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ABSTRACT 
 
 
Conventional wood plastic composites (WPCs) in general combine wood residuals with 
thermoplastics such as polyethylene and polypropylene. The basic idea in this work is to 
replace these olefin plastic matrixes in WPCs with a so-called biobased plastic, namely 
poly(lactic acid) (PLA). To reduce the water sensitivity of such biocomposites, for typical 
outdoor use, the idea is also to incorporate a modified wood component. The aim of this work 
was to study the microstructure of injection moulded WPCs based on PLA and modified 
wood, and to investigate some of their micromechanical behaviour. 
 
Four different PLA/wood formulations (weight-% ratio 50/50) were studied: PLA combined 
with 1) unmodified MDF fibres, 2) acetylated MDF fibers; 3) acetylated wood particles; and 
4) thermally modified wood particles. The processing effects on the form and shape of the 
wood component were studied by a matrix extraction procedure combined with light 
microscopy. The microstructure of the WPCs were studied by scanning electron microscopy 
(SEM) using a sample preparation technique based on UV laser ablation, i.e. a surface 
preparation procedure allowing microscopic observations without microtoming. Microtensile 
testing was performed on samples prepared from the core and skin layers of the WPC 
samples. 
 
It was observed that the processing of the WPCs resulted in severe damage and fragmentation 
of the wood fibres and particles. Especially, the processing with a thermally modified wood 
component yielded a lot of wood cell wall fragments/fines. Good dispersion of the wood 
reinforcements in the PLA matrix was observed in all cases, even though the distribution and 
orientation of the fibres varied between different regions in the samples. No principal fibre 
orientation was outlined in the core, while closer to the surface regions the fibres tend to 
orient in the flow direction. Supposedly a turbulence effect at the end of the moulded samples 
also induced disorientation of the fibres. 
 
Long and slender shape, i.e. a higher aspect ratio, of the wood components were as expected 
found to be more efficient as a reinforcement than particulate shaped ones. The composites 
with acetylated MDF fibers were also observed to be weaker than composites with 
unmodified ones. On the other hand, SEM observations of fracture surfaces exhibited better 
reinforcement-matrix interaction for the modified wood than for the unmodified wood. 
Although the fracture surfaces observations outlined the importance of fibre orientation, with 
a more brittle type of failure in the core and fibre breakage or debonding closer to the surface, 
there was no significant difference found between mechanical properties for the core and skin 
layer specimens. Other factors have therefore to be investigated in order to explain the rather 
uniform strength measurements within different regions in the composites. 



2 

 



3 

PREFACE 

 
This work was done in the frame of my final thesis project to complete a master degree in 
wood tehnology from Luleå University of Technology. I joined during these 6 months the 
EcoBuild Institute Excellence Centre in Stockholm, hosted by SP Technical Research 
Institute of Sweden, which focuses on research and development of new biobased materials 
from various renewable resources. Development of wood plastic composites (WPCs) is one 
important area of research and the speciality of Dr. Magnus Wålinder and Lic.Tech. Kristoffer 
Sergerholm, who oriented and supervised my work carefully and efficiently. I am greatly 
thankful to them. 
 
My interest has always been turned on materials investigation at micro and macroscale, in 
order to get a better understanding of theirs behaviour and of the specific features governing 
their properties. I only lately turned my attention on wood as a raw material for advanced 
products, and discovered a wide area of research ranging from massive timber to the most 
refined nanocomposites. My university studies brought me through a lot of these various 
applications of wood, and I am under a struggling attraction toward the most advanced 
research effort at lower scale of characterization of the materials, namely research on 
nanocomposites. This diploma work on wood plastic composites revealed to me numerous 
new opportunities and was a great and important step for me, where I learned more about the 
complexity of fibrous composites and their characterization at a microscale. 
 
I believe like many others that the control of interactions between the wood reinforcements 
and the plastic matrix in WPCs is the key to tailored properties and mechanical behaviour, 
which would allow a wider range of applications. I therefore was greatly motivated to follow 
this track and bring some inputs to the research effort in this area. 
 
I would like to thank everybody at the EcoBuild centre for their kindness and help in 
everyday’s work, and more generally all the staff at SP Trätek in Stockholm for the always 
nice working atmosphere. I am also grateful to Kristiina Oksman Niska for reviewing in depth 
my reporting work. Financing of the research was supported by SP Trätek – Ecobuild centre.  



4 

 
 

 
 

 



5 

TABLE OF CONTENTS 
 
 
ABSTRACT ........................................................................................................................................................... 1 

PREFACE .............................................................................................................................................................. 3 

TABLE OF CONTENTS ...................................................................................................................................... 5 

1. INTRODUCTION ............................................................................................................................................. 7 

WOOD PLASTIC COMPOSITES ............................................................................................................................... 7 
A NEW CONTRIBUTION TO THE RESEARCH ON WPCS .......................................................................................... 8 
POLY(LACTIC ACID) ............................................................................................................................................ 8 
CHEMICALLY AND THERMALLY MODIFIED WOOD ............................................................................................. 10 

Acetylated wood........................................................................................................................................... 10 
Thermally modified wood ............................................................................................................................ 11 

PROCESSING OF WPC........................................................................................................................................ 12 
MORPHOLOGICAL CHARACTERIZATION ............................................................................................................ 13 

Definition and description of morphology ................................................................................................... 13 
A new technique for sample preparation ..................................................................................................... 15 

MICROMECHANICAL BEHAVIOUR ...................................................................................................................... 16 
MECHANICAL BEHAVIOUR OF WPCS CONTAINING PLA OR MODIFIED WOOD ................................................... 16 
OBJECTIVES OF THIS STUDY .............................................................................................................................. 18 

2. MATERIALS AND METHODS.................................................................................................................... 18 

DESCRIPTION OF THE MATERIAL STUDIED ......................................................................................................... 18 
FIBRES EXTRACTION AND OBSERVATION .......................................................................................................... 18 
SAMPLES PREPARATION FOR MICROSCOPY ........................................................................................................ 19 
LOW VACUUM SCANNING ELECTRON MICROSCOPY ........................................................................................... 19 
SAMPLE PREPARATION FOR MICROMECHANICAL TESTS .................................................................................... 19 
MICROMECHANICAL TESTING ........................................................................................................................... 20 

3. RESULTS AND DISCUSSION ..................................................................................................................... 20 

MICROSTRUCTURAL CHARACTERIZATION ......................................................................................................... 20 
Extracted wood fibers .................................................................................................................................. 20 
SEM inspection of laser ablated surfaces .................................................................................................... 26 
SEM inspection of fracture surfaces ............................................................................................................ 30 

MICROMECHANICAL TESTING ........................................................................................................................... 33 
Results of the micromechanical tests ........................................................................................................... 33 
Analysis of micromechanical properties and SEM inspection ..................................................................... 38 
Multivariate statistic data analysis .............................................................................................................. 40 

4. CONCLUSIONS ............................................................................................................................................. 43 

REFERENCES .................................................................................................................................................... 44 

APPENDIX 1 ....................................................................................................................................................... 47 

 



6 



7 

 1. Introduction 

 

Wood plastic composites 
 
Wood Plastic Composites (WPCs) are parts of a wider range of emerging materials 
combining a polymeric matrix with natural reinforcement. These biocomposites receive an 
increasing attention for the cost and ecological benefits obtained by introducing in a 
thermoplastic polymer a certain amount of natural particles or fibres (Bledzki et al. 2008). 
The generally accepted advantages of WPCs are the combination of a wood-like aesthetical 
appearance with meltability, making available the different processing techniques of the 
plastic industry, and the availability of the wood components at a low cost using the wood 
industry’s wastes (Bledzki et al. 2008). Thus, the use of composite materials made from 
thermoplastics and wood has grown quickly in Europe in the last few years, but the 
applications are still scarce due to economical and technological reason, and the market is 
expected to develop further at a high rate in the coming years benefiting from the increasing 
ecological concerns in our societies and from the development of the scientific and 
technological knowledge and understanding of WPCs. 
 
As with any composite material, one of the main technological objectives is to take advantage 
of the favourable properties of each of the components, while minimizing their unwanted 
behaviours. The final characteristics of the composites are thus mostly influenced by the 
choice of the matrix and the nature of the wood component used. Wood industry is already 
dealing with the material’s variability, degradability, and hygroscopic behaviour, all being 
severe problems affecting the reliability and constancy of the material’s properties. On 
another hand, thermoplastics polymers used in WPCs present a hydrophobic structure 
repelling water, and the material is well understood, pure plastics exhibiting reliable 
properties and a precisely described behaviour (Bledzki et al. 2008). Due to these among 
others differences between wood and plastic, a good understanding of the WPC behaviour 
requires also analyzing the interactions between the reinforcement and the matrix. These 
“interactions”, in a broad meaning, relate to the distribution of the reinforcements in the 
matrix as well as the characteristics of the interface between them. While the relative 
influence of the different constituents depends on these interactions, the affirmation that the 
whole is not equal to the sum of the parts applies especially for composite materials. 
Therefore unique properties are obtained in WPCs, and thorough study of both the raw 
materials and the final product is needed to understand the composite’s mechanical and 
thermal behaviour, its hygroscopicity, its durability, and other properties (Oksman and Sanadi 
2008). 
 
An important factor influencing final properties, apart from the choice of the constituent, lies 
in the process used to produce the composite. The method selected is expected to influence 
not only on the industrial production issues, but also on the final characteristics of the matrix, 
the wood component, and the interactions reinforcement/matrix (Caulfield et al. 2005). 
 
Thus, the scientists working on wood thermoplastic composites investigate a very complex 
system with numerous parameters not always easily defined or measured, and with inherent 
interaction effects adding to the variability of the material studied. Research effort then has to 
focus on only few parameters at a time, in order to give a comprehensive description of the 
relation between factors and responses. This also means that the number of different 
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combinations of factors is very high, and there is always a need to develop as precise 
observation method as possible to describe reliably and thoroughly the material.  

A new contribution to the research on WPCs 
  
Using wood as natural reinforcement in a thermoplastic is a way to reduce both cost and 
environmental impacts of the material, inducing by the way some major changes in its 
properties. While most of the scientific research work on wood plastic composites has been 
done using petroleum based matrix, like polypropylene and polyethylene for their low cost, 
wide availability and good processability, there is a growing concern in developing 
composites based on a biodegradable matrix issued from renewable resources. The efforts put 
in the development of new environmentally friendly thermoplastics have brought to the 
market different bioplastics at reasonable price, and poly(lactic acid) (PLA) is one of them 
readily available. It has already been used as a matrix for WPCs, showing encouraging results 
regarding compatibility with wood and mechanical properties, while brittleness and low 
thermal stability are viewed as the main weaknesses (Drumright et al. 2000). PLA was chosen 
in this study as a reasonable solution to cope with the ecological expectation of a sustainable 
society. 
 
Besides, it is now widely accepted that the use of a polymeric matrix can’t prevent totally 
wood to be subjected to variations in the surrounding climate. The combined actions of fungi 
and moisture result in a reduction of material properties at a rate depending on different 
characteristics of the composite (Segerholm 2007). As degradation of wood is a problem that 
has been investigated for decades, solutions already developed for massive wood can be 
readily used for the development of more resistant WPCs. It has been the purpose of a few 
studies using chemically modified wood as a raw material for WPCs, confirming the benefits 
of wood modification on weathering resistance and hygroscopicity of the final composite 
(Segerholm 2007). We will continue in this encouraging direction and investigate further 
WPCs made from unmodified, acetylated and thermally modified wood. 
 

Poly(lactic acid) 
  
Poly(lactic acid) (PLA) is an aliphatic semi-crystalline polyester derived from renewable 
resources, which even though having been studied for long time, has seen only recent 
development at an industrial scale due to high production costs. Its spread on the market of 
plastic materials has been initiated by the development of new polymerization techniques in 
the late 1990s (Drumright et al. 2000), which lowered the cost and expended the possible use 
of this biopolymer that was formerly limited to biomedical applications. The building 
monomer of PLA, lactic acid (2-hydroxy propionic acid, see Figure 1), is obtained by 
fermentation from plants such as corn or sugar beets. Industrial synthesis of this monomer is 
possible but the product obtained is not suitable for further PLA production (Gullón et al. 
2008). The polymerization of lactic acid can be done by simple polycondensation, but due to 
the difficulty of removing water, the equilibrium is reached at fairly low molecular weight 
(Drumright et al. 2000). Therefore another polymerization route is favoured, with 
condensation of a prepolymer that is further reduced to lactide molecules, a cyclic dimer of 
lactic acid. High molecular weight PLA is then produced by ring opening polymerisation 
(Figure 1b). 
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Figure 1: L- and D-enantiomers of lactic acid (a) (Lim et al. 2008), and ring opening polymerization 
route for PLA (b) (Drumright et al. 2000).  
 
 
Lactic acid exists in two different optically active L- and D-enantiomers (Figure 1a), L-lactic 
acid being the most commonly produced from renewable resources (Lim et al. 2008). 
Depending on the proportion of each stereoisomer in the final polymer, PLA exhibits different 
behaviours and properties. A purer polymer will have higher crystallinity together with higher 
melting and glass transition temperature. PLA generally available, containing only a few 
percent of D-enantiomers, is characterized by a glass transition around 58oC and a melting 
point around 170oC that can vary from 120oC to 180oC with increasing optical purity from 
80% to 100% (Drumright et al. 2000). Crystallization temperature of PLA is generally found 
between 90oC and 110oC, depending on the nature and the thermal history of the material 
(Lim et al. 2008; Mathew et al. 2006; Pilla et al. 2008; Pilla et al. 2009). 
 
At ambient temperature, PLA is a brittle material, the elongation at break varying between 
2.5% and 6.0% (Drumright et al. 2000; Mathew et al. 2005; Pilla et al. 2008, 2009). The 
tensile strength is generally measured between 50 and 60 MPa, and the tensile modulus 
ranges from 0.6 to 3.5 GPa depending on the studies (Drumright et al. 2000; Huda et al. 2006; 
Mathew et al. 2005; Pilla et al. 2008, 2009), while flexural strength and modulus are found 
around respectively 100 MPA and 3.3 GPa (Drumright et al. 2000; Huda et al. 2006; Shah et 
al. 2008). The specific gravity is about 1.25 g/cm3 (Drumright et al. 2000). The high spread of 
values found in the literature, especially for the tensile modulus, can be explained by 
variations in the optical purity and processing parameters, which both influence on the final 
physical properties of the material (Drumright et al. 2000). 
 
Biodegradability of PLA is claimed by the industrial as an absolute advantage, and this refers 
to the relatively high degradation rate of this polymer in a compost soil, by first hydrolysis of 
the main chain to lower molecular weight oligomers, that can be further attacked by micro-
organisms and reduced to carbon dioxide, water, and humus. In favourable conditions 
(compost at 60oC) the total degradation can take about a month only (Drumright et al. 2000). 
Below 40oC, the degradation is much slower. This also emphasizes the thermal instability of 
PLA that will unavoidably undergo depolymerisation during processing, to an extent 
depending on the duration and temperature. 
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Chemically and thermally modified wood 
  
The hygroscopic behaviour of wood and its natural degradability by micro-organisms are two 
major problems the wood construction industry tries to overcome, developing different 
modification treatment to reduce or prevent the swelling of wood, or its decay, preferably 
both at once. Moreover, the use of arsenic based preservatives has been forbidden in most of 
developed countries and copper based compounds are more and more generally considered 
harmful for environmental and health reasons, increasing the need for alternative treatments 
of wood. 
 

Acetylated wood 
  
A well established wood modification method is acetylation (Rowell et al. 1986). This 
concept is based on the reaction of acetic anhydride with hydroxyl groups of the wood 
constituents (Figure 2).  
 
                               O       O                                  O 
  

Wood–OH + CH3–C–O–C–CH3 ----- Wood–O–C–CH3 + CH3COOH  
 
Figure 2: Reaction of wood hydroxyl groups with acetic anhydride (acetylation) 
 
This results in permanent bulking of the cell wall by substitution of OH by acetyl groups, 
therefore reducing the hygroscopicity of wood which e.g. leads to a improved dimensional 
stability and durability l. The improvements in different properties of wood are directly 
related to the weight percentage gain (WPG). A WPG above 20%, reachable with 
conventional methods of acetylation, yields remarkable improvements. The swelling 
coefficient of a massive piece of wood is then reduced by about 70% (Hill 2006), and fungal 
decay almost totally prevented (Hill 2006; Rowell 2006). The lowered hydrophilicity of 
acetylated wood seems to be the main explanation, but also changes in the chemical structure 
make wood less susceptible to be attacked by micro-organisms, and spatial bulking of the cell 
wall limits the effect of hygroscopic swelling and shrinkage. Mechanical properties are 
influenced by acetylation but no clear relation can be outlined from the previous works (Hill 
2006). The changes in strength, stiffness and toughness depend on the species studied and the 
degree of acetylation, while variations in equilibrium moisture content and basic density 
induced by the treatment increase the difficulty of identifying systematic pattern in 
modifications of mechanical properties due to acetylation of wood. 
 
Getting back to the chemistry of wood constituents, the hemicellulose and cellulose have the 
highest content of hydroxyl group and are responsible for the hygroscopic behaviour of wood. 
They represent the main component of the cell wall, while lignin, found mainly in the middle 
lamella, have comparatively low amount of OH groups. Besides, acetylation requires 
penetration of the acetic anhydride molecules inside the wood material for substitution to 
occur; therefore cellulose, due to its crystallinity is not first affected by the treatment, while 
hemicellulose and lignin are more reactive. Until 20% WPG is reached, it has been shown 
that only amorphous regions of wood are affected by acetylation (Hill 2006), and the good 
diffusion of acetic anhydride through cell wall’s micropores yields fairly uniform 
modification of the material. However, the WPG generally can’t reach more than 25% due to 
maximum swelling of the cell wall (Hill 2006). 
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Since the first development of this technique, many studies have been done on a wide range 
of applications, with solid timber first and rapidly expanding to the wood based composites. 
The wood fibres or particles can be obtained from acetylated timber or more commonly by 
direct acetylation. Conventional thermoset resin based composites, as fibreboards, made from 
acetylated wood fibres showed increased resistance to decay and dimensional stability 
(Rowell et al. 1986; Westin 1998; Gomez-Buezo et al. 2000). The changes in mechanical 
properties depend grandly on the choice of resin (Gomez-Buezo et al. 2000; Hill 2006), as 
low polarity is required to assure strong interfacial bonding with acetylated wood (less OH 
groups accessible compared to unmodified wood). Thus, it is expected and has been shown 
that the improved behaviour of acetylated wood can be advantageous whenever durability and 
hygroscopicity of the material are to be dealt with (Segerholm 2007). 
 

Thermally modified wood 
  
Another promising modification technique, entering the timber market in the present years, is 
thermal modification of wood. It consists in a partial degradation of wood constituents by 
heat, under controlled atmosphere and process. 
 
When temperature is raised, water and volatile extractives are the first to be expelled from the 
wood, and only above 140oC the degradation of lignocellulosic material becomes significant 
regarding the processing times generally encountered (Hill 2006). It concerns especially the 
hemicelluloses and to a lesser extent the amorphous cellulose. Degradation of amorphous 
cellulose becomes important only at temperatures above 230oC, while the crystalline part is 
affected from even higher temperatures (>270oC). However, chain scission resulting in lower 
molecular weight holocellulosic compounds is efficient at much lower temperature, with a 
continuously increasing rate when temperature is raised above 100oC (Hill 2006). The 
hemicellulose degrades to smaller entities, yielding furfural compounds which are further 
degraded to furan principally. The side production of acetic acid, which will react with wood 
constituents, accelerates the degradation (Hill 2006). 
The lignin is the most thermally stable constituent due to its cross-linked structure; however 
some breakdowns occur at temperature above 180oC. When temperature is raised above 
230oC, less lignin is leached out of the wood due to thermally induced cross-linking (Hill 
2006). 
 
Besides treatment duration and temperature, a major process parameter is the atmosphere in 
which the wood is modified. In presence of oxygen, the degradation rate will be increased 
grandly by oxidation reactions and the resulting chemistry of the wood will be affected, with 
for example a higher carbonyl content. Therefore the processes having reached industrial 
application all use an oxygen-free reaction chamber, the atmosphere being either an inert gas 
as Nitrogen, steam, or oil. An inert gas allows more “soft” modification of the wood with 
better control of the chemical degradation, together with a decrease in OH group content (Hill 
2006). 
 
These chemical modifications affect many properties of wood. Generally, thermal 
modification goes together with a darkening of the wood, which extent is linked directly to 
the temperature and duration of the treatment. This has been explained by the formation of 
coloured degradation compounds (Hill 2006). Some attempts have been made to relate the 
extent of darkening to other changes in properties described below (Esteves et al. 2008). 
Whereas colour change can be seen as positive or negative depending on the final application, 
the obvious advantage of thermal modification is a reduction in hydrophilicity and an increase 
in dimensional stability, mainly due to the degradation of hemicellulose and to the loss in OH 
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groups. Cross-linking of the lignin can also explain the reduced swelling and shrinkage of 
thermally modified wood. Depending on process conditions, the equilibrium moisture content 
of thermally modified wood can be decreased by up to 50% compared to unmodified wood. 
The lowered moisture content of the cell wall yields also better decay resistance, which is also 
improved by degradation of polysaccharide compounds (Hill 2006). Another direct 
consequence of thermal degradation is a weight loss of the modified specimen which, even 
though a reduction in volume is observed, results in a lower density of wood. This together 
with the structural modifications of the wood constituents can explain the loss in mechanical 
properties due to thermal modification. Indeed, strength, toughness and ductility are 
negatively affected by thermal modification, to an extent depending grandly on process 
conditions (temperature, time, and atmosphere), while stiffness can be slightly improved with 
short treatment time. Modulus of elasticity is reduced after longer processing time. This 
makes thermally modified wood unsuitable for load bearing application, and effort is put in 
limiting this strength reduction by adapting the process parameters (Hill 2006). Also the 
crystallinity of cellulose appears to be higher after thermal modification both due to thermally 
facilitated reorganization of the molecule, and degradation of the amorphous regions (Hill 
2006). 
 
As for acetylated wood, the lowered amount of accessible OH groups reduces the polarity 
which can be a problem when considering application in conventional composites using 
water-based resins, or an advantage when a non-polar matrix is used (Hill 2006). 
 
 

Processing of WPC 
  
The processing of wood plastic composites is based on technologies developed for the 
polymer and fibre composite industries. The process can be divided into two main steps, 
compounding and forming, that can be done on a continuous or separate flow. WPC are 
generally produced in a melt process, which means that temperature has to be sufficiently 
high all along to have the thermoplastic material in the molten state. This allows adequate 
mixing in the compounding step and shaping in the forming step. However, wood is known to 
degrade starting at relatively low temperature, and increasingly with higher temperatures, so 
that processing temperature has to be kept as low as possible, and the choice of thermoplastic 
is reduced to ones with low melting point, commonly below 180oC (Caulfield et al. 2005). 
Processing temperature generally never reaches more than 220oC. 
 
Compounding consists in blending the wood particles or fibres with the thermoplastic, and is 
generally done in a continuous screw extruder, but is also possible in a batch mechanical 
blender. The main goal is to obtain a good dispersion of the wood component in the matrix, 
and this is made difficult by the tendency of fibres to agglomerate due to their polarity 
(Bledzki et al. 2008). This affinity for entanglement, together with the low bulk density of 
wood, constitutes also a problem for the feeding of the fibres in the extruder (Caulfield et al. 
2005). Another issue is the high viscosity of wood filled plastic, which renders melt 
processing more difficult. For these reasons, WPC compositions generally range between 30 
and 50% by weight of wood. As moisture presence has been reported to reduce physical 
properties, the wood material is oven dried prior to compounding. Besides, different additives 
can be used to improve the dispersibility (lubricant), the interfacial bonding (compatibilizer) 
or reduce the viscosity (plasticizer) (Bledzki et al. 2008). Apart from thermal degradation, the 
wood components are affected by compounding due to the high shear rates developed, which 
induce a breakdown of the particles and a reduction in length of the fibres (Rowell 2007; 
Segerholm 2007). This is mainly influenced by the configuration of the screw. 
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The type of extruder can be different between the two processing steps, or depending on the 
product wanted. Single screw and twin counter-rotative are preferably used for extrusion of 
profiles, because of the high pressure that can be reached, while compounding is done mostly 
on corotating twin screw extruders for their high mixing and degassing abilities 
(Schwendemann 2008). In a typical compounding twin screw extruder, the polymer is fed 
first and conveyed to the melting section where high shear rate heats up the material. The 
molten polymer is further conveyed while wood is introduced by a side feeder, and the two 
components are mixed in a specific section of the extruder. Venting is necessary to evacuate 
air and other gasses such as water vapour. This is best performed under vacuum. The end of 
the extruder is characterized by a higher pressure built up for effective extrusion through the 
die (Schwendemann 2008). Different conveying and kneading elements can be used resulting 
in more or less shear stresses applied, and higher or lower pressure. The cooled composite is 
pelletelized after compounding for further use as feeder in the forming process. In-line 
processing is also possible, referring to a one-step production in which the compounding 
extruder feeds directly the thermoforming machine (Caulfield et al. 2005). 
 
Thermoforming of the final product can be performed through a die (extrusion), in a cold 
mould (injection moulding), between calenders (calendering) or between two mould halves 
(compression moulding) (Caulfield et al. 2005). Extrusion and injection moulding are by far 
the most used in WPC production, and it has been observed that whereas extrusion allows 
high productivity, i.e. low cost, on profiled products, the properties of the final product are 
better if injection moulded (Migneault et al. 2009). The high pressure and the characteristics 
of the flow in the mould affect the fibre orientation  and distribution (Lee et al. 2002), as 
described in next section, resulting in higher strength, better moisture stability, better surface 
aspect (Migneault et al. 2009), and higher durability (Abdellatif et al. 2009). On another hand, 
the lower viscosity required for injection moulding limits the maximal wood content of the 
WPC, and generally shouldn’t exceed 50% (Caulfield et al. 2005). 
 
The injection moulding process takes place as follows (Lim et al. 2008). A screw provides the 
mould with hot molten polymer, and pressure increases as the mould is being filled up. When 
the mould is full, the nozzle is shut off so that no more plastic is introduced but the pressure is 
maintained to a certain value. After freezing, the pressure on the material is back to 
atmospheric value. Finally, the mould is opened and the piece taken away. On the process 
parameters depends some characteristics of the final product. Crystallinity is affected by 
mould temperature and cooling rate (Chiu et al. 1991; Mathew et al. 2006; Mondadori et al. 
2008; Radhakrishnan and Sonawane 2003), while morphology varies with pressure level, 
temperature and injection speed (Aurich and Mennig 2001; Lee et al. 2002; Saito et al. 2000). 
 
 

Morphological characterization 

Definition and description of morphology 
  
For the sake of coherent scientific studies, standard test samples are used. Even though 
“bone” shaped samples are produced for tensile mechanical testing, the region of interest is 
always reduced to a straight sample with constant rectangular cross-section. Therefore, the 
variation in properties between different samples can be influenced, apart from the 
characteristics of the matrix and the reinforcement, only by the arrangement or organisation of 
the composite at the microscale, which is generally referred to as morphology or 
microstructure. For WPCs, if the thermoplastic material is taken from a unique source, 
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variations in the matrix characteristics between and within samples will be very low for a 
given process, and are limited to small differences in crystallinity and molecular weight. 
 
The characteristics of the reinforcement, wood, can vary to a greater extent due to the natural 
heterogeneity of the material, and the pre-treatment of wood generally adds to the variability 
with difference in treatment efficiency within the batch of wood fibres or particles (Hill 2006, 
Segerholm 2007). However, the precision needed in most of the studies on WPC can afford 
looking over such variations, and describe the wood material as having uniform properties 
regarding strength, density, hygroscopicity and polarity, that are more or less related to the 
species, the pre-treatment and the type of reinforcement (Segerholm 2007). Fibres orientation, 
size, shape, and distribution in the matrix, all together with other features as crack or porosity 
define the microstructure of the composite. They are seen to vary grandly within and between 
samples (Segerholm 2007). 
 
Fibre orientation corresponds, for each fibre, to the direction of its main dimension (length), 
and for more advanced and global characterization of the composite, it can be mathematically 
described by a tensor (Aurich and Mennig 2001; Lee et al. 2002; Lee et al. 2003). Orientation 
state in the composite is mainly influenced by the shape of the fibres and the process 
conditions, with direct correlation to the flow velocity field (Lee et al. 2002). While extruded 
samples show more or less random orientation of fibres, some patterns can be outlined in 
injection moulded pieces. These have been studied extensively for glass-fibre composites 
(Lee et al. 2002; Lee et al. 2003; Saito et al. 2000; Ranganathan and Advani 1990) but little is 
known on natural fibre reinforcements (Aurich and Mennig 2001; Nyström et al. 2007). The 
general symmetrical pattern observed in the cross-section consists in a skin layer with highly 
selective orientation in the flow direction, a core layer with fibres orientated perpendicular to 
the flow and parallel to the surface, and a transition layer with varying orientation (Lee et al. 
2002). The thickness of each layer is influenced by process parameters (Akay and Barkley 
1991). 
 
A good description of the geometry of the fibres or particles in the WPC is of main 
importance to understand the mechanical properties of the composite (Neagu 2008). 
However, even after grinding, the shape and size of the particles is widely spread, and the 
shear stresses developed during processing induce changes in the distribution of particle 
dimensions. Therefore the best approach for a good description is to observe the fibres after 
processing, either directly in the matrix or more commonly with prior extraction of the 
polymeric matrix. The distribution in length and thickness depends a lot on the characteristics 
of the input fibres (initial distribution), their pre-treatment (Segerholm 2007), and the 
conditions of the process (mainly screw configuration). Generally, fibres are considered 
cylindrical or rectangular, their size being defined by length (L) and diameter (D) or width, 
and their shape by the aspect ratio (L/D) (Segerholm 2007). 
 
It has been seen above, that due to their polarity, unmodified wood fibres tend to form 
agglomerate (Bledzki et al. 2008) and the formation of cluster is common with short and thin 
fibres (Ranganathan and Advani 1990). Therefore, heterogeneities in the distribution of the 
reinforcements can be observed, which will obviously have an impact on final properties. 
Also, it is observed that injection moulded WPCs exhibit a variation in wood content across 
the cross-section, with the presence of a polymer rich layer at the surface, which has positive 
effect on surface appearance, hygroscopicity and durability (Migneault et al. 2009). 
 
Due to the high pressure developed during processing, and to the very dry state of wood, 
cracking of the cell wall can occur. Also, release of gas by thermal degradation of wood or 
polymer during production of the WPC can lead to porosity formation, especially at the 
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interface fibre–matrix. This porosity may be wanted for low density products and controlled 
by the use of foaming agents (Bledzki and Faruk 2005), but is more commonly considered 
negatively as it weakens the adhesion between fibres and matrix. Thus the morphology can’t 
be described with simple variables as it is possible for physical properties. It is therefore usual 
and often more relevant to give a qualitative description of a WPC sample (Segerholm 2007). 
 

A new technique for sample preparation  
  
The most direct way to observe the morphology of a material is to look at its internal structure 
using microscopy techniques. High resolution is obtained with scanning electron microscopy 
(SEM), which allows viewing the fibres embedded in the matrix, the contrast relying on 
molecular weight differences between the wood cell wall’s and the polymer’s constituents. 
The main issue is then in the preparation of cross-section samples. 
 
A common solution is to look at the fracture surface after tensile or bending test, but the 
surface observed is then unavoidably affected by the mechanical stresses; this technique 
yields precious information on internal mechanical properties, but can’t be used to describe 
precisely the morphology of the original WPC. 
 
A better description of the internal features of the composite can be reached, preparing a 
smoother surface by fine cut with a razor-blade, but some mechanical stresses are also 
induced, and this technique reveals unsuitable for too brittle materials like PLA based WPCs.  
A few scientists are using pulsed UV excimer laser to remove material without mechanically 
affecting the surface. This method has been used successfully before on wood material (Stehr 
et al. 1998). This allows cross-cutting through the specimen (Figure 3a), or ablating a pre-cut 
surface (Figure 3b). The results obtained for polypropylene based WPCs are promising 
(Segerholm 2007), but the actual influence of the ablation process on the surface is not 
completely understood. It is admitted that part of the photon energy is absorbed by the 
molecules resulting in local heating, while sufficient photon energy induces bond breaking, 
thus ablation of the material. Therefore the choice in wavelength is important to minimize the 
heat formation (more bond breaking, less heating), while the fluence of the Laser controls the 
ablation rate (Pham et al. 2002). 
 

a-  b- 
 
Figure 3: Schematic representation of the UV Laser cross-cutting (a) and surface (b) ablation 
 
The use of cross-sectional views gives good description of the fibres distribution and some 
information on their orientation. With suitable material, a thorough study of the fibres 
orientation can be done using light transmission microscopy on very thin slice of the 
specimen along different directions (Aurich and Mennig 2001). 
 
In order to get reliable and extensive information on wood particles size distribution, 
complete removal of the polymeric matrix is required. This can be performed by solvent 
extraction. Boiling a specimen in an adequate solvent for few hours is an easy and fast way to 
get access to the fibres after processing. They can then be observed with a usual optical 
microscope. 

UV UV 
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Micromechanical behaviour 
  
Many scientific studies on WPCs have been focused on the description and analyze of the 
mechanical behaviour of injection moulded samples, with varying compositions and 
constitutions. Indeed, on the material properties of wood and plastic depend the performances 
of the composite, and the amount of each constituent will affect the final product’s 
characteristics. Thus, even though stiffness can be roughly related to the wood content by a 
simple mixture law, the mechanical properties are strongly influenced by the morphological 
characteristics described above. The orientation of the fibres plays an important role, as it has 
direct influence on the stress concentration around the fibre, and the most effective 
reinforcement is obtained with fibres oriented in the load direction. Also, the fibres’ aspect 
ratio is of foremost important to understand the impact of the reinforcement on mechanical 
properties. Long and slender fibres will yield much better performances (Nyström et al. 
2007), and a critical value can be calculated (Oksman and Sanadi 2008) above which the 
reinforcement becomes efficient by stress transfer to the fibres (Sain and Pervaiz 2008). 
              
This information can be introduced in the mixture law as “interaction” factors, but the high 
variability and heterogeneity of the microstructure within the material implies simplification 
in the modelling. Because of lack of information on orientation and actual fibre size 
distribution, the composite is often considered randomly oriented, or unidirectional, with 
identical short fibres of a given aspect ratio. Also the geometry of the fibres’ cross-section can 
influence the final properties, as well as the filling or not of the lumen with thermoplastic 
(Nyström et al. 2007). Apart from the morphological parameters, the mechanical behaviour of 
a composite depends on the interfacial adhesion between the fibre and the matrix. For WPCs, 
this depends on the wettability of the polymer used and the physicochemical nature of the 
fibres surface (polarity, roughness) which can be affected by the origin, the preparation of the 
reinforcement and its pre-treatment (Oksman and Sanadi 2008). 
 
Predictions of elastic properties of composites can be performed also with more advanced 
modelling derived from the laminate theories (Bogren et al. 2006) or short fibre composites 
theories (Marklund et al. 2008). While elastic behaviour is mostly a global property of the 
material, the fracture of the composite is besides governed by local stress concentration, 
leading to crack formation and propagation. Crack formation is favoured by low interfacial 
adhesion, porosity and void around the fibres and in the matrix, or presence of abnormally 
wide particles (Neagu and Gamstedt 2008). 
 
Whereas global mechanical properties have been thoroughly studied for a wide range of 
combination reinforcement-matrix, the micromechanical behaviour has to be more deeply 
investigated, and empirical results are needed to get information that can support and 
complete the developed model. 
 
 

Mechanical behaviour of WPCs containing PLA or modified wood 
  
The combination of PLA with chemically or thermally modified wood has not been found in 
any previous work on WPCs. However, a number of studies have been done on biodegradable 
WPCs based on a PLA matrix, as well as on improvement of polyolefin based composite by 
acetylated wood. Fewer works have been performed on the use of thermally modified wood 
as reinforcement. 
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Reinforcement of PLA with various wood components has been shown to render the material 
considerably stiffer while barely affecting its strength. This has been explained mainly by the 
good dispersion of the reinforcements in the matrix (Shah et al. 2008) and strong interfacial 
adhesion detected by SEM analysis of fracture surfaces (Mathew et al. 2005; Huda et al. 
2006;  Shah et al. 2008; Pilla et al. 2008). The introduction of 40wt-% wood flour in a PLA 
based injection moulded composites can improve the tensile modulus by more than 80% 
decreasing the tensile strength by less than 10% (Huda et al. 2006; Pilla et al. 2008). However 
a major problem is the reduction in elongation at break (Mathew et al. 2005). The work by 
Pilla et al. (2009) revealed the improved reinforcement obtained by using a wood component 
with higher aspect ratio (fibres). In combination with a coupling agent (0.5wt-% silane), they 
showed that the addition of only 20wt-% of wood fibres increased the tensile strength by 
325%. 
 
The use of acetylated wood in WPCs has been shown to improve resistance to moisture 
absorption (Segerholm 2007). Also dispersion within the matrix and interfacial adhesion is 
improved when mixed with a cellulose ester (CAB), resulting in better mechanical properties 
(Glasser et al. 1999). After an initial decrease due to the presence of wood, an increase of 
strength was observed with introduction of more acetylated wood fibres, to equalize the pure 
CAB strength at 40% wood content. Earlier studies have also revealed the improved 
wettability of acetylated wood particles by non-polar resins such as thermoplastic polyolefin 
(PP) (Mahlberg et al. 2001). Tserki et al.. (2005, 2006) studied the acetylation of different 
natural fibres including wood, and their use as reinforcement in an aliphatic polyester matrix 
(PBSA). The fibre analysis (Tserki et al. 2005) revealed a change in chemical structure of the 
surface, spectroscopic observation confirming the esterification of hydroxyl sites. Also some 
morphological changes were seen with a flatter and smoother surface after modification, 
explained by the removal of waxy substances. The composites made from modified fibres 
(Tserki et al. 2006) exhibited better strength properties and slightly better stiffness than with 
unmodified ones. However even better mechanical properties were obtained by the use of a 
compatibilizer (grafted maleic anhydride). Electron microscopy showed the good dispersion 
of the modified fibres and the improved wetting and adhesion in the composite made from 
acetylated wood. Also the water absorption of the WPCs was reduced by half when using 
modified flax instead of unmodified (Tserki et al. 2006). 
 
The literature on the use of thermally modified wood as reinforcement in thermoplastic 
polymers is very scarce. Follrich et al.. (2006) however were interested in the use of 
thermoplastic binder for thermally modified timber, and their work on thermally modified 
spruce at 200oC in oven revealed a neat improvement in the wettability by polyethylene (PE) 
after only 5 hours of treatment, and some better characteristics of the gluing joints compared 
to unmodified wood. Kaboorani et al.. (2008) studied high density PE filled with different 
content of thermally modified wood flour. The treatment was performed during 45 minutes at 
different temperatures. Stiffness was not affected by pre-treatment of the wood flour, but the 
tensile strength was shown to be increased by 16% with a treatment at 190oC. This was 
explained by better adhesion between modified wood particles and the thermoplastic. 
 
The absolute strength and stiffness values that will be presented in this report are not to be 
compared with the ones found above, due to non comparable experimental set-ups. However 
comparable trends can be expected. 
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Objectives of this study 
 
The objective of this work is to characterize the morphology of injection-moulded WPCs 
based on PLA and wood fibers, by thoroughly analyzing wood reinforcements size, 
distribution and orientation in the different composites. Giving some indications on the 
relationship between these microstructural features and the micromechanical behaviour of 
WPCs is a motivation for further microtensile testing. 
 
 

2. Materials and methods 
 

Description of the material studied 
  
The WPCs were produced in an earlier work (Van der Oever and Wevers 2008). 
Compounding was performed in a Berstoff ZE 40-38D twin screw extruder, with a maximum 
heating temperature of 190oC, however the melt temperature reached 210oC. The polymer 
was purchased from NatureWorks, grade 4042D. The reinforcement consisted in thermally 
modified and acetylated wood particles, both screened into a fraction of 0.15-0.5mm, and 
standard MDF grade fibres unmodified and acetylated. The modified wood was delivered by 
SP Trätek. The amount of wood is 50% by weight for all. The extruded material was 
granulated after extrusion, then oven dried prior to injection moulding in a Demag ERGOtech 
25-80 Compact. The nozzle and mould temperatures were respectively 190oC and 30oC. 
Rectangular test bars of 80x10x4 mm3 were obtained (Van der Oever and Wevers 2008). The 
measured moisture content of the wood component before feeding was around 0.9 % for 
acetylated and thermally modified particles, and 2.5% for acetylated fibres. 
 
The material studied in the present work was investigated during and after processing by Van 
der Oever (2008). The pure PLA samples exhibit an average flexural modulus of 3.17 GPa 
and strength of 103 MPa, while the elongation at rupture was measured around 4.53%. The 
addition of 50% by weight of wood yielded increase in stiffness and reduction in strength to 
respectively: 7.42 GPa, 73 MPa (acetylated particles) – 8.53 GPa, 92 MPa (thermally 
modified particles) – 6.37 GPa, 94 MPa (acetylated fibres). Also a reduction in ductility is 
observed (strain at maximum stress around 1%). The conclusions drawn were a higher 
brittleness for reinforced PLA, better properties for thermally modified particles compared to 
acetylated ones but better reinforcement with fibres. Also observations showed that the 
degradation of PLA during processing was stronger for acetylated fibres (darkening). 

 

Fibres extraction and observation 
  
About 5 mm long samples were sawn out of the injection moulded bars and placed extracted 
for 6 hours in a Soxtech device with xylene as solvent, so that the PLA matrix was completely 
dissolved and the wood fibres could be poured out. Once dry, they were then spread on a 
glass lamella for distinct observation of the individual fibres in a light microscope Olympus 
BX51. Digital pictures were captured with a camera Olympus DP70 and analyzed on a 
computer. The length and width of the fibres were measured by hand on numerized pictures, 
on a large number of fibres (around 200 entities for each configuration) of various 
dimensions. 
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Samples preparation for microscopy 
  
The injection moulded sample of each material combination was used for observation of 
fracture surface by low vacuum scanning electron microscopy (LV-SEM). The samples were 
broken at three different positions, a few millimetres from the entry and end of the mould, and 
at the centre of the mould. The samples were first cooled down in a conventional freezer to 
obtain a more brittle material. They were then fractured under bending stresses applied by 
hand. A thin slice containing the rupture surface was sawn out for further LV-SEM 
observation.  
 
Another set of thin samples were hand sawn from three different positions in the moulded 
pieces (Figure 4), and further laser ablated. High energy UV laser pulses were used to break 
down the polymers to shorter entities that are ejected with high velocity from the sample, due 
to the local pressure induced. Both cross-cutting by ablation and ablation of pre-cut surfaces 
were performed with varying laser parameters, to reach the best surface quality. The problems 
encountered with this technique and the optimization process will be described and discuss in 
the results and discussion section. The wavelength of the laser was 248 nm. 
 

 
 
Figure 4: Schematic representation of the pattern used to prepare SEM samples (the red lines 
correspond to the surfaces further ablated and observed) 
 

Low vacuum scanning electron microscopy 
 
A low vacuum scanning electron microscope (LV-SEM), Hitachi TM-1000 was used to 
observe the cross-section surfaces. Fractured samples were gold-coated in a Cressington 108 
automatic sputter coater to avoid charging. The low vacuum used in this microscope allowed 
direct observation of the flat ablated surface without pre-coating, as the atmosphere’s 
conductivity prevents electrical charge accumulation at low magnifications. 
 

Sample preparation for micromechanical tests 
  
Thin rectangular specimens were sawn out of the injection moulded pieces, as depicted in 
Figure 5, using a ClasOhlson 40-5577 band saw. The reproducibility of the preparation was 
assured by using a fixed cutting guide giving the same sawing pattern for every piece. Half of 
the specimens were fine tuned using the same band saw, in order to reduce the cross-section 
in the middle part and avoid fracture in the clamp. On another hand, this processing resulted 
in uneven cross-section along the sample and very rough surface in the tested region. 
Therefore, even though minimal cross-section of each of the specimen was measured 
precisely with a micrometer, the mechanical behaviour might be strongly influenced by 
rugosity and dimensions’ variations. 

Injection 
Entry 
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Figure 5: Schematic representation of the pattern used to prepare tensile testing samples 
 
The experimental method used here for micromechanical testing has been tailored to this 
material, and doesn’t allow comparison with material properties found in other works, as it is 
a non-standard sample preparation. 
 

Micromechanical testing 
 
The above described samples were tested on a Rheometric Scientific MiniMat 2000 tensile 
testing machine with a load cell of 1000 N. The length span between the clamps was set to 5 
mm, and the samples were sawn to about 30mm length and 2.6mm thick. The width of 
straight specimens was 4mm while dog bones’ width was reduced to 1.5mm in the middle 
part. Effort was put in not varying too much the pressure applied in the grips from one sample 
to another. However, due to the brittleness and small cross-section of the samples, and design 
of the grips, rupture or pre-cracking could happen during clamping of the specimen. This 
might lead to biased results. The data are based on measurement of the rotational movement 
of the drive shaft and can therefore not be compared with data from conventional tensile 
testing. 5 specimens were tested for each experimental configuration (sample shape, lateral 
position in the piece, type of reinforcement), so a total of 150 tests were run. 
 

3. Results and discussion 
 

Microstructural characterization 

Extracted wood fibers 
  
Optical micrographs of the modified wood fibres and particles before processing in WPC are 
shown in Figure 6, while representative pictures of the extracted fibres observed in the optical 
microscope are found in figure 7, for the different types of wood reinforcement and at random 
position in the longitudinal direction of the injection moulded specimens. It can first be 
concluded that dissolution of PLA is complete after boiling in xylene for 6 hours, and no 
significant amount of polymer can be seen on the extracted fibres. Some agglomerate can still 
be observed, mainly for acetylated fibres (figure 7a), which can be explained by different 
phenomena: initially entangled fibres through which solvent didn’t penetrate and left 
remaining PLA keeping the fibres together; entanglement due to the long and thin shape of 
acetylated fibres. These agglomerates make it difficult to measure the dimensions of the 
concerned fibres. It can be inferred by comparison of figures 6 and 7 that a reduction in 
fibres’ length and a fragmentation of particles occur. 

Injection 
Entry 
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Figure 6: Modified fibres before WPC processing, observed in light microscopy: 
a- acetylated MDF; b- acetylated particles; c- thermally modified particles 
 

    
 

    
 
Figure 7: Extracted fibres observed in light microscopy: 
a- acetylated MDF; b- acetylated particles; c- thermally modified particles; d-unmodified MDF 

a b

c 

a b

c d
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By direct visual interpretation of the pictures, the different kinds of reinforcements can be 
qualitatively characterized by the particles size and shape distributions. Conclusions are 
emphasized by the thorough and precise measurement of dimensions on large sets of fibres.  
 
As this work was done with the vision of supporting relationships between microstructure and 
mechanical properties of the composite, it is important to take into account the relative 
influence of particles with different cross-section size. Therefore, for further meaningful 
interpretation, each measurement was multiplied by the squared measured width, 
presupposing a square-like shape of the reinforcement in the composite’s cross-section. The 
results in length, width and aspect ratio are shown in Figure 8 to 10 for the different materials, 
and summarized in table 1. Injection side, centre, and end side were measured separately, but 
as no significant variation was observed between different positions, only global results are 
given. Graphs can be interpreted as follows: each dots represents for the interval concerned 
(in lengths, width or aspect ratio), the relative proportion of area covered by particles of such 
dimension in a cross-section of the WPC. 
 
 
Table1: Dimensions of extracted fibres after WPC processing 
 
Type of Reinforcement Length (std) 

[μm] 
Width (std) 

[μm] 
Aspect Ratio (std) 

 
Unmodified MDF 

 
160 (73,6) 

 
34,8 (11,4) 

 
5,0 (2,7) 

 
Acetylated MDF 

 
250 (189) 

 
25,1 (12,7) 

 
11,0 (8,4) 

 
Acetylated Particles 

 
226 (159) 

 
37,3 (35,1) 

 
7,4 (3,9) 

 
Thermally Modified 
Particles 

 
161 (168) 

 
48,7 (57,9) 

 
4,0 (2,8) 
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Figure 8: Distribution in length of extracted fibres, balanced with their cross-section area, i.e. : each dots represents for the  interval concerned, the relative 
proportion of area covered by particles of such length in a cross-section of the WPC 

a- unmodified MDF; b- acetylated MDF; c- acetylated particles; d- thermally modified particles 
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Figure 9: Distribution in width of extracted fibres, balanced with their cross-section area, i.e. : each dots represents for the  interval concerned, the relative 
proportion of area covered by particles of such width in a cross-section of the WPC 

a- unmodified MDF; b- acetylated MDF; c- acetylated particles; d- thermally modified particles 
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Figure 10: Distribution in aspect ratio of extracted fibres, balanced with their cross-section area, i.e. : each dots represents for the  interval concerned, the relative 

proportion of area covered by particles with such aspect ratio in a cross-section of the WPC 
a- unmodified MDF; b- acetylated MDF; c- acetylated particles; d- thermally-modified particles 
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Unmodified MDF fibres show fairly uniform size and shape distributions with very small 
variations in width, and the length seems to very seldom reach values exceeding 300μm. 
Acetylated MDF fibres are very thin and of various lengths, reaching values much higher than 
for unmodified fibres. The wood particles are wider and generally longer than fibres. There is 
however a lot of thin fibres observed in the acetylated sample and a huge amount of very fine 
particles in thermally modified wood. 
 
The length distribution of fibres in WPCs has already been observed to depend a lot on the 
processing parameters, and especially on the screw configuration. The initial particles are 
broken down due to high shear stresses. The difference in length distribution between the 
different type of reinforcements is then related both to the initial shape of the component 
(particulate or fiber-like) and the specific mechanical behaviour inferred by the modification 
treatment. Acetylated fibres seem therefore to be more flexible than unmodified ones, 
resulting in longer fibres after processing. However, the very thin shape is a sign of 
fragmentation of the fibres, maybe due to reduced bonding shear strength between the 
microfibrils of the cell wall. This results in a high spread of thickness in the acetylated 
particles sample, while length varies less. Initial particles form a group with low aspect ratio, 
while thin fragments have much higher aspect ratio. The high flexibility can then be explained 
by the reduction in cross-section of the fibres. The high amount of fines among the thermally 
modified particles is certainly related to the very brittle behaviour of thermally modified 
wood. It results in two classes of particle’s size, both with low aspect ratio. 
 

SEM inspection of laser ablated surfaces 
  
Generally when UV laser is used to prepare microscopy samples, cross-cutting is preferred as 
no pre-sawing is required and the observed surface can be considered as mechanically non-
affected. However, in the case of PLA based composites, first trials revealed that UV laser 
cutting led to non exploitable pictures in some regions of the specimen, which could be 
explained by heat formation during cutting and recovering of the surface by molten polymer 
(Figure 11). Therefore mechanical cutting of the samples was required and done with a hand 
saw. To obtain a smooth surface, ablation was performed which by removing a few μm of 
material in depth also revealed a less affected surface. 
 

    
 
Figure 11: SEM pictures from a UV laser cut surface, at different position (acetylated particles WPC) 
a- exploitable micrograph 
b- non exploitable micrograph showing a surface covered by molten polymer. 
  

a b
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The UV laser ablation of PLA led to unexpected reactions that visually affected the surface 
appearance of the polymer. A microscopic investigation of a pure PLA ablated surface reveals 
the formation of spherical entities of various sizes (Figure 12). The nature of these is 
unknown, but they are most likely a result of the photodegradation of PLA. Different 
hypothesis to explain this phenomenon are: chain scission in PLA forming both hydrophilic 
and hydrophobic oligomers and further phase separation (Gautier et al. 2001; Loo, 2004); heat 
creation due to photon absorption resulting in a local melting of the polymer; gas formation 
during photodegradation. A spectroscopic analysis would be useful to reveal the chemical 
nature of the affected surface of the polymer, and support an explanation for the mechanisms 
responsible. 
 

    
 
Figure 12: SEM pictures of a pure PLA ablated surface at different magnifications. 
 
The matrix of the studied WPC was badly affected by the ablation process, as revealed in 
Figure 13. The picture shows very high rugosity at the surface of the matrix, which is 
certainly a result of the above described phenomenon. Changes in pulse frequency, energy 
fluence, and ablation rate induced small variation in the rugosity pattern at the surface of the 
samples, and the parameters leading to the best visual result were chosen for thorough 
analysis of the different materials. Due to the surface degradation of the matrix, the analysis 
of ablated samples gives reliable information only on the wood component. Mechanical 
cutting might have affected their shape, but their orientation was not influenced by the 
preparation technique, and our attention will focus here on defining the microstructure of 
WPCs in terms of fibres’ orientation. 
 

 
 
Figure 13: SEM picture of a UV laser ablated PLA based WPC 

a b

a 
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The SEM pictures reveal a very good dispersion of the reinforcements in the matrix (Figure 
14 to 16). Observation of the wood particles completes and supports the conclusions drawn 
after analysis of the matrix extraction, regarding the particles’ width and assumption of their 
square cross-section. Comparison of figure 14a and b or figure 16a and b reveals the thinner 
fibres obtained after acetylation. Figure 15b clearly shows the presence of a high amount of 
fines in the heat treated wood samples. Even though the preparation technique might have had 
some influence, we observe how fibres are squeezed due to the high pressure during 
processing.  
 

    
 

 
 
Figure 14: SEM pictures of WPC taken at the surface of the moulded piece: a- untreated MDF; b- 
acetylated MDF; c- thermally modified particles 
 

    
 
Figure 15: SEM pictures of WPC taken in the corner of the moulded piece: a- untreated MDF; b- 
thermally modified particles 

a b

c 
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Figure 16: SEM pictures of WPC taken in the core of the moulded piece: a- untreated MDF; b- 
acetylated MDF; c- acetylated particles 
 
The whole surface of the samples was thoroughly investigated with electron microscopy. 
Observed shape of the fibre’s cross-section gives direct information on its orientation and it 
was seen to vary a lot across the surface. Independently from the material studied, the fibres 
exhibit more selective orientation in the flow direction at the surface (figure 15), while the 
core of the moulded composite is characterized by higher randomness in orientation (figure 
16). However, very close to the surface, the fibres seem to deviate in the plane parallel to this 
surface (figure 14). A schematic interpretation of the fibres’ orientation in the observed WPCs 
is shown in Figure 17. It was also seen that deviation from the longitudinal direction is more 
important in the end of the mould (Figure 18), which is explained by the change in flow 
direction due to the shape of the mould (Figure 19). 
 

a-  

b-  

c-  
 

Figure 17: Schematic view of the cross-section (a), and schematic representation of fibres orientation
 in a longitudinal view in the centre (b), and at the surface (c) of the moulded specimens 

a b

c 
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Figure 18: SEM pictures of the unmodified WPC specimen, taken both at the same position in the 
cross-section (skin layer), but at different longitudinal position (a- centre; b- mould’s end) 

 

 
 
Figure 19: Predicted orientation state of fibres after injection moulding in the core of a plane
 rectangular specimen (Lee et al. 2002) 
 
 

SEM inspection of fracture surfaces 
 
The investigation of bending fracture surfaces brings information on microstructural features 
and their relation to mechanical behaviour. Global consideration of the samples reveals major 
differences between the fracture in the core and the surface of the specimens. A flat and 
smooth surface, characteristic of brittle fracture, is observed in the centre of the samples, with 
a high proportion of fibres oriented perpendicular to the flow direction (Figure 20). On 
another hand, the rest of the rupture surface is more rugous, with mainly pulled out or broken 
fibres. A better orientation in the flow direction is also observed at distances closer to the 
surface of the specimen. No major variation is observed between specimens taken at different 
longitudinal positions. 
 

a b
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Figure 20: SEM pictures of fracture surfaces showing core/skin structure 
a- unmodified MDF; b- acetylated MDF; c- acetylated particles; d- thermally-modified particles 
 
The fracture in the core of the specimen appears almost only at the interfaces, as fibres are 
very easily loosened due to their orientation. Better understanding of the interaction 
reinforcement/matrix is therefore obtained from observation of the skin layer where fibres are 
mostly orientated in the stress direction 
 
As can be inferred from Figure 21, unmodified MDF fibres are rather weakly linked to the 
matrix with a high percentage of fibre pullouts (a), and the presence of gaps at the fibres’ 
surface (b). However there is a good dispersion of the wood component and the plastic has 
penetrated in the cells’ lumens (b). 
 

    
 
Figure 21: SEM pictures of fractured WPC with unmodified MDF fibres 

a b

c d

a b
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In addition to the fact that less fibre pullouts are observed in acetylated MDF WPC, it is also 
possible to infer better interaction reinforcement/matrix from Figure 22, as the polymeric 
matrix seems to cover closely the wood fibres (a). This might explain the higher percentage of 
fibre breakage compared to unmodified wood (b), but high difference in aspect ratio has also 
a certain influence on the rupture behaviour of the composite. 
 

    
 
Figure 22: SEM pictures of fractured WPC with acetylated MDF fibres 
 
The importance of the aspect ratio is confirmed in Figure 23, where fracture surface of a WPC 
with acetylated wood particles is shown. There is clearly more fibre breakage (a) for the 
thinnest one that are also the slenderest one. Wide particles are mostly debonded, leaving big 
voids in the matrix (b); but the chemical modification of the wood seems to yield good 
adhesion (c) even for bigger particles (d). 
 

    
 

    
 
Figure 23: SEM pictures of fractured WPC with acetylated particles 

a b

c d

a b
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The analysis of thermally-modified wood plastic composite (Figure 24) underlines the 
importance of particles size and shape on the reinforcement properties of the wood 
compounds. Wide particles are easily debonded (a), while the fine fraction seems to be 
strongly embedded to the matrix (b). There is also an indication of good interaction 
fiber/matrix, with good covering (c) and apparent fibre breakages (d). 
 

    
 

    
 
Figure 24: SEM pictures of fractured WPC with thermally-modified particles 
 

Micromechanical testing 

Results of the micromechanical tests 
 
The different parameters investigated are the type of reinforcement (fibre or particle), the 
modification process (none, acetylation, heat), the longitudinal position (injection side, centre, 
mould’s end), and the lateral position (left, centre, right). The main problem encountered 
during micromechanical testing concerns the clamping of the specimen. Not enough pressure 
results in slipping, while too strong clamping induced pre-cracking or even failure during 
mounting. Also, for almost 100% of the specimen with a regular straight shape and constant 
cross-section, the failure occurs in the grips as could be expected due to stress concentration 
under the applied clamping pressure. This led to a high deviation in the results, altering 
grandly the reproducibility of the experiments. 
 
It is also considered here that the samples with even cross-section give better indication of the 
elastic behaviour and more accurate values of elastic modulus than further sawn specimens, as 

a b

c d
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the stress level is not expected to vary a lot along the 5 mm tested region. However, when it 
comes to study the stress level at rupture, these specimens are not reliable as the fracture 
occurs in a region of unknown stress (higher than actually measured), while most of the 
samples with reduced cross-section break where they’re the thinnest, in the tested region. The 
stress level is then more precisely known, even though dimension measurements, and rugosity 
of the surface are two sources of uncertainty. 
 

a-  

b-  
 

Figure 25: Examples of stress-strain curves  
Before black line: game in the equipment; red line: steepest slope; blue line: maximum stress 

 a: thermally modified wood; b: unmodified MDF with slippery clamping 
 

Stress at rupture is taken as the maximum value reached during the test, while the elastic 
modulus corresponds here to the steepest slope of the stress-strain curve (Figure 25). The 
actual game in the equipment leads to overestimated displacement measurement during the 
test, especially in the beginning as can be seen on raw stress-strain curves. Therefore it is 
difficult to obtain reliable absolute values for strain at break, and E modulus values might be 
underestimated. The detailed results are presented in Appendix 1, with for each specimen 
tested the measured stress at failure and elastic modulus. A confidence interval representing a 
spread equal to the standard deviation above and below the average value is also plotted for 
each lateral position (Figure 26 to 30). The confidence interval is also expressed for 
comparison between the overall results of each type of reinforcement (Figure 31). 
 
Statistically significant differences can be only observed for stresses at rupture with various 
types of reinforcement. The introduction of wood induces a reduction in strength, dramatic for 
particulate wood. This trend is in agreement with literature results; however the amplitude of 
the strength reduction is abnormally high and this might be explained both by the very small 
cross-section and high rugosity of the tested samples. The former one is a source of increased 
uncertainty on dimensions measurements and influence of defects, while the latter one is 
known to be a facilitator of crack initiation. 

Strain 

Strain 

Stress 

Stress 



 

  
 
 
 
 
  
 
 

       
 

Figure 26: Micromechanical behaviour of pure PLA: average ± standard deviation 
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Figure 27: Micromechanical behaviour of unmodified MDF: average ± standard deviation 
 

      
 

Figure 28: Micromechanical behaviour of acetylated MDF: average ± standard deviation 
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Figure 29: Micromechanical behaviour of acetylated particles: average ± standard deviation 
 

      
 

Figure 30: Micromechanical behaviour of thermally modified wood: average ± standard deviation 

37



38 
 

 
 

 
 

Figure 31: Micromechanical results classed by type of reinforcement and modification. 
 

Analysis of micromechanical properties and SEM inspection 
  
As expected, the influence of the position from which the pure PLA samples are issued has 
very low influence on their strength, as the microstructure of PLA is quite uniform in the 
mould. However, the elastic modulus measured in the centre part of the material is 
remarkably higher than on the sides of the mould. Even though only one such specimen has 
been tested and the result can’t be confirmed statistically, an interpretation of this behaviour 
can be proposed. This higher toughness in the core of the moulded piece might be a result of 
higher crystallinity in this region, due to slower cooling during the injection process. 
 
As was observed in the microscopy study, the core of a wood plastic composite moulded 
piece is characterized by the main orientation of fibres being in the perpendicular to the flow 
direction, while it is parallel for the skin layer of the specimen. This is expected to yield 
worse mechanical properties in the core. This is confirmed by the strength results of our 
micromechanical tests, with stress at rupture values slightly lower for the central pieces 
(except for acetylated particles as outlined below). Regarding the elastic properties however, 
all composites exhibit generally uniform toughness throughout the cross-section. It has to be 
noted that the specimen concerned by this results were not taken purely in the core region, but 
covered the full height of the pieces (Figure 32), therefore the expected weakness of the core 
is partly compensated by the remaining skin layer. Another explanation for the relatively high 
toughness of central pieces might be linked to the results observed for pure PLA, as the 
matrix seems to be itself tougher in the core as described above. 
 
WPCs reinforced with acetylated particles exhibit surprising non-symmetric properties, with 
abnormally low strength values on one side of the specimen compared to another. 
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Figure 32: Sawing pattern for specimen used to measure elastic (left) and strength (right) properties. 
 
Analysis of results classed by type of reinforcement reveals no influence on elastic properties, 
which is very surprising regarding the variations in reinforcement’s size and aspect ratio. The 
introduction of wood in PLA doesn’t improve its toughness, which goes against most of the 
literature results. The explanation for this is difficult to find in the material’s characteristics, 
and might be an effect of the testing equipment (bad grip limiting the stress transfer) and 
preparation technique (samples’ surface and dimensions). The failure stress values are 
therefore more reliable as the equipment has only low influence on this measure and error 
comes mainly from the specimen preparation as described above. The introduction of wood 
reduces the strength considerably and variably depending on the type of reinforcement. The 
worse properties of particle reinforced WPCs compared to fibre reinforced ones has already 
been outlined. The modification also has an influence on strength properties. Acetylated fibres 
yield lower stress at failure than unmodified ones. Thermally modified particles seem to be 
better reinforcement than acetylated ones. 
  
Concerning MDF fibres, the conclusion drawn from the microscopy observations is not 
supported by the mechanical tests, as long and slender acetylated fibres were worse 
reinforcements than unmodified ones. One hypothesis is that the acetylation treatment of 
fibres has negative influence on their intrinsic mechanical properties. SEM inspection of the 
fracture surfaces reveals only slight differences between specimens containing modified and 
unmodified fibres. Compatibility with the PLA matrix seems however to be sensibly better for 
acetylated MDF, supporting our hypothesis.  
 

    
 

    
 

Figure 33: SEM pictures of fracture surfaces of WPCs specimens with 
a-unmodified MDF, c-acetylated, exhibiting higher strength;  

corresponding b-unmodified, d-acetylated WPCs with lower strength 

a b

c d



40 
 

Also, for each type of modification, fracture surfaces of specimens with high and low 
measured strength were analyzed in the SEM, and in both cases (acetylated or not), the 
surface aspect differs a lot, with smooth surface for weak specimens and rugous for strong 
ones. Giving it a closer look, the orientation of fibres is identified has the main reason for 
reduced properties with a given type of reinforcement (Figure 33). The lateral position is the 
same for all 4 samples (left side), but it is interesting to notice that the longitudinal position is 
different and might be a relevant factor. Indeed, these two weak specimens were taken at the 
mould’s end, where turbulences in the flow are expected, inducing disorientation of the fibres 
(Figure 19). This phenomenon already observed above, might have stronger influence than 
expected. However the limited number of specimens available prevented us to investigate 
further this parameter. 
   
Regarding the particulate wood, the strength results once again go against the expectations 
from particles’ size and aspect ratio investigation. WPC with acetylated particle, containing 
also some long and slender fibres, exhibit lower strength at rupture than composite with 
thermally modified wood particles. Therefore, while thermal modification is known to reduce 
wood’s strength, acetylation might have even worse effect. However strength reduction to 
such extent has not been observed in solid wood acetylation, and there is a lack of mechanical 
studies on modified fibres or particles. 
 

Multivariate statistic data analysis 
 
The relative influence of the different factors, thoroughly described above, can be overviewed 
with multivariate statistic analysis, by fitting a PLS model to the data collected. SIMCA-P+ 
from Umetrics is used in this study, and variables are described in Table 3. The observation 
set is composed of all WPC specimens tested, but it is more relevant to separate straight and 
narrowed samples. Pure PLA is excluded to have a more coherent set of experiments. 
 
The advantage of MVDA in our case is obvious as we have more than 5 variables and a high 
number of observations, and the level of noise is also very high for different reasons described 
previously. 
 
Table 3: Variables of the PLS models – italic: qualitative X variables; non italic: Y variables 
 

Name of Variable Description 
Treat Type of modification (Un: unmodified; Ac: acetylation; Ht: thermal) 
Filler Type of Reinforcement (F: fibre; P: particle) 
PosLat Lateral Position (L: left; C: center; R: right) 
PosLong Longitudinal Position (I: injection side; C: center; M: mould’s end) 
Elastic Elastic Modulus 
Rupture Stress at Rupture 

 
The predictive ability of the two different models (thin and wide samples) is unsurprisingly 
low, especially for straight samples (Q2 value of 0,01). Only thin specimens will therefore be 
investigated with MVDA, as the Q2 value of 0,19 allows drawing some conclusions with a 
certain reliability. R2 reaches 0,28. SIMCA-P+ proposes a one-component model, yielding 
the best predictive ability. The score and DmodX plots given by the program reveal 
respectively neither strong nor moderate outlier. The model best explains the Rupture variable 
with a Q2 of 0,25 while the Elastic variable has a Q2 value of only 0,1. These results are in 
accordance with what is observed in the classic statistical analysis, and a very clear overview 
of the variables importance is given by the coefficient plot for stress at rupture (Figure 34). 
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Figure 34: Coefficient plots for the stress at rupture for PLS model of thin samples. 
 
At a glance, we can confirm the observations made above: the type of reinforcement is of 
foremost importance, with higher strength for fibre filled WPCs compared to particle filled; 
and modification has a negative effect on strength, especially acetylation. Besides, the lateral 
position has almost no influence on rupture stress measurements, and the influence of 
longitudinal position can be inferred from this graph. Samples taken close to the end of the 
mould are slightly weaker, in average. 
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4. Conclusions 
 
 
This work, by investigating the microstructure and micromechanics of injection moulded 
WPCs based on PLA and modified wood components, lead to the following conclusions: 
 

1. The appropriate choice of reinforcement in wood plastic composites is of foremost 
importance to obtain good mechanical properties, as variation in stiffness and 
strength are highly linked to the characteristics of the wood constituent used. 
 

2. The better strength and stiffness reinforcement of fibres over particulate wood is 
confirmed, explained by the higher aspect ratio of the former one.  

 
3. The analysis of extracted fibres showed that after processing of the WPC, 

acetylated wood yields a high proportion of long and slender fibres, while 
thermally modified wood is partly broken down to very fine particles.  
 

4. SEM observation of fracture surfaces supports previous studies showing that 
chemical and thermal modification of wood improves compatibility with the 
hydrophobic matrix, and dispersion of wood reinforcements in PLA is generally 
good.  

 
5. The orientation of fibres in the core of the specimen is mostly perpendicular to the 

flow direction, while a skin layer with orientation following the flow direction can 
be identified. The distinction of these two regions was clearly seen on fracture 
surfaces, as the core exhibits a flat surface while rugosity is high in the rest of the 
cross-section. This is a sign of higher brittleness in the core where reinforcement is 
very weak due to poor mechanical stress transfer to the disorientated fibres. Closer 
to the surface, the reinforcement is more efficient and failure occurs either by 
debonding or breakage of fibres. 

 
6.  However, the measured strength properties don’t differ significantly between 

specimens taken in the core and at the border of the injection-moulded pieces. 
Other factors not considered here might counterbalance the worse orientation of 
fibres in the core (e.g. better properties of the matrix, variation in wood content, 
density, etc.). 

 
7. Longitudinal position in the mould appears as a secondary factor of anisotropy 

(slight disorientation due to turbulences in the end of the mould). Trace of this 
anisotropy is found in strength measurements with weaker specimens when taken 
in the end of the injection mould. 

 
This work supports other studies on anisotropy in injection moulded short fibre composites, 
and on influence of reinforcement’s characteristics on mechanical properties of WPCs. It also 
brings new interrogations as regarding the influence of chemical modification on mechanical 
behaviour of the wood component itself and of the whole composites. Besides, influence of 
observed anisotropy can hardly be identified and more thorough micromechanical studies are 
needed to identify other influential factors. 
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APPENDIX 1 
 
 
Results of the micromechanical testing. 
 

Type of 
Reinforcement Lateral Position Elastic Modulus (std) 

(GPa) 
Failure Stress (std) 

 (MPa) 

 
PLA 

 
Left 

 
0.73 (0.12) 

 
60.66 (2.69) 

Center 1.35 (0,00) 58.90 (3.93) 
Right 0.72 (0.01) 49.52 (0,00) 

Overall 0.85 (0.29) 58.22 (4.99) 

 
Unmodified 

MDF 

 
Left 

 
0.87 (0.46) 

 
37.61 (21.00) 

Center 0.78 (0.22) 36.55 (12.21) 
Right 0.94 (0.22) 43.29 (16.92) 

Overall 0.88 (0.28) 39.15 (16.12) 

 
Acetylated 

MDF 

 
Left 

 
0.85 (0.40) 

 
31.80 (20.71) 

Center 0.97 (0.10) 20.45 (5.08) 
Right 0.99 (0.38) 26.70 (18.73) 

Overall 0.94 (0.33) 27.22 (16.86) 

 
Acetylated 
Particles 

 
Left 

 
0.48 (0.11) 

 
5.70 (1.49) 

Center 0.88 (0.16) 14.52 (7.48) 
Right 1.15 (0.83) 20.36 (14.89) 

Overall 0.80 (0.56) 14.02 (11.62) 

 
Heat-Modified 

Wood 

 
Left 0.92 (0.28) 24.92 (11.47) 

Center 0.93 (0.23) 17.26 (10.65) 
Right 0.98 (0.15) 20.26 (9.82) 

Overall 0.94 (0.21) 20.81 (10.40) 
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