to X-high (see Table 4). 

In Figure 8, the master curves for Control, X-low and X-high is shown. The 

superpositioning was made by shifting the curves of 50°C and higher temperatures, one 

by one until they coincided. The creep strain estimation is shown up to 5% strain, at 

which point failure likely would have occurred in reality. Now the difference between 

the crosslinked samples appears clearly.  The predicted creep strain reaches 5% at 1600 

min (Control), 3900 min (X-high) and 5100 min (X-low) according to this estimation. 

Looking back at the strength values in Table 2, it is tempting to suggest that X-low 

have better interaction between fiber and matrix and this could explain the higher creep 

resistance for X-low. However, if the curves were shown up to an unrealistic 20% 

strain, X-high would pass X-low on the time scale, i.e. showing better creep resistance, 

but in reality the material would have failed long ago.

3.6 Dynamic-mechanical analysis

Figure 9 shows tan ( ) versus temperature for Control, X-low and X-high samples for 

the temperature range from -145°C to -80°C, and 20°C to 140°C. 

Crosslinking of neat polymers should increase Tg slightly, even in the case of a low-

dense network [35]. In this study, there is no clear shift in peak or inflection point of the 

transition, but in the case of short-fiber composites, the interaction effect between 

fiber and matrix may cover the effect a low-dense crosslinked network has on Tg [35].

The height and width of the -transition indicates interaction between phases and a 

difference between the crosslinked samples can here be seen. The X-low sample shows 

a wider -transition with lower height compared to the X-high and the control sample.

The change in shape of the -transition like this is principally due to restricted motion 
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of the polymer chains [36] and can for the X-melt composite be explained by increased 

interaction between fibers and matrix polymer [35]. Interesting is that the -peak of the 

X-high sample was slightly higher and narrower than the uncrosslinked sample, which 

according to this way of interpretation means that the uncrosslinked control sample 

have stronger phase interaction than the X-high sample. Both the X-low and X-high

samples have increased in strength (36 MPa and 30 MPa, respectively) compared to the 

control sample (21 MPa), which also would indicate better interaction between phases. 

However, different characteristics of the interphase region may be accountable, as well 

as different properties of the crosslinked matrices, which in turn can result in different 

nature of stress transfer between wood and plastic.

-relaxation shows the crystal relaxation of the matrix polymer, which for more 

highly crystalline polyethylenes also shows a grain boundary relaxation bump ’ [36]. 

’-relaxation region is clearly shown for the uncrosslinked control sample, but 

hardly for the crosslinked samples. Silane-grafting and crosslinking in the melt-phase 

extrusion reduces the crystallinity of polyethylene [20] and crystallite slippage ’)

would additionally be restricted by chemical crosslinks in-between. At the peak of the 

-relaxation, the uncrosslinked sample show to melt completely by the strong increase 

of tan (as E’ -relaxation peak also show that the 

crosslinked samples keep some rigidity after complete crystal relaxation, but the shape 

are different between the differently crosslinked composites: the X-low sample show a 

wider and lower peak, which indicates stronger interaction between phases, just as it 

did on the -transition.
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4 Conclusions

The results from this study show that there are significant differences between extruder 

variable settings of barrel temperature, residence time (screw speed) and screw

configuration, in order to limit scorch and promote silane-crosslinking of a wood-

polyethylene composite. The highest process efficiency was found for lower barrel 

temperatures, low- and high residence time and a low-dispersive screw configuration. It 

can be concluded that settings of these variables leading to lower temperature history of 

the processed material, have a positive effect. This suggests that the amount of peroxide 

added to the extrusion was too high, since only small amounts of the added peroxide 

reasonably can have decomposed to radicals. Surprisingly was the low-dispersive screw 

configuration significantly better for this process, opposed to silane-grafting of neat 

polyethylenes where a good mixing efficiency is positive for the process. A hypothesis 

was proposed that the presence of wood in the melt answers to why higher mixing 

efficiency is negative for this process: Reactions between wood surfaces and silanes, 

and between silanes around the wood may lead to excessive radical sites in the matrix 

polymer, which would result in radical-induced crosslinking rather than grafting of 

silanes.

Quasi-static tests showed that less scorch in the process leads to highest flexural 

strength and unaffected modulus. Scorched samples show less improvement in strength 

compared to exclusively water-cured composites, but do show a tendency to decreased

stiffness, likely explained by decreased crystallinity of the matrix.

The creep responses are highly suppressed by crosslinking the composites. The 

comparison between two differently crosslinked composites shows that the composite 

of higher quasi-static strength has higher resistance to creep than a scorched and less 

strong composite, despite lower final degree of crosslinking, which suggests that good 
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interaction between wood and matrix polymer is of greater importance for creep 

resistance, at least for these composites of low-dense crosslinked networks.

The dynamic-mechanical analysis do not show any clear shifts of the -transition 

region, but the - and -relaxation peak lowers in height and broadens for the not 

scorched and strongest composite, thus indicating improvement in wood – matrix 

polymer interaction.
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Table 1. Extruder variable levels.

Variable Unit Low level Mid-range level High level

Barrel temperature 160 180 200

Residence time s 30 48 65

Screw configuration - (I) Low shear (II) Medium shear (III) High shear

 

 

 

Table 2. All runs and corresponding responses.

Exp. 
Name

Factor levels Modelled responses Mechanical properties
Temp Time

(s)
Screw 
config

X-melt 
(wt-%)

X-final 
(wt-%)

Increase
(unit-%)

MOR
(MPa)

MOE 
(GPa)

N1 160 48 I 0 40 40 41,3 ± 3,4 3,0 ± 0,1
N2 200 48 I 37 62 25 30,2 ± 1,5 2,4 ± 0,2
N3 200 65 I 12 52 40 33,3 ± 2,3 2,9 ± 0,1
N4 180 30 I 0 52 52 32,4 ± 0,8 2,8 ± 0,1
N5 160 65 II 0 30 30 35,6 ± 2,5 3,1 ± 0,3
N6 200 65 II 15 39 24 30,8 ± 2,5 2,8 ± 0,1
N7 160 30 II 0 31 31 34,6 ± 2,1 3,0 ± 0,3
N8 200 30 II 30 52 22 32,9 ± 1,1 2,9 ± 0,2
N9 160 65 III 0 40 40 32,9 ± 2,8 2,9 ± 0,1

N10 200 65 III 31 52 21 28,9 ± 1,9 2,6 ± 0,2
N11 160 30 III 0 41 41 35,9 ± 3,7 3,1 ± 0,1
N12 200 30 III 35 55 20 29,1 ± 1,7 2,5 ± 0,2
N13 180 48 III 20 55 35 35,8 ± 2,0 2,7 ± 0,2
N14 180 48 III 23 48 25 34,2 ± 1,8 2,7 ± 0,1
N15 160 48 I 0 39 39 37,7 ± 0,5 3,1 ± 0,2
N16 200 48 I 30 57 28 30,6 ± 1,2 2,6 ± 0,3
N17 200 65 I 12 55 43 33,7 ± 1,4 2,9 ± 0,1
N18 180 30 I 0 50 50 33,4 ± 2,7 2,9 ± 0,1
N19 160 65 II 0 30 30 36,4 ± 2,2 3,0 ± 0,2
N20 200 65 II 17 42 24 33,0 ± 0,8 2,9 ± 0,3
N21 160 30 II 0 32 32 36,1 ± 4,2 2,9 ± 0,3
N22 200 30 II 26 50 24 30,5 ± 3,9 2,6 ± 0,4
N23 160 65 III 0 40 40 34,7 ± 3,2 3,0 ± 0,1
N24 200 65 III 27 46 19 29,5 ± 1,7 2,7 ± 0,1
N25 160 30 III 0 39 39 36,4 ± 0,9 3,2 ± 0,2
N26 200 30 III 36 53 17 30,2 ± 0,4 2,6 ± 0,1
N27 180 48 III 21 54 33 31,8 ± 1,0 2,7 ± 0,1
N28 180 48 III 20 42 22 35,7 ± 1,3 3,0 ± 0,1

Control 180 48 I - - - 21,3 ± 1,1 2,7 ± 0,3
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Table 3. MOR, MOE and degree of crosslinking for the creep test samples.

Sample
Mechanical properties Degree of crosslinking

MOR (MPa) MOE (GPa) Scorch (wt-%) Final (wt-%)

Control 21,3 ± 1,1 2,7 ± 0,3 - -

X-low (N25) 36,4 ± 0,9 3,2 ± 0,2 0 39

X-high (N2) 30,2 ± 1,5 2,4 ± 0,2 37 62
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Figure 1. a) Vinyl-trialkoxysilane grafts to polyethylene chain b) Hydrolysis and subsequent 

condensation reaction forms siloxane linkage. 

 
 

Figure 2. A reactive extrusion process grafts silanes to the composite, followed by compression 

molding and water-curing of the materials. The process responses; scorch and final degree of 

crosslinking are marked out.
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Figure 3. Screw configuration I) Wide kneading block. II) Wide+narrow kneading blocks. III) Wide 

+ narrow + narrow kneading blocks + homogenizing element.

 
 
 
 
 
 
 
 
 
 

 
 
Figure 4. The experimental design with all 13 combinations (circles) of the explanatory 

variables.
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Figure 5. The influence of extruder variables on (top) X-melt; (middle) X-final and (bottom) 

increase of crosslinking degree after water-curing.
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Figure 6. Predicted degree of crosslinking in melt and predicted finally reached degree of 

crosslinking for a) Barrel temperature b) Residence time and c) Screw configuration. Each 

graph shows the prediction for any setting of the other variables.
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Figure 7. Creep strain curves for Control, X-high and X-low, at all temperature levels.
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Figure 8. Master creep strain curves for the uncrosslinked control sample, X-low and X-high, 

constructed by creep strain curves in Figure 6. 

 

 

 

 

 
 

Figure 9.T -transition- -transition peaks. The -transition 

peaks are leveled to make the transition width easier to see.
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The adhesion between silane-functionalized ethylene-

plastics and wood

G. Grubbström*

Division of Materials Science, Luleå University of Technology, Luleå, Sweden

Abstract

This work deals with adhesive mechanisms that explain the properties of silane-crosslinked 

wood-polyethylene composites. It has been suggested that the significantly increased quasi-

static strength and toughness is a result of crosslinking between wood and plastic, but how a

plausible crosslinking adds to the adhesive strength in this system has not been certain. In this 

study, polymer films were attached to wood surfaces and crosslinking was employed as an 

attempt to force chemical linking between the phases. Peel- and shear strength measurements

along with microscopy were used for analysis. The results indicated that crosslinking may

take place and contribute to the adhesive strength but that the mechanical adhesion is the 

overpowering mechanism. A model of interphase for silane-crosslinked wood-polyethylene 

composites was proposed, suggesting that the strength and toughness improvements are due to

an in-situ wood surface treatment in the extrusion process, rather than direct chemical linking

between wood and matrix polymer.

Keywords: A. Wood; A. Polymer-matrix composites (PMCs); B. Adhesion; D. Mechanical 

testing.

* Tel.: +46727029163, E-mail: goran.grubbstrom@ltu.se
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1 Introduction

During recent decades, considerable interests have been shown in using fibers from wood or 

non-woody biomass as filler and reinforcement in polymer matrix composite materials. 

Lignocellulosic materials are the most abundant land based biomass; it is a renewable 

resource and its cellulose component provides high strength and stiffness. The use of a 

thermoplastic matrix polymer allows traditional thermoplastic processing method such as 

compounding extrusion, profile extrusion, injection- and compression molding. Applications 

for these composites are found in the automotive industry as paneling and in the furniture

industry, but the largest growing use is in the construction industry, mainly exterior building 

products such as deck boards, railings and door- and window frame components [1]. These 

composites are seen as alternatives to preservative-treated lumber since their continuous and 

hydrophobic matrix provides good moisture- and decay resistance, i.e. low maintenance [ref]. 

Polyethylene is a widely used thermoplastic and has been commercially available since late 

1930´s [2].  It was discovered already in the late 1940´s that heat deformation resistance and 

resistance to slow crack growth could be improved if the polyethylene is crosslinked by 

irradiation [2]. This was followed in the mid 1950´s by a method for peroxide crosslinking of 

polyethylene [3]. The use of irradiation or peroxides to crosslink leads to the same 

crosslinking mechanism, where extracted hydrogen results in radical sites on the 

polyethylene chain, which enables the formation of C-C crosslinks between the chains when 

saturated. In the 1970´s methods were developed of using silanes to crosslink [4, 5], where

alkoxy silanes are grafted to the polyethylene and a subsequent water-curing leads to 

hydrolysis and condensation reactions to form siloxane-bridges. In the 1980´s, the ethylene 

vinyl-silane copolymer (EVS) was commercially introduced and here a vinyl-

trimethoxysilane is co-polymerized with ethylene [6]. With EVS, the process is simplified as 

the grafting step is obviated. Improved resistance to heat deformation, creep and stress crack 
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propagation makes crosslinked polyethylene suitable as insulators for low and medium 

voltage cables and flexible/hot water piping. The reaction steps for crosslinking of vinyl-

trimethoxysilane grafted polyethylene or EVS are the hydrolysis step and condensation step,

shown by equations (1) and (2), respectively.

3 + H2 + CH3OH (1)

+ HO + H2O (2)

The strength of a specific fiber composite is governed by the interaction between its fibers 

and matrix [7, 8], and the composites performance is dependent of the ability of stress 

transfer in the interphase [9]. Poor adhesion is usually owed to a narrow effective interphase 

width, and good adhesion to a broader effective interphase width.

In the case of wood fiber composites, the lignocellulosic fibers have many polar hydroxyl 

groups, making them poorly miscible with non-polar polyolefin matrices. Early studies on 

improving interfacial adhesion in wood composites have often involved fiber surface 

modifications. Examples of this are by use of compatibilizers such as silanes [10, 11], 

isocyanates [10, 11] and functionalized polymers [12-14]. Examples of functionalized 

polymers are maleated polypropylene (MAPP), -polyethylene (MAPE) and styrene-ethylene-

butylene-styrene (MA-SEBS). Moreover, treatments of the fibers such as corona- [15], 

plasma- [16], peroxide- [17], heat treatment [18] and acetylation [19] have also been 

employed. 

The use of thermoplastic polyethylene as matrix polymer in commercially available wood-

plastic composites is common [1], but the use of crosslinking technologies for wood-

polyethylene composites has gained interest in research for the last 15 years. In the late 

1990´s, studies of peroxide-crosslinking in wood- polyethylene composites were performed.

It showed that the polyethylene matrix became crosslinked and that the strength of the 
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composite was improved [20-22]. Later, silane-crosslinking was employed to wood-

polyethylene composites, where wood flour, polyethylene and a silane-peroxide solution was 

compounded [23-28]. These composites were subsequently water-cured and showed 

improved strength, toughness and creep resistance. 

The silane-crosslinking method for wood-polyethylene composites [23-28] is essentially a

different approach compared to the use of compatibilizers and chemically treated wood. The 

fiber surface modifications by pre-treatments typically aim to make the wood surface non-

polar and thereby interact better with the non-polar polyolefin, whereas the silane-

crosslinking technologies for these composites are intended to functionalize the matrix 

polymer with polar groups and thereby interact better with the polar wood surface. In the 

previous studies on silane-crosslinked wood-polyethylene composites, it was discussed and 

suggested that covalent bonding between wood and polyethylene likely explained the 

improved strength and toughness, although not proven to be the case. The plausible

mechanisms are condensation reactions involving silanols and hydroxy-groups of the wood

[24, 26, 28, 29] but also by condensation reactions between methoxy-groups of the silane and 

hydroxy-groups in general [30], shown by equation (3) and (4), respectively.

+ + H2O (3)

3 + + CH3OH (4)

The use of Fourier-transform infrared spectroscopy (FTIR) to single out -Si-O-C- functions 

is difficult when -Si-O-Si- in the matrix polymer and –C-O-C- in the wood are present, due 

to overlapping of these functions in the spectra [28]. An earlier study on silane-crosslinked 

wood-plastic composites showed through X-ray microanalysis that most of the silanes

become clustered on the wood particle surface [24], and the question arises whether covalent 

bonding between phases, or other compatibility effects, answers for the strength
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improvements. Earlier proposed bonding types that could explain the strength improvements 

in crosslinked WPC are covalent bonding, hydrogen bonding and Van der Waals forces as

displayed in Figure 1.

The goal of this work was to identify mechanisms that count for adhesion between wood and 

silane-functionalized polyethylene, by use of mechanical tests and fracture surface studies.

The overall objective was to relate the findings to wood-plastic composite systems, by 

proposing a model of interphase for silane-crosslinked wood-polyethylene composites, which 

may explain these composites improved mechanical properties.

2 Experimental

2.1 Materials

The wood used for this study was Scots pine (Pinus sylvestris) and the plastics were an

ethylene-vinyl-trimethoxysilane copolymer (EVS) and a recycled low-density polyethylene 

(LDPE). The wood components throughout the adhesive tests were thin boards of sapwood or 

heat treated wood. The EVS (LE4421) and its catalyst masterbatch (dioctyltin laurate,

LE4431) were kindly supplied by Borealis group (Stenungsund, Sweden).

2.2 Wood component

For this study, a highly hydrophilic wood surface was primarily wanted, which hypothetically

would provide an optimal condition for a presumable silane-crosslink formation between the 

ethylene-vinyl silane and the wood. Wood pieces of pine sapwood were cut and grinded to 6.0 

mm thickness, 60.0 mm length and 50.0 mm width, at its equilibrium moisture content in 

ambient conditions. The thin boards were cut out of larger board as radial sections in order to 

limit warping when drying the samples. The radial sections also gave a fairly even distribution 

of earlywood and latewood areas at the surface. In addition to the highly hydrophilic

sapwood, identical boards of heat treated pine were prepared. The heat treated pine have less
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active surface compared to the natural sapwood, shown by a water drop shape method for

contact angle measurements, where natural sapwood showed 0° contact angle and heat treated 

wood showed circa 60° contact angle, after 60 seconds of observation. The heat treated wood 

was supplied by the wood physics group at LTU and was produced by treating the wood at 

170°C, using superheated steam as shielding gas, described elsewhere [31]. The main effort of 

the wood board preparation was to get them plane and evenly thick; variations in thickness 

would lead to uneven pressure when the plastic film is to be integrated to the wood surface, 

consequently leading to variations in mechanical adhesion.

2.3 Plastics

The plastics used were the EVS base polymer, EVS with catalyst and a common LDPE. The 

EVS with catalyst was prepared by compounding the EVS base polymer with the catalyst 

masterbatch using a torque-rheometer (Brabender, USA). The catalyst masterbatch fraction

was 3 wt-percent on the total amount. The compounding was carried out at 160°C, a screw 

speed of 100 rpm and a residence time of 5 minutes. Subsequently was the polymer pressed to 

films using a hot-press, to 0.40 mm and 0.20 thicknesses, at 160°C and a pressure of 

approximately 7.0 MPa. The films were stored in a freezer to prevent hydrolysis and 

crosslinking before test sample preparation. To see that the EVS actually would crosslink

after a moisture-treatment (90°C, appr.100% RH), FTIR was employed and these spectras are 

displayed in Figure 2. Water-cured EVS with catalyst readily showed -Si-O-Si- vibrations at 

the 1060 cm-1 and 1025 cm-1 bands, as well as reduction of -Si-OCH3 vibrations at 1190 cm-1

and 1090 cm-1 bands, in comparison to a sample not cured, which showed that crosslinking 

was possible.

2.4 Hot-pressing

Two different tests to measure adhesive strength were performed; a peel test and a single-lap 

shear strength test. Peel-test samples were prepared by integrating the 0.40 mm polymer film



7

to the surface of a 6.0 mm thick wood board. The surface of the wood boards was cleaned to 

remove loose particles, and dried before processing in 80°C until constant weight was 

attained, resulting in a moisture content of around 0.5%. The main purpose of drying the 

wood was to limit the amount of moisture diffusing out to the boundary of the wood surface

and polymer film, thus avoiding too much hydrolysis of the plastic. The laminate was hot-

pressed at 160°C and 0.70 MPa pressure for 80 seconds. The appropriate temperature, 

pressure and hold time was found by trial-and-error tests, in order to get the polymer film to 

just stick to the surface of the wood in a reasonable manner, but at the same time not bind too

strong mechanically. Too high mechanical bonding makes the peel arm absorb too much 

energy and, furthermore, may override possible improvements of the adhesion by 

crosslinking. 

Three batches, each containing all samples, were prepared and resulted in a total of 9 

specimens (3x3) of each sample. Specimens were cut to 15 mm width and conditioned in 

common room environment until equilibrium moisture content was reached, which was circa

6.5% for natural sapwood and circa 4% for heat treated wood. The goal of the peel test sample 

preparation was to get an appropriate mechanical adhesion between the wood and the polymer 

film and, subsequently, try to create chemical links between the phases by use of heat and 

moisture.

The shear test samples were prepared by first gluing 5.0 mm thick wood boards, of two 

different lengths, together using polyurethane glue. The sticking-out parts were overlapped

with a 0.20 mm thick polymer film between, and this overlap area was 10.0mm x 20.0mm

(length x width) and the samples were hot-pressed at 160°C and 1.20 MPa pressure for 120 

seconds. The final specimens were 130.0mm x 20.0mm x 10.0mm (length x width x

thickness). All peel- and shear sample configurations and their names are shown in Table 1.
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2.5 Post-curing

The crosslinking step for silane-crosslinked polyethylene, or composites thereof are usually 

made by keeping the material in a sauna-like environment; high temperature and humidity,

but this was not possible with the samples of this study as the moisture induced swelling of 

the wood was too high. The curing of the samples was performed by heating the samples in an 

oven at 80°C for 10, 60 or 180 minutes, to let moisture diffuse from the wood to the wood-

plastic boundary, enabling hydrolysis and crosslinking. The wood, natural sapwood and heat 

treated wood, decreased in moisture content by 4 and 2 unit-percent, respectively, during a 60 

minute post-curing process.

2.6 Peel strength measurement

The peel test was performed in a Universal testing machine (Hounsfield H25KS, United 

Kingdom) with a 500N load cell and a tension clamp setup for films. Peel tests usually holds a 

constant angle of the peeling arm by holding the substrate on a moving trolley, which keeps a

constant peel rate and energy dissipation in the peeling arm. The set up used here had to be

constructed so that the test starts at 90° peel angle and increases to approximately 170° in the 

end of the test as displayed in Figure 3. The crosshead speed was set to 10 mm/min. The 

measured force (N) was normalized to the width of the samples (N/m). Due to implications of 

moving peel angle/peel rate of this test set up, and possible deviances in properties, owed to 

different crosslinking efficiency of the bulk peeling arm and differences in mechanical 

adhesion between specimens, no calculation of fracture energy was made. The objective of 

the peel test was to show a possible improvement by post-curing on adhesion that only can be 

explained by chemical bonding between the plastic and wood. Hence, there are no unreacted 

silanes or effects of oxy-radicals in the system when using an ethylene-vinyl silane 

copolymer. In this test, neat (non-post-cured) specimen from of all samples were tested

between a third to half of the specimen length, subsequently cured in an oven, conditioned 
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and continued to be tested; i.e. “before and after” strength values were obtained from the same 

specimen. The test does not follow any standardized test method.

2.7 Single-lap shear strength measurement

The shear strength test was performed in a Universal testing machine (Hounsfield H25KS, 

United Kingdom) with a 10kN load cell and in tensile mode, displayed by Figure 3. The 

distance between the grips was 95 mm and the crosshead speed rate was 2 mm/min. The goal 

of the shear strength measurement was to supplement the peel-test with more uniform strength

measurements within each sample, for neat and post-cured specimens. At least 6 specimens of 

each sample were tested. The sample preparation and the test was influenced by European 

standard EN 302-1 “- bond strength in longitudinal tensile shear strength”, but adapted to the 

use of a thermoplastic binder instead of thermoset adhesives.

2.8 Microscopy

A scanning electron microscope, (Jeol JSM-5200, Japan) was used to study peel- surfaces 

where the plastic and wood had been disintegrated. The goal was to find features that can be 

used to qualitatively analyze differences in adhesion. Microscopy samples were surfaces of 

the peeled off plastic film, neat and post-cured, as well as the corresponding wood surfaces.

3 Results and discussion

3.1 Peel strength

The peel-test specimens showed high discrepancies in peel strength within the same sample,

obviously due to different mechanical adhesive strength, which can be explained by small 

variances in thickness of the wood components. The analysis of the peel strength

measurements was forced towards a qualitative approach. However, the objective was to see 

if a curing step may improve the adhesion, which strongly would indicate that chemical 

bonding between the materials have taken place. In Figure 4, examples of measurements are 
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shown, where it can be seen that a specimen of catalyzed EVS results in less mechanical 

bonding, while the EVS base polymer and the control sample of LDPE gives clearly better 

mechanical adhesion to the wood. It is also shown that some uncatalyzed specimens increase 

its strength after post-curing. The reason why samples of catalyzed EVS film poorly bond to 

the wood surface is reasonably explained by a too effective and fast hydrolysis and 

crosslinking of the polymer films surface, already in the hot-pressing of the specimens, which 

limits the polymers ability to flow. Although the wood components were dried before hot-

pressing, there are small amounts of moisture left in the wood, and the high processing 

temperature (160°C) leads to rapid diffusion of moisture to the wood-plastic boundary. The 

use of a catalyst lowers the activation energy for the hydrolysis of methoxy-silanes [32]. The 

curves displayed in Figure 4 suggests that good mechanical adhesion in this test reaches a

limit where additional adhesion through chemical linking do no add much to the adhesive 

strength.

Figures 5 and 6 shows the relative peel strength of all samples, before and after curing. The 

uncatalyzed samples of sapwood (Figure 5) and heat-treated wood (Figure 6) both show 

tendencies for enhanced peel strength after curing. If specimens of higher mechanical 

adhesion would be excluded, the effect should be even more clearly in the graph. The 

catalyzed EVS samples of sapwood or heat-treated wood both shows no change, or a tendency 

to decrease in peel-strength after a curing step. No particular difference is shown between the 

highly hydrophilic sapwood samples and less hydrophilic heat-treated wood samples. The

control sample of LDPE is not affected by a curing step, and should not as it cannot crosslink.

3.2 Shear strength

The results from the single-lap shear strength measurements are shown in Figure 7. It can be 

seen that this test method have resulted in lower discrepancies within the uncatalyzed EVS 

samples compared with the peel-tests, which can be owed to a high, and more uniform,
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mechanical adhesion achieved in the sample preparation procedure. The samples of catalyzed 

EVS do show high discrepancies, and similar to the peel-test results, samples of catalyzed 

EVS have lower strength, which here also could be explained by a too effective hydrolysis 

and crosslinking of the plastic already in the hot-pressing of the samples, leading to poor 

mechanical adhesion because the polymer do not flow as easy. The post-curing does show a 

tendency to increase the strength for the catalyzed EVS-samples, especially the sapwood 

sample.

Figure 8 shows representative curves of all crosslinkable samples. It can be seen that the

highest strength samples of uncatalyzed EVS and LDPE can absorb more energy than the 

samples of catalyzed EVS until they fail, and this can only be due to better mechanical 

adhesion of the un-catalyzed EVS samples. However, these shear strength measurements 

further strengthen the analysis of the peel-tests, that mechanical adhesion between the 

polymer and wood surface is the predominant adhesive mechanism for this wood-plastic 

system. These measurements mainly show differences in mechanical adhesion only and can 

hardly indicate chemical bonding between wood and plastic.

3.3 Peel surfaces

The micrographs of the peel surfaces in Figure 9 show differences on adhesive mechanisms, 

both for polymer type used and wood. Two extremes are LDPE and catalyzed EVS, where 

LDPE had highest adhesive strength to the wood, around 300 N/m, and the catalyzed EVS, 

independent of wood type, had lowest adhesive strength of around 40 N/m. In Figure 9a, it is 

obvious that the high adhesive strength of the LDPE-sample is due to good mechanical 

bonding, shown by pulled-out strings of plastic. No pulled off wood cells are shown on the 

LDPE-sample. The sample of un-catalyzed EVS in Figure 9b appears not to have penetrated 

the wood much, but do show some tracheids on the surface. A sample of catalyzed EVS show 

a surface that have not penetrated into the wood much, appears more like an imprint of the 
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wood surface (Figure 9c). On the surfaces of the plastic film bonded to heat-treated wood, 

there is a clear boundary between earlywood (EW) and latewood areas (LW) from the 

corresponding wood surface, shown in Figure 9b, where EW tracheids can actually be seen 

attached to the plastic but the LW area looks more like an imprint of the wood surface.

Figure 10 (a-d) show micrographs of all crosslinkable configurations (SW, HTW and EVS, 

EVSCAT). All of these show that there is wood bonded to the surface of the plastic film. The 

samples of heat-treated wood show more tracheids attached to the film, more specifically 

earlywood tracheids. The heat treated wood is more brittle than the natural wood [31], which 

may explain this difference. There were also micrographs taken of the wood surfaces 

corresponding to each polymer type and configuration, but no attached plastic was found.

3.4 Conclusions / Model of interphase

The main objective with this study was to relate the findings of the present work to a silane-

crosslinked wood-polyethylene composite system as studied in earlier works [23-28]. In this 

study, the idea was to use a “clean” approach, without any possible unreacted silanes and 

peroxides in the system, and then try to force chemical linking between two distinct phases;

wood and plastic.

Earlier proposed explanations for the strength improvement of silane-crosslinked WPCs [24,

26, 28] do only take into account that chemical linking between a polyethylene and wood 

surface should add adhesive strength, but this is likely a too simplified model.

However, the present study does imply that chemical crosslinking can take place between 

wood and a silane-functionalized polyethylene, but also suggests that the mechanical adhesion 

is the overpowering mechanism, shown by peel-strength measurements, single-lap shear 

strength measurements and studies of fracture surfaces. If this idea is transferred to a silane-
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grafted wood-plastic composite system [24-28], there must be other mechanisms that count

for the high strength improvements. 

By using the findings of this study, as well as considering results from earlier studies of 

silane-crosslinked wood / polyethylene composites, different scenarios explaining the nature 

of the interphase can be suggested. In a composite system where silanes are grafted in the 

extrusion process, it is evident that silanes become clustered in the boundary between wood 

particles and the matrix polymer, shown by microanalysis [24] and additionally are earlier 

work showing that the degree of crosslinking in the composites matrices do not govern the 

strength [28]; high degree of crosslinking does not necessarily mean higher strength. It 

appears to be just a change of fracture mechanism, where a more efficient stress transfer,

likely a broader effective interphase width caused by layers or high concentrations of reacted 

and unreacted silanes around the wood surface, and this leads to higher strength of the silane-

crosslinked wood / polyethylene composite. This reasoning can be displayed as in Figure 11,

where three models are displayed, and their strength providing abilities follows an increasing 

effectiveness of the interphase. How much possible hydrogen bonding can add in this system

is difficult to take into account, other that they are much less strong than covalent bonds. In 

fact, the improvement in strength of silane-grafted polyethylene / wood composites is likely 

caused by an in-situ treatment of the wood particle surfaces in the extrusion process leading to 

the same result as where the wood has been pre-treated with silanes, except that in this case

the matrix also crosslink.

A future study should address WPCs of wood flour and EVS, alternatively a blend of EVS 

and LDPE, where no unreacted silanes and peroxides are present. Nano-indentation 

technology may be a tool for measuring and characterize the interphase.
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Table 1. Sample codes for all peel- and shear test samples.

Wood Plastic Sample code

Sapwood LDPE SW-LDPE

Sapwood EVS SW-EVS

Heat treated wood EVS HTW-EVS

Sapwood EVS + Catalyst SW-EVSCAT

Heat treated wood EVS + Catalyst HTW-EVSCAT
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Figure 1. Previous suggested mechanisms. 1) –Si-O-C- [26, 28], 2) Hydrogen bonds [26, 29] 3) Van 

der Waals forced between silanes condensed to wood but not grafted to PE [26, 29], 4) Radical 

induced linking, -C-C- [20-22, 26].
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Figure 2. FTIR spectra of the EVS film for different water-curing times.

Figure 3. Peel test (top) and single lap-shear test setup (bottom).
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Figure 4. Examples of peel-strength curves, before and after curing.
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Figure 5. Relative peel strength for neat and post-cured samples (Sapwood).

Figure 6. Relative peel strength for neat and post-cured samples (Heat-treated wood)
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Figure 7. Shear strength for all samples, neat and post-cured.

Figure 8. Examples of stress-strain curves of all samples.
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Figure 9. Peel surfaces of a) SW-LDPE, b) HTW-EVS, c) SW-EVSCAT. LW = latewood area, EW = 

earlywood area.

Figure 10. Wood attached to the peel surface: a) SW-EVS, b) SW-EVSCAT, c) HTW-EVS, d) HTW-

EVSCAT.
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Figure 11. Proposed models of interphase for modified and unmodified wood-polyethylene

composites. Increasing effectiveness of the interphase (left to right) leads to increased strength of the 

composite.






