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Abstract

The interest in Wood-thermoplastic composites (WPCs) has increased during the last 

decades. WPCs are commonly used as building material for decking and railing 

because of its low need of maintenance. Wood is a renewable resource of good 

mechanical properties and this make wood fibers interesting to use as reinforcement in 

a thermoplastic composite. A drawback with this type of composite is the poor long-

term mechanical properties which limit its field of applications. The objective of this 

work was to optimize the process and understand structure-property relations of silane-

crosslinked WPCs produced in a one-step reactive extrusion. The specific goal of 

crosslinking the composite was to improve the interfacial strength and stabilize the 

polymer matrix in order to improve these composites long-term mechanical properties. 

Silane-crosslinked WPC was produced by adding wood flour, polyethylene and a 

silane-peroxide solution to a compounding extruder. The composites were thereafter 

conditioned in different environments to promote the formation of silane-crosslinks. 

Parameters like wood flour moisture content, amount/composition of silane-peroxide 

solution and different general types of polyethylene was studied and related to the 

efficiency of the process. 

It was found that silane-technology applied to WPCs can be optimized in terms of 

processability and achieved property improvements. All crosslinked composites in this 

study have improved in strength, toughness and creep resistance but it was shown that 

the tested parameters have affect on both processing and properties. A gentle use of 

peroxides in the process was concluded to be positive for both processability and 

resulting property improvements. The unintentional crosslinking in the extrusion 

process is a drawback but was limited by lower peroxide concentrations. The use of 

low density polyethylene as polymer matrix lead to twice as high crosslinking rate 

compared to a high density polyethylene matrix. However, too excessive moisture 

uptake in the composites appears to lower the efficiency of crosslinking. Future studies 

should evaluate long-term load behavior more thoroughly and also investigate the 

conditioning step more carefully. 
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1. Introduction 

1.1 Background 

1.1.1 Wood-plastic composites 

Wood-Plastic Composites (WPCs) are a group of wood based composites where 

wood flour/fibers are used as reinforcement and thermoplastics as matrix polymers. 

WPCs have drawn attention during the last decades as low maintenance products and 

an environmental friendly option to pressure treated lumber and are commonly used as 

building materials for decking, railing, window- and door frames and other outdoor 

applications. Another area of application is interior parts in automotives. [1] 

 Figure 1 shows an example of a decking board. 

Figure 1. WPC decking board with a hollow cross-section. 

The WPC have around 50 wt-% of a thermoplastic resin. The continuous 

thermoplastic matrix allows the use of traditional processing methods for 

thermoplastics like extrusion, injection molding and compression molding. [1] 

Reinforcing thermoplastics with wood provides stiffness to the plastic. The 

strength can also be improved if the adhesion between the wood phase and polymer 

phase is sufficient. The potential for increasing the WPC properties is high since the 

wood fibers have around twenty times the strength and about 40 times the stiffness 

than that of polyethylene, a commonly used matrix polymer. WPCs may be a good 

substitute for some expensive engineered plastics if material properties can be 

improved, since wood is a renewable low cost material. The strength and stiffness of 

WPCs is lower compared to solid wood but they can be produced of bi-products and 

recycled materials, and also provide advantageous design options by the processing 
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methods used. Since the wood particles are encapsulated by the hydrophobic 

thermoplastic it creates a protection of the hydrophilic wood and help keep the 

composite resistant to decay and also provides dimensional stability. [1] 

Drawbacks of WPCs are the high density and their poor long-term mechanical 

properties. The WPC has a more pronounced creep response than solid wood [2] and 

this is due to a combination of poor interfacial adhesion and the thermoplastic matrices 

commonly used [3]. As of today, WPCs are used for low- and medium load-supporting 

structural applications, e.g. decks, but not as primary structural members [3]. If long-

term mechanical properties are improved in WPCs it would broaden the field of 

applications for this type of composites.

The density is often over 1 g/cm3 and this is a consequence of the good 

encapsulation of the wood: the thermoplastic penetrates lumen of the wood cell, 

making the wood contribute to the composite density by the wood cell wall density 

which is around three times the density of solid wood, approximately 1.5 and 0.5 

g/cm3, respectively. The weight of WPC products can be lowered by making products 

hollow (Figure 1) or by foaming the composite [1].  

1.1.2 Processing 

WPCs are produced by compounding wood flour, plastic and additives in a 

extruder and then give the WPC a final shape by profile extrusion, injection molding 

or compression molding. A final product can also be produced in one-step where the 

constituents are compounded and directly extruded as a WPC profile and this process 

is referred to as direct extrusion. [1]

Having wood as one component in the material give a limitation in process 

temperature as wood may degrade and also that the wood fibers are mechanically 

degraded by the extrusion. A lower processing temperature results in higher 

mechanically degradation of the wood since the viscosity of the matrix becomes 

higher. The processing time in the extruder, i.e. residence time, is also a parameter that 

affect the final properties of the composite. Lower residence time may allow higher 
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processing temperatures. Upper limit for processing WPCs are normally 200˚C, and 

compounding processes are often performed at 170˚C to 190˚C [1].  

1.1.3 Improving mechanical properties 

 The strength and toughness of a WPC is limited by the adhesion between the wood 

and polymer matrix. Early studies on improving strength and toughness were by using 

interphase modifiers such as compatibilizing agents. [1]

Since the mid 1980´s,  research have found means to improve the interfacial 

adhesion in WPC by use of such agents as maleic anhydride grafted polyolefins [5-10], 

silanes [10, 11] and isocyanates [7, 11], and combinations of these [7, 12]. The use of 

a compatibilizer-impact modifier like maleated styrene-ethylene/buthylene-styrene 

triblock copolymer [12] also resulted in higher toughness and strength. Most of these 

methods involves a pre-treatment of the wood particles before compounding. 

 In the late 1990´s, peroxide-crosslinked low-density polyethylene/wood composites 

were produced by adding peroxides directly to a compounding process of wood fibers 

and polyethylene. It was found that the interfacial adhesion was improved and also 

proven that the polyethylene matrix had formed a crosslinked network. [14-16] 

 Later on a method of silane-crosslinking WPCs in a one-step extrusion process was 

developed. In this process a solution of silane and peroxide was added to the 

compounding process of wood flour and high-density polyethylene with the aim to 

strengthen both the interface of the WPC and to crosslink the polyethylene matrix. It 

was found that silane-crosslinking improved the strength, toughness and creep 

resistance of the composite. [17-19] 

1.2 Silane-crosslinking 

Polyethylene is a thermoplastic, i.e. can be melted and reformed over and over 

again. By introducing chemical crosslinks between the polymer chains, the 

polyethylene becomes dimensionally stabilized. Crosslinking of polyethylenes by use 
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of silanes was developed in the late 1960´s and have thereafter been applied to produce 

temperature resistant and stress-crack resistant products like electrical wire hoists and 

floor heating pipes. [20, 21] 

 The basic principle of silane-crosslinking is to graft the silane onto the backbone of 

the polyethylene chain. This grafting takes place in a reactive extrusion process, where 

a solution of a vinyl-alkoxysilane and peroxide is compounded with polyethylene. The 

peroxide decomposes and leave oxy-radicals which attract hydrogen from the 

polyethylene chains, i.e. create radical sites. The vinyl-group of the alkoxysilane opens 

and graft to the polyethylene chain. As water is diffused into the plastic afterwards, the 

grafted alkoxysilanes undergo hydrolysis to form silanols, and a condensation reaction 

then forms siloxane-bridges, as displayed in Figure 2. [20, 21] 

Figure 2. Hydrolysis step (1) and condensation reaction (2) during silane-crosslinking. Adapted from 

[17].

 The degree and rate of formed silane-crosslinks is affected by the environment 

which the composite is stored in. If the composite is kept in a high temperature and 

humid environment, more water will access the grafted alkoxysilanes and the 

probability of hydrolysis and condensation is higher, theoretically leading to a higher 

degree and rate of crosslinking. The high temperature leads to higher free-volume of 

the polyethylene and higher content of water carried by the air leading to more water 

transported into the material. [20] 
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For silane-crosslinked WPCs, the high improvement in strength and toughness 

indicates that chemical links between the wood and plastic have been formed. These 

have been suggested to be a mix of Si-O-C bridges, hydrogen bonds and C-C 

crosslinks [16, 22]. The strong interface together with a crosslinked matrix has resulted 

in a higher resistance to creep due to the reduced viscous flow of the composite [17-

19, 23]. Figure 3 illustrates the proposed nature of the modified interphase. 

Figure 3. Hydrolysis step (1) and condensation reaction (2) during silane-crosslinking. Adapted from 

[19].

1.3 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 [24, 25]. A 

reactive extrusion means that the extruder barrel act as a reactor when two or more 

components are added to the extruder and a chemical reaction occurs, i.e. a synthesis 

of materials by a melt phase reaction [24, 26]. Examples of this are bulk 

polymerizations, controlled depolymerizations, grafting and crosslinking [24].  

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

parameters into account. The properties of the modified polymer can change to a high 
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degree causing rheological changes affecting the processability and final product 

quality [25]. 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) has impact on the final result. [26] 

 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. [20] 

 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. [20]

 Adding a silane-peroxide solution to the extrusion only aims to graft silanes to 

polyethylene. A 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-initiated C-C crosslinks rapidly formed by the peroxide and less likely to 

be siloxane-bridges. [20] Processing considerations necessary to limit this 

unintentional crosslinking involves suitable processing temperatures and residence 

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

for the polyethylene [26].

1.4 Objective for this work 

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

understand structure-property relations of the crosslinked composite when silane-

crosslinking a WPC in a one-step reactive extrusion process, using low cost raw 

materials and a solution of silane and peroxide. The principle goal of crosslinking the 
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WPC was to strengthen and stabilize the composite to improve its long-term 

mechanical properties. 

2. Experimental procedure 

2.1 Materials 

 The wood flour used as reinforcement in the composites throughout this study was 

softwood flour of size range 300-500 m and the polymer matrices used was high-

density (HDPE) and recycled low-density (LDPE) polyethylene. A stearate type 

processing aid was used to improve the surface apperance and promote processability. 

The reactants were vinyl-trimethoxysilane (VTMS) and dicumyl peroxide (DCP). All 

composite formulations have been of 50 wt-% wood flour, 47 wt-% polyethylene and 

3 wt-% lubricant, whereas the silane-peroxide solution have been added to the process 

as different amounts and mixing ratios. 

2.2 Reactive extrusion 

The crosslinked composites were prepared in a compounding extruder equipped 

with gravimetric-type material feeders. The polyethylene and the lubricant were fed to 

the main inlet of the extruder where also the silane-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 (Figure 4).  

Figure 4. The extruder set up for producing silane-crosslinked WPC. 
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A processing consideration here was the decomposition rate of the peroxide. The 

temperature of the melt and the residence time (screw speed) was synchronized so that 

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

is decomposed in the extrusion process.  

2.3 Crosslinking 

 A conditioning step is required for formation of silane-crosslinks, where the silane-

grafted WPC was stored in common room conditions (RT) or a simulated sauna (SA). 

The RT storage mode is around 21˚C and 30-40% relative humidity, whereas the SA 

storage mode is in 90˚C and close to 100% relative humidity.

2.4 Tests and analysis 

 Different methods were utilized in order to test and analyze the crosslinked WPCs. 

The first question was whether a crosslinked network was formed in the composite or 

not and this was determined by measuring the gel content, i.e. the degree of 

crosslinking. Crosslinked polyethylene and the wood are insoluble in boiling xylene 

and by measure the soluble part of the polyethylene, the degree of crosslinking can be 

calculated. The crosslinked composite was placed in a freezer after several periods of 

storage to stop the crosslinking reactions to occur. The gel content was measured at all 

storage times and this showed the progress of crosslink formation. 

 Tensile or flexural tests show the strength, stiffness, strain at break and toughness 

of the composites. An increase in strength and toughness indicates that the interfacial 

bond strength have increased which implies that there have been a formation of 

chemical links between the wood phase and plastic phase. 

 Short-term creep tests was performed in a dynamic-mechanical analyzer (DMA) as 

a mean to see if the creep strain is depressed in the crosslinked composites, compared 

to a uncrosslinked composite. Higher resistance to creep indicates higher interfacial 

adhesion and a stabilization of the polymer matrix. 
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 Scanning electron microscopy (SEM) was used on fractured surfaces of the 

composite to study the crosslinked composites microstructure. The composites were 

frozen in liquid nitrogen and rapidly broken in a three-point bending mode. The 

tension side of the fractured surface was analyzed. Fiber pullouts and slits in the 

interfacial region reveal poor adhesion between the wood and plastic, whereas 

damaged wood fiber bundles indicates that the interfacial adhesion was increased.

 Fourier transform infrared (FTIR) spectroscopy was used to get information on the 

chemical crosslinks that had formed in the composite. 

3. Summary of appended papers 

Paper I 

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

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

 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 
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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 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. 

Paper II 

Silane-crosslinking efficiency in wood-polyetylene composites: Study of different 

polyethylenes.

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 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 than its HDPE 

counterpart.

Paper III 

Silane-crosslinking of recycled low-density-polyethylene / wood composites. 

 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.
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 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 was 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 composite, which was 

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

silanols grafted to the polyethylene and this would then verify the existence of Si-O-C 

bridges between the wood and the plastic. 

4. Conclusions 

 This study has shown that silane-technology applied to WPCs can be optimized in 

terms of processability and achieved property improvements. It was found that the 

unintentional crosslinking in the extrusion process can be limited if the reactants 

compositions are consider more carefully. The peroxide concentration in the silane-

solution was concluded to be an important factor for both processing and resulting 

property improvements. Lower peroxide concentration has shown better results in this 

study, whereas higher concentration has caused disturbances in the process and 

decreased the stiffness of the crosslinked composite. It can also be concluded that a 

high degree of crosslinking does not necessarily correspond to high property 

improvements, since crosslinked composites of low crosslinking degrees improved its 

properties more. It was found that a LDPE matrix in the composite leads to twice as 

fast formation of crosslinks in the composite compared to when HDPE was used as 
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polymer matrix, since more moisture access the higher free-volume LDPE. However, 

too excessive moisture uptake appears to cause a reversed hydrolysis of the silane-

crosslink and therefore more gentle storage conditions of the silane-grafted composites 

should be considered. 

5. Future work 

 Future studies should focus on further investigating silane and peroxide amounts 

and compositions in order to optimize the crosslinking efficiency and resulting 

properties of the composites.

 The storage conditions when crosslinking occurs can be more efficient in order to 

attain high properties and at the same time cost efficient. For example, industrial WPC 

extrusion processes commonly uses water spray tanks for cooling the profiles and 

these could be taken into account for this water-initiated crosslinking process. 

 The real potential of silane-technology in WPCs in order to improve long-term 

mechanical properties has to be further analyzed by more comprehensive creep 

behavior tests but also by environmental tests such as weathering to see how the 

stabilizing silane-crosslinks are affected with time. 
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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.
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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; andw 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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Abstract

The objective of this study was to examine how two different polyethylenes affect the 

processing and properties 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 reinforcement. The results showed that the LDPE composites have a tendency 

to crosslink to a higher degree during the compounding process. Therefore, lower amounts of 

chemicals 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 composite. The strength and creep resistance was 

improved for both composite types, where the highest gain in strength was achieved by a 

LDPE composite made with a low amount of reactants. This showed that a high crosslinking 

degree does not necessarily result in the highest strength improvement. The main conclusion 

was that there are differences in crosslinking efficiency depending on type of polyethylene. 

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.  

1



1. Introduction 

 Use of wood-thermoplastic composites (WPCs) as a substitute for pressure-treated lumber 

for outdoor applications has increased in recent years (Bledzki et al. 1998). However, the 

strength and long-term mechanical properties 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 

2006; 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 polyethylene 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 peroxide-crosslinking than HDPE (Shieh and Liu 1999) 

and LDPE is reported to be more susceptible for polymer chain scission than HDPE (Wong 

and Varrall 1994). Moreover, Lazar et al. (1990) report that a silane-grafted LDPE cures 

faster due to higher free-volume than the HDPE. 

The objective of this study was to examine the possibility of using silane-technology for 

LDPE WPCs and compare the results to our previous study of crosslinked HDPE WPCs 

(Grubbström and Oksman 2009).  The high availability of recycled LDPE makes it interesting 
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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. 

2. Experimental procedure

2.1 Materials 

The matrix polymers were recycled LDPE with a melt flow index of 0.4 g / 10 min, 2.16 

kg (OFK-Plast, Sweden) and a virgin high-density polyethylene (HDPE) with a melt flow 

index of 12 g / 10 min,  2.16 kg (Borealis MG9621S, Sweden). The wood flour (WF) was 

from softwood with a size range of 300-500 m (Rettenmeier & Söhne GmbH, Germany). A 

lubricant (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). The compositions of manufactured composites were of 50 wt-% wood 

flour, 47 wt-% polyethylene 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 composites using 4 wt-% silane solution. 

The mixing ratio of VTMS and DCP was 12:1 and 25:1 (w/w). The non-crosslinked 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. 

2.2 Processing 

2.2.1 Reactive extrusion 

 The WPCs were produced in a one-step process to profiles. A compounding extruder 

(Coperion W&P ZSK 18 MEGALab, Germany) equipped with gravimetric feeders (K-

TRON, Switzerland). Polyethylene, lubricant and the silane-solution was fed in to the 

extruder main inlet. The silane-solution was fed by a peristaltic pump (Heidolph 5001, 
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Germany) and the WF was forced into the polymer melt by a twin-screw side feeder (Figure 

1). The temperature profile of the extruder was determined with respect to the decomposition 

rate of dicumyl-peroxide. The screw speed was set to 155-160 rpm, giving a residence time of 

approximately one minute. If the actual melt temperature 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 x 20 mm2 (height x width) 

and the profiles of LDPE composite were pushed through a calibrator tool direct after the die. 

The calibrator helps keep the dimensions and straightness of the profile and also decreases the 

surface roughness (Figure 1). The HDPE samples were extruded using a die measuring 3 x 16 

mm2 (Grubbström and Oksman 2009). Table 2 shows all parameters for the extrusion. 

2.2.2 Crosslinking 

The silane-grafted WPCs were stored after the extrusion, 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 30-40%. 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 

hydrolysis and thereby further crosslinking.  
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2.3 Degree of crosslinking 

The insoluble gel content for the crosslinked composites was measured at each specific 

storing time according 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 based on initial sample weight, minus mass of wood for the composites, as seen in 

Equations (1) and (2). The determined values of gel content were the average of two separate 

extractions.

Extract = (weight loss during extraction) / (weight of original specimen-weight of filler) (1)

Gel content = 100 – Extract% (2)

2.4 Mechanical properties 

The flexural strength, modulus of elasticity and strain at break were determined by testing 

the LDPE composites according to ISO 178. A conventional mechanical tester (Shimadzu 

AG-X, Japan) with a load cell of 1kN was used for the mechanical testing.  

The HDPE composites were made as test bars (ASTM D638, type V) and 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. 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 5 specimens of each sample were 

tested.
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2.5 Short-term creep

 A short-term creep test was performed on the composites in a Dynamic Mechanical 

Analyzer, DMA (TA instruments, Q800, U.S.A.). The specimen dimensions were 60.0 mm x 

12.5 mm x 2.5 mm (length x width x 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 registered as a function of time. 

2.6 Morphology 

A scanning electron microscope (Jeol, JSM-6460, Japan) was used to analyze fractured 

surfaces of the composites 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 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 kV or 20 kV was used. 

3. Results and discussion 

3.1 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.
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As seen in Table 2, the torque is doubled for all composites 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 Figure 2. Edge tearing appeared on all crosslinked samples, but the LD-X 

composites showed the lowest surface quality. 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 significantly 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. 

3.2 Degree of crosslinking

Table 3 summarizes the degree of crosslinking of all composites, from 0 hours storing up 

to 9 days. It can be seen that the LD-X composite has crosslinked 56% already in the extruder 

(0 hours), compared to the HD-X composite, which had crosslinked 35%, despite lower 

amount of reactants in the LD-X composite, 3 wt-% and 4 wt-%, respectively. The 

crosslinking during extrusion for the LD-X with low peroxide content is lower, 39%, 

indicating that the LDPE will peroxide-crosslink during the high-temperature extrusion 

process more easily than the HDPE composite. 

All composites studied showed an increase of crosslinking during storing and the final 

degree of crosslinking appeared to be higher for sauna 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).
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The rate of crosslinking between the HD-X and LD-X composites is different, as seen in 

Figure 3. The LD-X composites reach a peak after 1.5 days, while the HD-X composite 

reaches a peak after 3 days.

3.3 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 crosslinking 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 crosslinking in the LD composites but the strength improvement was higher 

if stored in RT, even with lower final degree of crosslinking. The RT storing mode makes the 

LD-X composite gain from 13 MPa 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 crosslinking 

does not automatically give a high strength, since the LD-X (low) composite has a lower 

degree of crosslinking 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 MPa to 19 MPa).

The stiffness is negatively affected by the crosslinking of LD composites. The modulus of 

the LD-X decreases significantly, from 1.8 GPa 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 stiffness, from 1.8 GPa to 1.4 GPa. The stiffness of the HD-X 

composite was slightly increased, from 1.6 GPa to 1.9 GPa.  
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In Figure 4, stress-strain curves for the LD and HD composites 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 crosslinked composites. 

3.4 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 Figure 5b shows a 

larger difference between non-crosslinked and crosslinked compared to the LD composites in 

Figure 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. 

3.5 Morphology 

Figure 6 shows fractured surfaces of the crosslinked and non-crosslinked composites. The 

non-crosslinked composites in Figures 6a (LD) and 6c (HD) show fiber pullouts and also a 

gap between the fiber and matrix, indicating low interfacial strength. Figure 6b shows a wood 

fiber bundle that is strongly bonded to the matrix of a LD-X composite, displaying that 

crosslinking improves the interfacial strength. It can be seen in Figure 6d (HD-X composite) 

that the wood fiber bundle has been fractured as a result of high interfacial strength due to 

crosslinking.
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4. 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 reactants 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, 71-78%, 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 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 crosslinking does 

not necessarily govern strength improvement, since the RT storing results in a lower degree of 

crosslinking than SA. Fractured surfaces of the composites were studied, confirming that 

crosslinking has increased the interfacial strength. 

Creep resistance was increased by crosslinking the composites. The short-term creep tests 

of the HDPE composites 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 crosslinking efficiency for LDPE and HDPE 

WPCs differs. The WPC with LDPE can crosslink sufficiently by storing in ambient 

conditions, with low amounts of chemicals, 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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Figure captions 

Figure 1. Extrusion setup for manufacturing of silane-crosslinked wood-polyethylene 

composites. 

Figure 2.  The appearance of the non-crosslinked and crosslinked WPC profiles after 

extrusion.

Figure 3.  Degree of crosslinking for all composites: a) LD-X and LD-X (low), b) HD-X. 

Figure 4.  Stress-strain curves for all composites a) LD-composites, b) HD-composites. 

Figure 5.  Creep strain curves for all composites at 30˚ and a static stress of 5 MPa a) LD-

composites, b) HD-composites 

Figure 6.  Fractured surfaces of studied composites. a) Non-crosslinked LDPE WPC b) 

Crosslinked LDPE WPC c) Non-crosslinked HDPE WPC d) Crosslinked HDPE WPC. 
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Grubbström and Oksman 

               Table 1. Material compositions. 
Weight-% 

Sample code 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
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Grubbström and Oksman 

              Table 2. Processing setting and responses during extrusion. 
Sample code 

Processing
parameters 

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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Grubbström and Oksman 

Table 3. Degree of crosslinking for all composites and storing modes. 
  Storing time 

Sample code Storing
mode 0

hour
3

hours
6

hours
12

hours
1

day
2

days
3

days
4

days
6

days
9

days

Sauna 56% 65% 70% 73% 75% 75% 76% 76% 77% 78%
LD-X

RT 56% 61% 62% 63% 65% 67% 67% 67% 68% 70%

Sauna 35% 50% 56% 63% 67% 71% 75% 74% 74% 76%
HD-X RT 35% 38% 40% 41% 42% 43% 48% 50% 50% 51%

Sauna 39% 52% 57% 62% 65% 68% 69% 69% 69% 71%LD-X
(low) RT 39% 41% 44% 46% 46% 47% 47% 49% 50% 53%
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Grubbström and Oksman 

                  Table 4. Strength, stiffness and strain at break for all materials. 
Sample code (MPa) E (MPa) (%)

Neat LDPEa 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 HDPEb 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

a Flexural properties for all HDPE-samples
b Tensile properties for all LDPE-samples 
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Abstract

The aim of this work was to study silane-crosslinking of recycled low-density 

polyethylene wood composites 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 composites structure and properties. The results 

showed that crosslinked composites 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 in room condition showed highest strength, whereas the storage in 

sauna resulted in higher degree of crosslinking. The fourier transform infrared 

spectroscopy indicated formation of silane-bridges between wood and polyethylene, 

accordingly improving 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. 

Keywords: A. Particle reinforced composites, B. Mechanical properties, B. Creep,

 D. Infrared (IR) spectroscopy, E. Extrusion.
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1. Introduction 

 The interest of wood-thermoplastic composites (WPCs) has increased during the last 

tens of years. This type of composites consists of wood flour/fibers encapsulated by a 

continuous thermoplastic phase which makes them possible to process by conventional 

thermoplastic processing methods. Wood is a low cost, renewable and biodegradable 

resource with high specific stiffness and strength, which make it interesting as 

reinforcement in a thermoplastic 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 matrices and they are commonly used as alternatives to 

preservative treated lumber in decking, railing, window- 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 1980´s,  research on wood-thermoplastic composites have found 

means to improve 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]. 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 1990´s, crosslinked low-density polyethylene/wood composites were 

produced by adding peroxides to a compounding process. It was found that the 
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interfacial adhesion was improved and that the polyethylene matrix had formed a 

crosslinked network. [13-15] 

 Later on Bengtsson and Oksman developed the one-step extrusion process of silane-

crosslinked WPCs [16-18]. A solution of silane and peroxide was directly added to the 

compounding process with the aim to strengthen the interface of the WPC but also to 

crosslink the polyethylene matrix. They found that silane-crosslinking improved the 

strength, toughness and creep resistance 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 condensation 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 between 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 interface together with a crosslinked matrix has 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 reactive 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 combining 

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, 
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Karlskoga, Sweden. The wood flour was Lignocel BK 40/90, which is softwood flour 

having a particle size between 300-500 m (Rettenmeier & Söhne GmbH, Germany). A 

stearate (TPW113, Struktol, USA) was used as a lubricant 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-peroxide solution was added to the total 

material composition as a specific percentage of the total amount. The crosslinked 

composites 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 content). 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 MEGALab, Germany) equipped with 

gravimetric feeders (K-TRON, Switzerland). Premixed low density polyethylene and 

lubricant was fed to the extruder main inlet with the gravimetric feeder as displayed in 

Figure 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) was 145, 175, 180, 185, 190, 

190, 190 (˚C), as seen in Figure 1. This temperature profile was determined with respect 
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to the decomposition rate of the peroxide. The screw speed was set to 160 rpm, giving a 

residence time of approximately one minute. If the actual melt temperature 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 is 5 x 20 mm (height x width) and the composite profiles were pushed 

through a calibrator tool direct after the die. The calibrator 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 diffuse in, and the 

silane-grafted WPCs were stored in a sauna (SA) at 90˚C as well as in room conditions 

at 21˚C (RT). The relative humidity in the SA was close to 100% and in RT between 

30-40%. These storage conditions give higher and lower diffusion rate of water into the 

composite, respectively. The simulated sauna, 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 

evaporated. 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 extrusion process. The rest of the WPCs were stored for 3, 6, 

or 12 hours, 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 
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xylene for 12 hours. 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 sample weight, minus mass of 

wood for the composites, as seen in equations (1) and (2). The determined values of gel 

content were the average of two separate extractions, according to the standard.

Extract = (weight loss during extraction) / (weight of original specimen-weight of filler) (1)

Gel content = 100 – Extract% (2)

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 1kN was used for the mechanical testing, 

where at least 5 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, U.S.A.). The specimen dimensions were 60.0 x 12.5 x 

2.5 mm (length x width x 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 hours, after which the stress was released and the composites 

were recovered for one hour. This procedure was repeated three times for each sample 

and the creep strain was registered as a function of time. 
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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 failure. The fractured surfaces of uncrosslinked and crosslinked 

composites 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 and how the morphology was affected of the crosslinking was 

studied.

2.7 Fourier Transform Infrared Spectroscopy (FTIR). 

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. 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 interferograms were Fourier transformed to obtain a resolution of 4 cm-1 over 

the spectral range. A small amount of the powdered composite samples were thoroughly 

mixed with dry powdered KBr as diluents, each sample containing about 1 wt-% of the 

composite. The mixtures were poured into sampling cups and measured. 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 

normalized to the intensity of the C=O band at 1742 cm -1.
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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 solution was pumped in as seen in Figure 1. The extruder motor 

torque showed that the flow properties of the composites were affected by the chemical 

reactions that occured in the melt, shown as increased 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 increased 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. Figure 2 show the 

uncrosslinked reference sample and the composite profiles with different compositions. 

The uncrosslinked sample has smooth edges (Figure 2a) but as the amount of peroxide 

increases the edge tearing and surface roughness appears more distinctly (Figure 2c-e). 

Figure 2b, the composite profile with low amount of silane and peroxide (Low-25:1) 

showing no visible difference compared to the uncrosslinked profile (Figure 2a). This 

indicate a correlation between the total amount of peroxide and the composite surface 

quality while the silane content do not show same dependence. The relative amount of 

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

6, and the edge tearing become more and more pronounced with increasing amount of 

peroxide in the process. The profile shown in Figure 2c has lowest amount of silane in 

its composition, still showing similar appearance as the profile in Figure 2d, which had 

3 times, and highest, amount of silane, (3% silane-solution 25:1) added in the process. 
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3.2 Degree of crosslinking 

Table 1 summarizes the degree of crosslinking of all composites, from 0 hours 

storing up to 9 days, where it is shown differences 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 hours). Since 

silane-crosslinking is a water initiated crosslinking process that mainly takes place in 

the solid state [18] and this crosslinking had occurred in the melt, it indicates that this 

might be due to radical-radical initiated C-C crosslinks and not siloxane-bridges. The 

composite with high silane and high peroxide concentration (High-12:1) was 

excessively crosslinked during the extrusion process (56%) and the composite with low 

silane and low peroxide concentration (Low-25:1) was not crosslinked to a measurable 

degree (0%). This can be the reason for the differences in surface appearances shown in 

Figures 2e and 2b, respectively. Generally, the amount of unintentional crosslinking in 

the extrusion process seemed to correspond to the amount of peroxide used in the 

process. LDPE is more susceptible for radical-radical initiated C-C crosslinking 

(peroxide crosslinking) compared to HDPE [20], 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 crosslinking during 

storing and the final degree appeared to be higher for SA storing, as seen in Figure 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 

counterpart reached 70%. The composite with low silane and low peroxide 

concentration (Low-25:1) reached only 15% degree of crosslinking when stored in RT 

which increased to 35% when stored in SA. On the other hand, these composites 
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showed highest increase of gel content (+15% and +35%-units, respectively) during the 

storage as shown by Figure 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 were 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 2 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 was increased and the decreased flexural modulus 

indicates structural changes in the polymer matrix. However, there are some differences 

which depend on the formulations and storage modes. 

As seen in Figure 4, the highest strength was reached with low peroxide 

concentration in the silane-solution (25:1), especially when stored in RT. This increase 

in strength indicates improved interfacial 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 Table 2 that the energy absorbed at 

maximum load was nearly 400% more for some of the crosslinked samples. 
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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 composites 

which were crosslinked excessively during the extrusion process (56%). In contrary, 

composite with low silane and low peroxide 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 2 and Figure 4. The storage in high-

temperature and high-humidity SA resulted in a higher degree of crosslinking than 

composites stored at RT. This indicates that improvements of interfacial adhesion as a 

result of crosslinking, does not necessarily correspond the crosslinked 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 compared RT stored counterparts might be the amount 

of water diffused into the composites have been too excessive. This phenomena is 

described as a “reversible hydrolyzable bond mechanism” regarding siloxane-bridges 

[23], and it is possible that the reduction of chemical links between the wood and 

polyethylene matrix would lead to lower flexural 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 explanation to a 

decreased storage modulus observed in a DMA. However, the flexural modulus was 

unaffected of storage mode in this study. 
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3.4 Short-term creep 

Figure 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 reduced creep response can be attributed to higher interfacial 

adhesion 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 hours 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. Figure 6 a and b show fractured surfaces of uncrosslinked 

composites and Figure 6c and d the crosslinked composites with high and low silane 

content and constant low peroxide content (High-25:1 and Low-25:1). The 

uncrosslinked composite in Figure 6a and b shows wood particle pull-outs and also gaps 

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

appearance were more common in the uncrosslinked composites. In Figure 6c and d, 

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 of the interface. The crosslinked samples have a flexural strength twice as high 
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as the uncrosslinked sample which could be explained by the features pointed at in 

Figure 6.

Figure 6c also indicates that the fracture in the crosslinked composites was more 

brittle if compared to uncrosslinked composite in Figure 6a. The polymer matrix seems 

to be smoother than the uncrosslinked composites where the matrix more rough which 

suggests 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 

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 7 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. The crosslinked composites with high silane and 

high peroxide 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 

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

suggest that condensation reactions between silanol functions on the silane and OH 

groups in the wood structure have lowered the total amount of OH entities due to 

condensation forming Si-O-C bridges. 
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4. Conclusions 

Recycled LDPE, wood flour with different silane and peroxide ratios was 

compounded in a one-step reactive extrusion process 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-solution have impact on the unintentional 

crosslinking that may take place in the extruder. The composite with low silane and low 

peroxide concentration (High-25:1) showed to be the most favorable composition for 

the extrusion process since no unintentional crosslinking occured. 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 composite profiles. If compared to earlier studies 

where HDPE have been used as matrix, it can be concluded that the LDPE-composite is 

more susceptible for unintentional peroxide crosslinking and thereby low concentration 

of peroxide is preferred. 

The low concentration of peroxide was not only positive for the profiles surface 

quality. It was also shown that the lower peroxide concentration in the silane-solution 

resulted for higher property improvements, even when the final degree of crosslinking 

was lower. However, the flexural strength, toughness and creep resistance of 

crosslinked composites was generally improved compared to the uncrosslinked ones.  

FTIR spectroscopy indicated Si-O-C bridges between the wood and polymer which 

explain the improved strength of the crosslinked composites. The stiffness of the 

crosslinked composites was affected by the unintentional crosslinking, where the degree 
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of crosslinking in the extrusion process seemed to correspond to the decrease in 

modulus.

The composites stored in hot and humid environment showed 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 too excessive exposure of 

moisture in the interfacial regions of the composite, leading to a (reversed) hydrolysis of 

the Si-O-C bridges of the interface and thereby limiting the flexural strength, despite its 

higher degree of crosslinks in the matrix.
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Figure captions 

Figure 1. The extruder setup for manufacturing silane-crosslinked WPC. 

Figure 2. The composite profiles are showing 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) crosslinkled High-25:1 and e) crosslinked High-12:1. 

Figure 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) 

Figure 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.

Figure 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-solution content and high peroxide content (12:1) and b) composites with High 

and Low silane-solution content and low peroxide content (25:1).

Figure 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. 

Figure 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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Grubbström, Holmgren and Oksman 

Table 1. Degree of crosslinking for all formulations at different storage times and storage modes. 
Degree of crosslinking 

  Storage time 
Sample codes Storage

mode 0 h 3 h 6 h 12 h 1 day 2 days 3 days 4 days 6 days 9 days

SA 42% 51% 55% 58% 60% 60% 61% 61% 61%
Low-12:1 

RT
36%

37% 39% 40% 40% 41% 41% 41% 42% 42%

SA 65% 70% 73% 75% 75% 76% 76% 77% 78%
High 12:1 

RT
56%

61% 62% 63% 65% 67% 67% 67% 68% 70%

SA 1% 16% 24% 29% 33% 34% 34% 35% 35%
Low-25:1 

RT
0%

1% 4% 5% 6% 8% 10% 11% 14% 15%

SA 52% 57% 62% 65% 68% 69% 69% 69% 71%
High-25:1 

RT
39%

41% 44% 46% 46% 47% 47% 49% 50% 53%
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Table 2. Flexural strength, modulus of elasticity. strain at break and energy absorption at max load. 

Energy 
Sample f (MPa) E (MPa)

f (%)
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% 
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Fig. 1. 

Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 
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Fig. 6. 
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Fig. 7. 






